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Chapter 1 

General Introduction 

1.1  Background 

 Electricity is indispensable to our lives. Home appliances, communication tools, PCs, 

and other tools used both in private life and at work require electricity. However, 

conventional power generation methods emit CO2, a greenhouse gas. Before the 21st 

century came, against the global warming, the Japanese government had been promoting 

nuclear power stations with no CO2 emission [1]. In 2010, the ratio of the nuclear power 

in the total production of electricity in the country reached around 20%. However, in 2011, 

the Great East Japan Earthquake caused a meltdown of a nuclear reactor, and the safety 

of the nuclear power generation was questioned. In 2017, the ratio of the nuclear power 

in the production of electricity dropped to 3.1%. 80.8% of the Japan's power generation 

became from oil, coal, and LNG, therefore, the CO2 emission accordingly and abruptly 

increased. Under this situation, the promotion of renewable energies, such as hydropower, 

wind power, solar power, and geothermal power, have been accelerated. However, the 

generation of renewable energies, based on the variable natural environment, is unstable 

[1]. Therefore, the social storage system of electricity is needed for the averaging of 

renewable energies. In order to solve this disadvantage, the rechargeable battery is 

commonly used, but it is not suitable for large-scale and long-term storages of electricity 

for various reasons, such as huge mass and volume and self-discharge. To compensate the 

use of batteries, hydrogen has been attracting attention in recent years. Hydrogen can be 

stably stored as a gas or liquid, and the transportation is relatively easy. At the present 

stage, hydrogen is generally produced from fossil fuels and biomass. Therefore, the CO2 
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emission is inevitable upon the use of hydrogen. The ultimate clean system with zero CO2 

emission can be realized by the electrolysis of water to produce hydrogen, eventually used 

for the production of electricity [2].  

Fuel cell is a device that converts chemical energy into electrical energy by supplying 

air (oxygen) and hydrogen first developed in 1839 [3]. Now, fuel cell is classified into 

four types: polymer electrolyte fuel cell (PEFC), solid oxide fuel cell (SOFC), molten 

carbonate fuel cell (MCFC), and phosphoric acid fuel cell (PAFC). The advantages of fuel 

cells are high efficiency, high power density (compactness), zero CO2 emission, and 

quietness. Among the four types, PEFCs are used for vehicles and at residences because 

of low-temperature operation (50-100 ◦C), high energy conversion (40-60%), nearly zero 

pollutants, and simple structure [4,5]. Residential fuel cell system, “ENE-FARM” was 

released from Panasonic Co., Ltd in 2009. The use of ENE-FARM, cogenerating the 

electricity and heat for hot water, results in the conversion efficiency of 95%. Fuel cell 

vehicle (FCV), “MIRAI” started to sale by Toyota Motor Corp. in 2014, followed by 

“CLARITY FUEL CELL” by Honda Motor Co., Ltd. in 2016. At the end of 2020, a new 

type “MIRAI” was at the market. 

 

1.2  Polymer electrolyte fuel cells (PEFCs) 

Among fuel cells, PEFCs most attract attention and are actively studied. As shown in 

Fig. 1-1, a single PEFC is constructed by sandwiching a membrane electrode assembly 

(MEA) with flow channels, current collector plates, and end plates on both sides. MEA is 

composed of a polymer electrolyte membrane (PEM), catalyst layers (CLs), and gas 

diffusion layers (GDLs).  

For membranes, proton exchange membranes (PEMs) and anion exchange membranes 
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(AEMs) exist. PEMs, perfluorosulfonated acid such as Nafion® (E. I. Du Pont Nemours 

& Company, Inc.) as an example, are widely used due to their high conductivity and 

mechanical stability at varies temperatures and humidities. PEFCs using PEMs are named 

proton exchange membranes fuel cells (PEMFCs). In recent years, AEMs have been 

actively studied due to the larger reaction rate for the oxygen reduction reaction (ORR) 

and to the potential use of non-precious metals. Fuel cells using AEMs are named anion 

exchange membranes fuel cells (AEMFCs). 

 Pt catalyst is highly dispersed and supported on a carbon support with high specific 

surface area, such as TEC10E50E of TANAKA KIKINZOKU KOGYO K. K. The Pt 

particle size is 2-5 nm. An ionomer binder is mixed with a Pt catalyst for the transfers of 

ions from/to the electrolyte membrane to/from Pt catalyst surface. 

