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Chapter Chapter Chapter Chapter 1111    
 IntroductionIntroductionIntroductionIntroduction 

 

1111.1.1.1.1 Background Background Background Background  
 
   Fuel cells have attracted considerable attention as an environmentally 
friendly, clean energy system and a broad range of research has been 
conducted in this area. Presently, the most actively studied fuel cell is the 
perfluorosulfonic acid-type low temperature proton exchange membrane fuel 
cell (LT-PEMFC). The LT-PEMFC is different from previous generation fuel 
cells in that it uses a solid polymer membrane as the electrolyte, so that it 
conducts protons via water, and can therefore operate in the temperature 
range below 100 ◦C. Consequently, the LT-PEMFC has extended the range 
of applications of fuel cells to small-scale power sources for automobiles, 
portable and residential use, and this trend is expected to continue into the 
future. The recent trend in Japan is the commercialization of 1 kW-class 
domestic cogeneration systems using both electricity and electrically 
generated waste heat[1-6], due to significant improvements in fuel cell 
performance and durability[7,8]. However, a major stumbling block for 
commercialization is that the system tends to be very complex and 
expensive because LT-PEMFC inherently requires humidification for proton 
conduction via water. In addition, the system efficiency is relatively low due 
to the low operating temperature of <100℃[7], and it requires a CO 
selective oxidizer as the CO resistance of the electrode catalyst is reduced at 
lower temperatures[9–12].  
   The development of next generation PEMFC is actively being researched 
in order to solve these problems by simplification of the system, reduction of 
production costs, and improvement of the operational efficiency in the 
temperature range of 135–160℃[13,14]. In addition, next generation 
PEMFC must have sufficient heat resistance under zero humidification 
conditions, and be based on polymer electrolytic membranes that can 
chemically couple with acids capable of proton conduction. Research has 
been conducted on acids that are capable of proton conduction at 
temperatures exceeding 100 ℃, in addition to various polymers that adsorb 
acids[15–23], and the results suggest that sulfuric and phosphoric acids 
have high proton conduction capability[24–26]. With regard to the polymers 
that form the structure of the membranes, various elementary studies have 



 - 6 - 

been carried out on polybenzimidazole (PBI)[27], polyethylene oxide 
(PEO)[28], polyvinyl alcohol (PVA) [29-32], polyacrylamide (PAAM) [33,34] 
and polyethylenimine (PEI) [35].  
  It is thought that one of the most promising candidates of the membranes 
for a high-temperature proton exchange membrane fuel cell (HT-PEMFC) is 
the phosphoric acid-doped PBI-based membrane (PBI-H3PO4). HT-PEMFC 
does not require large shift converters or selective oxidizers due to their high 
CO tolerance, which exceeds 10,000ppm[9-12]. Neither do they require 
humidifiers, because proton transport in the PEM occurs without water 
dragging[36,37]. They can also be used without vaporizers for supplying 
steam to a fuel reformer, because the vapor produced by electrode-reaction 
thermal heat is recirculated. HT-PEMFC is anticipated to be used for 
residential applications, because they are cheaper and more efficient than 
phosphoric acid fuel cells (PAFC) [38-41]. 
 
1.2 HT1.2 HT1.2 HT1.2 HT----PEMFCPEMFCPEMFCPEMFC 
 
1.2.11.2.11.2.11.2.1    Power generation principle Power generation principle Power generation principle Power generation principle of HTof HTof HTof HT----PEMFCPEMFCPEMFCPEMFC    

Fuel cells are classified into several types by the difference in the 
operating temperature range and the difference in the electrolyte. A proton 
exchange membrane (PEM) is usually used as the electrolyte layer of 
PEMFC.  The membrane is sandwiched by both the air and fuel electrode 
layers. With supplying reactant gases to the electrodes, the electrode 
reaction occurs in the "three-phase interface" where electrode catalyst, 
electrolyte and reactant gas contact. At an anode electrode, as shown in 
equation (1-1), hydrogen is oxidized to generate protons (H+).  
 

H2 → 2H+ 
＋ 2e-                                     (1-1) 

 
This proton is transferred from anode side to cathode side through PEM 
accompanied by water molecules. At this time, the electrons pass through 
the external circuit. Equation (1-2) shows the reaction at a cathode electrode. 
As shown in the equation, water is produced with electrons and protons 
moved from the anode side being used for the reduction of oxygen. At this 
time, current flows from cathode side to anode side. 
 

1/2O2 + 2H+ 
＋ 2e- → H2O                            (1-2) 
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Equation (1-3) shows the entire electrode reaction of PEMFC. As shown in 
the equation, the carbon dioxide is not exhausted from the electrode reaction 
of PEMFC.  
 

H2  + 1/2O2 → H2O                                   (1-3) 
 

In these cases, the theoretical electrode potential of a single fuel cell is 
1.23V, which is driven from the equations (1-1) to (1-3), the standard 
electrode potential from Gibbs equation, and the Nernst equation. However, 
even the open circuit voltage actually becomes lower than the theoretical 
electrode potential due to various losses.  In fact, the cell voltage of PEMFC 
is 0.95V-1.0V at most. 
 
1.2.2 PBI1.2.2 PBI1.2.2 PBI1.2.2 PBI----based membrane for HTbased membrane for HTbased membrane for HTbased membrane for HT----PEMFCPEMFCPEMFCPEMFC    

Phosphoric acid- doped PBI was first proposed as an electrolyte material 
in 1995[42], and since then membranes have been developed and 
characterized [43]. High conductivity [17,36], good mechanical properties 
[38,45] and excellent thermal stability [46] at temperature of up to 200℃ 
and ambient pressure have been reported. Efforts have been made to modify 
the polymer structures, aiming at optimizing polymer properties such as 
molecular weight, solubility and processibility as well as tailoring the 
basicity of polymers for acid-base interactions. 

 This has been accomplished in two ways, either by synthetically 
modifying the monomers prior to polymerization or by post-polymerization 
substitution of the polymer at the reactive benzimidazole N-H sites. 
Examples of modified PBI include(poly[2,2’-(phenylene)-5,5’- benzimidazole]) 
[47-50], pyridine-containing PBI [49-51], AB-PBI [52,53], napfthalene-PBI 
[51], sulfone-PBI [54], dihydroxy-PBI [55], and hexafluoro PBI [56,57]. The 
NH groups in the imidazole rings are reactive, allowing for N-substitution 
(e.g., sulfonation) [58] or cross-linking of polymer [59-62]. 
 
1.2.3 HT1.2.3 HT1.2.3 HT1.2.3 HT----PEMFC with PEMFC with PEMFC with PEMFC with PBIPBIPBIPBI----HHHH3333POPOPOPO4444    

Since phosphoric acid- doped PBI (PBI-H3PO4) was proposed in 1995 [42], 
various studies were started using it [63,64]. Especially, studies have focused 
on HT-PEMFC with PBI-H3PO4, from the point of view of membrane 
conductivity and heat resistance[36,65-67], and the power generation of 
actual cells [43,68-77]. Zhang et al. reported that higher cell performance 
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was achieved as the operating temperature approached 200℃ [13]. In 
addition, the results of long-term power generation tests (exceeding 10,000 
h) have been reported by BASF and Samsung [9,78], and these PEMFC are 
considered to be the closest to commercialization.    
 
1.1.1.1.3333    CCCCell configuration ell configuration ell configuration ell configuration of HTof HTof HTof HT----PEMFCPEMFCPEMFCPEMFC    
 
1.3.1 Cell assembly1.3.1 Cell assembly1.3.1 Cell assembly1.3.1 Cell assembly    
   Fig.1.1 shows the diagram of the cell configuration of a HT-PEMFC. As 
shown in the figure, HT-PEMFC consists of PEM, catalyst layers on its both 
surfaces, and gas diffusion layers (GDL) on their outer surfaces. An assembly 
of membrane, catalyst layers and gas diffusion layers is named as 
“Membrane Electrode Assembly (MEA)”. Cell appearance of HT-PEMFC is 
almost the same as that of LT-PEMFC. Furthermore, bi-polar plates are 
arranged on both sides of the MEA. And the reformed gas including 
hydrogen and dry air are supplied the respective anode and cathode sides of 
the bi-polar plates.  

In case of LT-PEMFC, the hydrocarbon or perfluorosulfonic acid proton 
exchange membranes are usually used as electrolyte membranes. In case of 
HT- PEMFC of this study, the polymer film, such as imidazole group, which 
is doped with phosphoric acid is used as an electrolyte membrane.  

 

 

Anode side 

Gas diffusion layer 
Catalyst layer 

Electrolyte membrane 

Catalyst layer 
Gas diffusion layer 

Cathode side 

 

MEA 

Bi-polar plate 

Fuel 

Oxidant 

Fig.1.1 Diagram of the cell configuration of HT-PEFC 

Bi-polar plate 
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1.3.2 Catalyst layer1.3.2 Catalyst layer1.3.2 Catalyst layer1.3.2 Catalyst layer    
 The catalyst layer (CL) of 

HT-PEMFC is a thin layer of a few tens 
µm thick. It consists of carbon particles 
supported -catalysts and the 
fluorine-based resin as a water repellent 
and a binder. Usually platinum-based 
electrode catalysts are used for both the 
anode and cathode sides in order to 
reduce an activation overvoltage. Fig.1.2 
shows a high magnification electron 
micrograph of carbon-supported 
platinum catalyst used in the electrode 
of HT-PEMFC. As shown in the figure, 
the platinum catalysts are fine particles 
with the diameter of 2 to 5nm, their specific surface area is about 50 to 
200m2 g-1. Meanwhile, the particle diameter of the carbon supports used in 
this study is about 20 to 40nm, the specific surface area extends to the 200 to 
800m2 g-1.  
 
1.3.3 Gas diffusion layer1.3.3 Gas diffusion layer1.3.3 Gas diffusion layer1.3.3 Gas diffusion layer    

In the case of HT-PEMFC as well as LT-PEMFC, the catalyst layers are 
provided on both surfaces of an electrolyte membrane, the reactant gases are 
supplied from the opposite sides of the electrolyte membrane to the catalyst 
layers. Such an electrode is usually called as “a gas diffusion electrode”. In 
the case of HT-PEMFC as well as 
LT-PEMFC, gas diffusion layers 
(GDL) are arranged on the opposite 
sides of the electrolyte membrane of 
the catalyst layers. And the GDL is 
composed of carbon paper or cloth of 
100 to 300µm thick, which has 
excellent conductivity and gas 
permeability. Fig1.3 shows the 
electron micrograph of carbon paper 
surface as an example of a gas 
diffusion layer. As shown in the figure, 

Carbon fiber 

10µm 

PTFE 

Fig.1.3 Eelectron micrograph of 
carbon paper surface 

Carbon 

Pt particles 

Fig.1.2 High magnification electron 
micrograph of carbon-supported 
platinum catalyst 
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the carbon paper consists of carbon fiber with the diameter of about 5µm and 
polytetrafluoroethylene (PTFE) with strong water repellency. Carbon fibers 
forms the porosities with the diameter of about a few hundreds µm. PTFE is 
distributed so as to cross-link the carbon fibers. Fuel and air diffuse into the 
catalyst layer through the GDL. Conversely, water generated in the catalyst 
layer of cathode side by the electrode reaction is also discharged to the gas 
flow channels of bi-polar plate through the GDL. 
 

1.3.4 Bi1.3.4 Bi1.3.4 Bi1.3.4 Bi----polar platepolar platepolar platepolar plate    
Fig.1.4 shows an example of the configuration of the bi-polar plate. As 

shown in the figure, bi-polar plate is a plate with both the air and fuel gas 
channels. The bi-polar plate has the other functions than such a gas flow; the 
function of separating fuel and air, the gas manifold function of supplying 
fuel and air to each cell and discharging the unused gas and generated water 
to the outside of cell stack, the function of collecting the electricity generated 
by the electrode reaction, the gas seal function of avoiding gas leak from the 
inside of cell stack to its outside and so on.  

 

1.3.51.3.51.3.51.3.5    CellCellCellCell stack configuration stack configuration stack configuration stack configuration  
Cell voltage that can be generated by one cell of not only LT-PEMFC but 

also HT-PEMFC is at most about 0.7 to 0.8 V. However, in the actual system 
of PEMFC, further higher voltage is required. In order to obtain such a high 
voltage, it is generally stacked to join together a required number of cells in 
series. Fig.1.5 schematically shows the configuration of the cell stack of 
HT-PEMFC. As shown in the figure, the call stack is assembled by stacking 

Fig.1.4 An example of bi-polar plate configuration 

燃料

Gas seal Manifold Bi-polar plate 

Fuel 

Oxidant 

MEA 
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alternately several tens or hundreds MEAs and bi-polar plates and by 
tightening them.    

    
1.4 Ch1.4 Ch1.4 Ch1.4 Characteristics of HTaracteristics of HTaracteristics of HTaracteristics of HT----PEMFCPEMFCPEMFCPEMFC    
 
1.4.1 Operation regions of HT1.4.1 Operation regions of HT1.4.1 Operation regions of HT1.4.1 Operation regions of HT----PEMFCPEMFCPEMFCPEMFC  

Fig.1.6 shows conceptually the operation regions of both the PEMFCs for 
automobile use and for residential uses in relation between the power 
density range and the cell operation temperature range [79]. As shown in the 
figure, the PEMFC for automobile use is operated in the wide cell 
temperature range from -40℃  up to 120℃  to suit the environmental 
temperature and in the wide power density range from the low loads such as 
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Fig.1.6 Operation regions of the LT-PEMFC for automobile use 
and both the LT-PEMFC and HT-PEMFC for residential uses. 
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Fig.1.5 An example of cell stack configuration 
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a light-stop to the high loads such as upslope. On the other hand, the 
PEMFC for residential use is operated at a power density of almost constant 
except for the DSS operation, by using power systems [80]. Two types of 
residential systems with LT-PEMFC and HT-PEMFC are shown in the figure. 
LT-PEMFC is incorporated with perfluorosulfonic acid polymer membrane 
and is operated in a temperature range of 70 to 80℃ . HT-PEMFC is  
incorporated with an electrolyte membrane such as phosphoric acid-doped 
PBI membrane and  is operated in a temperature range of 150 to 170℃. 

Fig.1.7 shows the operating ranges of LT-PEMFC and HT-PEMFC which 
are obtained by taking the amount of vapor contained in both the fuel and 
oxidant as a vertical axis and taking the cell temperature as a horizontal 
axis. As shown in the figure, at the gas outlet of LT-PEMFC, the vapor in fuel 
and oxidant is generally included almost up to the saturated vapor pressure 
with fuel and oxidant humidification vapor, fuel reformation steam and 
water produced by electrode reaction being accumulated. On the other hand, 
at the gas outlet of HT-PEMFC, the vapor in fuel and oxidant is originated 
only from the fuel reformation steam and water produced by electrode 
reaction. However, in case of HT-PEMFC, the cell operating temperature is 
150 to 170℃ and consequently dry state is kept allover its inside. 

The proton conductivity of the PBI-H3PO4 membranes depends on the 
phosphoric acid doping level, relative humidity, and temperature [53,81]. 
Even though the proton conductivity of the PBI-H3PO4 membrane increases 
with increasing relative humidity, the dependence is much weaker than that 
of Nafion [82]. 

Fig.1.7 Humidity in the cell of LT-PEMFC and HT-PEMFC 
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1.4.2 System of HT1.4.2 System of HT1.4.2 System of HT1.4.2 System of HT----PEMFCPEMFCPEMFCPEMFC    
  Fig.1.8 shows a conceptual diagram of a system for household 
cogeneration with a LT-PEMFC. In the LT-PEMFC with the electrolyte 
membrane of perfluorosulfonic acid-based polymer film, protons move from 

anode side to cathode side together with drag water and the polymer shows 
high proton conductivity only when electrolyte membrane and catalyst 
layers are in sufficient wet state. Therefore, it is necessary to humidify 
sufficiently ionomer in the catalyst layer and the electrolyte membrane
［83-85]. For such a humidification, the systems to collect liquid water and 
to return again produced water to the cells are required [86], which hinders 
the high reliability and the cost reduction of the system.  

Fig.1.9 shows a conceptual diagram of a system for household 
cogeneration with a HT-PEMFC with the electrolyte membrane such as PBI 
membranes doped with phosphoric acid. As shown in the figure, the system 
to humidify the electrolyte membrane is not necessary. Since HT-PEMFC is 
operated in a temperature range of 150 to 170℃, the steam required for 
reforming reaction (CH4+(2+n)H2O → 4H2+CO2+nH2O) can be covered by the 
vapor contained in the exhausted steam. Therefore, it is possible that the 
system operation is not only simplified, but also the steam of 140 to 160℃ 
can be taken out with waste heat from the cell, thereby, fuel is not consumed 
to generate the steam for the reforming reaction unlike LT-PEMFC. 

Electricity (40%) 

Heat (50%) 

Fuel 

CH4+(2+n)H2O 

→4H2+CO2+nH2O 

Reformate 

Humidity 
exchanger 

Air & Vapor 

Fuel 

Fuel 

Vaporizer 

Vapor 

Air 

Air & Vapor 

Reformer 

Air & Vapor 

Vaporizer 
Humidifier 

Off-gas 

LT- 
PEMFC 

Fig.1.8 A conceptual diagram of household cogeneration system with 
LT-PEMFC which is operated in the temperature range from 70 to 80℃.  
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Therefore, even if cell voltage of HT-PEMFC is lower than that of LT-PEMFC, 
its power generation efficiency can exceed that of LT-PEMFC. 

 
1.4.3 Electric efficiency of HT1.4.3 Electric efficiency of HT1.4.3 Electric efficiency of HT1.4.3 Electric efficiency of HT----PEMFCPEMFCPEMFCPEMFC 

High power generation efficiency and high thermal efficiency are desired 
for the household fuel cell cogeneration system. Especially, the electric 
efficiency over 45% is desired. High electric efficiency is achieved by both the 
high cell voltage and high fuel utilization. Fig.1.10 shows the influence of cell 
voltages and fuel utilizations on system electric efficiencies. In order to 
heighten the cell voltage, three over-voltages of activation, resistance and 
concentration are required to be reduced.  

On the other hand, in order to heighten the fuel utilization, high gas 
sealing properties should be maintained, and the steam required for 
reforming reaction (CH4+(2+n)H2O→4H2+CO2+nH2O) should be covered by 
the vapor generated using the heat exhausted by the electrode reaction. The 
operation temperature of LT- PEMFC is too low to use its exhausted heat as 
the steam for the above reforming reaction. In the case of SOFC consisting of 
ceramics, a suitable gas sealing method has not yet been found. In contrast, 
in the case of HT-PEMFC, although its cell voltage is not so high, its gas seal 
material can be easily found due to its operation temperature of 150 to 170℃ 

and its operation temperature is enough high to generate the steam for 
reforming reaction by the heat exhausted from the electrode reaction. Thus, 
HT-PEMFC is expected to achieve a high electric efficiency over 45 %. 

 
 

Fuel 
Reformer 

Air 

Reformate Electricity (45%) 

Heat 

(45%, 160 to180℃) 

HT- 
PEMFC 

 
Ai r& Vapor 

 

Fig.1.9 A conceptual diagram of household cogeneration system with 
HT-PEMFC which is operated in the temperature range from 150 to 170℃. 
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1.4.41.4.41.4.41.4.4    Characteristics of HTCharacteristics of HTCharacteristics of HTCharacteristics of HT----PEMFCPEMFCPEMFCPEMFC    
Table 1.1 shows the comparisons of the specifications, operations and 

characteristics among LT-PEMFC, HT-PEMFC and PAFC. As shown in the 
table, the electrolyte membrane of LT-PEMFC consists of perfluorosulfonic 
acid-based polymer and that of HT-PEMFC consists of a polymer film such as 
PBI doped with phosphoric acid. Comparing two types of PEMFC, 
HT-PEMFC is superior to LT-PEMFC in the tolerance of CO poisoning of the 
anode catalyst and in the electric efficiency. On the other hand, PAFC is 
operated in the same temperature range as HT-PEMFC. However, the 
carbon separator gas flow channels are machined and are heat-treated at a 
high temperature near 3,000 ℃  to ensure corrosion resistance against 
phosphoric acid, so this is refused the cost reduction of the PAFC, which has 
resulted in driving PAFC into a niche market. However, in recent years, 
progress in the development of press forming technology and metallic bipolar 
plate is remarkable, metallic bipolar plate is thought to be applicable to 
HT-PEMFC.  

 

Fig.1.10 Relationship of fuel utilization and cell voltage on the 
system power generation efficiency 
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Table 1.1 Comparisons among LT-PEMFC, HT-PEMFC and PAFC 
Proton Exchange Membrane Fuel Cell 

(PEMFC)  
LT- PEMFC HT-PEMFC 

Phosphoric Acid Fuel Cell 
 (PAFC) 

SiC porous matrix 
Electrolyte 

Perfluorosulfonic 
acid-based 

  polymer 
Phosphoric  
acid-doped 
PBI polymer     

Phosphoric acid 
  aqueous solution 

Humidification With Without 
Operation 
 pressure Ambient pressure 

Cell  
temperature 70 to 80 ℃ 150 to 170 ℃ 150 to 220 ℃ 

Electrode Pt and/or its alloy 
Anti-CO poison Tens ppm A few percentages 

Bi-polar plate Resin-carbon  
composite Metal Graphite carbon 

Electric 
 efficiency 40 ％ 45 ％ 43 ％ 

Heat utilization Hot water Hot water, Steam, Air conditioner 

 
1.51.51.51.5    Issues of HTIssues of HTIssues of HTIssues of HT----PEMFCPEMFCPEMFCPEMFC    
 
1.5.1 Cell 1.5.1 Cell 1.5.1 Cell 1.5.1 Cell performanceperformanceperformanceperformance    

HT-PEMFC requires cell voltages of over 0.7V to achieve higher system 
efficiencies than LT-PEMFC. However, its cell performance is currently still 
low compared with such a target. The reason why cell performance is not so 
high is thought to be that oxygen cannot diffuse to the catalyst sites at a 
sufficiently high rate, and consequently that the over-potential is not so low 
due to the reduction of oxygen at the cathode [67,87].  

In order to hasten the diffusion rate of oxygen to the catalyst sites, a few 
methods have been tried. One of them was the method to replace the 
phosphoric acid as a proton carrier in a cathode with a thin polymer proton 
carrier such as the ionomer used for LT-PEMFC. In this case, it is expected 
that oxygen can be diffused at a sufficiently high rate through the thinner 
proton carrier by far than phosphoric acid, and that the oxygen carrier 
mechanism differ from that of the conventional phosphoric acid-doped PBI 
ionomer. However, a high performance cannot be achieved with this method 
[74]. 

Thus, in the HT-PEMFC, a higher cell performance is not only strongly 
desired, but also the factors which dominate the cell performance should be 
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identified and their impacts should be quantitatively estimated. 
 
1.5.2 Improvement of durability1.5.2 Improvement of durability1.5.2 Improvement of durability1.5.2 Improvement of durability    

Many experimental[13,66,-69,75,88-91] and analytical[92-95] studies 
have been conducted on HT-PEMFC using a phosphoric acid-doped PBI 
membrane, which functions most efficiently in the temperature range 
120–200℃[13], and several reports have described the endurance of these 
membranes [9,41,69,78]. Furthermore, PBI composites [48,51,57,96-99] have 
also been developed to improve the performance and/or stability of PBI 
membranes. 

In previous studies, it was also reported that the size of Pt electrocatalyst 
particles grew during power generation in a relatively short period of 
approximately 500h at 150℃ [69-72,77,105]. Especially, Zhai showed that 
Pt aggregation occurred by increasing its size from 4.0 to 8.3nm in the early 
stage of power generation during the first about 300 h [72], and increasing 
its size from 4.02 to 8.88nm during 550h [69] at 150℃. Hu and Liu also 
reported the Pt agglomeration from 3.8nm to 6.9nm during 500h [70,105] 
and from 3.72nm to 8.39nm during 600h at 150℃[71]. 

On the other hand, there is a dilemma in that raising the operating 
temperature in order to increase the cell voltage and improve the efficiency 
makes it difficult to sustain long-term durability. Conversely lowering the 
temperature improves the durability but leads to lower cell voltages. To date, 
only a few reports have dealt with the relationship between the operating 
temperature and the cell durability, including the deterioration mechanism 
during approximately 500h operation at 150℃[9,93-95].   
   As above-mentioned, in the field of HT-PEMFC, there has been almost no 
study to verify the durability over 10,000hr. Of course, the factors which 
dominate the cell voltage drop have not been identified by now. Therefore, it 
is very important for the commercialization of HT-PEMFC to verify the long 
term durability over at least 20,000h, to identify the factors which dominate 
the cell voltage drop and to clarify the cell degradation mechanism. 
  