Carbon paper and carbon cloth are generally used, such as 29BC of SIGRACET® of 

SGL Carbon Group Co., Ltd., Germany and TGP-H060 of Toray Industries, Japan. In 

addition to gas permeability and conductivity, chemical and mechanical strengths are 

required. Polytetrafluoroethylene (PTFE) is added to the carbon fiber to improve water 

removal property. Micro porous layer (MPL) is commonly added at a GDL surface.  

At the anode, hydrogen atoms are oxidized to protons (H+) to produce electrons (e-) on 

the catalyst surface as shown in equation 1-1. The protons and electrons move to the 

cathode through the PEM and the external electrical load, respectively. At the cathode, 

the ORR occurs as shown in equation 1-2. The overall reaction is shown in equation 1-3. 

 

Anode reaction:  H2 → 2 H+ + 2 e-   (eq. 1-1)  

Cathode reaction: 1/2 O2 + 2 H+ + 2 e- → H2O (eq. 1-2) 

Overall reaction:  H2 + 1/2 O2 → H2O  (eq. 1-3) 
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The equilibrium cell voltage of a single PEMFC defined by the Nernst equation (eq. 1-

4) is 1.23 V at the ambient temperature and pressure (25 oC, 100 kPa). 

Nernst equation: 𝐸 =  
−∆�̅�(𝑇)

2∙𝐹
 +  

𝑅 ∙𝑇

2 ∙𝐹
 ∙ ln

𝑝𝐻2 ∙ 𝑝𝑂2
0.5

𝑝𝐻2𝑂
 (eq. 1-4) 

where �̅� is the molar Gibbs free energy (J mol-1), T temperature (K), F Faraday constant 

(96485 C mol-1), R universal gas constant (J mol-1 K-1), p partial pressure. 

However, operating cell voltage of a single PEMFC is lower due to the overvoltages 

both at the anode and the cathode such as activation, ohmic, and concentration 

overvoltages as shown in Fig. 1-2. To reduce these overvoltages, catalyst, PEM and mass 

transport had been studied extensively. Understanding mass transport inside a PEMFC is 

especially important to improve the power generation performance and the durability in 

high current density. The mechanisms of various phenomena observed in the PEMFCs 

are also connected with mass transport. For analyzing mass transport, along with 

numerical simulations, operando analytical methods are essential using cells with 

practical structures.  
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Fig. 1-1 Schematic illustration of PEMFC. 

Proton Exchange Membranes Fuel Cell: PEMFC 

Fig. 1-2 Schematic illustration of typical polarization curve of single PEMFC. 
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1.3  Various operando measurements of reaction distribution inside proton 

exchange membrane fuel cell (PEMFC) 

 As described in chapter 1.1, the PEMFCs have already been commercialized. However, 

improving cell performance, durability and cost reduction are still mandatory for widely 

use. In order to improve the PEMFC performance and durability, understanding the 

inhomogeneous reaction distributions during power generation is necessary. Therefore, it 

is important to reveal the chemical (H2, O2, H2O, CO2, H2O2, etc.) and physical 

(temperature, current density, gas flux, pressure etc.) parameters inside the PEMFC 

during power generation. In order to obtain these parameters, in-situ and operando 

measurement techniques, including visualization, are investigated. Among these 

parameters, the distribution and generation of liquid water have been successfully 

visualized by magnetic resonance imaging [6–8], optical observation [9–17], X-ray 

imaging [18–23], and neutron radiography imaging [24–34]. To achieve an understanding 

of the distribution of oxygen partial pressure (p(O2)) inside the fuel cell during cell 

operation, the group in the University of Yamanashi developed a nondestructive real-

time/space visualization system [14,35–42]. On the other hand, numerical simulation of 

these parameter inside the PEMFC have been studied to elucidate the transport 

phenomena with various cell component and under different operating conditions [43–

45]. The temperature distribution affects chemical kinetics and mass transports inside a 

PEMFC. The temperatures inside the MEAs have been measured by a thin film sensor 

[46], thermoelectric sensor [47], and thermograph [48]. The current density at the MEA 

in a single cell is also monitored to optimize the operating conditions and the cell designs 

with segmented current collectors [49–58] and by magnetomyography [59,60]. The 

degradation of carbon support material caused by start/stop cycle has been obtained by 
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the visualization of CO2 [61]. Additionally, the numerical simulations of these parameters 

are conducted to elucidate the mass/energy transports with various cell components and 

under different operating condition [62,63]. The numerical simulation is widely used, 

especially in industrial fields. Although the numerical simulation is a powerful technique, 

unique phenomena have generally not been treated. Therefore, the experimental 

elucidation of those unique phenomena is very important. 