1.5.3 Analytical Estimation of durability1.5.3 Analytical Estimation of durability1.5.3 Analytical Estimation of durability1.5.3 Analytical Estimation of durability 

PEMFC is required to operate for over 5000h for vehicular and 40,000 to 
90,000h for stationary cogeneration systems. It takes a lot of time to evaluate 
experimentally the irreversible deterioration phenomena such as a thinning 
or a decomposition of electrolyte membranes and a sintering of 
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electrocatalysts. In order to save the numbers and time of cell endurance test, 
theoretical evaluation schemes have been presented by now. 
    For example, numerical 1D non-isothermal models [92,93,100], 2D 
steady-state isothermal and transient non-isothermal models [101-103], and 
3D steady and unsteady state models [94,95,103,104] for HT-PEMFCs 
have been proposed. However, the main problem with all of these models is 
the assumption that proton conductivity is constant, which has shown to 
vary with both relative humidity and temperature [92, 93, 104]. While the 
previous HT-PEMFCs models have been helpful to understand the effects of 
various operating conditions such as temperature and pressure on cell 
performance, none have focused on predicting theoretically the deterioration 
mechanisms. Through them the morphological properties of the aging CL 
where Pt sintering or phosphoric acid loss can be seen, which has the 
possibility of great impact on the gradual progress of oxygen reduction 
reactions (ORR) and gradual cell performance over time.  
    The other methodology is dealing with small areas by the ab-initio 
method which forces one to develop a model composed of a few numbers of 
atoms due to the high computational demand. Temperature is hard to 
consider in the ab-initio computation method, and the static Monte Carlo 
method lacks of the factor of time. Nevertheless, both are indispensable 
factors to discuss the phenomena of durability.  
   Thus, by now, although it takes a lot of time to evaluate experimentally 
the irreversible deterioration phenomena of HT-PEMFC as well as 
LT-PEMFC, any analytical approaches have not effectively used to estimate 
the cell durability of HT-PEMFC. Therefore, the effective analytical 
approaches are expected to use for supporting the experimental approaches. 
 
1.6 Purpose and com1.6 Purpose and com1.6 Purpose and com1.6 Purpose and composition of this thesisposition of this thesisposition of this thesisposition of this thesis    
    
1.6.1 Purpose of this thesis1.6.1 Purpose of this thesis1.6.1 Purpose of this thesis1.6.1 Purpose of this thesis    
    HT-PEMFC has been actively developed as a next generation PEMFC, 
in order to solve the problems of LT-PEMFC by simplification of the system, 
reduction of production costs, and improvement of the operational efficiency 
in the temperature range of around 150℃. It is said that one of the most 
promising candidates of the electrolyte membranes for HT-PEMFC is the 
phosphoric acid-doped PBI-based polymer membrane (PBI-H3PO4). 
HT-PEMFCs do not require large shift converters or selective oxidizers due 
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to their high CO tolerance, which exceeds 10,000ppm. Neither do they 
require humidifiers, because proton transport in the PEM occurs without 
water dragging. They can also be used without vaporizers for supplying 
steam to a fuel reformer, because the vapor produced by electrode-reaction 
thermal heat is recirculated.  
    On the other hand, in spite of many attractive characteristics of 
HT-PEMFCs, their cell performances are currently lower than the 
expected ones. Thus, higher cell performances are not only strongly desired, 
but also the factors which dominate the cell performances should be 
identified and their impacts should be quantitatively estimated. In addition, 
regarding the durability of HT-PEMFC, there has been almost no study to 
achieve the durability over 10,000hr. Of course, the factors which dominate 
the cell voltage drops have not been identified by now. 

Under such a situation, this thesis aims at verifying the long-term 
durability of HT-PEMFCs over at least 20,000h, identifying the factors 
which dominate their cell voltage drops and at clarifying their cell 
degradation mechanism. 
 
1.6.2 Composition of this thesis1.6.2 Composition of this thesis1.6.2 Composition of this thesis1.6.2 Composition of this thesis    

The text of this thesis consists of five chapters, Chapter 2, Chapter 3, 
Chapter 4, Chapter 5 and Chapter 6, as follows; 
 
   In the chapter 2, the cell tests was conducted on cells of HT-PEMFC 
with the phosphoric acid-doped membrane (PBI-H3PO4) of various doping 
levels, in order to search for an optimum acid-doping level and doping 
condition. Furthermore, attempts were made to clarify the mechanism for 
the migration of phosphoric acid from the PBI-H3PO4 membrane to the 
electrodes during cell operation and to clarify how this influences cell 
performance. 
   In the chapter 3, the effects of temperature on the cell voltage and 
durability were evaluated by conducting long-term durability tests on cells 
with PBI-H3PO4 and newly developed electrodes at cell temperatures of 150, 
170, and 190℃. The deterioration mechanism of the cells was investigated 
based on the results of time variations of cell voltage, internal cell resistance 
and impedance during the durability tests, in addition to post-analysis by 
transmission electron microscopy (TEM) observations.  
    In the chapter 4, the effects of temperature on sintering of nanoparticles 
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of electrocatalysts, cell voltage, and durability were theoretically evaluated 
by executing long-term durability simulation of the HT-PEMFC. Simulated 
results were compared with the measured results of experimental durability 
tests of HT-PEMFC using PBI-H3PO4 membranes at cell temperatures of 
150˚C, 170˚C, and 190˚C in the chapter 3. The deterioration mechanism of 
the cells was also theoretically investigated based on the time variations of 
cell voltage and internal cell resistance during the durability tests, and was 
confirmed by post analysis TEM observations. 
    In the chapter 5, in order to clarify the causes of long-term cell 
deterioration, five identical cells with PBI-H3PO4 were tested for periods of 
up to 17,860h, and their MEAs were then removed and subjected to 
microstructural analysis. The deterioration mechanism was investigated 
based on chronological changes in the cell voltage and internal cell 
resistance, chronocoulometry (CC) measurements of the hydrogen crossover, 
and post-analysis using transmission electron microscopy (TEM) and 
electron probe micro-analysis (EPMA). 
    In the chapter 6, in order clarify whether the stability of electrolyte 
membrane is the main factor influencing cell deterioration, power 
generation tests were carried out on two cells with the cross-linked 
ABPBI-H3PO4 for operation times of 1,000 and 17,500h. The MEAs removed 
from the cells were observed using EPMA. In order to clarify the effect of the 
membrane on cell deterioration, the EPMA results were compared between 
the MEA with ABPBI- H3PO4 membrane cell-tested for 17,500h and that 
with PBI membrane cell-tested for 17,800h in the chapter 5.  
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Chapter 2Chapter 2Chapter 2Chapter 2    
Influence of the phosphoric acidInfluence of the phosphoric acidInfluence of the phosphoric acidInfluence of the phosphoric acid----doping level in a polybenz imdoping level in a polybenz imdoping level in a polybenz imdoping level in a polybenz imidazole idazole idazole idazole     
membrane on the cell performance of membrane on the cell performance of membrane on the cell performance of membrane on the cell performance of HTHTHTHT----PEMFCPEMFCPEMFCPEMFC    
 
2.1 Introduction2.1 Introduction2.1 Introduction2.1 Introduction  
 
    HT-PEMFC requires cell voltages of over 0.7V to achieve higher system 
efficiencies than LT-PEMFC; however, their cell performance is currently 
still low compared with such a target. The reason for their low performance 
is thought to be that oxygen cannot diffuse to the catalyst sites at a 
sufficiently high rate, and the resulting overpotential loss is quite high for 
the reduction of oxygen at the cathode [1, 2]. In order to realize high 
efficiency HT-PEMFC residential systems, the author has been developing 
PBI/phosphoric acid HT-PEMFC that can achieve high cell voltages. To 
reduce the over potential at the cathode and to achieve a high cell voltage, it 
has been proposed that phosphoric acid as a proton carrier in the cathode 
side be reduced, and that instead of using only phosphoric acid, a thin 
polymer proton carrier, such as the ionomer used for LT-PEMFC, be 
dispersed in the cathode catalyst. Oxygen should then be diffused at a 
sufficiently high rate through the thin proton carrier, and the oxygen carrier 
mechanism should differ from that of the conventional phosphoric 
acid-doped PBI ionomer, which cannot achieve high performance [3].  
    In this chapter, as the first stage of this investigation, an attempt was 
made to clarify the mechanism for the migration of phosphoric acid doped in 
the PBI membrane from the membrane to the electrodes during cell 
operation and to clarify how this influences cell performance. Ex-situ tests 
were conducted to ascertain the relationship between the change in doping 
level with the temperature of the acid solution and the time in which the 
PBI membranes were immersed during doping. PBI membranes with 
various phosphoric acid-doping levels were prepared and power generation 
tests were conducted on cells using membranes with several acid-doping 
levels. One doping method involves prior doping of the acid in both the 
membrane and catalyst layers; however, the method adopted in this study 
was to dope all the phosphoric acid in the membrane, because the author 
has more extensive experience with this method [4].  
    AC impedance spectroscopy was used to clarify the effect of acid doping 
level on cell performance. This technique has been used to provide 
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information on the three main processes that limit cell performance: charge 
transfer, mass transport and ohmic resistance in single cells [5–7], 
LT-PEMFC stacks [8, 9], HT-PEMFC [10] and PAFC [11]. The cells were 
disassembled after the cell operation tests had been completed, and the 
weights and dimensions of the membranes were measured after removing 
the electrodes, in order to assess the phosphoric acid migration in the cells. 
 
2.2 Experimental 2.2 Experimental 2.2 Experimental 2.2 Experimental  
 
2.2.1 2.2.1 2.2.1 2.2.1 AcidAcidAcidAcid----doping level ex situ test surveydoping level ex situ test surveydoping level ex situ test surveydoping level ex situ test survey 
    Three PBI membranes with areas of 3cm×3cm and thick nesses of 
approximately 40μm were supplied by a collaborative organization, and 
their weights and dimensions were measured with a high-precision balance 
(AUW120D, Shimadzu Corp., Japan) and micrometer, respectively. The 
three membranes were then immersed in an 85% phosphoric acid solution: 
one membrane at 20℃ for approximately 500 min, another at 40℃ and the 
other at 60℃ for 80 min. In order to avoid acid condensation due to 
evaporation during heating, the phosphoric acid was kept in a covered 
container in a water bath at the given temperature. The membranes were 
removed from the container at intervals, the surfaces wiped, and their 
weights and dimensions measured. In this study, the acid-doping level was 
defined as the percentage ratio of membrane weight increment from the 
membrane weight prior to doping to the weight of the acid-containing 
membrane after doping. 
 
2.2.2 2.2.2 2.2.2 2.2.2 PBI membrane preparationPBI membrane preparationPBI membrane preparationPBI membrane preparation 
   PBI membranes with different acid-doping levels of 65%, 71%, 75% 
and 78% were prepared for single cells and used to evaluate the influence of 
acid-doping level on cell performance. In order to achieve the target 
acid-doping levels, PBI membranes with active areas of 5cm×5cm and 
thicknesses of approximately 40μm were immersed in 85% phosphoric acid 
solution at 20, 40 or 60℃ for times ascertained from the acid-doping level 
ex-situ test survey. Their weights and dimensions were measured before 
and after doping. 
 
2.2.3 2.2.3 2.2.3 2.2.3 Electrode preparationElectrode preparationElectrode preparationElectrode preparation 
   Carbon paper (TGP-H-090, Toray Corp., Japan) was employed as the gas 
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diffusion layer (GDL). For wet proofing, the carbon paper was immersed in a 
12wt% polytetrafluoroethylene (PTFE; DuPont) dispersion for a few minutes 
and dried at 80℃ in an atmospheric oven for 15min. A micro porous layer 
(MPL), which consisted of Ketjenblack carbon (EC-600JD, Akzo Nobel Corp., 
UK) and PTFE powder (DuPont) as a binder (weight ratio of 65:35),was 
deposited (2mg cm−2) on the surface of the wet-proofed carbon paper using a 
dry-deposition facility [12]. The carbon paper with a MPL was sintered at a 
temperature of 350℃ in an atmospheric furnace for 15 min to melt the 
PTFE binder, and it was then rolled to flatness [12]. Catalyst ink was 
prepared by the addition of polyvinylidene fluoride (PVDF; Kureha Corp., 
Japan) and N-methyl-2-pyrrolidone (NMP; Sigma–Aldrich Corp., USA) to a 
Pt–Co/C catalyst powder (Pt + Co : C weight ratio of 50 : 50, TKK Corp., 
Japan) [13]. After magnetically stirring (PSH-4A, As One Corp., Japan) the 
catalyst ink for 60 h, it was evenly spread on the MPL-deposited carbon 
paper using an adjustable doctor blade (MHAI-13, Mitutoyo Corp., Japan). 
The electrode was dried at a temperature of 80℃ in an atmospheric oven for 
1 h and was kept at 160℃ in a vacuum furnace for 25 h to degas the NMP 
solvent from the electrode. The average thickness of the catalyst layer (CL) 
was 20μm and the Pt loading of the electrode was approximately 
0.7mgcm−2. The same electrode was used for both the anode and cathode. An 
electron probe micro analyzer (EPMA; EPMA-1610, Shimadzu, Japan) was 
employed to observe the cross-section of the electrode consisting of a GDL, a 
MPL and a CL. 
 
2.2.4 2.2.4 2.2.4 2.2.4 Single cell assemblySingle cell assemblySingle cell assemblySingle cell assembly 
   The acid-doped PBI membrane and the electrodes were sandwiched 
together using a cell holder (JARI, Japan) to form a membrane electrode 
assembly (MEA). The cell holder was composed of a pair of graphite plates, 
which functioned as current collectors, and two stainless-steel end plates. 
The graphite plates have an active area of 25 cm2 with machined serpentine 
flow channels. Two end plates with heaters attached and eight screw bolts 
were used to clamp the MEA together with the graphite plates. 
 
2.2.5 2.2.5 2.2.5 2.2.5 Single cell teSingle cell teSingle cell teSingle cell testststst 
   The single cells were installed in fuel cell test stands (Kofloc Corp., 
Japan) equipped with reactant mass flow-controllers, an electronic load 
(Kikusui Electronics Corp., Japan) for controlling the electric current, an AC 
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milliohm tester (Model-3566, Tsuruga Electric Corp., Japan) with a constant 
frequency of 1 kHz, and a personal computer for equipment monitoring and 
data output. The cells were operated at 150℃ under a 0.1MPa atmosphere 
of pure hydrogen and air without humidification for 450 h. The flow rates of 
hydrogen and air were 130mLmin−1 (stoich: 3.7) and 310mLmin−1 (stoich: 
3.7), respectively. A potentiostat-galvanostat (HZ-5000 HAG-3001, Hokuto 
Denko Corp., Japan) was used for chronocoulometry (CC) measurements of 
the hydrogen crossover rate through the PBI membrane [14]. During the 
measurement, single cells were operated at 150℃ with pure hydrogen at 
the anode and nitrogen at the cathode. Under these operation conditions, a 
voltage of 0.2V was applied across the cell, so that hydrogen crossing 
through the membrane was electrochemically oxidized. During the 
measurement of the hydrogen crossover rates of the cells, the hydrogen and 
nitrogen flow rates were controlled at 300 and 500mLmin−1, respectively. 
Impedance spectra of single cells were measured at 150℃ by sweeping the 
frequency range 20,000-0.01Hz at cell operation times of 0, 50, 100, 150, 250 
and 450 h using a frequency response analyzer (FRA 5020A, NF Corp., 
Japan) connected to a potentiostat-galvanostat (HZ-5000 HAG-3001, Hokuto 
Denko Corp., Japan) in constant-current mode at a DC current of 5A 
(0.2Acm−2) and an AC amplitude of 0.5A. The flow rates of hydrogen and air 
during the measurements were the same as those used for the single cell 
tests. 
 
2.2.6 2.2.6 2.2.6 2.2.6 Evaluation of acid migrationEvaluation of acid migrationEvaluation of acid migrationEvaluation of acid migration 
  After approximately 450h of cell operation, all the cells were 
disassembled and both electrodes were scraped away from the membranes. 
The weights and dimensions of the membranes were then measured. The 
amount of phosphoric acid exhausted from the cells was evaluated by 
analyzing the concentration of phosphoric acid in the water exhausted from 
the cells using inductively coupled plasma mass spectroscopy (ICPMS; 
ICPM-8500, Shimadzu, Japan). Phosphoric acid migration in the cells was 
evaluated based on the weights and dimensions of the membranes before 
and after doping and after cell testing. 
 
2.3. Results and discussion 2.3. Results and discussion 2.3. Results and discussion 2.3. Results and discussion  
 
2.3.1 2.3.1 2.3.1 2.3.1 Structural analysis of electrodeStructural analysis of electrodeStructural analysis of electrodeStructural analysis of electrode    
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  Fig.2.1 shows typical EPMA cross-sectional images of an electrode 
composed of GDLs, MPLs and CLs, observed before assembling the 
electrodes and membrane in a single cell. The thicknesses of the GDL, MPL 
and CL are 280, 30 and 20μm, respectively. Fig.2.1(a) and (b) indicates that 
platinum is limited to the CL, and that fluorine from PTFE is distributed in 
the GDL and MPL. 

 
Fig.2.2(a) shows a cross-sectional SEM micrograph of the electrode 

indicating that the surface of the GDL is filled with the MPL, and Fig.2.2(b) 
shows the surface of the CL in contact with the membrane. During the initial 
period of cell operation, phosphoric acid migrates from the PBI membrane, 
through the interfaces, and into the porous CL shown in Fig. 2(b). 

 
 
 

Fig.2.2 Typical SEM micrographs of the electrode: (a) cross-sectional 
micrograph of the electrode composed of a GDL, MPL and CL and (b) 
surface micrograph of the catalyst 

Fig.2.1 Typical EPMA cross-sectional images of the electrode 
composed of GDL, MPL and CL: (a) platinum, (b) fluorine, and (c) 
carbon images. 

PtPtPtPt    FFFF    CCCC    

CL GDL MPL 
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2.3.2 2.3.2 2.3.2 2.3.2 ExExExEx----situ test survey for acidsitu test survey for acidsitu test survey for acidsitu test survey for acid----doping leveldoping leveldoping leveldoping level 
   For preliminary evaluation of the influence of the acid-doping level of 
PBI membranes on cell voltage, the acid-doping level was experimentally 
verified as being controllable. Fig.2.3 shows the changes in the acid-doping 
level with time, obtained by immersing the PBI membranes (areas of 25 
cm2) in acid solutions at 20, 40 and 60℃. At 60℃, the acid was rapidly 
doped into the PBI membrane to the equilibrium level of 78%for an 
85%phosphoric acid solution[4] over a period of less than 10min. On the 
other hand, at temperatures of 40 and 20℃, the acid was slowly doped into 
the PBI membranes up to the same equilibrium level, taking approximately 
30 and 300min, respectively. Thus, higher acid temperatures resulted in 
amore rapid acid-doping rate. However, irrespective of the solution 
temperature, the PBI membranes eventually equilibrated at the same 
acid-doping level of approximately 78%. 

 
   Fig.2.4 shows the relationship between the immersion time for acid 
doping up to levels of 60%, 70%, and 78% and the temperature of the acid 
solution. There is an inversely proportional relationship between the 
immersion time up to the designated acid-doping level plotted with a 
non-logarithmic scale, and the solution temperature plotted with a 
logarithmic scale. Such a relationship shows that it is possible to control the 
acid-doping level of the PBI membrane by managing the solution 
temperature and the immersion time. 

Fig.2.3 Influence of phosphoric acid solution temperature and 
immersion time on the acid-doping level of PBI. 
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   Fig.2.5 shows the relationship between the increase in the acid-doping 
weight/volume and the acid-doping level of the PBI membrane with an 
initial area of 5cm×5cm and initial thickness of 40μm, at a temperature of 
40℃. The increase in the PBI membrane volume was calculated as the 
difference between the initial and expanded volume, obtained by taking the 
product of the experimentally measured length, width and thickness. There 
is a good correlation between the weight and volume increases and the 
increase in the acid-doping level; not only does the PBI membrane weight 
increase, but its volume also increases. 

 

Fig.2.5 Relationship between the increase in the weight/volume 
and acid-doping level of the PBI membrane at 40℃. 

Fig.2.4 Relationship between the solution temperature and the 
immersion time to achieve designated acid-doping levels of 65%, 
70% and 78%. 
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2.3.3 2.3.3 2.3.3 2.3.3 Single cell testSingle cell testSingle cell testSingle cell test 
  Fig. 2.6 shows the cell voltage and internal resistance over time for single 
cells with acid-doped PBI membranes at levels of 65%, 71%, 75% and 78%, 
and at 0.2Acm−2. The internal resistance was measured at a constant 
frequency of 1 kHz using an AC milliohm tester. All the cell tests were 
conducted for 450h (19 days). It was found that all the cell voltages had 
reached the saturation level after 200h of operation. The slow increase in 
cell voltage is thought to be due to the time required for volatilization of the 
solvent in the PBI membrane and the CL; therefore, the phosphoric acid 
flows slowly into the pores formed by solvent volatilization, and 
consequently, the proton conductivity is gradually improved. 
  

     
   Fig.2.7 shows the relationship of the cell voltage and internal resistance 
to the acid-doping level at an operation time of 450h. The cell voltage 
becomes higher with the increase in acid-doping level from 65% to 75%, 
peaks at around 75%, and then declines slightly with an increase in the 
acid-doping level over 75%. The relationship between the leak current of 
each cell obtained from the CC measurements and the doping levels are also 
shown in Fig.2.7. There was negligible crossover detected for all acid-doping 
levels, which verified that reduction of the acid-doping level in PBI 
membranes does not cause crossover. 

Fig.2.6 Cell voltage and internal resistance over time for single 
cells with acid-doping levels of 65%, 71%, 75% and 78% at 
0.2Acm−2. 
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   Fig. 2.8 shows the I–V curves and internal resistance for single cells with 
PBI membranes at acid-doping levels of 65%, 71%, 75% and 78% after 450h 
of operation. The stoichiometric flow rates of fuel and oxidant were 1.4 and 
5, respectively. For acid-doping levels up to 75%, the cell voltage increases 
and the cell resistance declines with an increase in the acid-doping levels. 
With regard to the cell voltage drop from the open circuit voltage to the 
inflection point of the I–V curves in the low current density region below 
0.1Acm−2, which is often considered as the activation overpotential, there 

Fig.2.8 Influence of the acid-doping levels of PBI membranes on 
I–V characteristics and internal resistance of single cells. 

Fig.2.7 Relationship of cell voltage, internal resistance at 
0.2Acm−2, and leak current with respect to the acid-doping levels. 
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were no significant differences among the single cells with various 
acid-doping levels. On the other hand, there was significant dependence of 
the resistance overpotential, which is usually defined as the product of the 
I–V curve slope and the current density, on the acid-doping levels.  
   In order to clarify this tendency, the relationship between the resistance 
overpotential of the single cells with various acid-doping levels and the 
current density is shown in Fig.2.9, and the relationship of the internal 
resistance at 0.2Acm−2 with the acid-doping level is shown in Fig. 2.10. It is 
thought that such an increase in the cell internal resistance with reduction 

Fig.2.9 Relationship between the resistance overpotential and the 
current density for single cells with various acid-doping levels. 

Fig.2.10 Relationship between the cell internal resistance at 
0.2Acm−2 and the acid-doping level. 
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in the acid-doping level is caused by the reduction in the activation area of 
the catalyst layers, as shown in Fig. 11. For a single cell with a doping level 
below 75%, it is thought that there was not enough phosphoric acid 
migrating from the PBI film to the catalyst layers to obtain a sufficient 
active area, as shown schematically in Fig.2.11 (a) and (b). On the contrary, 
for the single cell with a doping level above 75%, it is thought that the 
catalyst layers were flooded with phosphoric acid that migrated from the 
PBI film, as shown in Fig.2.11(c). 

 
2.3.4 2.3.4 2.3.4 2.3.4 AC impedance diagnosis for cell performancAC impedance diagnosis for cell performancAC impedance diagnosis for cell performancAC impedance diagnosis for cell performance 
  AC impedance was used to clarify the influence of acid-doping level on the 
three main processes that limit cell performance: charge transfer, mass 
transport and ohmic resistance. AC impedance spectra of single cells with 
acid-doping levels of 65%, 71%, 75% and 78%were measured at a current 
density of 0.2Acm−2 throughout their entire operation, including the cell 
conditioning processes. During the measurement, pure hydrogen and air or 
oxygen were supplied to the anode and cathode sides, respectively. 
  Fig.2.12 shows typical AC impedance spectra for a cell with an 
acid-doping level of 75% when air was supplied to the cathode side. Two 
comparatively distinct arcs and one indistinct arc are observed in the 
regions of high and low frequency, respectively. With respect to these arcs, 
previous reports [5-11] have indicated that the high frequency intercept of 
the kinetic loop and the real impedance axis expresses the sum of the ohmic 

Fig.2.11 Schematic diagram illustrating the difference in the amount of 
phosphoric acid migration from the PBI film to the catalyst layer in 
single cells with different acid-doping levels of (a) 65%, (b) 71%, and (c) 
78%. 
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resistance of the membrane, etc. In addition, the distance from the 
high-frequency real axis intercept to the next lower-frequency real axis 
intercept represents the anodic and cathodic charge transfer, and the third 
low frequency arc represents the mass transport impedance that occurs 
under conditions such as high current density, low airflow or cathode 
flooding. According to these previous studies, the AC impedance spectra 
suggest that the ohmic resistance of the membrane, etc., does not change 
significantly over time, even though there is acid migration from the 
membrane to the catalyst layer. They also imply that the charge transfer 
decreases over time with the volatilization of the solvent contained in the 
PBI membrane and catalyst layers and that the third low frequency arc 
begins from450 h with flooding of the CL with phosphoric acid that migrated 
from the membrane. 

 
  Fig.2.13 shows the impedance spectra of single cells with acid doping 
levels of 65%, 71%, 75% and 78% when oxygen is supplied to the cathode 
side. Two high-frequency arcs and one distorted low-frequency arc are 
observed. The shapes of these arcs suggest the following that the ohmic 
resistance of the membrane, etc., decreases with increasing acid-doping 
level. They also imply that the charge transfer resistance does not 
necessarily depend on the acid-doping level and that the mass transport 
resistance of the cathode CL increases with an increase in the acid-doping 

Fig.2.12 AC impedance spectra of a single cell with an acid-doping 
level of 75% at operation times of 25, 50, 100, 250 and 450h at current 
density of 0.2Acm−2 with pure hydrogen and air supplied to the anode 
and cathode sides, respectively. 
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levels. Therefore, the result shown in Fig. 7, where the cell performance has 
a maximum around an acid-doping level of 75%, is supported by the AC 
impedance results; the ohmic resistance decreases and the mass transport 
resistance increases with increasing acid-doping level, and the sum of both 
resistances has a minimum value around an acid-doping level of 75%. 

 
2.3.5 2.3.5 2.3.5 2.3.5 Evaluation of acid migrationEvaluation of acid migrationEvaluation of acid migrationEvaluation of acid migration 
  In order to have supporting data for the discussions on both the results of 
the single cell tests in Section 2.3.3 and the AC impedance spectra in 
Section 2.3.4, the weights of the membranes were measured before doping, 
after doping and after cell operation tests. The membrane weights divided 
by the active area are shown in Fig.2.14. Before doping, the four membranes 
had almost the same weights. With acid-doping, the weights increased to 
2.86, 3.48, 3.98 and 4.54 times that of the initial weight for doping levels of 
65%, 71%, 75% and 78%, respectively. After the cell operation tests, the 
weights decreased to 2.03, 2.18, 2.32 and 2.32 times the initial weight, 
respectively. 
  In addition to the weight measurements, the concentrations of phosphoric 
acid included in the total water exhausted from the cells were analyzed 
using ICPMS after the cell operation tests. Fig.2.15 shows typical amounts 
of phosphoric acid included in the water exhausted from cells with 
acid-doping levels of 65% and 78% after 450h operation (1.2×10−7 and 

Fig.2.13 AC impedance spectra of single cells with acid-doping levels of 
65%, 71%, 75%, 78% at an operation time of 450h at current density of 
0.2Acm−2 with hydrogen and oxygen supplied to the anode and cathode 
sides, respectively. 
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2.3×10−7 mgcm−2). The results indicate that the amounts of phosphoric acid 
included in the water exhausted from the cell were negligible, for both low 
and high acid doping levels. By combining the results of Figs.2.15 and 14, it 
was estimated that the amounts of phosphoric acid remaining in the 
catalyst layers after operation of single cells with acid-doping levels of 65%, 
71%, 75% and 78% (5.3, 7.9, 10.3 and 12.4mgcm−2) were 0.83, 1.30 and 1.66 

Fig.2.15 Weight of phosphoric acid included in the water exhausted from 
single cells with acid-doping levels of 65% and 78% during cell operation 
over 450h. 

Fig.2.14 Change in the membrane weight before doping, after doping, 
and after the power generation tests. 
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and 2.21 times that of the initial membrane weights, respectively. In the 
light of this result and those of the single cell tests in Section 2.3.3 and the 
AC impedance spectra in Section 2.3.4, it was concluded that approximately 
10mgcm−2 is the optimum amount of phosphoric acid in a CL with a 
thickness of approximately 20µm, as used in this study.  
 
2.2.2.2.4444 Conclusions  Conclusions  Conclusions  Conclusions  
 
   For HT-PEMFC based on phosphoric acid-doped PBI membranes, it was 
clarified that the amounts of phosphoric acid doped in the membranes could 
be controlled by changing the phosphoric acid solution temperature and the 
immersion time in the phosphoric acid solution. Cell performance was 
improved by optimizing the amounts of phosphoric acid doped in the 
membrane and by the diffusion of phosphoric acid into the catalyst layer at 
the initial stage of cell operation. It was concluded that approximately 10mg 
cm−2 is the optimum amount of phosphoric acid for a catalyst layer with a 
thickness of approximately 20µm. 
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Chapter 3Chapter 3Chapter 3Chapter 3    
Influence of operating temperature on cell performance and endurance of Influence of operating temperature on cell performance and endurance of Influence of operating temperature on cell performance and endurance of Influence of operating temperature on cell performance and endurance of 
HTHTHTHT----PEMFCPEMFCPEMFCPEMFC    
 
3333.1 Introduction.1 Introduction.1 Introduction.1 Introduction  
   
   As mentioned in the chapter 2, it is very important for HT-PEMFC to  
improve its cell performance. Increasing the cell temperature is the easiest 
way to improve the cell performance. However, there is a dilemma in that 
raising the operating temperature in order to increase the cell voltage and 
improve the efficiency makes it difficult to sustain long-term durability. 
Conversely lowering the temperature improves the durability but leads to 
lower cell voltages. To date, only a few reports have dealt with the 
relationship between the operating temperature and the cell durability, 
including the deterioration mechanism during approximately 500h 
operation at 150℃ [1–4].   
   Therefore, in this chapter, the effects of temperature on the cell voltage 
and durability were evaluated by conducting long-term durability tests on 
cells using PBI membranes doped with phosphoric acid and using newly 
developed electrodes for cell temperatures of 150, 170, and 190℃. The 
deterioration mechanism of the cells was investigated based on the results 
of time variations of cell voltage, internal cell resistance and impedance 
during the durability tests, in addition to post-analysis by transmission 
electron microscopy (TEM) observations. 
 
3333....2222 Experimental  Experimental  Experimental  Experimental  
 
3333....2222....1111    Preparation of PBI electrolyte membranePreparation of PBI electrolyte membranePreparation of PBI electrolyte membranePreparation of PBI electrolyte membrane 
   PBI membranes (5.5cm×5.5cm, ca. 40µm thick) provided by the Joint 
Research Institute were immersed in a 85% phosphoric acid solution heated 
to 40℃ for 40min to dope the membranes [5]. Identical membranes doped 
under identical conditions were used for all tests in this chapter. The 
phosphoric acid doping ratio was determined by measuring the weight of the 
membranes before and after doping using a precision electronic balance 
(AUW120D Shimadzu Corp., Japan). The doping ratio was defined as the 
weight of phosphoric acid doped into the membrane divided by the weight of 
the membrane after doping. 
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3333....2222....2 2 2 2 Production of electrodesProduction of electrodesProduction of electrodesProduction of electrodes 
    A sheet of carbon paper with a thickness of 280µm (TGP-H090, Toray 
Corp., Japan) was used as a gas diffusion layer. A mixed powder of Ketchen 
Black (EC-600JD, Akzo Nobel Corp., UK) and polytetrafluoroethylene 
(PTFE, DuPont) in a weight ratio of 65:35 was applied onto the carbon 
paper using a dry coating device [5-7] until it formed a coating of 2mg cm−2. 
This was then heated at 350℃ in an atmospheric oven, and the surface 
leveled by a roller press [5-7] to produce a filled carbon layer.  
    A catalyst ink was then prepared by mixing polyvinylidene fluoride 
(PVDF; Kureha Corp., Japan), Pt–Co-supported on Ketchen Black powder 
(carbon/metal: 50/50, TKK Corp., Japan) [5] and N-methyl pyrrolidone 
(NMP; Sigma–Aldrich Corp., USA) with agitation for 60h. For preparation 
of the electrode, the catalyst ink was applied using a wet coating method 
onto the coated carbon paper, dried for 1h at 80℃ in air, and then finally 
held in a vacuum oven at 160℃ for 25h to remove NMP [5]. The amount of 
supported Pt was approximately 0.8mgcm−2 for both anode and cathode 
electrodes. 
 
3333....2222....3 3 3 3 Single cell assemblySingle cell assemblySingle cell assemblySingle cell assembly 
    The electrolyte membrane doped with phosphoric acid was sandwiched 
by two electrodes prepared according to Section 3.2.2 to produce the 
membrane electrode assembly (MEA). This was sandwiched between a pair 
of bi-polar plates made of carbon, on which a serpentine flow pattern was 
machined. The flow pattern was designed by Japan Automobile Research 
Institute (JARI) and had a reaction area of 5cm×5cm. Further, this 
assembly was in turn sandwiched by current collector plates and stainless 
steel end plates fitted with a rubber heater on the outermost surface and 
tightened using eight M6 bolts to produce a single cell [5]. Five of these 
single cells were prepared. 
 
3333....2222....4 4 4 4 Single cell power generation testsSingle cell power generation testsSingle cell power generation testsSingle cell power generation tests 
    The five single cells described in Section 3.2.3 were mounted on a fuel 
cell test stand (Kofloc Corp., Japan) equipped with massflow controllers, an 
electronic loading device (Kikusui Electronics Corp., Japan) for controlling 
the electric current, an AC milliohm tester (Model 3566, Tsuruga Electric 
Corp., Japan) with a constant frequency of 1kHz, and a personal computer 
for equipment monitoring and data output. Tests of the initial 
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characteristics, long-term durability and power output over 1000h were 
conducted on a single cell, three single cells and the remaining single cell, 
respectively. During all tests, 130mLmin−1 (stoich: 3.7) of pure hydrogen 
was supplied to the anode side, and 310mLmin−1 (stoich: 3.7) of air or 
66mLmin−1 (stoich: 3.7) of pure oxygen was supplied to the cathode side, 
with none of the reaction gases being humidified [5]. All power generation 
processes were conducted under atmospheric conditions. 
 
3333....2222....4.14.14.14.1    Initial performance testInitial performance testInitial performance testInitial performance test         
   In this test, power was generated from a single cell at a cell temperature 
of 150℃ and a current density of 0.2Acm−2 for 500h until the cell voltage 
reached its peak and stabilized. The cell temperature was then varied from 
140 to 200℃ with 10℃ increments, holding the temperature at each stage 
for approximately 1h to measure the cell voltage and internal resistance.   
  The impedance was then measured by sweeping a constant AC current of 
5A(0.2Acm−2) with an amplitude of 0.5A within the frequency range of 
20,000-0.01Hz using a potentiostat-galvanostat (HZ 5000 HAG-3001, 
Hokuto Denko Corp.) and a frequency response analyzer (FRA 5020A, NF 
Corp., Japan) to examine details of the cell resistance [5]. In this case, 
hydrogen was supplied to the anode side and pure oxygen to the cathode 
side. 
 
3333....2222....4.24.24.24.2    LongLongLongLong----term durability testterm durability testterm durability testterm durability test   
   In this test, the temperatures of the three single cells were fixed at 150, 
170, and 190℃, respectively, and the current density was controlled to 
maintain a current density of 0.2Acm−2 using an electronic loading device. 
In this case, the rate of decrease in cell voltage was calculated based on the 
difference between the peak cell voltage and that measured during 
long-term power generation. Power generation was terminated when the 
cell voltage dropped by 10%. For the cell at 170℃, the impedance was 
measured in the same manner as described in Section 3.2.4.1 after 5,000h of 
operation, and power generation was then terminated.  
  The remaining cell was operated for approximately 1,000h at 150℃ at a 
current density of 0.2Acm−2 and the catalyst was then examined using TEM.  
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3333....2222....5 5 5 5 PostPostPostPost----analysisanalysisanalysisanalysis 
   TEM observations were carried out both on as-prepared electrode 
catalysts and those following testing for about 1,000h at 150 and 190℃. In 
addition, scanning electron microscopy (SEM) observations were performed 
on the membrane subjected to the long-term durability test at 170℃. 
 
3333....3333 Results and discussion  Results and discussion  Results and discussion  Results and discussion  
 
3333....3333....1111    Initial performance testInitial performance testInitial performance testInitial performance test 
   Fig. 3.1 shows the relation between the cell voltage and cell temperature 
obtained from the initial performance test described in Section 3.2.4.1, as an 
Arrhenius plot. When the cell temperature was subsequently raised from 
140℃ (103/(140+273)=2.4K-1) to 200℃(103/(200+273=2.1K-1) in increments 
of 10℃, the cell voltage increased at a rate of approximately 10mV per 10℃, 
i.e., at 1mV◦C−1. A similar dependence of cell voltage on temperature has 
been previously reported for phosphoric acid-PBI electrolyte membranes [8, 
9, 10]. 

 
   Fig.3.2 shows a Cole–Cole plot obtained from impedance measurements 
conducted at 0.2Acm−2 for the same single cell, whereas Fig.3.3 plots the 
ohmic, electric charge transfer, and mass transport resistance values 
derived from the data of Fig.3.2 relative to the cell temperatures. 
 

Fig.3.1 Relationship between cell voltage and cell temperature 
obtained from the power generation tests. 
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   As can be seen, the ohmic resistance drops slightly with increasing cell 
temperature. In general, ohmic resistance is related to electrical resistance, 
contact resistance, and the membrane proton conductivity. The decrease in 
ohmic resistance seen in Fig.3.3 is believed to be due to an improvement in 
proton conductivity in the electrolyte membrane with increasing cell 
temperature. This is supported by the work of Zhang et al. [8] on the 
influence of cell temperature on membrane resistance, and the relation 
between proton conductivity in phosphoric acid-PBI electrolytic membranes 
and cell temperature reported by Ma et al. [11].  
   Furthermore, Fig.3.3 shows that the charge transfer resistance is 
markedly reduced with increasing cell temperature. It is generally believed 
that the electrical charge transfer resistance is related to the catalyst 
activity of the cathode and anode. Therefore, it seems likely that an increase 
in temperature gave rise to an increase in catalyst activity, promoting 
electrode reactions and consequently leading to an increase in cell voltage. 
Zhang et al. also measured the impedance spectra of HT-PEMFCs at 
various cell temperatures and similarly concluded that the charge transfer 
resistance is reduced by the promotion of anode oxidization and cathode 
reduction as the cell temperature increases [8]. Further, Ajani et al. showed 
that the activation overpotential of HT-PEMFCs was reduced as the cell 

Fig.3.2 Cell temperature dependence of the Cole–Cole plots at 
0.2Acm−2 for an initial performance evaluation after 500h operation. 
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temperature increased [9], which lends further support to this idea.  
   In Fig.3.3, it can be seen that a slight reduction in the mass transport 
resistance occurs as the cell temperature increases. The mass transport 
resistance is determined by the rate of diffusion of the reactant gas in the 
porous electrode and the electrolyte, and by its solubility into the electrolyte. 
Increasing the cell temperature leads not only to higher gas diffusion rates, 
but also a reduction in gas solubility. Which of these factors has the 
dominant influence on the mass transport resistance depends on the current 
density. It has been reported that at high current density, the reduction in 
gas solubility dominates and an increase in cell temperature leads to a 
higher mass transport resistance [8]. However, in this study, the impedance 
measurements were conducted at a low current density of 0.2Acm−2. Under 
these conditions, the enhancement of gas diffusion had the largest impact, 
leading to a reduction in mass transport resistance as the temperature 
increased. 

 
 
3333....3333....2222    LongLongLongLong----term durability testterm durability testterm durability testterm durability test 
   Fig.3.4 (a), (b), and (c) show the changes in cell voltage and internal 
resistance over time during the long-term durability tests at 150, 170, and 
190℃, respectively. In these tests the current density was constant at 
0.2Acm−2.  
   As seen in Fig.3.4 (a), in the case of the 150℃ cell, the cell voltage 

Fig.3.3 Relationship of the ohmic, charge transfer and mass transport 
resistance to the cell temperature. 
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gradually increased from the beginning of power generation, reached a peak 
value after several hundred hours, and then declined very gradually for the 

Fig.3.4 Time course of cell voltages and internal resistances of three cells 
operated at 0.2Acm-2 at cell temperatures of 150, 170 and 190°C. 
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remaining period. Even following 16,000h (2 years) of operation, the cell 
voltage drop is still within 7% of its peak value, and the power generation 
test is currently still in progress. The three temporary drops which appear 
in the curve are due to emergency stops of the test stand. On the way, up to 
approximately 12,000h, no significant changes were observed in the cell 
internal resistance, which is related to the ohmic resistance and the proton 
conductivity resistance, although a gradual increase was observed over 
12,000h.  
   In the 170℃ cell shown in Fig.3.4 (b), the cell voltage increased 
relatively rapidly from the beginning of power generation, reached its peak 
value in a few hundred hours, and then dropped gradually. At around 
4,500h, a sharp drop occurred due to a gas stoppage incident, but recovery 
took place within several hundred hours. However, from approximately 
5,000h, the cell voltage began to drop with increasing speed. Power 
generation was terminated after 6,400h of operation, at which point the cell 
voltage had declined 10% from its peak value. During the entire duration of 
the test, apart from the very early period, the internal resistance continued 
to increase as the voltage decreased.  
   As seen in Fig.3.4 (c), the voltage of the 190℃ cell reached a peak almost 
immediately after the start of the power generation and then dropped due to 
a gas stoppage incident, similar to those for the 150 and 170℃ cells. 
However, in contrast to the other two cells, the cell voltage did not quickly 
recover, but remained at a low level for approximately 500h, and then 
dropped sharply after 1,000h of operation. Power generation was terminated 
after 1,220h of operation when the cell voltage had dropped by 10% from its 
peak value. 
   Fig.3.5 shows the relation between the rate of increase of the cell voltage 
during the initial period of power generation and the cell temperature, 
which was obtained by arranging the results shown in Fig.3.4. Clearly, the 
initial cell voltages increase more rapidly as the temperature increases. The 
initial time required for the cell voltage to stabilize is considered to 
correspond to the time taken for the NMP solvent remaining in the catalyst 
layer to evaporate and for the space thus produced to be filled with enough 
phosphoric acid to secure a sufficient charge transfer path in the cell [6]. In 
fact, all of the cell temperatures are fairly close to the boiling point, 220℃, 
of NMP. In particular, in the cell operating at 190℃, the solvent would be 
expected to quickly evaporate due to its high saturated vapor pressure. 
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    Fig.3.6 shows the rate of decrease of the cell voltage from its peak value 
as a function of the cell temperature. For the 150℃ cell, the rate was 
obtained by dividing the cell voltage drop from its peak to 16,000h, read 
from Fig.3.4 (a). For the 170 and 190℃ cells, the rates were obtained by 
dividing the cell voltage drops of 10% from the peak voltage, shown in 
Fig.3.4 (b) and (c), by the final power generation time of 6,400 and 1,220h, 
respectively. As seen in Fig.3.6, the cell voltage deterioration rate was 
strongly dependent on temperature, and had a value of 3.6mVh−1 for a cell 
temperature of 150℃. 

 

Fig.3.6 Relationship of cell voltage decline rate to cell temperature over 
long-term power generation. 

Fig.3.5 Relationship of cell voltage increase rate to cell temperature 
during initial power generation. 
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   Fig.3.7 shows the time dependence of the resistance overpotential and 
the cell voltage loss excluding resistance. The “resistance overpotential” is 
the product of the current density (0.2Acm−2) and the cell internal resistance 
taken from Fig. 4. “Loss excluding resistance” is obtained by subtracting the 

Fig.3.7 Time course of the cell voltage drop due to the resistance 
overpotential and losses except cell resistance for cells operated at 150, 
170 and 190℃. 
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resistance overpotential portion from the total cell voltage drop. Therefore, 
the loss excluding resistance includes the increase of activation 
overpotential, the increase of diffusion overpotential, and the decrease in 
the open circuit voltage (OCV). However, the effect of diffusion overpotential 
is very small, because the long-term durability tests were conducted at a low 
current density of 0.2Acm−2, as has been discussed previously.  
   As shown in Fig.3.7 (a), for the cell operating at 150℃, the resistance 
overpotential dropped gradually from the initial period of power generation 
to approximately 4,000h, and remained constant thereafter until 16,000h. 
On the other hand, the loss excluding resistance increased gradually from 
approximately 500h, became almost constant from about 5,000 to 10,000h, 
and then began to increase again. For the cell operating at 170℃, the 
resistance overpotential increased gradually from approximately 500h and 
then more rapidly after roughly 5,000h, as shown in Fig.3.7(b). The loss 
excluding resistance increased gradually from 500h, became constant from 
2,500 to 3,000h, and then increased sharply again after 4,000h. Further, for 
the cell operating at 190℃, as shown in Fig.3.7 (c), the resistance 
overpotential remained constant from 250 to about 1,000h, after which it 
sharply increased. The loss excluding resistance increased rapidly from 
approximately 250h, became constant after 500h, and then increased 
sharply again from 1,000 h.  
   Although the cell voltage deterioration rate varies with temperature, the 
losses excluding resistance showed a similar trend in all cells: an initial 
increase, an almost flat period, and finally a sharp increase accompanying 
the final reduction of cell voltage. Furthermore, the resistance overpotential 
in the 170 and 190℃ cells also showed a tendency to increase sharply as if 
synchronized with the final increase of the loss excluding resistance. 
   Fig.3.8 shows TEM images of electrode catalysts, (a) just prior to 
assembly into the cell (see Section 3.2.2), (b) after a power generation test at 
150℃ for 1,029h, and (c) after a power generation test at 190℃ for 1,220 h 
(see Fig. 3.4(c)). Particle size distributions and mean particle diameters for 
the platinum-cobalt grains are also shown in Fig.3.8. As seen in Fig.3.8 (a), 
the mean particle diameter in the catalyst before power generation was 3.8 
nm. However, following power generation for approximately 1,000 h at 150 
and 190℃, the mean diameters of the catalyst particles grew to 4.1 and 6.0 
nm, respectively, as shown in Fig.3.8 (b) and (c). In previous studies, it was 
also reported that the size of platinum catalyst particles grew during power 
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generation in a relatively short period of approximately 500h at 150℃  
[1-4]. Further, Zhai et al. showed that platinum aggregation occurs in the 
early stage of power generation and that the cell performance is reduced due 
to a decrease in the specific surface area of the platinum particles and an 

Fig.3.8 TEM micrographs of the Pt-Co catalyst (a) before the power 
generation test, (b) after 1,029 h operation at 150℃, and (c) after 1,250 h 
operation at 190℃. 
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increase in the reaction resistance [4]. Taking these results into account, it 
is suggested that grain growth in the catalysts is largely responsible for the 
reduction of cell voltage of approximately 20mV in the initial period of the 
durability test, due to an increase of the activation overpotential. However, 
since the cell voltage remains constant for a long time after its initial drop of 
20mV, as shown in Fig.3.7, it is believed that some other factor is 
responsible for the final drop in cell voltage and increase of resistance 
overpotential. In order to investigate factors other than catalyst particle 
aggregation, OCV, impedance, and SEM surface measurements were carried 
out. 
   Fig. 3.9 shows the time dependence of the OCV drop for the 170℃ cell in 
the final period from 4,700 to 6,400h, together with the data for resistance 
overpotential and loss excluding resistance, which were already presented 
in Fig.3.7 (b). The OCV was found to decrease by approximately 25mV 
during this period, while the resistance overpotential increased by 
approximately 10mV. If the OCV reduction of 25mV is subtracted from the 
loss excluding resistance of 35mV, then the increased portion of the 
activation and diffusion overpotential is approximately 10mV. Thus, it can 
be concluded that the reduction in the OCV is the dominant factor involved 
in the cell voltage drop during the terminal period of cell life. 

Fig.3.9 OCV and cell voltage drops of the cell operated at 170℃ 
from 4,700h. 
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   Fig.3.10 (a) and (b) show SEM micrographs of the surface of the 
acid-doped PBI electrolyte membrane before and after power generation for 
6,400 h at 170℃, respectively. In Fig.3.10 (b), some localized holes are seen 
in the cell membrane. It is thought that, in the final stages of cell life, H2 
crossover via such holes leads to the generation of HO• and HO2• radicals 
that accelerate membrane deterioration, resulting in the reduction of OCV. 
There has been a report regarding such an attack on the electrolyte 
membrane by HO• and HO2• radicals [3], and this has been suggested as 
being the main cause of termination of the cell life. In order to further 
investigate the cause of such damage to the membrane, impedance 
measurements were conducted on the 170℃ cell during the terminal period 
of its life. 

 
    Fig.3.11 shows Cole-Cole plots of the 170℃ cell obtained by impedance 
measurements at 5,000h when the cell voltage started to decrease 
significantly, and at 6,400h when the power generation was terminated. 
Fig.3.12 shows the dependence of ohmic, charge transfer, and mass 
transport resistance on the operation time, taken from the data of Fig.3.11. 
Both figures show an increase in the ohmic and charge transfer resistance 
from 5,000 to 6,400h. In contrast, the mass transport resistance decreases, 
even at a low current density of 0.2Acm−2, as the gas diffusion rate 
improves. On the other hand, it was mentioned in the chapter2 that lower 
phosphoric acid doping, i.e., less phosphoric acid in the catalytic layer, 
increases both the ohmic and charge transfer resistances, and consequently 

Fig.3.10 SEM micrographs of electrolyte membranes after doping and 
after the power generation test at 170℃. 
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reduces the cell voltage [5]. On the basis of these results, it is considered 
likely that the phosphoric acid in the membrane and catalyst layers 
gradually evaporates and finally dries out during long-term operation, 
resulting in an increase in both the ohmic and charge transfer resistance, 
while concurrently enhancing gas diffusion and reducing the diffusion 

Fig.3.11 Cole–Cole plot for the cell operated at 170℃ for 5,000h and 
after power generation. 

Fig.3.12 Time course of ohmic, charge transfer and mass transport 
resistance in the final stage of lifetime for the cell operated at 170℃. 
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resistance. Although it is as yet unclear whether radical attack on the 
membrane or the drying up of phosphoric acid acts as the trigger, it is 
obvious that the latter directly or indirectly determines the cell lifetime. 
    The effect of phosphoric acid reduction on cell performance has been 
investigated also for phosphoric acid-type fuel cells. Fig.3.13 shows the 
results of an evaluation by Okae et al. of the amount of phosphoric acid 
evaporation as a function of cell temperature in a phosphoric acid fuel cell 
(PAFC) [12]. The evaporation rates estimated from Fig. 3.13 are 0.6, 1.8, 
and 9µgm−2 s−1 for cell temperatures of 150, 170, and 190℃, respectively.  

   Fig.3.14 shows the weight of evaporated acid per unit area as a function 
of time, calculated from the data of Fig.3.13, overlaid with the time 
dependence of the voltage drop at 0.2Acm−2, based on the data of Fig.3.4. 
The cell voltages shown here represent those values that had dropped by 
10% from the peak voltage. However, since the cell operating at 150℃ was 
still generating power, the plotted data corresponds to lower voltage drops. 
It can be seen that the phosphoric acid depletion rate and the cell voltage 
reduction rate are in good agreement, regardless of cell temperature. Thus, 
even though the initial reduction of cell voltage is thought to be caused by 
the increase in the catalyst particle size, the depletion of phosphoric acid 
has a substantial effect on the cell voltage over the entire lifetime of the cell. 
The fact the voltage drop in the 150℃ cell was still less than 7% after 

Fig.3.13 Phosphoric acid evaporation rate as a function of 
temperature, from Ref. [12]. 



 - 57 - 

16,000 h operation suggests that the cell remains functioning by use of its 
remaining volume of phosphoric acid. 

 
3333....4444 Conclusions  Conclusions  Conclusions  Conclusions  
 
    For HT-PEMFCs using PBI membranes doped with phosphoric acid, the 
effects of cell temperature on cell performance and durability were 
evaluated by long-term durability tests at cell temperatures of 150, 170, and 
190℃. Consequently, it was clarified that a higher cell temperature results 
in a higher cell voltage, but a shorter cell life. The reduction in cell voltage 
of approximately 20mV during the long-term power generation tests was 
considered to be caused both by aggregation of the electrode catalyst 
particles in the early stages of operation, in addition to the effects of 
crossover due to the depletion of phosphoric acid in the terminal stage, the 
latter regardless of cell temperature. However, the cell operating at 150℃ 
was still generating power after 16,000h, and it is expected that enhanced 
long-term durability for practical applications can be achieved through 
effective management of phosphoric acid transfer. 

Fig.3.14 Relationship between the acid weight change by evaporation and the 
cell voltage drop. Solid, dotted, dot-dashed lines show the acid weight changes 
calculated for cell temperatures of 150, 170, and 190℃, respectively. Solid 
symbols (�, ○, ▲) indicate the cell voltage drops at 0.2cm−2. 
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Chapter 4Chapter 4Chapter 4Chapter 4    
Evaluation for sintering of electrocatalysts and its effect onEvaluation for sintering of electrocatalysts and its effect onEvaluation for sintering of electrocatalysts and its effect onEvaluation for sintering of electrocatalysts and its effect on    voltage drops in voltage drops in voltage drops in voltage drops in 
HTHTHTHT----PEMFCPEMFCPEMFCPEMFC    
 
4.1 Introduction4.1 Introduction4.1 Introduction4.1 Introduction  
 
    To date, reports have dealt with the relationship between operating 
temperature and cell durability for about 500h, including the catalyst 
stability at around 150℃ [1-6]. PEMFC is required to operate for over 
5,000h for vehicular and 40,000-90,000h for stationary cogeneration 
systems. Therefore, it is essential for the reliability of the fuel cell system to 
evaluate quantitatively the performance degradation. Because it takes 
experimentally a lot of time to evaluate irreversible deterioration 
phenomena, it is after 40,000-90,000h that one can confirm whether the 
electrocatalysts can survive. In order to save the cost of long test times, 
theoretical evaluation schemes have been presented by now.  
   For example, numerical 1D non-isothermal models [7-9], 2D steady-state 
isothermal and transient nonisothermal models [10-12], and 3D steady and 
unsteady state models [13-16] for HT-PEMFC has been proposed. However, 
the main problem with all of these models is the assumption that proton 
conductivity is constant, which has shown to vary with both relative 
humidity and temperature [8,9,13]. While the previous HT-PEMFC models 
have been helpful to understand the effects of various operating conditions 
such as temperature and pressure on cell performance, none have focused 
on predicting theoretically the deterioration mechanisms. Through them the 
morphological properties of the aging CL where Pt sintering or phosphoric 
acid loss can be seen, which has the possibility of great impact on the 
gradual progress of oxygen reduction reactions (ORR) and gradual cell 
performance over time.  
   The other methodology is dealing with small areas by the ab initio 
method which forces one to develop a model composed of a few numbers of 
atoms due to the high computational demand. Temperature is hard to 
consider in the ab initio computation method, and the static Monte Carlo 
method lacks of the factor of time. Nevertheless, both are indispensable 
factors to discuss the phenomena of durability.  
  Therefore, quantitative estimation of the catalyst decay for longer time 
scale with considering the temperature and its effect on the performance 
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were theoretically investigated. The electrocatalysts for fuel cell must be 
designed with high durability in order to guarantee the required lifetime of 
the system. It is desirable to know the degree of deterioration of the 
catalysts prior to trial-and-error manufacturing of electrocatalysts and 
long-term experimental durability testing. Theoretical studies need not only 
to estimate before-and-after size or shapes of aging electrocatalysts, but also 
to explain the correlation between the deterioration progress in the catalyst 
and the influences on the cell performance with elapsed time. Practical 
theoretical studies enable to accelerate the development of electrocatalysts 
with reducing cost. For practical application as mentioned above, more 
long-term evaluation is needed.  
   Multi-scale modeling presented in this study allows barrier-free access to 
both the catalyst condition and to the fuel cell system. It enables us to 
investigate various phenomena in different scales, which are composed of 
atomic electrocatalysts model of much more than several square nm area, 
particle-based electrocatalysts of submicron area, and the catalyst layer 
(CL) in the fuel cell with 20µm-area. The phenomena in each area can be 
solved by different methods with considering temperatures. First, the Ultra 
Accelerated Quantum Chemical Molecular Dynamics (UA-QCMD) was 
applied to clarify the energetic or electronic structures of electrocatalysts. 
Secondly, the three-dimensional kinetic Monte Carlo (3D-KMC) method 
[17-19] was developed and applied to trace the progress the sintering of 
electrocatalysts over time. At third, in order to predict the impact of the 
morphological change over time inside of the CL on voltage loss, algorithms 
of polarization loss was developed and applied. Accordingly, the results of 
the catalytic morphological changes obtained by 3D-KMC could be reflected 
in the voltage calculation scheme, and the morphologically affected cell 
performance could be theoretically evaluated.  
   The influences of aging time and operating condition on the performance 
of HT-PEMFC were theoretically evaluated. It includes quantitative 
estimation of how much sintering of supported metals occurring in the CL of 
HT-PEMFC. The effects of temperature on sintering of nanoparticles of 
electrocatalysts, cell voltage, and durability were theoretically evaluated by 
executing long-term durability simulation of the fuel cells. Simulated results 
were compared with the measured results of experimental durability tests of 
HT-PEMFC using PBI-H3PO4 membranes for cell temperatures of 150˚C, 
170˚C, and 190˚C [20]. The deterioration mechanism of the cells was also 
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theoretically investigated based on the time variations of cell voltage and 
internal cell resistance during the durability tests, and was confirmed by 
post analysis TEM observations. 
 
4.2 Experimental and model development4.2 Experimental and model development4.2 Experimental and model development4.2 Experimental and model development 
 
4.2.1 4.2.1 4.2.1 4.2.1 ExperimentalExperimentalExperimentalExperimental 
   In most PEMFC, the gas diffusion layer (GDL) consists of two different 
domains: a 200-300µm thick carbon fiber-based macro-porous layer, and a 
20-40µm thick carbon black-based microporous layer (MPL). In this study, a 
sheet of carbon paper with a thickness of 280µm , high porosity (78%) [21], 
and large pore size (around 20-40µm) [21,22] (Model No. TGP-H-090, Toray 
Industries, Inc.) was used as a GDL. Z. Fishman indicated that the pores in 
GDL were typically about 20µm in diameter, and occupied most of the GDL 
volume [21]. Flückiger indicated in the pore size distribution of TGP-H-060 
which has very similar structural parameters to TGP-H-090 was about 
20µm [22]. The structural parameters for the GDL are summarized in Table 
4.1. A catalyst ink was then prepared by mixing polyvinylidene fluoride 
(PVDF; Kureha Corp., Japan) and 46.8 wt% Pt supported on Ketchen Black 
powder (carbon/metal:50/50, TKK Corp., Japan) [23]. After the electrode was 
prepared, the electrodes and H3PO4-doped PBI membrane were assembled 
in a unit cell assembly. Prior to use, the PBI membrane was immersed in 
85% H3PO4 to obtain proton conductivity, and then the unit cell was 
installed in the fuel cell test platform. The cell was operated at 150, 170, 
and 190˚C, and 1.0atm pressure, and the current density was maintained at 
0.2Acm－2 for long-durability tests. After the long-term power generation 
tests, TEM observations were carried out on both the as-prepared electrode 
catalysts and those following testing for about 1,000h at 150˚C and 190˚C  
for post-analysis. The rate of decrease in cell voltage was also measured for 
three different temperatures: 150˚C, 170˚C, and 190˚C. 
 

Table 4.1 Structural parameters of the GDL of HT-PEMFC [21-23] 
GDL structural data Numerical values 

Porosity ε [－] 0.78 

Thickness, LGDL  [µm] 280 

Mean pore diameter [µm] 20 
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4.2.4.2.4.2.4.2.2222    Quantum chemical methodQuantum chemical methodQuantum chemical methodQuantum chemical method 
   Since ab initio quantum chemical calculations are computationally 
intensive and very time consuming. Ab initio quantum chemical 
methodologies can evaluate electronic properties with only small 
cluster-sized molecules due to their heavy computational load; they cannot 
be applied to the large atomic scale or include thermal dynamics. This 
means that semi-empirical quantum chemical methods have to be employed. 
However, in order to achieve the required accuracy, it is necessary to use 
certain parameters, such as the exponent of a Slater-type atomic orbital 
(AO) in Eq. (4-7) and valence-state ionization potentials (VSIPs) in Eq. (48). 
By this technique, without heavy computational load, the Ultra Accelerated 
Quantum Chemical Molecular Dynamics (UAQCMD) can calculate the 
electronic configuration and investigate the affinity of Pt electrocatalysts on 
the surface of carbon support under three different temperatures, 150˚C, 
170˚C, and 190˚C.  
    UA-QCMD has proven to be a very successful technique for providing a 
detailed understanding of diffusion or aggregation processes involving metal 
clusters, allowing us to explore cluster evolution and understand the 
behavior of supported and unsupported metal clusters at the atomic level by 
reflecting binding energies and charges based on quantum calculations. The 
electronic configurations of catalysts were calculated after UA-QCMD 
simulation by original Tight-Binding Quantum Chemical (TBQC) 
calculation.  
    Dynamics of the atoms were carried out using the following potential 
functions, which were employed to consider the ionic, covalent, and weak 
Vander Waals interactions among atoms. 
 

 
The first term corresponds to the Coulomb potential, and the second term 
corresponds to the short-range exchange-repulsion potential (f0 is the 
constant for unit adjustment, a is the size, and b is the stiffness), which 
gives a good account of the repulsive interactions arising from the overlap of 
electronic clouds. Zi and Zj are the charge of atoms, e is the elementary 
charge, and Rij is the internuclear distance. The third term in Eq. (4-1) 

(4-1) 
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corresponds to the Morse-type potential, which represents covalent 
interactions, where Dij is the bond energy, βij is the form factor, and R0 is 
the bond length at minimum energy. Using the described potentials, a 
classical molecular dynamics (MD) simulation [24] was performed. This 
system can solve the motion of equation for large sets of atoms. In this MD 
simulator, a Verlet algorithm [25] was employed to integrate equations of 
motion. Moreover, the temperature scaling method was implemented in the 
system, which is similar to the Woodcock algorithm [26]. MD simulations 
were carried out with 0.1 fs of integration time for the equations of motions.      
   This UA-QCMD method consisted of two parts. The first part was a 
TBQC calculation, and the second involved the classical MD simulator [24]. 
To reflect the Morse-type function and the atomic charges into during the 
MD simulation process, TBQC calculations were performed at the 
beginning, and again after UA-QCMD simulation. In this method, an 
electronic structure calculation was performed by solving the Schrödinger 
equation, HC=εSC (H, C, ε, and S refer to the Hamiltonian matrix, 
eigenvector, eigenvalues, and overlap integral matrix, respectively), with 
the diagonalization condition (CTSC= I; I refers to the identity matrix). In 
order to determine the off-diagonal elements of H and Hrs, the corrected 
distance-dependent Wolfsberg-Helmholtz formula, Eq. (4-2) was used: 
 

 
 
    In the TBQC scheme, the total energy of a system, E, is expressed by 
using the following equation: 
 

 

 
    Summing up the values of bi, bj and ai, aj, we can modify Eq. (4-3) as 
follows: 
 

 
 

(4-3) 

(4-4) 

(4-2) 
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where the first, second, and third terms on the right-hand side refer to the 
molecular orbital (MO) energy, Coulombic energy, and exchange-repulsion 
energy, respectively. The first term on the right-hand side of Eq. (4-4) is 
rewritten as follows: 
 

 
 
where the first and second terms on the right-hand side refer to the 
one-electron contribution to the binding energy and the two-electrons 
contributions to the binding energy, respectively (nk is the number of 
electrons occupied in the kth molecular orbital). A binding energy calculated 
from the second term of Eq. (4-5) is used for the determination of the Dij 
parameter in Eq. (4-1).  
    In order to set the Hamiltonian matrix, H, and overlap the integral 
matrix, S, in the TBQC scheme, exponents of a Slater-type AO, denoted as 
ζr, and VSIPs for the valence shell of calculation atoms must be optimized. 
The former parameters are used to calculate the S matrix and Hrs in Eq. 
(4-2). The latter ones are used for the diagonal element of H (Hrr or Hss in 
Eq. (4-2)).    
   The relationship between Hrr and VSIP of the rth AO of the ith atom (Iir) 
is described as Hrr=－Iir. These two parameters in the TBQC scheme were 
represented by the polynomial functions of atomic charges. The ζr and Hrr 

terms were calculated by the polynomial functions of atomic charges 
described below by Eqs. (4-6) and (4-7), respectively. 
 

 
 

 
 
  In Eqs. (4-6) and (4-7), Zi corresponds to the atomic charge on atom i. The 
parameters regarding ζr, i.e., s0 and s1 in Eq. (4-6), and those regarding 
Hrr, i.e., h0 and h1 in Eq. (4-7), were adjusted to reproduce the binding 
energies and electronic structures of each reactant obtained by first 
principle calculations; these are summarized in Tables 4.2 and 4.3, 
respectively. 
 

(4-5) 

(4-6) 

(4-7) 
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Table 4.2 Coefficients of a single zeta parameters in a Slater-type atomic 
orbital in Eq.(4-6). 

Element AO S0 S1 Coefficient 
s 2.40 1.0 1.0 

C 
p 2.20 1.0 1.0 
s 2.30 1.0 1.0 
p 1.95 1.0 1.0 Pt 
d 2.90 1.0 1.0 

 
Table4.3 Coefficients of the Hrr parameters in Eq.(4-7). 

Element AO h0 h1 
s -10.80 -9.50 

C 
p -8.40 -9.00 
s -8.0054 -6.049 
p -3.9076 -7.5238 Pt 
d -9.500 -8.1900 

 
 
4.2.4.2.4.2.4.2.3333    Estimation of sintering of electrocatalysts by 3D kinetic Monte Carlo Estimation of sintering of electrocatalysts by 3D kinetic Monte Carlo Estimation of sintering of electrocatalysts by 3D kinetic Monte Carlo Estimation of sintering of electrocatalysts by 3D kinetic Monte Carlo 
methodmethodmethodmethod    
    Since the conventional static Monte Carlo method cannot consider a 
real-time scale, the sinterability of supported nanoparticles, which might 
affect the voltage drop was simulated by a 3D kinetic Monte Carlo 
(3D-KMC) method. The 3D-KMC simulation proceeds by repeating a series 
of sintering events for a determined number of particles in the supports and 
supported Pt electrocatalysts for a determined number of steps. It considers 
both indispensable factors for the thermal durability of catalysts, “time” and 
“temperature”. The coordinates outputted by the system are then used to 
map the sintering processes of the supported Pt metal catalysts. This 
enables a comparison of the characteristics of the sintering process of 
supported precious metals with experimental results. Previous studies 
[17-19] show not only quantitative comparison in grain growth of metal 
oxide supports, alumina, zirconia and ceria, but also sintering degrees of 
supported Pt showed good agreement with experimental results by 
comparing particle distribution. During the simulation, a diffusion direction 
is randomly generated, while the diffusion length for one 3D-KMC step, l, is 
calculated as l=(D(r)∆t)-0.5, where D(r) and Δt are the diffusion coefficient 
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given as a function of particle size and the real-scale diffusion time per one 
3D-KMC step, respectively. At the initial stage of sintering, adatoms diffuse, 
meet, and nucleate into larger atomic islands. 
 

 

 
 
T, R, and n denote the absolute temperature, the gas constant, and the 
particle size-dependent coefficient of diffusion of supported metals or 
supports, respectively. DM0 denotes the pre-factor of diffusion coefficient of 
supported metals.  
   The sintering dynamics simulator enables the reflection of atomic scale 
characteristics, such as the diffusivity of supported electrocatalysts. In fact, 
such atomic scale characteristics are significantly related to the macroscopic 
migration characteristics of supported metals. Therefore, the thermal 
diffusivity, as two Arrhenius equations (4-8) and (4-9), were calculated 
based on the TBQC calculation program. The activation energy for sintering 
of the supported metal diffusion, EM, was calculated from intra metal-metal 
binding energies of supported metals. The nanoparticle size of 
electrocatalysts, rM, and the support size, rS, at a certain time were reflected 
into Eqs. (4-8) and (4-9). In Eq. (4-8), diffusion coefficients of electrocatalysts 
were determined based on the quantum chemical calculation using the 
self-diffusion coefficient of metals [27]. The diffusion coefficient of graphite 
carbon support in Eq. (4-9) was determined based on experimental data [28].  
   In the environment of phosphoric acid, the principal corrosion reaction of 
carbon is assumed a four-electron corrosion process as follows,  
 

 

 
    In that case, the percent weight loss ⊿Wt were calculated as follows by 
Antonucci et al. [29], 
 

 

(4-8) 

(4-9) 

(4-10) 



 - 67 - 

where Mc is the atomic mass of carbon and F is the Faraday’s constant, 
96,487 C mol-1. Based on the result of electrochemical corrosion in the 85% 
phosphoric acid, the weight loss of the carbon are different depending on the 
specific surface area of the carbon. Corrosive model was reflected by taking 
the parameters, n=0.30, k=0.44Ag-1sn, when the surface area is around 60 
m2g-1 [29]. 
 
4.4.4.4.2.42.42.42.4    Modeling of the cathode catalyst layerModeling of the cathode catalyst layerModeling of the cathode catalyst layerModeling of the cathode catalyst layer 
   The membrane-electrode-assembly (MEA) is the heart of a fuel cell. 
This consists of several elements that are susceptible of being studied for 
optimization of a fuel cell’s performance. One such element is the CL, in 
which the electrochemical reactions occur, and whose formulation must be 
optimized in order to improve the performance of the PEMFC. Ferreira et 
al. [30] demonstrated that the electrochemical surface area loss of Pt at the 
cathode was much larger than that at the anode. Pt coarsening occurred 
even at low temperature in PEMFC, and Pt nanoparticles in the cathodes 
were clearly much larger than those in the anodes [31]. In the case of the 
PEMFC, polarization losses on the anode side, or the hydrogen electrode, 
are negligibly small [32]. Choudhury also used the mathematical model of 
the CCL to investigate the potential drop in the case of phosphoric acid fuel 
cells (PAFC) [33].  
   Therefore, the 3D CCL model of the HT-PEMFC was constructed for the 
present study. The 3D CCL modeled structure contains three phases: the 
gas phase (pores), the H3PO4 thin electrolyte phase (hot phosphoric acid), 
and a phase consisting of a random distribution of carbon-supported 
nano-sized electrocatalysts (Pt/C), which were generated using a Monte 
Carlo method. In reality, there is an acid electrolyte thin film surrounding 
the catalyst particles, and mass transport through this phase is much 
slower than a porous media. Reactant gas dissolves in the electrolyte media 
and diffuses through this film to reach the catalyst sites [13]. The schematic 
modeling procedure and its algorithm with detailed schematic drawings 
were described in our previous studies [34-36]. In the modeling, the carbon 
support is considered as a particle; in fact, carbon supports usually 
constitute particle-like structures, and the H3PO4 thin film covers the 
surface of the carbon particles. Each of the nanoparticles of electrocatalysts 
was assumed to be supported on the surface of a carbon particle, with 50% 
of its volume buried. Hence, the other half of its volume was exposed and 
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had an active surface area only when it could successfully make contact 
with three kinds of mass flow: the proton through the electrolyte, the 
electron through the carbon, and the reactant O2 gas through the pores. 
Active supported catalysts were determined by checking 
three-dimensionally whether the exposed catalysts made contact with the 
required protons, electrons, and reactant O2 gas. Whether every 
nanoparticle among all supported electrocatalysts could be active or inactive 
was visually checked by marking with different colors. Active catalysts were 
colored gold, and inactive catalysts were colored wine red.  
   In the CCL, the dispersed catalyst (Pt/C) formed agglomerates with the 
electrolyte fill. These domains were surrounded by channels through which 
the reactant gases diffused. Therefore, the gas diffusion inside of the pores 
in the constructed CCL was taken into account.  
   The mass-balance in the CCL is expressed by the following equation  
 

 
 
where the sum of the H3PO4 volume fraction, εH, was assumed to be thin 
layer, the pore space volume, εp, was maintained at approximately 0.475 
throughout the thickness of the CCL [37], and the volume fraction of 
electrocatalysts (Pt/C) dispersed carbon, εc was equal to 1. The average 
thickness of the CCL was set to be 20µm, which is consistent with the 
thickness of experimentally used CCL [23]. The electrocatalyst (Pt/C) 
dispersed carbon volume fraction, εC, was determined from Eq. (4-11) [38]: 
 

 
 
where ρPt and ρC are the mass densities of the Pt electrocatalysts and 
carbon black, respectively. %Pt represents the mass percentage of Pt 
electrocatalysts supported on the carbon surface. Pt nanoparticles were 
supported on the surface of carbon particles until they satisfied the loading 
of catalysts, 46.8wt% which is consistent with actual experimental loading 
value. Subsequently, the modeling simulator chose the largest particle 
among the remaining particles and randomly inserted the particle into the 
simulation cell. Lobato et al. measured the value of porosity (%) for different 
Pt percentages -20, 40, and 60% Pt/C in the CL- which ranged from 55.3, 

(4-11) 

(4-12) 
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57.9, and 60.1, respectively [37]. Therefore, the simulator repeated this 
process until it became close to the value of Lobato’s experimentally 
measured porosity [37], 55% (as the structural parameters of the CCL given 
in Table 4.4). Overlaps between particles in the simulation cell were 
accepted up to a maximum overlap ratio given of 0.8. After determining the 
coordinates of the carbons and H3PO4, there were additional subroutines to 
search three-dimensionally the spatial distributions of active 
electrocatalysts that could promote ORR, and to calculate the active specific 
surface area inside of the microstructure of the constructed model. At that 
time, all nanocatalyst particles could be classified as either active or 
inactive by this routine. Here, “active” refers the nanoparticles of 
electrocatalysts that were supported on effective particles of carbon forming 
electron current paths, and were effectively covered by electrolyte, forming 
proton current paths. The subroutine regarded carbon particles that were 
interconnected from the GDL-MPL side, and electrolyte that was 
interconnected from the PBI-H3PO4 membrane side, as effective carbon 
particles and effective electrolyte, respectively. The GDL-MPL side and the 
PBI-H3PO4 membrane side were defined as the left and right planes of the 
constructed 3D model, respectively, as shown in Fig.4.1. On the left 
boundary, protons migrated into the CCL through free H3PO4 from the 
PBI-H3PO4 membrane, whereas at the right boundary, oxygen and electrons 
were transported into the layer through the GDL-MPL side.  

 
Table 4.4 Structural parameters of the CCL of HT-PEMFC 

CCL structural data Numerical values 

Porosity 0.48 
Density of carbon 2.0 g cm-3 
Density of PBI-H3PO4 1.6 g cm-3 
Density of Pt 21.5 g cm-3 
Catalyst layer thickness, LCCL[µm] 20.0[31] 
Loading catalyst amount (pt) 46.8 wt% 
Catalyst utilization (%) 22% 
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4.4.4.4.2.52.52.52.5    Tortuosity of gas flow in the catalyst layerTortuosity of gas flow in the catalyst layerTortuosity of gas flow in the catalyst layerTortuosity of gas flow in the catalyst layer 
    The size of pores existed in porous materials are never straight and 
uniform. The average speed of the gas flow is greater on a straight pore 
shape than a curved one. On the contrary, the gas flow in a highly complex 
and twisted pore system will experience more resistance to flow and 
therefore move at a slower rate. This means the tortuosity factor. A pore 
system with internal blockage or discontinuity will not transport gas 
efficiently. Porous materials with small pores have a greater tortuosity. The 
tortuosity τ of a pore network in the porous CL is the result of the 
merging, branching, and curving of pores. The tortuosity value is dependent 
on composite properties such as the phase fractions, interfacial surface area, 
and geometric properties. Generally, the diffusivity and permeability 
decrease with increasing tortuosity [39]. In this study, the tortuosity value 
could be theoretically determined nondestructively by the 3D random walk 
simulation algorithm, which counted respective pore voxels that formed 
several tortuous paths in the modeled 3D CL [39]. Cut voxels are therefore 
shaped and arranged as a simple cubic lattice. The 3D pore connectivity was 

Fig.4.1 Application of multi-scale modeling to HT-PEMFC  
(a) Microscopic model for investigating the affinity of electrocatalyst and 
support by UA-QCMD method.  (b) Particle-based submicron model to 
investigate sintering characteristics by 3D-KMC method.  (c) Carbons, 
pores, active and inactive electrocatalysts and thin film of H3PO4 [23] in the 
CL.  (d) The thickness of the modeled CL is 20µm [33]. The CL was divided 
into 10 cells, numbered N =1-10 for solving ORR reaction. 
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examined in order to output a 3D image of tortuous paths in Fig.4.2 (a)-(c), 
and the numerical value of tortuosity. When a pore voxel was in full contact 
with another voxel, the two voxels were judged to be connected. Some pores 
in the porous media were three-dimensionally connected to form a single 
large percolation cluster responsible for the macroscopic transport of 
reactant gases; other pores were isolated and did not contribute to the 
macroscopic diffusion and the Darcy flow. The tortuosity value of a 3D pore 
network was computed in a unit cell. In the case where each unit cell size of 
a unit cell was 1.0×1.0×20.0µm, the constructed CCL model was finely cut 
into 100.0×100.0×2000.0 meshes in the x-, y-, and z-directions, respectively. 
Each cut voxel in the porous media was numbered and classified as a pore, 

Fig.4.2  Application of multi-scale modeling to HT-PEMFC 
(a) 3D view of tourtuous proton-conducting trajectories (blue lines) in 
connected electrolytes.  (b) 3D view of electron-conducting trajectories 
(black lines) in electrically connected carbon medium.  (c) 3D view of 
tortuous gas diffusion trajectories (red lines) in connected pores.  (d) 
Component ratio of pore, carbon and acid in the CL [－] thorough in the 
catalyst layer.  (e) Local mesopore diameter, dp [µm] throughout the 
catalyst layer. 
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carbon, or phosphoric acid electrolyte by judging whether the center of the 
voxel was positioned in a pore, a carbon, or an electrolyte. The tortuosity 
value τ was roughly estimated to be 1.5 in most publications [48]. Tortuosity 
is defined as the ratio of the actual distance of the mass flow in the CL, Lc, 
to the gas flow in free space, Lf. Connected pores in the electrode form 
continuous paths for gas flow, and we measured the tortuosity value by 
calculating the following ratio:  

 
Finally,τ→∞ only if porosity,ε→0; i.e., the tortuosity is finite only if the 
pore space disappears. This means that the actual average path traversed 
by the species while diffusing in the interstitial mass flow in a porous 
medium is longer than in the absence of the solid. This implies that there is 
no hindrance to diffuse in the absence of an impermeable solid. 
 
4.4.4.4.2.62.62.62.6    Gas diffusion in the catalyst layerGas diffusion in the catalyst layerGas diffusion in the catalyst layerGas diffusion in the catalyst layer 
    A series of mass transport and electrochemical equations were solved to 
obtain the polarization characteristics. The constructed model took into 
account the mass-transport phenomena caused by multicomponent gas 
diffusion through the CCL. The oxygen flux, NO2, through the CL was 
assumed to be driven by a concentration gradient. It was thus determined 
by Fick’s law for the diffusion of the gas component, which could be 
described as follows: 

 

Here, CO2 represents the oxygen concentration, which can be expressed as 
follows by considering molecular diffusion and Knudsen diffusion [41,42]. 
The effective oxygen gas diffusion coefficient, DeffO2,i in the CCL, corrected 
for the porosity ε and tortuosity τ of the CCL, and is related to the 
Knudsen diffusion coefficients, Dkn,i and DO2 . The values for the local 
factorε/τ(direction and compression dependence) were taken from 
experimental electrochemical diffusometry measurements [30]. 

 

 
DO2 is the molecular diffusion coefficient (cm2s-1) of O2 in the pores. Dkn is 

(4-13) 

(4-15) 

(4-14) 
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the Knudsen diffusion coefficient (cm2s-1) for the porous structure. Because 
the Knudsen effect is dependent on the temperature and molecular weight, 
three kinds of temperatures, T =423K (150˚C), 443K (170˚C), and 465K 
(190˚C) were set as cell test conditions, and the oxygen molecular weight, 
MO2=32gmol-1 was also set. The value of dp was the mean pore diameter in 
the CCL, but the value changed locally somewhat through CCL thickness 
from the PBI-H3PO4 membrane side to the MPL-GDL side. In fact, the local 
mesopore diameter size was calculated to introduce the value in Eq. (4-16) 
using a scanning technique, as shown in Fig.4-2(e). The values were 
reflected to compute mass flow through the thickness of the CCL. According 
to the IUPAC classification, macropores were defined as pores of more than 
50nm, and mesopores as being from 2 to 50nm. Lobato et al. showed that 
the majority of pore ranges could be seen from 50 to 120nm by 
Hg-porosimetry of the electrodes with different Pt content on the carbon 
support, such as 20, 40, and 60% Pt/C [37]. Theoretically estimated average 
pore diameter was 53.3nm, and the range was from 42.9 to 97.8nm, which 
agreed with Lobato’s experimental mesopore range, as mentioned above. 
Power generation characteristics were obtained by substituting local dp,i 
directly into Eq. (4-16), which expresses the Knudsen diffusion coefficient of 
cell i, Dkn.  

 
Oxygen utilization rate, Uox in Table 4.5 was incorporated to determine the 
utilization rate of oxygen in total feed air from the inlet side to outlet side of 
the CL.  

Table 4.5 Cell operating conditions of HT-PEMFC. 
Operating condition  Numerical values 
Relative humidity [-] 0.0 
Atmospheric pressure [atm] 1.0 
Pressure at the cathode gas inlet[atm] 1.0 
Feed gas  Air 
Nitrogen/oxygen mole fraction ratio of feed gas 0.79/0.21 
Cell temperature [˚C] 150, 170, 190 
Oxygen utilization [%] 27 
The reference concentration of oxygen[molm-3], C refO2 0.107[11] 

(4-16) 
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   The GDL effective diffusivity was assumed to be isotropic and to follow 
the Bruggeman relation [48]: 

 

where the effective diffusion coefficient, DeffO2, was used to account for 
oxygen gas diffusion in the gas mixture through the pore region of the GDL, 
and as a correction factor to account for the non-diffusing space occupied by 
the solid fragments  
 
4.4.4.4.2.72.72.72.7    ORR and diORR and diORR and diORR and dissolved Ossolved Ossolved Ossolved O2222 
   Numerical simulations were carried out for the fuel cell operation with 
conventional flow field and gas flow. The ORR kinetics followed the 
electrochemical Butlere-Volmer equation, as shown in Eq. (4-18). Current 
distribution was calculated according to Eq. (4-18). The solution algorithm 
for obtaining current distribution and polarization loss of this study was 
similar to one proposed by Hu et al. [43]. 

 
where aeffcat is the effective catalyst surface, which is identified by yellow 
nanoparticles in Fig.4.1. ηi is the electrode activation overpotential. They 
can make contact with the carbon and electrolyte phase and be determined 
three-dimensionally. For typical cathode electrode structures, the 
percentage of effective catalyst nanoparticles is about 50% [48]. CrefO2 is the 
reference oxygen concentration [14], the value of which is shown in Table 
4.5, and i0 is the reference exchange current density. The transfer coefficient 
ac is dependent on temperature and phosphoric acid concentration. The 
coupled set of Eq.(4-18) was solved iteratively, and the solution was 
considered to be convergent when the relative error in each field between 
two consecutive iterations was less than 0.05.  
   Various Tafel slopes have been reported for ORR in concentrated 
phosphoric acid [45-50]. Clouser et al. [45] studied the effect of temperature 
on ORR in phosphoric acid and obtained Tafel slopes. Each experimental 
measurement of the cathode transfer coefficient ac increased with 
temperature: 0.66 at 150˚C, 0.75 at 206˚C, 0.76 at 207˚C, and 0.81 at 
251˚C(slope of 0.0014K-1). Appleby [46] reported the variation of the transfer 

(4-18) 

(4-17) 
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coefficient ac with temperature; values were from 0.49 at 25˚C to 0.562 at 
95.9˚C on oxidized Pt in 85wt% phosphoric acid. Similarly, O’Grady et al. 
[47] reported values from 0.53 at 25˚C to 0.68 at 70˚C in 85wt% phosphoric 
acid and ac varied linearly with temperature with a slope of 0.0034K-1. 
Huang et al.[48] reported values of ac to be 0.47, 0.61, and 0.67 at 
temperatures 25, 100, and 150˚C, with a slope of 0.0016K-1. The rate change 
of the transfer coefficient with temperature has been reported for the ORR 
in phosphoric acid: αC =0.662 (25˚C)－0.90 (136˚C), with a slope of 0.002K-1 
on oxide-free Pt [49], andαC =0.559(25˚C)－0.66(136˚C), with a slope of 
0.001K-1 on active Pt [50].  
    The dependency of the transfer coefficient on temperature was 
averagely expressed in Eq.(4-18) as the function of temperature in degrees 
Kelvin.  

 
The cathodic exchange current density was expressed in Eq. (4-20) as a 
function of temperature [51], 

 

    The dissolved oxygen concentration at the gas/phosphoric acid 
concentration interface was determined from the solubility of oxygen using 
Henry’s law. C O2dissolved H3PO4 is the dissolved oxygen gas concentration in hot 
phosphoric acid, as determined by Henry’s law [52]. H     is Henry’s 
constant for the oxygen gas dissolution in hot phosphoric acid. D       is 
the diffusion coefficient for oxygen in hot phosphoric acid, and the following 
Eqs.(4-21)-(4-23) can reproduce the experimental data [53] for diffusivity 
and solubility of oxygen gas in hot phosphoric acid. 

 

(4-21) 

(4-23) 

(4-22) 

(4-20) 

(4-19) 

hot H3PO4 
O2 

hot H3PO4 
O2 
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Here, wH3PO4 is an 85% concentration of hot phosphoric acid.  
    For the electrochemical reaction shown in Eq.(4-24), the thermodynamic 
open-circuit voltage (OCV) can be described by Eq.(4-25).Consequently, the 
thermodynamic OCV decreases with increasing temperature, especially 
above 100˚C, due to the increase of PH2O [54]:  

 

 

The temperature-dependent thermodynamic open-circuit voltage for the 
overall reaction (4-24) can be estimated using the relation shown by Eq. 
(4-26) [54,40]: 

 
The cell voltage is given by Eq. (4-27): 

 

The saturation pressure of water, Psat(Pa), can be expressed in the 
temperature range between 100 and 200˚C(the operating temperature range 
of HT-PEMFC) [52,53]. 

 
where the units of Psat and T are Pa and K, respectively. 
 
4.4.4.4.2.82.82.82.8    Proton conductivityProton conductivityProton conductivityProton conductivity 
    Since a series of the tests were conducted under dry conditions and used 
a PBI-H3PO4 membrane MEA, the proton conduction does not depend on 
water. In such a case, water content, expressed as the mole fraction of 
water/phosphoric acid for the dry conditions, can be regarded to be zero in 
the temperature range of 100˚C to 180˚C [55]. This is quite different from 
Nafion, which must be used below 100˚C. In that case, the numerical values 
of water content, expressed as moles of H2O/moles of SO3-, are higher than 
when a PBI membrane is used. Therefore, proton conductivity is not 

(4-28) 

Ecell=OCV-ηORR (4-27) 

(4-26) 

(4-25) 

O2+2H2 ⇔ 2H2O (4-24) 
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dependent on water content, and the value in hot phosphoric acid is 
expressed by Eq. (4-29) [56]: 

 
Here,W is the concentration of hot H3PO4, 84e94 wt%, and t is temperature 
in ˚C In the CL, the phosphoric acid is responsible for its proton 
conductivity. The proton is transported through the free phosphoric acid 
that comes from the membrane. The computation scheme of gas tortuosity, 
as shown in Eq. (12) was applied to estimate the tortuosity of a proton path 
in order to calculate the effective proton conductivity. The effective proton 
conductivity in the composites with a mixed conductive phase follows Eq. 
(4-30) [57], which was corrected by the tortuosity factor and the fraction of 
phosphoric acid in the CL: 

 
where σH3PO4 is the proton conductivity of phosphoric acid, εH3PO4 is the 
fraction of phosphoric acid in the CL, and γ is the Bruggeman factor for 
proton path in the phosphoric acid and dependent on the amount of 
phosphoric acid. The proton current is governed by Ohm’s law [58]: 

 
Where i2 is the proton current density, Φ2 is the electrolyte phase potential, 
σ  is the proton conductivity, and ｘ is the distance from the current 
collector. 
 
4.4.4.4.2.92.92.92.9    Solving the electrochemical reaction schemeSolving the electrochemical reaction schemeSolving the electrochemical reaction schemeSolving the electrochemical reaction scheme 
    The following assumptions were made in the development of the 
model to solve the electrochemical reaction scheme: 
 
1. The system is isothermal and isobaric throughout the electrode. 
2. The system is a steady-state operation. 
3. Diffusion of O2 in hot H3PO4 and pores was considered. 
4. Gas component (O2 and H2O) sorption in the pores was considered. 
5. The electrochemical reaction in the CCL occurred on the active catalyst   

(4-31) 

(4-30) 

(4-29) 
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surface area. 
6. The ORR generated only liquid-phase water. 
7. Reactant gases and vapor were assumed to behave as ideal gases. 
8. The gas permeability through the membrane was assumed to be 

negligibly small, such that gas cross-over could be neglected. 
9. Because the electrode was very thin and its electronic conductivity was 

sufficiently high, the electronic phase potential was assumed to be 
uniform [59]. 

 
4.4.4.4.３３３３    Result and discussionResult and discussionResult and discussionResult and discussion 
 
4.4.4.4.3.13.13.13.1    MMMModel of cathode catalyst layer and electrocatalystsodel of cathode catalyst layer and electrocatalystsodel of cathode catalyst layer and electrocatalystsodel of cathode catalyst layer and electrocatalysts    
    Fig.4.1 shows a multi-scale modeling application to HTPEMFC. Fig.4.1 
(a) shows a microscopic model to investigate quantum chemical 
characteristics of the catalyst itself, as well as the affinity of the supported 
catalyst and carbon support. Fig.4.1 (b) shows a particle-based submicron 
model used to investigate sintering characteristics by a 3D-KMC method. 
Fig.4.1 (c) shows the inactive electrocatalysts, bare carbon support, pores, 
active electrocatalysts, carbon supports in contact with H3PO4 and thin film 
electrolyte of H3PO4 [10,16,52] in the CL. Fig.4.1 (d) shows the modeled 3D 
cathode catalyst layer of the thickness of 20µm [23]. The modeling direction 
was shown as x-, y-, and z-directions. The size of each cell of the constructed 
model was 1.0(x-direction)×1.0(y-direction)×20.0(z-direction)µm, and the 
thickness of a CCL was 20.0µm. The constructed CCL model was finely 
divided into 100.0×100.0×2000.0 meshes in the x-, y- and z-directions, 
respectively. The constructed 3D model contained electrocatalysts on carbon 
supports in the CL, with the assumption of a thin film of H3PO4 as the 
electrolyte film. As noted by Horn [31], conventional PEMFC catalysts 
typically consist of Pt nanoparticles are dispersed on the surface of primary 
carbon particles of 20-50nm, which can form carbon particle aggregates of 
100-300nm in diameter with electrically connected in 3D. Therefore, the size 
of primary particles was modeled by assuming around 40nm, which is mean 
value of the experimentally suggested value as mentioned above, and the 
specific surface area was 60m2g-1. The phosphoric acid in the CL was 
ununiformly distributed to cover carbon particles in the model. The 
thickness of phosphoric acid was ranged from 7nm to 10nm. Simulated 
tortuosity in the phosphoric acid, 1.8, which matched with the value 1.8, 
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presented by Liu et al. [60]. Liu et al. presented the tortuosity in the 
polymer electrolyte, and a value of 1.8 gives a linear fitting of the 
Bruggeman relation to the diffusion results.  
  Evaluation of polarization loss and mass flow dynamics of HT-PEMFC 
can be solved by each cell division. The CCL was divided into 10 cells in this 
study, from the cell numbered N=0 in the membrane side to the cell 
numbered N=10 in the GDL-MPL side. The effective Knudsen diffusion 
coefficient of the CL of the HT-PEMFC was successfully calculated by 
substituting tortuosity values of both pores in Eq. (4-13). Current 
distributions were calculated in divisions by solving Butlere-Volmer 
equations, where N=1-10, for this calculation. Various local properties inside 
of the CL, such as mass transport, gas diffusion, tortuosity, porosity, and 
pore diameter were also calculated in each division. Sectional component 
ratios, surface areas of electrocatalyst, O2 gas distribution, and percolation 
of both the electrolyte and carbons were analyzed as mentioned later.  
  Loaded electrocatalysts was Pt 46.8wt% in the 3D CCL model. Pt is the 
most active noble metal that catalyzes and promotes the ORR that takes 
place in HT-PEMFC. Since it is the catalyst surface area that matters, and 
not weight, it is important to have small Pt particles with large surface 
areas finely dispersed on the catalyst support surface, which is typically 
carbon. The structural parameters for the GDL are summarized in Table 4.1 
In addition, the structural parameters for the CCL including the calculated 
tortuosity values of the pores in the CCL are summarized in Table 4.4. The 
performance of the cell voltage was calculated at three kinds of 
temperatures, 150˚C, 170˚C and 190˚C. The cell was assumed to be fed by 
air(CN2in / CO2in=0:79/0:21) as an oxidant on the cathode side, and as a total 
pressure was assumed to be 1 atm. The cell operating conditions are 
concluded in Table4.5.  
   Fig.4.2 (a) shows a 3D view of computed all possible tortuous 
proton-conducting trajectories (blue lines) in the connected H3PO4 
electrolytes. Fig.4.2 (b) shows a 3D view of computed all possible tortuous 
electron-conducting trajectories (black lines) in electrically connected carbon 
medium. Fig.4.2 (c) shows a 3D view of computed all possible tortuous gas 
diffusion trajectories (red lines) in connected pores. In fact, the computed 
tortuosity value of gas, 1.3, was used for solving for mass transport of the 
CCL. Fig.4.2(d) shows the distribution of the component ratio of mesopore, 
carbon, and acid in the CL. Fig.4.2(e) shows the distribution of mesopore 
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diameter, dp (nm) in the CL. The value of the tortuosity was difficult to 
obtain experimentally. However, theoretical tortuosity-porosity relations 
that do not contain adjustable parameters have been presented asτ2=2－ε, 
by Rayleigh(1892), τ

2=1－1/2lnε, Strieder(1986) and τ
2=ε-1/2, by 

Bruggemann(1935) [60,61]. Fig.4.3 shows simulated effective relative 
diffusivity ε/τ in Eq.(4-15), and compared with presented these formula. 
Simulated results for effective relative diffusivityεε/τ, showed good 
agreement with currently presented formula by Bruggemann (1935), 
Strieder (1986), and Rayleigh (1892) [61,62]. Especially for Bruggemann 
formula, it has been referred in many theoretical models of PEMFC.    
   Passalacqua [63] and Wei [64] introduced a percolation model to explain 
both ionic and electronic conductions. Actually, as shown in Fig.4.2 (a)-(c), 
three tortuous percolating paths of the electrons in carbon, protons in 
electrolyte, and O2 gas in pores could be successfully visualized (even when 
the assumption of thin electrolyte film satisfies proton percolation 
completely) from the PBI-H3PO4 membrane to the MPL-GDL side. 
Therefore, the loaded electrocatalyst could maintain electrochemically active 
surface area from the PBI-H3PO4 membrane side to the MPL-GDL side. At 
that time, catalyst utilization in the CL was counted as 22%, which is close 
to the experimental value of 20% [65]. 

    
    

Fig.4.3 Simulated effective relative diffusivity ε/τ, and compared 
with presented formula. 
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4.4.4.4.3.23.23.23.2    Quantum chemical analysis of electrocatalysts on carbon supportQuantum chemical analysis of electrocatalysts on carbon supportQuantum chemical analysis of electrocatalysts on carbon supportQuantum chemical analysis of electrocatalysts on carbon support    
The catalyst loaded on the carbon support in CL of HT-PEMFC was 

mainly composed of 46.8 wt% of the noble metal Pt (5d96s). The microscopic 
morphological condition was reflected to model a quantum chemical 
investigation. The Pt catalyst composed 55 atoms of Pt crystal on the carbon 
support was modeled as having a Pt (111) facet in themselves by referring to 
the TEM images [31]. Fig.4.4 shows the atomic model of a Pt55 catalyst 
cluster on the graphite carbon support (001) facet and its electron density, 
obtained by UA-QCMD simulation at 150˚C. The UA-QCMD simulations 
were performed totally 2000 fs (10,000 steps) with 0.2fs/step under the NPT 
ensemble, and one quantum chemical calculation by TBQC was inserted per   
100 steps. At the same time, electronic distribution was also obtained as 
shown in section. Before checking the affinity between catalysts and support, 
Pt55 and carbon support were, respectively, investigated and compared 
energetically with experimental results as shown in Table 4.6. The Pt-Pt 
distance of metallic Pt is 2.75 Ǻ [66, 67], and Pt-C bond distance is around 
2.0 Ǻ [67]. As concluded in Table 6, the sums of the binding energies of Pt55 
and graphite carbon support were -7510.24 and -5552.16kcal/mol. These 
calculated energies were agreed well with ∆fH0, the standard molar enthalpy 
of formation at 298 K [68], with a high concordance rate of more than 95.5% 
for both case. The interactions between supported metals and graphite 
carbon for Pt/C were investigated independently. Binding energies of Pt55 
and the carbon supports were estimated by the quantum chemical 

Fig.4.4 Electronic configuration of platinum,Pt55 on graphite carbon support at 
150℃. 
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calculation program TBQC [17-19]. The binding energy of Pt-C when Pt55 
was supported on carbon was approximately 50kcal/mol at 300K. The 
affinity of Pt with carbon in the Pt55/ graphite (001) system found to be via 
Pt5d-C2p hybridization by the analysis of electronic structure. This 
Pt5d-C2p hybridization between both Pt orbital and neighboring C orbital 
make the Pt more cationic than free Pt. As shown in Table 4.7, the binding 
energies between Pt electrocatalysts and the graphite carbon support found 
to be gradually smaller, -49.51kcal/mol at 150˚C, -48.87kcal/mol at 170˚C, 
and -46.24kcal/mol at 190˚C. It indicated the affinity of electrocatalysts with 
the support became weaker, and the electrocatalysts become susceptible to 
migrate easily as temperature increased. 
   
Table4.6 Bond energies of the support (graphite carbon) and supported 
catalysts, Pt55 compared with experimental lattice energies. 

Catalysts/ 
support 

Each bond 
Energy 
[kcal/mol]  

Sum of 
Bonding energy 
[kcal/mol] 

∆fH0 
[kcal/mol] 

Pt55    Pt-Pt -32.86 -7510.24 -7431.05 

Graphite carbon  C-C -115.67 -5552.16 -5780.03 

∆fH0 Standard molar enthalpy(heat)of formation at 298.15 K [kcal/mol] [67] 
 
Table4.7 Binding energies and bond distances of Pt-C and Pt-Pt55/graphite 
carbon system. 
Temperature Pt-C binding energies 

[kcal/mol] 
Pt-Pt binding energies 
[kcal/mol] 

150˚C -49.51(2.0 Å) -30.58(2.8 Å) 
170˚C -48.87(2.0 Å) -30.58(2.8 Å) 
190˚C -46.24(2.0 Å) -30.26(2.8 Å) 
 
4.4.4.4.3.33.33.33.3    Durability of electrocatalystsDurability of electrocatalystsDurability of electrocatalystsDurability of electrocatalysts 
    Shao-Horn [31] who referred to the experiments by Bett [68] estimated 
the diffusion order of Pt particles on carbon support as 10-21m2s-1, at 600˚C. 
The metals that were expected to behave as catalysts on support were on 
the nm scale, and at such an atomic scale condition, their thermal mobility 
is affected by metal self-diffusion. The pre-exponential factors, DM0 and the 
activation enthalpies, EM of metals and alloys are typically in the range of 
10-6m2s-1 ≤ DM0 ≤ 10-3 m2s-1 and 50kJmol-1 ≤ EM ≤ 600kJmol-1 [27]. In case of 
Pt, these were measured as DM0=0.05×10-4m2s-1 and EM=257.6kJ/mol [27]. 
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According to Eq. (4-8), the diffusion coefficient of the Pt metal, DM was 
estimated as DM=2.0×10-21m2s-1 at the certain temperature, 600˚C. This was 
good agreement with the experimentally observed Pt diffusivity as 
mentioned above.  
    The numerical values of diffusion parameters, DM0 and EM were 
introduced as input parameters in the 3D-KMC model. Since these two 
parameters are universal to the temperature under the Arrhenius equation 
(4-8), it could be applied to different three temperatures, 150˚C, 170˚C and 
190˚C in this study. A series of 3D-KMC simulations for different 
temperatures, 150˚C, 170˚C and 190˚C could be successfully conducted. As a 
result, the theoretically evaluated particle size distributions and the mean 
diameters of the Pt nanoparticles compared with TEM images of electrode 
catalysts were obtained as shown in Fig.4.5. Fig.4.5 (a) corresponds to the 
image just prior to sintering, and showed that the carbon particle was 
modeled as spherical in shape in order to reproduce its real structure by 
reflecting the TEM micrograph of the CL [20]. As seen in Fig.4.5 (a), the 
mean particle diameter of the catalyst at the fresh condition was modeled to 
3.78nm. It agrees with experimentally observed average diameter of fresh 
condition found to be 3.8nm. These catalysts were dispersed on the surface 
of primary carbon particles to maximize the surface area of Pt per unit Pt 
mass [31]. The mean diameter of agglomerated particle size of 
electrocatalysts was theoretically evaluated by the 3D-KMC simulation at 
constant temperature, 150˚C. was 4.4nm after 1,000h, which was close to 
the measured mean particle diameter, 4.1nm after 1,029h as shown in Fig. 
4.5 (b) In the case of 190˚C, the simulated sintered particle size after 1,250h 
was 6.2nm, which was very close to the measured mean diameter, 6.0nm 
after the same aging time, 1,250 h [20] as shown in Fig.4.5 (c) In both cases, 
the theoretical predictions of sintering were in good agreement with the 
experimental data. In the case of 170˚C, the theoretically evaluated 
agglomerated size was assumed to be 4.56nm at the same time of aging, 
about 1,000h. As seen in electrocatalysts in simulated snapshots 
continuously from the fresh condition in Fig.4.5 (a) to the both aged 
condition at 150˚C (Fig.4.5 (b)) and 190˚C (Fig.4.5 (c)), the size of 
electrocatalysts grew increasingly similarly to the TEM micrographs. 
    In previous studies, it was also reported that the size of Pt 
electrocatalyst particles grew during power generation in a relatively short 
period of approximately 500h at 150˚C [1-6]. Especially, Zhai showed that Pt 
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aggregation occurred by increasing its size from 4.0 to 8.3nm in the early 
stage of power generation during the first about 300 h [1], and increasing its 
size from 4.02 to 8.88nm during 550h [2] at 150˚C. Hu and Liu also reported 
the Pt agglomeration from 3.8nm to 6.9nm during 500h [3, 4] and from 

Fig.4.5 (a) Fresh condition (0 h) (b) After about 1,000h at 150˚C  (c) 
After about 1,250h at 190˚C. Snapshots and distribution of the 
nanoparticles of electrocatalysts theoretically obtained by the results of 
3D-KMC method were compared with experimentally measured data. 
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3.72nm to 8.39nm during 600h at 150˚C [5].  
    From this point of view, Fig.4.6 shows the time course of 
electrochemical active surface area and its loss percentage at 150˚C, 170˚C, 
and 190˚C. The data were obtained by the 3D-KMC method at 150˚C, 170 ˚C 
and 190˚C. The loss of electrochemical active surface area for initial 1,000h 
were -15.2％ at 150˚C, -16.6% at 170˚C and -34.5% at 190˚C. Overall loss 
during long-term power generation were -21.4% for 15,500h at 150˚C, 
-30.8% for 6,300h at 170˚C and -39.6% for 1,250h at 190˚C. The decrease 
rate in electrochemical active surface area of the electrodes found to become 
higher as temperature increased. Losses of cell performance due to 
decreasing electrochemical active surface area can be estimated by the 
following equation [6].  

 
where ∆V is the voltage drop, b is the Tafel slope, EAS1 and EAS2 are the 
electrochemical active surface areas before and after, respectively. 
According to the value reported by Liu et al. [60] for b (100mVdec-1), the 
voltage loss coming from losses of catalytic active surface area is 
approximately 7.2mV at 150˚C and 18 mV at 190˚C for initial 1,000h. These 
estimated voltage drops derived from decreasing electrochemical active 
surface area found to be close to experimentally measured voltage drops, 
8.4mV at 150˚C and 16.6mV at 190˚C.

(4-32) 

Fig.4.6 Time course of electrochemical active surface area and its loss 
percentages at 150˚C, 170˚C, and 190˚C. 
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4.4.4.4.3.43.43.43.4    LongLongLongLong----term characteristics of voltage droterm characteristics of voltage droterm characteristics of voltage droterm characteristics of voltage dropspspsps    
    Changes in the average diameter (Fig.4.5) and the electrochemically 
active surface area (Fig.4.6) due to progressing in agglomeration of Pt 
electrocatalysts could be estimated by 3DKMC method. Such agglomerated 
catalyst conditions at a certain time were reflected in the modeling of 3D 
CCL to express the aged catalysts in order to simulate the degree of 
deterioration and how much voltages changed from the fresh condition at 
temperatures, 150˚C, 170˚C and 190˚C.  
    Not only catalyst deterioration, but also acid evaporation can be 
occurred in the HT-PEMFC. In order to investigate factors other than 
catalyst particle aggregation, the case for evaporation of acid were 
additionally investigated. Under dry condition, phosphoric acids dehydrate 
to loose water by dimerization and pyrophosphoric acids (H4P2O7) can be 
started by the following stage [70]: 
 
First stage:  
 
It is possible further dehydration to triphosphoric acid at a higher 
temperature and very dry condition as the second stage [73]. 
 
Second stage: 

 
Under dry and higher temperature condition in this study, loss of water and 
the formation of pyrophosphoric acid (H4P2O7) have great potential for 
causing to decrease the proton conductivity [73]. Lobato compared the 
weight loss of PBI-H3PO4 membrane with time and found that the higher 
the temperature, the more rapid the dehydration process is, and it 
correlates well with the rate of performance decay at 175˚C was greater 
than at 150˚C[6]. Moreover, Okae et al. investigated the effect of phosphoric 
acid reduction on cell performance for PAFC [71]. The estimated 
evaporation rates were 0.6, 1.8 and 9µgm-2s-1 for cell temperatures at 150, 
170 and 190˚C, respectively. After acid was evaporated, the remaining 
volume of phosphoric acid assumed to became thinner. Since the 
evaporation amount of hot phosphoric acid per hour could be calculated as 
above, the remaining volume of phosphoric acid was mounted to model aged 
CCL structure. Evaporation of acid from the CCL made the protons less able 
to reach the ORR site. In fact, the proton paths in the CCL become more 
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tortuous. The active surface area of catalysts was also decreased due to 
depletion of protons, as shown in Fig.4.6.  
    Fig.4.7 shows the decrease rate of proton conductivity in the CL at (a) 
150 ˚C, (b) 170˚C and (c) 190˚C. The calculated values of tortuosity factors 
τ according to Eq. (4-30) were 1.88 for fresh conditions, and more than 2.0 
for aged conditions for 150˚C, 170˚C and 190˚C. Initial tortuosity value for 
the proton paths is 1.88, and gradually increased depending on the 
temperature, 2.01 at 15,500h 150˚C, 2.09 at 6,300 h at 170˚C, 2.02 at 1,250h 
at 190˚C due to depletion of phosphoric acid. Therefore, the total decrease 
rate of proton conductivity over time were about 35% for 15,500h at 150˚C, 
45% for 6,300h at 170˚C, and 33% for 1,250h at 190˚C. Because this 
decrease rate was compared by different hours, the decreasing rate of proton 
conductivity for same time interval, initial 1,000h was also investigated. As 
a result, the decrease rate of the theoretically estimated proton conductivity 
for initial 1,000h, were about 4.0% at 150˚C, 14.6% at 170˚C, and 20.5% at 
190˚C, averagely. As the amount of evaporation of acid increased, the proton 
path became more tortuous. As increasing of temperature, calculated 
trajectories of protons became more tortuous to conduct themselves in the 
search of depleted acid electrolyte after aging. As the amount of acid 
decreased and the tortuosity value of proton path increased with elevating 
temperature, the proton conductivity decreased according to Eq. (4-30).  

 

Fig.4.7 Decrease rate of proton conductivity with time at (a) 150˚C, (b) 
170˚C and (c) 190˚C. 
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  The changes in cell voltage over time were simulated as shown in    
Fig.4.8 (a) for 150˚C, Fig.4.8 (b) for 170˚C, and Fig.4.8 (c) for 190˚C. In these 

Fig.4.8 Time course of cell voltages operated at 0.2Acm-2 at (a) 150˚C (b) 
170˚C (c)190˚C. The simulated results were compared with the cell 
voltages, shown in Fig.3.4, experimentally measured by durability tests of 
the section 3. 
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tests, the current density was constant at 0.2A cm-2. Simulated results were 
two cases. One is the case reflected by catalyst aging only. The other case is 
reflected catalyst aging together with evaporation of acid. Experimentally 
measured voltage showed that the cell voltage declined very gradually from 
the beginning of power generation to the experimental data show in any 
temperature cases in Fig.4.8 (a)-(c). The simulated voltage drops in initial 
several hundreds of hours in the durability tests were 10-20mV. The 
evaporation of acid has high potential to cause the voltage drops more 
severely for the latter stage. It was clearly found that from both results 
showing in Figs.4.7 and 4.8, decrease of the proton conductivity correlates 
well with the voltage drops as temperature increased. 
    Especially at 170˚C, the experimentally measured cell voltage remained 
constant for a long time after its initial drop of 20mV, as shown in Fig.4.8 
(b). After square root of time √t =70h (t=4,900h) something changed, and a 
new mechanism dominated the cell internal resistance shown in Fig.3.4 (b). 
It is believed that some other factor was responsible for the final drop in cell 
voltage and increase of cell internal resistance. When the cell internal 
resistance is plotted over time (Fig.4.9), the plot fits a parabolic curve. Fuel 
cell degradation can be described in several ways [72, 73]. It is known that 
many types of fuel cell degradation obey a parabolic law with time [74, 75]. 
The underlying mechanism of such parabolic degradation includes a variety 
of degradation phenomena, including loss of porosity in electrodes, growth of 
corrosion layers, growth of non-conductive phases between electrodes and 
electrolyte, increase in polarization overpotential, etc. Most fuel cells have 
these types of parabolic degradation. For the present work, this is part of an 

Fig.4.9  Dependence of the polarization resistance. 
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on-going investigation for a particular operating temperature.  
 Fig.4.10 shows the relationship of initial cell voltage to cell temperature 

operated at 0.2Acm-2 at 150˚C, 170˚C, and 190˚C, which is confirmed by both 
experimentally measured and simulated results. Simulated initial cell 
voltages were gradually increased as temperature increased, 0.70V at 
150˚C, 0.72V at 170˚C, and 0.74V at 190˚C. Experimentally, 0.69V at 150˚C, 
0.71V at 170˚C, and 0.73V at 190˚C. This tendency shows correct trends of 
increasing in initial voltage as cell temperature increased. 

 

    Fig.4.11 shows the relationship between cell voltage decline rate and 
cell temperature over long-term power generation. The cell voltage 
deterioration rate of the cell voltage from its peak values over time was 
strongly dependent on temperature. The theoretical prediction estimated 
the correct trend in voltage deterioration rate with temperature. The 
deterioration rates of the voltage increased with a rise in the cell 
temperature. Experimentally, overall voltage declines were 3.16, 10.09, and 
44.01mV/h at 150˚C, 170˚C and 190˚C, respectively. Theoretical predictions 
could estimate the breakdown of overall voltage decline. At first, the partial 
voltage drops caused by loss of active surface area of the Pt electrocatalyst 
were computed approximately 0.20, 0.74, and 5.02mV/h at 150˚C, 170˚C and 
190˚C, respectively. Secondly, the overall voltage drops caused by loss of 
acid and active surface area of the Pt electrocatalysts in the CCL were 
approximately 3.97, 11.73, and 47.78mV/h at 150˚C, 170˚C and 190˚C, 

Fig.4.10 Relationship of initial cell voltage to cell temperature operated on 
0.2Acm-2 at 150˚C, 170˚C and 190˚C. The simulated results were compared 
with experimentally measured voltages. 
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respectively. This tendency shows better agreement with the experiment 
than considering only loss of active surface area of the electrocatalyst. 
Theoretical results clearly show that long-term durability for practical 
applications requires inhibition of catalyst aging, as well as controlling the 
evaporation of acid. 

 
 
4444....4444 Conclusions  Conclusions  Conclusions  Conclusions  
 
    The correlation of operating cell temperature in HT-PEMFC with the 
deterioration of electrocatalysts and voltage drops were theoretically 
estimated by using the 3D-KMC method and the evaluation algorithm of 
polarization loss at different temperatures. Diameters of agglomerated 
electrocatalysts were theoretically estimated, and the values were 4.4, 5.5, 
and 6.2nm after aging about 1,000h at 150˚C, 170˚C, and 190˚C, 
respectively. Theoretically estimated agglomerated particle sizes showed 
good agreement with experimental TEM data, which found to be 4.4nm 
after 1,029h and 6.2nm after approximately same time. This fact was 
exemplified by UA-QCMD method that shows the affinity of Pt 
electrocatalysts with the support surface gradually decreases as increasing 

Fig.4.11 Relationship of cell voltage decline rate to cell temperature 
over long-term power generation operated on 0.2 A cm-2 at 150˚C, 170˚C, 
and 190˚C. The simulated results were compared with experimentally 
measured voltages. 
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temperature.  
    The particle-based 3D CCL structure was modeled to contain Pt/carbon 
with a thin layer of H3PO4 electrolyte film content. Modeled CCL 
microstructure was verified to investigate connectivity of pores where 
oxygen as a reactant gas pass through from MPL-GDL side inside of the 
CCL, and conductivities of protons and electrons. In addition, the tortuosity 
values of pores, protons, and electrons inside of the constructed CCL 
microstructure model were calculated three dimensionally to introduce them 
into the evaluation algorithm of polarization loss as the diffusion 
parameters. Consequently, it was clarified that a higher cell temperature 
resulted in a higher initial cell voltage and higher voltage drops.  
    The measured voltage drops during overall experimental durability 
examination were found to be 3.16mV/h for 150˚C, 10.09mV/h for 170˚C, and 
44.01mV/h for 190˚C, respectively. Experimentally measured results show 
that raising the operating temperature in order to increase the cell voltage 
and improve efficiency leads to be difficult sustain long-term durability. 
Conversely, lowering the temperature improves durability but remain to be 
lower cell voltages. Theoretically evaluated overall voltage drops reflected 
only loss of electrochemical active surface area were approximately 
0.20mV/h for 150˚C, 0.74mV/h for 170˚C, and 5.02mV/h for 190˚C, 
respectively. On the other hand, the other overall voltage drops, which were 
theoretically evaluated by reflecting loss of both acid and electrochemical 
active surface area in the CL were 3.97mV/h for 150˚C, 11.73mV/h for 
170˚C, and 47.78mV/h for 190˚C, respectively. As a result, experimentally 
measured overall voltage drops quantitatively agreed well with theoretically 
evaluated voltage drops which were reflected both acid and electrochemical 
active surface area, rather than considering only loss of electrochemical 
active surface area. The reduction in measured cell voltage during the 
long-term experimental cell operation of three cells was considered to be 
caused both by aggregation of the electrode catalyst particles and 
evaporation of acids. Theoretical results clearly showed that long-term 
practical application in high-temperature operation requires to make 
electrocatalysts durable as well as controlling evaporation of acid to keep 
proton conductivity. Because the amount of voltage loss caused by the 
depletion of specific surface area of electrocatalyst was smaller than that 
caused by both sintering of electrocatalysts and the evaporation of acid, 
theoretical study successfully explains that sufficient controlling of the 
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evaporation of acid is the key to achieving long-term power generation of 
HT-PEMFC for practical application. 
 
Appendix. List of symbolsAppendix. List of symbolsAppendix. List of symbolsAppendix. List of symbols    
acat    Electrocatalytic surface area, m2g-1 
C     The reference O2 concentration, molcm-3atm-1 
C     The dissolved O2 concentration of cell i in the electrolyte, mol cm-3 
dp     The local mesopore diameter in the catalyst layer, nm 
DO2    The molecular diffusion coefficient of O2, cm2s-1 
Dkn,i   The Knudsen diffusion coefficient of O2 in cell i, cm2s-1 
D      The effective O2 diffusion coefficient in cell i, cm2s-1 
PO2     The O2 partial pressure, atm 
PH2    The H2 partial pressure, atm 
PH2O   The H2O partial pressure, atm 
x      The length in the direction of the thickness of the catalyst layer of    
       each cell, µm 
F      Farday’s constant, 96487, Cmol-1 
i       The cell number, ― 
ir,i      The reaction current density in cell i, Acm-2 
i0       The exchange current density in cell, Acm-2 
H      Henry’s constant for oxygen dissolution in polymer electrolyte 
LCCL   The thickness of the cathode catalyst layer (CCL), µm 
LGDL   The thickness of the gas diffusion layer (GDL), µm 
mPt    The catalyst mass loading per unit area of the cathode, g m-2 
MO2    O2 molecular weight, 32 gmol-1 
n       The number of electrons transferred in the cathode reaction per   
        O2 molecule, 4, ― 
NO2    The O2 flux into cell I, mol cm-2s-1 
%P     The mass percentage of Pt electrocatalyst supported 
(v)    The mean thermal velocity of molecules,  ms-1 
R     Gas constant, 8.314, JK-1mol-1 
RH    Relative humidity, % 
T      The cell temperature, K 
t       The cell temperature, ◦C   
    
    
    

ref 
O2 
Ref, i 
O2 

Ref,  
O2 i 

hot H3PO4 
O2 
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Greek symbolsGreek symbolsGreek symbolsGreek symbols    
τ    The tortuosity factor, ― 
αc     

 The cathode transfer coefficient, ― 
ε   Porosity of the cathode catalyst layer (CCL), ― 
εH   The H3PO4 volume faction, ― 
εp  The pore space volume, ― 
εc     The volume faction of electrocatalysts (Pt/C) dispersed carbon, ― 
ε   Volume fraction of phosphoric acid in cell i, ― 
εGDL   Porosity of the GDL, ― 
γ    The Bruggeman factor, ― 
ηi    The activation overpotential, V 

ρel   The density of the electrolyte(PBI/H3PO4), 1.6 g cm-3[63] 
ρPt  The density of Pt, 21.5 g cm-3[75] 
ρC  The density of carbon, 2.0 g cm-3 
σ    The conductivity, S cm-1 
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Chapter 5Chapter 5Chapter 5Chapter 5    
LongLongLongLong----term cell degradation mechanism in term cell degradation mechanism in term cell degradation mechanism in term cell degradation mechanism in HTHTHTHT----PEMFCPEMFCPEMFCPEMFC    

 
5555.1 Introduction.1 Introduction.1 Introduction.1 Introduction  
 
    As mentioned in the chapter 1, several studies have reported the 
results of the long-term power generation tests conducted on HT-PEMFC 
[1–5]. Zhang et al. reported that higher cell performance was achieved as 
the operating temperature approached 200℃ [5]. In addition, lifetimes 
exceeding 10,000h have been reported by research groups at BASF and 
Samsung [6, 7], and these PEMFCs are considered to be closest to 
commercial viability. However, there have been very few reports on the 
mechanism underlying the deterioration of such cells. Although some 
studies have been carried out on the reduction in durability during 500h of 
operation at 150℃ [4], nothing has been reported concerning the causes of 
cell deterioration over longer periods.  
    In the present study, in order to clarify the causes of long-term cell 
deterioration, five identical cells were tested for periods of up to 17,860h, 
and their membrane electrode assemblies (MEAs) were then removed and 
subjected to microstructural analysis. The cells used PBI membranes doped 
with phosphoric acid. The deterioration mechanism was investigated based 
on chronological changes in the cell voltage and internal cell resistance, 
chronocoulometry (CC) measurements of the hydrogen crossover, and 
post-analysis using transmission electron microscopy (TEM) and electron 
probe micro-analysis (EPMA). 
 
5555....2222 Experimental  Experimental  Experimental  Experimental  
 
5555....2222....1111    Preparation of PBI electrolyte mPreparation of PBI electrolyte mPreparation of PBI electrolyte mPreparation of PBI electrolyte membraneembraneembraneembrane 
   PBI membranes (5.5cm × 5.5cm, ca. 40µm thick) provided by the joint 
research institute were immersed in an 85% phosphoric acid solution and 
heated to 40℃ for 40min to dope the membranes [8]. All of the membranes 
used in the present study were subjected to exactly the same doping 
procedure. The doping level was determined by measuring the weights of 
the membranes before and after doping using a precision electronic balance 
(AUW120D, Shimadzu Corp., Japan); this was characterized by the ratio of 
the weight of phosphoric acid doped into the membrane to the weight of the 
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membrane after doping with phosphoric acid. 
 
5555....2222....2 2 2 2 Production of electrodesProduction of electrodesProduction of electrodesProduction of electrodes 
    A sheet of carbon paper with a thickness of 280µm (TGP-H090, Toray 
Corp., Japan) was used as the gas diffusion layer. A mixed powder of 
Ketchen Black(EC-600JD,Akzo Nobel Corp.,UK)and polytetrafluoroethylene 
(PTFE, DuPont) in a weight ratio of 65:35 was applied to the carbon paper 
using a dry coating device [8–11] until it formed a coating with a density of 
2mgcm-2. This was then heated at 350℃ in an atmospheric oven, and the 
surface was leveled using a roller press [8–11] to produce a filled carbon 
layer.  
    A catalyst ink was then prepared by mixing polyvinylidene fluoride 
(PVDF, Kureha Corp., Japan), Pt-supported and PtCo-supported on Ketchen 
Black powder (carbon/metal: 50/50, TKK Corp., Japan) [8] and N-methyl 
pyrrolidone (NMP, Sigma-Aldrich Corp., USA) with agitation for 60h. To 
produce the electrode, the catalyst ink was applied using a wet-coating 
method onto carbon paper coated with a mixed powder of carbon and PTFE 
prepared using a dry-coating method. The resulting structure was then 
dried for 1h at 80℃ in air, and finally held in a vacuum oven at 160℃ for 
25h to remove the NMP [8]. The amount of supported Pt was approximately 
0.8mgcm-2 for both the anode and cathode electrodes. 
 
5555....2222....3 3 3 3 Single cell assemblySingle cell assemblySingle cell assemblySingle cell assembly    
    The electrolyte membrane doped with phosphoric acid was sandwiched 
between two electrodes prepared as described in Section 5.2.2 to produce the 
MEA. This was in turn sandwiched between current collector and bi-polar 
plates made of carbon, on which a serpentine flow pattern was machined. 
The flow pattern was designed by the Japan Automobile Research Institute 
and had a reaction area of 5cm×5cm. This assembly was further sandwiched 
between a pair of stainless steel end plates with a rubber heater attached to 
their outermost surfaces and tightened using eight M6 bolts to produce a 
single cell [8]. Five single cells were prepared, and these are referred to as 
Cells A, B, C, D and E. 
 
5555....2222....4 4 4 4 LongLongLongLong----term power generation durability teststerm power generation durability teststerm power generation durability teststerm power generation durability tests    
    The five single cells described in Section 5.2.3 were mounted on a fuel 
cell station (Kofloc Corp., Japan) equipped with mass flow controllers, an 
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electronic loading device (Kikusui Electronics Corp., Japan) for controlling 
the electric current, an AC milliohm tester (Model 3566, Tsuruga Electric 
Corp., Japan) with a constant frequency of 1kHz, and a personal computer 
for equipment monitoring and data output. Fig.5.1 shows a schematic 
diagram of the fuel cell station used in this study.  

 
    Table 5.1 shows the test conditions of Cells A, B, C, D and E. Cell A was 
used as a reference and did not undergo power generation. It was heated to 
150℃ and was kept at that temperature for 5h while supplying 130mL 
min-1 (stoich: 3.7) of nitrogen to both the anode and cathode sides. It was 
then cooled down and its MEA was removed for analysis. Such a 
stoichiometry was decided by the lowest flow rate limit of the fuel cell 
station.  
    For Cells B, C, D and E, power generation tests were conducted at a cell 
temperature of 150℃ and a current density of 0.2Acm-2, controlled using an 
electronic loading device while supplying 130mLin-1 (stoich: 3.7) of pure 
hydrogen and 310mLmin-1 (stoich: 3.7) of air to the anode and cathode sides, 
respectively. Neither of the reaction gases were humidified [8]. All power 
generation tests were conducted under atmospheric conditions. For Cells B, 
C and D, long-term durability tests were conducted for 2,000, 12,000, and 
15,000h, respectively, after which power generation was terminated. For 
Cell E, the long-term durability test was not terminated until the cell 
voltage had dropped by 10% from its peak value. 
    During the long-term tests, chronological changes of the cell voltage, 
internal cell resistance and leak current were monitored. The internal 
resistance was measured using the abovementioned AC milliohm tester at a 

Fig.5.1 Schematic diagram of the fuel cell station used in this study. 
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constant frequency of 1kHz. A potentiostat-galvanostat (HZ-5000 
HAG-3001, Hokuto Denko Corp., Japan), was used for CC measurements of 
the hydrogen crossover rate through the PBI membrane [10].  
    During the measurements, the cells were operated at 150℃ while 
providing pure hydrogen to the anode and nitrogen to the cathode. A voltage 
of 0.2V was applied across the cell so that hydrogen crossing the membrane 
was electrochemically oxidized. To measure the hydrogen crossover rate, the 
hydrogen and nitrogen flow rates were controlled at 300 and 500mLmin-1, 
respectively. 
 

Table5.1  Test conditions of Cells A, B, C, D and E. Cell 
 Cell A Cell B Cell C Cell D Cell E 

Cell temperature 150℃ 

Anode Nitrogen 
130mLmin-1 

Hydrogen 
130mLmin-1 

Cathode Nitrogen 
130mLmin-1 

Air 
310mLmin-1 

Current density - 0.2 Acm-2 

Power generation 
time(h) 

To be kept for 
5h at 150℃ 2000 12,000 15,000 17,800 

 
5555....2222....5 5 5 5 PostPostPostPost----analysianalysianalysianalysis 
    TEM (JEM-2010DM, JEOL Ltd. Japan) observations were conducted on 
the electrode catalysts from both the anode and cathode of Cells A and E, 
following the tests described in Section 5.2.4. Cross sections of the MEAs, 
consisting of the catalyst layer (CL), gas diffusion layer (GDL) and the 
intermediate microporous layer (MPL) were investigated using EPMA 
(EPMA-1610, Shimadzu, Japan). 
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5555....3333. Results. Results. Results. Results 
 
5555....3333....1111    LongLongLongLong----term durability testterm durability testterm durability testterm durability test 
    Fig.5.2 shows the chronological change in the cell voltage and internal 
resistance during the power generation test conducted on Cell E As 
described earlier, this test was carried out until the cell voltage decreased 
by 10% from its peak value, which occurred following 17,860h of operation. 
As seen in the figure, the cell voltage initially increased and reached a peak 
after about 500h of operation. It then declined very gradually over a period 
of about 14,000h with three temporarily drops and recoveries due to 
emergency stops. It subsequently dropped more rapidly, with a 
corresponding increase in internal resistance.  
    In order to investigate the mechanism behind the gradual decrease in 
performance up to 14,000h and the subsequent more rapid degradation, 
power generation tests were carried out on Cells B, C and D for 2,000, 
12,000, and 15,000h, respectively. The results are described in the next 
section. 

 

5555....3333....2222    Investigation of degradation mechanismInvestigation of degradation mechanismInvestigation of degradation mechanismInvestigation of degradation mechanism 
    Fig. 5.3 shows the chronological changes in cell voltage for Cells B, C, D 
and E. As can be seen, all cells showed a similar drop in voltage until the 
end of their testing period. In the figure, the solid line represents the loss of 

Fig.5.2  Long-term power generation test results for Cell E operated 
until its cell voltage dropped by 10% from it peak value (17,860h). 
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phosphoric acid per unit area, calculated based on the amount of 
evaporation at 150℃, as described in a previous report [11,12]. The rates of 
phosphoric acid depletion and cell voltage reduction are in good agreement 
until around 14,000h. However, for periods longer than this, a faster drop 
off in voltage is seen.  
    Thus, although it cannot be denied that the depletion of phosphoric acid 
has a substantial effect on reducing the cell voltage over the entire cell 
lifetime, another contribution is thought to be an increase in the size of the 
catalyst particles [4]. To verify this, the MEAs were removed from Cells A 
and E and the catalysts were analyzed using TEM. 

 
 
5555....3333....3333    TEM observations of electrodeTEM observations of electrodeTEM observations of electrodeTEM observations of electrode catalysts catalysts catalysts catalysts 
    Fig. 5.4(a) and (b) shows TEM images of the catalysts from the anodes 
of Cells A and E, respectively, and Fig.5.4(c) shows the Pt particle size 
distributions obtained from these images including Cells C and D. The 
distributions are seen to be very similar, indicating that very little particle 
growth occurred in the catalyst of Cell E during 17,860h of power 
generation, although there is a slight decrease in the number of small 
particles. 

Fig.5.3  Long-term power generation test results for Cells B, C, D, and 
E, operated for 2000, 12,000, 15,000, and 17,860 h, respectively 
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    Fig.5.5 (a-1) and (b-1) shows TEM images of the catalysts from the 
cathodes of Cells A and E, respectively, and Fig.5.5 (c) shows the 
corresponding particle size distribution. In this case, a significant increase 
in particle size appears to have occurred in Cell E; the average particle 
diameters for Cells A and E are 4.6 and 7.9nm, respectively. In particular, a 
large decrease in the number of small particles is apparent following 
17,860h of power generation.  
    Fig.5.5 (a-2) and (b-2) shows higher magnification TEM images of the 
regions indicated in Fig.5.5 (a-1) and (b-1), respectively. In Cell A, the 
carbon support for the Pt catalyst had a layered graphite-like structure with 
a lattice spacing of 0.34nm. However, in Cell E, it appeared to have become 
amorphous during the long-term test, possibly due to oxidation of the 
carbon.  

Fig.5.4 Comparison of anode catalysts. (a) TEM image of anode catalyst 
of Cell A (0 h), (b) TEM image of anode catalyst of Cell E (17860 h), and 
(c) size distributions of anode Pt catalyst particles. 
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  In order to determine whether there is any direct correlation among the 
growth of Pt particles, oxidation of the carbon support and the decline in the 
cell voltage, EPMA observations were conducted on cross sections of the 
MEAs from Cells A, C, D and E. 

 
 
5555....3333....4 4 4 4 EPMA observation of MEA cross sectionsEPMA observation of MEA cross sectionsEPMA observation of MEA cross sectionsEPMA observation of MEA cross sections 
    Figs.5.6(a), 5.5(b), 5.6(c) and (d) show the Pt distributions determined 
by EPMA for cross sections of MEAs from Cells A, C, D and E, respectively. 

Fig.5.5 Comparison of cathode catalysts. (a-1) TEM image of cathode 
catalyst of Cell A (0h), (a-2) magnified image of (a-1),  (b-1) TEM image 
of cathode catalyst of Cell E (17,860h),  (b-2) magnified image of (b-1), 
and  (c) size distributions of cathode Pt catalyst particles.  
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As shown in Fig.5.6 (a), the Pt concentration was initially highly uniform in 

Fig.5.6  EPMA Pt concentration analysis for cross sections of MEAs. (a) Pt 
concentration distribution in Cell A (0 h), (b) Pt concentration distribution 
in Cell C (12,000 h), (c) Pt concentration distribution in Cell D (15,000 h), 
(d) Pt concentration distribution in Cell E (17,860 h), (e) change in anode 
catalyst layer thickness with time, and (f) change in cathode catalyst layer 
thickness with time. 
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both the anode and cathode catalyst layers. However, as shown in Fig.5.6 
(b), following 12,000h of operation, the Pt concentration in the circled areas 
became slightly higher than that in other areas. Furthermore, as shown in 
Figs.5.6(c) and (d), this trend continued as the power generation time 
increased. Particularly high localized Pt concentrations were observed in 
both catalyst layers in Cell E following 17,860h of operation. In addition, the 
catalyst layers, as a whole, became thinner with increasing power 
generation time. Fig.5.6 (e) and (f) shows the change in the thickness of the 
anode and cathode catalyst layers, respectively, as a function of testing 
time. The data points correspond to an average of fifty thickness 
measurements, and the errors bars represent the range of variations among 
the measurements. It can be seen that for both catalyst layers, the average 
thickness decreases, which correspond to the whole thickness reductions, 
roughly linearly with time. 
    Fig.5.7 (a)-(d) shows SEM images of cross sections of the MEAs from 
Cells A, C, D and E, respectively. It can be seen that the membrane 
thicknesses also decreases with increasing power generation time. This 
change in thickness is plotted in Fig.5.7(e), where the data points are again 
averaged over fifty measurements and the range of variations is shown as 
error bars. The membrane thickness is seen to decrease very gradually over 
a period of about 14,000h, after which it decreases more dramatically. These 
results are in good agreement with the decrease in cell voltage during the 
long-term power tests, as seen in Figs.5.2 and 5.3.  
    Fig. 5.8(a)-(d) shows the phosphorus distributions determined by EPMA 
for cross sections of MEAs from Cells A, C, D and E, respectively. It is 
thought that these correspond to the phosphoric acid distributions. As seen 
Fig.5.8(a), the initial phosphorus concentration was very low in both 
catalyst layers in Cell A. However, Fig.5.8(b) shows that following 12,000h 
of power generation, it increased substantially, indicating that migration of 
phosphoric acid from the membrane occurred. The phosphoric acid appears 
to be uniformly distributed in both catalyst layers. Following 15,000h of 
operation, as shown in Fig.5.8(c), this distribution became non-uniform and 
regions depleted of phosphoric acid began to appear in both catalyst layers. 
Such depletion of phosphoric acid would lead to a reduction in the active 
area of the Pt catalysts, and corresponds to the period following 14,000h of  
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operation when an accelerated decrease in the cell voltage occurs. Finally, 

Fig.5.7  EPMA of cross sections of MEAs.  (a) SEM image of Cell A (0h), 
(b) SEM image of Cell C (12,000h),  (c) SEM image of Cell D (15,000h), 
(d) SEM image of Cell E (17,860h), and (e) change in membrane thickness 
with time. 
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as indicated by the circles in Fig.5.8(d), following 17,860h of power 
generation, a further increase in the number of depleted regions occurred,   
accompanied by rapid thinning of the membrane. In order to evaluate the 
impact of membrane thinning and phosphoric acid migration on the cross 
leakage, leakage currents were measured for Cells C, D and E. 

 
 
5555....3333....5555    Measurement of leakage currenMeasurement of leakage currenMeasurement of leakage currenMeasurement of leakage current 
    Fig.5.9 shows the increase in the leakage current with time for Cells C, 
D and E. The relationship is seen to be logarithmic, with a very large 
leakage current occurring after 17,860 h of operation. 

Fig.5.8 EPMA phosphorus concentration analysis for cross sections of 
MEAs. (a) EPMA image of Cell A (0h). The concentration of 
phosphoric acid is very low in both catalyst layers; (b) EPMA image of 
Cell C (12,000h). A large amount of phosphoric acid is distributed 
uniformly in the catalyst layers; (c) EPMA image of Cell D (15,000h). 
Depletion of phosphoric acid is observed in the catalyst layers; (d) 
EPMA image of Cell E (17,860h). Increased number of phosphoric 
acid depleted regions observed in addition to membrane thinning. 
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5555....4 D4 D4 D4 Discussion iscussion iscussion iscussion  
 
5555....4444....1111    Influence of Pt catalyst and carbon support degradation on cell voltage Influence of Pt catalyst and carbon support degradation on cell voltage Influence of Pt catalyst and carbon support degradation on cell voltage Influence of Pt catalyst and carbon support degradation on cell voltage 
dropdropdropdrop    
    From in Fig.5.5(a-2) and (b-2), following 17,860h of operation, it seems 
that the carbon support changed from having a layered graphite-like 
structure to an amorphous structure. Furthermore, the EPMA results 
shown in Fig.5.6 indicate that both the anode and cathode catalyst layers 
became thinner as a linear function of power generation time, and their Pt 
particles became agglomerated. These results suggest that a large amount 
of the carbon support became oxidized and was removed as carbon dioxide. 
However, taking into account the linear dependence of the catalyst layer 
thinning on the power generation time, it is unlikely that carbon oxidization 
was responsible for the enhanced drop in the cell voltage that was observed 
from about 14,000h.  
    On the other hand, since smaller catalyst particles are likely to 
agglomerate more easily, particle growth is expected to be more rapid in the 
early stages of power generation. This makes it unlikely that such particle 
growth was responsible for the enhanced drop in the cell voltage in the later 
stages of operation. In fact, growth of Pt catalyst particles during power 
generation at 150℃ has been reported within a relatively short period of     

Fig.5.9 Change in leakage current with time for Cells C, D and E. 
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approximately 500h [11]. In addition, Zhai et al. reported that Pt 
aggregation occurs in the early stages of power generation and reduces the 
cell performance due to a reduction in the specific surface area of the Pt 
particles and an increase in the reaction resistance [4]. Considering these 
results, the reduction in cell voltage of approximately 20mV in the initial 
stage of the durability test is considered to be caused by Pt particle growth 
[11]. 
 
5555....4444....2222    Influence of membrane degradation on cell voltage dropInfluence of membrane degradation on cell voltage dropInfluence of membrane degradation on cell voltage dropInfluence of membrane degradation on cell voltage drop 
    As shown in Fig.5.7, the membrane thickness decreased very gradually 
up to about 14,000h, and thereafter more rapidly, which is similar to the 
behavior of the cell voltage. As a result, the leakage current also increased, 
which is thought to have accelerated the degradation process. Furthermore, 
as shown in Fig.5.9, local depletion of phosphoric acid occurred in both the 
anode and cathode catalyst layers, resulting in a reduction in the active 
areas of the catalyst layers.  
    In order to verify the correlation between membrane thinning and 
phosphoric acid depletion, the distributions of phosphorus and nitrogen 
were determined using EPMA. The phosphorus is associated with 
phosphoric acid whereas nitrogen is a constituent element of the PBI 
membrane, and its presence in the catalyst layers would therefore indicate 
dissolution of the membrane.  
    Fig.5.10 (a) and (b) shows the distributions of phosphorus and nitrogen, 
respectively, in the MEA from Cell E. The circles indicate regions where the 
concentrations of both phosphorus and nitrogen in the catalyst layers are 
high. This suggests that large regions of the membrane were dissolved 
during power generation and, together with the phosphoric acid, migrated 
into the catalyst layers. The migration led to large areas of the catalyst 
layers being depleted of phosphoric acid, resulting in a reduction in the 
active area. This is thought to be the reason for the accelerated drop in the 
cell voltage following 14,000h of operation.  
    The membrane used in this study was not chemically bridged, which is 
thought to lead to the dissolution of membrane and finally its fragmented 
moieties. Higher durability is expected by using a bridged membrane. 
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5555....5555. Conclusions . Conclusions . Conclusions . Conclusions  
 
    For HT-PEMFCs using PBI membranes doped with phosphoric acid, 
five identical single cells were prepared and long-term power generation 
tests were conducted at a temperature of 150℃ and a current density of 
0.2Acm-2 for periods of up to 17,860h. Following the tests, the MEAs from 
the cells were analyzed using TEM and EPMA.  
    The results indicated that the cell voltage declined very gradually until 
14,000h, after which a more rapid decrease occurred. The former was 
guessed to be caused by the active area decrease due to catalyst 
agglomeration and so on. And the latter was found to correlate well with 
decreases in the membrane thickness. It was also found that parts of the 
membrane became dissolved and migrated together with the phosphoric 
acid into the catalyst layers. Regions of the catalyst layers that were 
depleted of phosphoric acid were identified, which resulted in a reduction in 
the active area, which is thought to be the cause of the accelerated drop in 
the cell voltage after about 14,000h of operation.  
 
 
 

Fig.5.10  EPMA of cross sections of MEAs from Cell E (17,860 h). 
(a) Phosphorus distribution, (b) Nitrogen distribution. 
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Chapter 6Chapter 6Chapter 6Chapter 6    
Study on Prolongation of Cell Life of HTStudy on Prolongation of Cell Life of HTStudy on Prolongation of Cell Life of HTStudy on Prolongation of Cell Life of HT----PEMFCPEMFCPEMFCPEMFCssss    

 
6666.1 Introduction.1 Introduction.1 Introduction.1 Introduction  
   
    Investigations have been carried out on HT-PEMFCs based on 
phosphoric-acid-doped chemically cross-linked poly (2.5-benzimidazole) 
(AB-PBI) and PBI membranes, from and the viewpoint of not only the 
membrane conductivity and heat resistance [1, 2]. However, there have been 
very few reports on the mechanism underlying the deterioration of such 
cells using PBI and AB-PBI membranes [1]. Although one study has been 
carried out on the reduction in performance during 500h of operation at 
150℃ [3], very little has been reported concerning the causes of cell 
deterioration over longer periods. Based on long-term power generation 
tests exceeding two years, the present authors clarified the deterioration 
mechanism in HT-PEMFCs and showed that lifetimes exceeding 20,000h 
can be achieved by improving the stability of the electrolyte membrane [4]. 
    In the present study, as part of a series of investigations on the 
durability of HT-PEMFCs [4, 5], long-term power generation tests were 
carried out on cells using ABPBI membranes rather than the PBI 
membranes used in a previous study [4]. The AB-PBI membranes were 
pre-doped with phosphoric acid [1, 6, 7] and were expected to be more stable 
than PBI membranes due to the presence of cross-linking. The purpose of 
this study was thus to investigate whether the stability of the membrane 
itself is the main factor influencing cell deterioration for operation times up 
to 20,000h. Two such AB-PBI membranes were used in HT-PEMFCs and 
operated for 1,000 and 17,500h. The membrane electrode assembly (MEA) 
was then removed from the cells and evaluated using electron probe 
microanalysis (EPMA). To clarify the effect of the membrane on cell 
deterioration, the electrical and EPMA results for the AB-PBI containing 
cell tested for 17,500h in the present study were compared with those for 
the PBI-based cell tested for 17,800h in a previous study [4]. 
 
6666....2222 Experimental  Experimental  Experimental  Experimental  
 
6666....2222....1111    AcidAcidAcidAcid----dopindopindopindoping 
    Eight AB-PBI membranes with an area of 2×2cm2 and a thickness of 
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approximately 40µm were prepared, and their weights and dimensions were 
measured using a high-precision balance (AUW120D Shimadzu Corp., 
Japan) and micrometer, respectively [8]. Of these membranes, three were 
immersed in 75%, 85% and 95% phosphoric acid solutions at 60°C for 
60min. Five others were immersed in an 85% phosphoric acid solution for 
100 min at 40°C, 10min at 60°C, and 5min at 80, 100 and 120°C. In order to 
avoid condensation due to evaporation during heating, the phosphoric acid 
was kept in a covered container in a water bath at the given temperature. 
The membranes were removed from the container at intervals, their 
surfaces were wiped, and their weights and dimensions were measured. In 
this study, the acid-doping level was defined as the ratio of the “weight of 
phosphoric acid doped into the membrane” to the “weight of the membrane 
after doping with phosphoric acid.” 
 
6666....2222....2 2 2 2 Preparation of ABPreparation of ABPreparation of ABPreparation of AB----PBI Electrolyte MembranePBI Electrolyte MembranePBI Electrolyte MembranePBI Electrolyte Membrane        
    AB-PBI membranes with dimensions of 5.5×5.5cm2 and a thickness of 
40µm (FuMA-Tech GmbH, Germany) were prepared. For power generation 
tests to evaluate the initial cell performance, three electrolyte AB-PBI 
membranes with phosphoric acid doping levels of 68%, 72% and 76% were 
produced by immersion in an 85% phosphoric acid solution and heating to 
40°C for approximately 6, 8, and 12min, respectively. For power generation 
tests to evaluate the long-term durability, two membranes with phosphoric 
acid doping levels of 78% were produced by immersion in an 85% phosphoric 
acid solution and heating to 40°C for approximately 20min. 
 
6666....2222....3 3 3 3 Production of ElectrodesProduction of ElectrodesProduction of ElectrodesProduction of Electrodes     
    A sheet of carbon paper with a thickness of 280µm (TGP-H-090, Toray 
Corp., Japan) was used as the gas diffusion layer. A mixed powder of 
Ketchen Black (EC-600JD, Akzo Nobel Corp., UK) and 
polytetrafluoroethylene (PTFE; DuPont) in a weight ratio of 65:35 was 
applied to the carbon paper using a dry coating device [8-10] until a 2mgcm-2 
coat was formed. This was then heated at 350℃ in an atmospheric oven, 
and the surface was leveled by a roller press [8-10] to produce a filled carbon 
layer. 
    A catalyst ink was then prepared by mixing polyvinylidene fluoride 
(PVDF; Kureha Corp., Japan), Pt- and PtCo-supporting Ketchen Black 
powder (carbon/metal: 50/50, TKK Corp., Japan) [4, 5, 8] and N-methyl 
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pyrrolidone (NMP; Sigma-Aldrich Corp., USA) with agitation for 60h. To 
prepare the electrode, the catalyst ink was applied using a wet-coating 
method onto carbon paper coated with a mixed powder of carbon and PTFE 
prepared using a dry-coating method, dried for 1h at 80°C in air, and then 
finally held in a vacuum oven at 160°C for 25h to remove the NMP [4, 5, 8]. 
The amount of supported Pt was approximately 0.8mgcm-2 for both the 
anode and cathode electrodes. 
 
6.26.26.26.2....4 4 4 4 Single Cell AssemblySingle Cell AssemblySingle Cell AssemblySingle Cell Assembly  
    To fabricate the MEA, an AB-PBI electrolyte membrane doped with 
phosphoric acid was sandwiched between the two electrodes prepared 
according to the method described in Section 6.2.3. This was then 
sandwiched between a pair of bipolar plates made of carbon, on which a 
serpentine flow pattern had been machined. The flow pattern was designed 
by Japan Automobile Research Institute (JARI) and had a reaction area of 
5×5cm2. This assembly was in turn sandwiched between current collector 
plates and stainless steel end plates, fitted with a rubber heater on the 
outermost surface, and tightened using eight M6 bolts to produce a single 
cell [4, 5, 8]. A total of five single cells were prepared, and were spilt into two 
groups of three and two, to evaluate the initial cell performance and 
long-term durability, respectively, during power generation tests. The cells 
in the latter group were labeled Cells F and G. 
 
6.26.26.26.2....5555 Single Cell Power Generation TestsSingle Cell Power Generation TestsSingle Cell Power Generation TestsSingle Cell Power Generation Tests     
    These five single cells were mounted on a fuel cell test stand (Kofloc 
Corp., Japan) equipped with mass flow controllers, an electronic loading 
device (Kikusui Electronics Corp., Japan) for controlling the electric current, 
an AC milliohm tester (Model 3566, Tsuruga Electric Corp., Japan) 
operating at a constant frequency of 1kHz, and a personal computer for 
equipment monitoring and data output. During all power generation tests, 
130mLmin-1 (stoich: 3.7) of pure hydrogen and 310mLmin-1 (stoich: 3.7) of 
air were supplied to the anode and cathode sides, respectively, with none of 
the reaction gases being humidified [4, 5, 8]. All power generation processes 
were conducted under atmospheric conditions. Fig.6.1 shows a schematic 
diagram of the fuel cell station used in this study. 
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    To evaluate the dependence of the initial cell performance on the 
phosphoric acid doping level, power generation tests were conducted on 
three single cells with phosphoric acid doping levels of 68%, 72% and 76% at 
a cell temperature of 150°C and a current density of 0.2Acm-2 for 1,400 to 
1,500h until the cell voltage reached its peak value and stabilized.  
    To evaluate the long-term durability of the cells with AB-PBI 
membranes, power generation tests were conducted on Cell F and G with a 
phosphoric acid doping level of 78% at a cell temperature of 150°C and a 
current density of 0.2Acm-2 for 1,000 and 17,500h, respectively. In this case, 
the rate of decrease in the cell voltage was calculated based on the 
difference between the peak cell voltage and that measured during 
long-term power generation. Table 6.1 shows the test conditions for Cells F 
and G together with those for Cells A, B, C, D and E used in the chapter 5.. 
 
Table6.1 Membrane and test conditions of Cell A, B, C, D and E used in the 
chapter 5 and Cell F and G used in this chapter. 
 Cell A Cell B Cell C Cell D Cell E Cell F Cell G 

Membrane PBI 
Chemically 
cross-linked 

AB-PBI 
Cell temp. 150℃ 

Anode N2, 130mLmin-1 H2, 130mLmin-1 

Cathode N2, 130mLmin-1 Air, 310mLmin-1 
Current  
density ― 0.2 Acm-2 

Generation 
Time(h) 

To be kept for 5h 
at 150℃ 2,000 12,000 15,000 17,800 1,000 17,500 

Remarks Chapter 3, 5 Chapter 6 

Fig.6.1 Schematic diagram of the fuel cell station used in this study. 
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6666....2222....6 6 6 6 Post AnalysesPost AnalysesPost AnalysesPost Analyses  
  As a post analysis of long-term operated MEA, EPMA (EPMA-1610, 
Shimadzu, Japan) observations were carried out on a cross section of Cell G 
consisting of the catalyst layer (CL), the gas diffusion layer (GDL) and the 
microporous layer (MPL) between them. 
 
6666....3333 Results Results Results Results 
 
6666....3333....1111    AcidAcidAcidAcid----doping Leveldoping Leveldoping Leveldoping Level  
    As a preliminary to investigating the influence of the acid-doping level 
of the AB-PBI membranes on the cell voltage, measurements were carried 
out to verify that the acid-doping level was in fact controllable. Fig.6.2 show 
the change in the acid-doping level in 2×2cm2 ABPBI membranes with 
immersion time in 75%, 85% and 95% phosphoric acid solutions at 60°C. As 
can be seen, the levels became almost saturated following immersion for 5 to 
10min in any of the solutions, although the saturation level increased with 
concentration. 

  
  Fig.6.3 shows the change in the acid-doping level with immersion time 
in 85% phosphoric acid solutions at 40, 60, 80, 100 and 120°C. It can be 
clearly seen that, although the acid-doping level saturates at about 78% for 
all of the samples, the time for saturation to occur increases considerably at 

Fig.6.2 Influence of phosphoric acid solution concentration and 
immersion time on the acid-doping level of AB-PBI at fixing an acid 
solution temperature at 60℃ 
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lower temperatures. A similar trend was found for PBI in a previous study 
[8]. 

 
6666....3333....2222    Evaluation of Initial Cell PerformanceEvaluation of Initial Cell PerformanceEvaluation of Initial Cell PerformanceEvaluation of Initial Cell Performance  
   Figs.6.4 and 6.5 respectively show the change in the cell voltage and 
internal resistance with time for cells using ABPBI membranes with 
acid-doping levels of 68%, 72% and 76%, as seen in Fig.6.4, the cell voltages 
increased noticeably during the first few hundreds hours of power 
generation and then slowly began to saturate. The period of increase is 

Fig.6.3 Influence of phosphoric acid solution temperature and immersion 
time on the acid-doping level of AB-PBI for fixing solution concentration 
at 85 %. 

Fig.6.4 Change in cell voltage with time for cells with acid-doping 
levels of 68%, 72% and 76% at 0.2Acm-2 at 150℃. 
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thought to be the time required for evaporation of the solvent in the 
AB-PBI membrane and the CL. As the solvent evaporates, phosphoric acid 
flows slowly into the resulting pores and the proton conductivity gradually 
improves. 

On the other hand, as shown in Fig.6.5, the cell internal resistance 
initially decreased with time before showing signs of saturation, which is 
also consistent with solvent evaporation. 

 
6666....3333....3333 LongLongLongLong----term Test of Evaluating Durabilitterm Test of Evaluating Durabilitterm Test of Evaluating Durabilitterm Test of Evaluating Durability 
  Fig.6.6 shows the change in the voltage of Cell G with time during the 
long-term power generation test. The previously obtained results for Cell E 
with a PBI membrane are also shown for comparison. Although Cell G had 
not yet exhibited a 10% drop in cell voltage from its peak value, the power 
generation test was terminated at 17,500h, which is almost the same testing 
period as for Cell E. In the case of Cell E, the total voltage drop was 68mV, 
which represents a decrease of 10% relative to the peak cell voltage of 
680mV. In contrast, for Cell G, a voltage drop of 32mV occurred, 
corresponding to a decrease of only 4.4%. In addition, the majority of this 
decrease was associated with accidental shutdowns of the test station 
during the testing period, rather than true degradation of the cell. 

Fig.6.5 Change in cell internal resistance with time for cells with 
acid-doping levels of 68%, 72% and 76% at 0.2Acm-2 at 150℃. 
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6666....4 D4 D4 D4 Discussion iscussion iscussion iscussion  
 
6666....4444....1111    Choice of AcidChoice of AcidChoice of AcidChoice of Acid----doping Conditions doping Conditions doping Conditions doping Conditions  
  Fig.6.7 shows the relationship between the saturated acid-doping level 
of ABPBI membranes and the concentration of a 60℃ acid solution. The 
saturation values are obtained from Fig.6.2 for an immersion time of 60min. 
For the commonly used immersion treatment of 60min at 60℃ in an 85% 
phosphoric acid solution, the AB-PPI acid-doping level is about 78%. 

Fig.6.6 Change in cell voltage with time during long-term power 
generation tests on Cell G with AB-PBI membrane and Cell E with PBI 
membrane. 

Fig.6.7 Relationship between AB-PBI saturated acid-doping level and 
acid solution concentration for immersion at 60℃ 
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6666....4444....2222    Influence of AcidInfluence of AcidInfluence of AcidInfluence of Acid----doping Levels on Cell Performancesdoping Levels on Cell Performancesdoping Levels on Cell Performancesdoping Levels on Cell Performances   
  Fig.6.8 shows the relationship between the cell voltage following 1,200h 
of operation at 0.2Acm-2

 and the acid-doping level for three cells with 
ABPBI membranes. The cell voltage data was taken from Figs.6.4 and 6.6. 
It can be seen that the cell voltage generally increases with acid-doping 
level, although the increase becomes more gradual at higher doping levels. 
Judging from the trend in Fig.6.8, an acid-doping level of at least 76% is 
required to achieve a high cell voltage.  

    Fig.6.9 shows the corresponding results for the cell internal resistance 
following 500h of operation, where the data for the three cells is taken from 
Fig.6.5. The trend is seen to be opposite to that for the cell voltage.  
 

Fig.6.8 Relationship between cell voltages at 0.2Acm−2 and 
acid-doping level for AB-PBI membrane.  

Fig.6.9 Relationship between cell internal resistance at 0.2Acm−2  and 
acid-doping level for ABPBI membrane. 
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6666....4444....3333    Influence of Membrane Thinning on Cell Voltage Decline Influence of Membrane Thinning on Cell Voltage Decline Influence of Membrane Thinning on Cell Voltage Decline Influence of Membrane Thinning on Cell Voltage Decline    
 
  In a previous study [4], it was shown that the drop in voltage for a cell 
with a PBI membrane during 14,000h of operation (see Fig6.10) was mainly 
caused by phosphoric acid depletion due to evaporation. In addition, it was 
found that the PBI electrolyte membrane was decomposed. The majority of 
the dissolved PBI had migrated to the catalyst layers, together with a large 
amount of the phosphoric acid that had been present in the membrane. This 
decomposition led to a thinning of the PBI membrane, which resulted in 
cross-leakage of hydrogen and air, and this was thought to cause a faster 
drop in voltage for operation periods longer than 14,000h. 

    In addition, the results of the same study indicated that this accelerated 
voltage drop was not strongly influenced by an increase in the 
electrocatalyst particle size [3]. In fact, as shown in Fig.6.6, although the 
voltage of Cell E with the PBI membrane decreased by 10% during 17800h 
of operation, that of Cell G with the ABPBI membrane decreased by only 
4.4% during 17,500h of operation, and this was mainly due to two accidental 
shutdowns of the test station that caused phosphoric acid to leak from the 
cell as its temperature decreased to room temperature. Since the difference 
between Cell E and Cell G was the type of membrane used, these results 
also support the idea that the accelerated voltage drop was caused by 

Fig.6.10 Long-term power generation test results for Cells C, D and E 
with PBI membrane operated for 12,000, 15,000 and 17,800h, 
respectively 
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degradation of the PBI membrane rather than an increase in the 
electrocatalyst particle size.  
    To confirm this, an EPMA post-analysis was carried out on cross 
sections of MEAs removed from Cell F and G, following operation for 1,000 
and 17,500h, respectively. The results were then compared with those 
previously obtained for Cell A and Cell E with PBI membranes, following 
operation for 0 and 17,800h, respectively [4].  
    Figs.6.11 (a), (b), (c) and (d) show cross-sectional SEM images of MEAs 
from Cells A, E, F and G, respectively, following the power generation tests. 
It can be seen that for the cells with the PBI membranes, a large decrease in 
the membrane thickness occurred between 0 and 17,800h of operation. 
However, this is not the case for the cells with the AB-PBI membranes, for 
which almost no change in membrane thickness is observed between 1,000 
and 17,500h of operation. These results verify that decomposition and 

Fig.6.11 Cross-sectional SEM images of MEAs from the cell. (a) Cell A 
with PBI membrane non-operated, (b) Cell E with PBI membrane 
operated for 17,800h, (c) Cell F with AB-PBI membrane operated for 
1,000h, and (d) Cell G with ABPBI membrane operated for 17,500h. 
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thinning can be suppressed by chemical cross-linking. 
    Fig.6.12 shows the change in membrane thickness as a function of final 
operation time for Cells A to E and Cells F to G. Each point represents an 
average of fifty measurements of the membrane thickness from the SEM 
images, with the spread in values being represented by the error bars. It can 
be seen that for the PBI membranes, the thinning process begins to 
accelerate at about 14,000h. On the other hand, for the AB-PBI membranes, 
almost no thinning is observed over the entire test period. 

    Figs.6.13 (a) and (b) show cross-sectional EPMA elemental mapping 

Fig.6.12 Changes in membrane thickness with operation time for cells 
with PBI and AB-PBI membranes. 

Fig.6.13  Cross-sectional EPMA color mapping images for phosphorous 
in MEAs from cells with PBI membranes. (a) Cell A non-operated, (b) 
Cell E operated for 17,800h [4]. 
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images for phosphorous in MEAs from Cells A and E, respectively. Again, 
clear membrane thinning is apparent after 17,800h of operation, and a 
decrease in phosphoric acid concentration has occurred not only in the 
catalyst layers but also in both gas diffusion layers.  
    Figs.6.14 (a) and (b) show cross-sectional EPMA color mapping images 
for phosphorous and platinum, respectively, in the MEA from Cell F 
following 1000 h of operation. Figs.6.15 (a) and (b) show the corresponding 
images for Cell G following 17,500h of operation. Comparing Fig.6.14 (a) 
and Fig.6.15 (a), it is clear that the thickness of the AB-PBI membrane has 
not changed and the phosphoric acid concentration has remained high in the 

Fig.6.14 Cross-sectional EPMA of MEA from Cell F with AB-PBI 
membrane, operated for 1,000h. (a) Color mapping for phosphorous, (b) 
Color mapping for platinum 

Fig.6.15 Cross-sectional EPMA of MEA from Cell G with AB-PBI 
membrane, operated for 17,500h. (a) Color mapping for phosphorous, (b) 
Color mapping for platinum 
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catalyst and gas diffusion layers. Furthermore, a comparison of Fig.6.14 (b) 
and Fig.6.15 (b) shows that the platinum content in the electrocatalysts has 
remained relatively constant during operation.  
    
6666....5555 Conclusions  Conclusions  Conclusions  Conclusions  
 
    Power generation tests were carried out on HT-PEMFCs with ABPBI 
membranes doped with phosphoric acid to levels of 62%, 72% and 76% in 
order to evaluate the influence of the acid-doping level on cell performance. 
Tests were also carried out on two cells with an acid-doping level of 78% at a 
current density of 0.2Acm-2 for 1,000 and 17,500h in order to verify that the 
stability of the electrolyte membrane has the main influence on the 
durability of HT-PEMFCs up to around 20,000h. The latter cells were 
post-analyzed using SEM and EPMA. The results were compared with those 
for cells with PBI membranes, allowing the mechanism of cell performance 
reduction in HT-PEMFCs to be clarified.  
    The long-term test results showed although a voltage decrease of 10% 
occurred for the cell with the PBI membrane, the decrease was only 4.4% for 
the cell with the AB-PBI membrane, and this was mainly due to accidental 
shutdowns of the test station during the testing period. 
     The results of the post-analysis indicated that, following cell operation 
for 17,500h, the AB-PBI membrane maintained its original thickness, and 
that the phosphoric acid remained high both in catalyst layers the gas 
diffusion layers. In addition, the platinum content in the electrocatalyst 
remained constant.     
The reason why AB-PBI’s cell showed better performance than PBI’s cell 
will be discussed in the next stage. 
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Chapter Chapter Chapter Chapter 7 7 7 7     
ConclusionsConclusionsConclusionsConclusions 

  
Chapter 2, Chapter 3, Chapter 4, Chapter 5 and Chapter 6 are concluded 

as follows; 
 
 
Chapter Chapter Chapter Chapter 2222 
 
   For HT-PEMFC with PBI-H3PO4 membranes, it was clarified that the 
amounts of phosphoric acid doped in the membranes could be controlled by 
changing the phosphoric acid solution temperature and the immersion time 
in the phosphoric acid solution. Cell performance was improved by 
optimizing the amounts of phosphoric acid doped in the membrane and by 
the diffusion of phosphoric acid into the catalyst layer at the initial stage of 
cell operation. It was concluded that approximately 10mg cm−2 is the 
optimum amount of phosphoric acid for a catalyst layer with a thickness of 
approximately 20µm. 
 
Chapter 3Chapter 3Chapter 3Chapter 3    
 
    For HT-PEMFC with PBI-H3PO4 membranes, it was clarified that, in 
the region from 150 to 190˚C, a higher cell temperature results in a higher 
cell voltage, but a shorter cell life. The reduction in cell voltage of 
approximately 20mV during the long-term power generation tests was 
considered to be caused both by aggregation of the electrode catalyst 
particles in the early stages of operation, in addition to the effects of 
crossover due to the depletion of phosphoric acid in the terminal stage. 
However, the cell power generation time exceeds 16,000h at 150˚C, and it is 
shown that enhanced long-term durability for practical applications can be 
achieved through effective management of phosphoric acid transfer. 
 
Chapter Chapter Chapter Chapter 4444 
 
    The electrode catalysts’ aggregation mentioned in the chapter 3 was 
simulated with the UA-QCMD method which can calculate the affinity of Pt 
electrocatalysts with the support surface as a function of temperature. 
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With the method, the diameters of agglomerated electrocatalysts were 
theoretically estimated as 4.4, 5.5 and 6.2nm after aging about 1,000h at 
150˚C, 170˚C, and 190˚C, respectively. These theoretical results showed 
good agreement with experimental TEM data.  
    The particle-based 3D CCL structure was modeled and the tortuosity 
values of pores, protons, and electrons inside of the constructed CCL 
microstructure model were three-dimensionally calculated. In case of 
reflecting only loss of electrochemical active surface, the calculation results 
showed that the cell voltage drops were 0.20, 0.74 and 5.02mV/h 
respectively. In case of reflecting both the losses of acid and electrochemical 
active surface area, those were 3.97, 11.73 and 47.78mV/h at 150, 170, and 
190˚C, respectively,  
   On the other hand, the cell voltage drops experimentally obtained in the 
chapter 3 were 3.16, 10.09 and 44.01mV/h at 150, 170˚C and 190˚C, 
respectively、which agreed with theoretical results which were reflected 
both the losses of acid and electrochemical active surface area Thus, the 
reduction in measured cell voltage during the long-term operation of three 
cells was considered to be caused both by aggregation of the electrode 
catalyst particles and evaporation of acids.  
    
Chapter Chapter Chapter Chapter 5555 
 
    Long-term power generation tests were conducted on five identical 
single cells of HT-PEMFC with PBI-H3PO4 membranes at a temperature of 
150˚C and a current density of 0.2Acm-2 for periods of up to 17,860h. 
    The results indicated that the cell voltage declined very gradually until 
14,000h, after which a more rapid decrease occurred. The former was 
guessed to be caused by the active area decrease due to catalyst 
agglomeration and so on. And the latter was found to correlate well with 
decreases in the membrane thickness. It was also found that parts of the 
membrane became dissolved and migrated together with the phosphoric 
acid into the catalyst layers. Regions of the catalyst layers that were 
depleted of phosphoric acid were identified, which resulted in a reduction in 
the active area, and which is thought to be the cause of the accelerated drop 
in the cell voltage after about 14,000h of operation.  
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Chapter 6Chapter 6Chapter 6Chapter 6     
 
    Power generation tests were carried out on HT-PEMFCs with AB-PBI 
membranes doped with phosphoric acid to levels of 62%, 72% and 76% in 
order to evaluate the influence of the acid-doping level on cell performance.   
   Tests were also carried out on two cells with an acid-doping level of 78% 
at a current density of 0.2Acm-2 for 1,000 and 17,500h in order to verify that 
the stability of the electrolyte membrane has the main influence on the 
durability of HT-PEMFCs up to around 20,000h. The latter cells were 
post-analyzed using SEM and EPMA. The results were compared with those 
for cells with PBI membranes, allowing the mechanism of cell performance 
reduction in HT-PEMFCs to be clarified.  
    The long-term test results showed although a voltage decrease of 10% 
occurred for the cell with the PBI membrane, the decrease was only 4.4% for 
the cell with the AB-PBI membrane, and this was mainly due to accidental 
shutdowns of the test station during the testing period. 
     The results of the post-analysis indicated that, following cell operation 
for 17,500h, the AB-PBI membrane maintained its original thickness, and 
that the phosphoric acid remained high both in catalyst layers the gas 
diffusion layers. In addition, the platinum content in the electrocatalyst 
remained constant.     
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Future WorksFuture WorksFuture WorksFuture Works    
   
    In this study, the cell performance of 0.68V was achieved for a current 
density of 0.2Acm-2, which almost reaches the goal of cell performance 
required for HT-PEMFC for residential use. Furthermore, the cell with a 
ABPBI-H3PO4 membrane was operated at the cell temperature of 150℃ for 
around 20,000 hours with the cell voltage drop rate of 1.3µVh-1. Based on 
these results, it is estimated that a cell voltage drop is 73mV per 40,000 
hours, which almost achieves the goal of cell voltage drop, less than 10% of 
peak cell voltage (680mV). Thus, the final goal of initial cell performance 
and long life is thought to be achieved, which is definitely supported by 
taking the cell degradation mechanism into consideration,  
   The residual issue for practical use of HT-PEMFC is daily-start and -stop 
(DSS) operation. Electric demands of ordinary households are lower during 
nighttime than during daytime. In order to keep high system efficiency 
through all day, the residential co-generation system had better be stopped 
during nighttime. However, if the cell temperature of HT-PEMFC drops to 
less than 100℃, phosphoric acid in membrane and catalyst layers are 
washed away. Consequently the cell voltage after DSS does not recover to 
that before DSS. 
   At present, the author has conducted DSS tests on the single cells of HT-PEMFC 
under various operation conditions. The results show that keeping such cells in the 
temperature range more than 100℃ during DSS operation, remarkable cell voltage 
drop has been not observed . The author intends to show such results in the future. 
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