 

1.4  Mechanisms to be investigated during power generation 

A large number of gas starvation (hydrogen and oxygen) experiments have confirmed 

that the carbon support of the catalyst layer is corroded to CO2 [64–66]. Gas starvation 

leads to the coalescence or loss of the catalyst on/from the electrode. The gas starvations 

are categorized to local gas starvation and overall gas starvation. In the overall gas 

starvation, the gas supply cannot meet the stoichiometric requirements of the fuel cell, as 

a result of which the external characteristics cannot follow the load changes due to the 

controller failure, variable load amplitude, or variable load speed during the load change. 

In the local gas starvation, uneven gas distribution on the surface of the electrode mainly 

due to the speed of gas transmission lagging behind the speed of current change, and there 

is no apparent performance on the external characteristics such as the output voltage of 

the fuel cell. The local gas starvation is frequently observed in the process of load change 

and is the main reason for the lifespan decay.  

The hydrogen starvation is notorious as a major cause of the degradation of the CLs by 

the corrosion of carbon supports [67–69]. The reactions during the hydrogen starvation 

are 2H2O → O2 +4H+ + 4e- and C + 2H2O → CO2 + 4H+ + 4e-, resulting in the most 

hazardous degradation of the catalytic layer. The corrosion of the carbon support can 
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result in the electrical isolation of the platinum particles, which accelerates the 

agglomeration of the catalyst particles; the catalyst surface area is accordingly reduced. 

The oxygen starvation has also been studied since the 2000s as a cause of irreversible 

catalyst degradation [70]. When oxygen starvation occurs at the cathode, the possible 

abnormal reaction formula is 2H + + 2e - → H2. Especially in PEMFC stacks, this 

abnormal reaction is enhanced to the hydrogen pumping. The existence of both hydrogen 

and oxygen at the same electrode surface lead to the degradation of catalyst and support 

material. The increasing concentrations of hydrogen even represent a flammability risk.  

The stability of PEMFCs during power generation is one of the most important issues 

especially for the operation at high current densities. Under certain conditions, the cell 

voltage and the current density become unstable and even fluctuated because of the 

instability of the reactions inside PEMFCs. Since the excess liquid water in a cell is one 

of the main sources of instability, the water management during power generation has 

been extensively studied [71,72]. The oscillation phenomena during power generation 

have been also reported in running PEMFCs [73–76]. The water generated by the power 

generation is continuously removed outside the fuel cell through the GDLs. However, 

when the water generation is too large, the flooding is inevitable. Materials must be 

developed, and the operating conditions and the cell configurations must be optimized.  

For catalyst support, carbon is generally used. Recently, as alternative supports, ceramic 

materials have been developed, mainly for improving the durability [77–79]. Different 

support materials naturally change the chemical/physical properties of the catalyst layer, 

such as electroconductivity, mass transportation, and binder adsorption. The change in 

those parameters leads to the fuel cell performance [77–85]. Understanding the 

distributions of chemical/physical parameters with different supports is thus very 



 9  

 

important for developing new supports. 

 

1.5  Objectives 

As described above, many unclear phenomena exist during power generation by 

PEMFCs. In my research, three selected mechanisms are analyzed by using operando 

measurement systems for p(O2) and liquid water by developing new analytical 

apparatuses.  

In Chapter 2, oxygen starvation is focused on. The current-voltage (I-V) performance 

suddenly decreased as the oxygen concentration/partial pressure decreased even under a 

high oxygen utilization. The p(O2) distribution on the GDL during power generation is 

visualized in low oxygen concentration by using oxygen sensitive dye for the explanation 

of the mechanism.  

In Chapter 3, a new mechanism of oscillation phenomena is presented. To elucidate the 

oscillation mechanism, a novel operando system for p(O2) by using optical probes was 

developed.  

In Chapter 4, a liquid water distribution inside single PEMFCs were visualized by 

neutron imaging. The current-voltage (I-V) performance of a PEMFC with Pt catalyst 

formed on Nb-doped SnO2 support (Pt/Nb-SnO2) was lower than that with Pt/CB. The 

imaging of liquid water shed light on the difference in performances. Finally, these results 

are summarized, and suggest a feasibility of this study in Chapter 5. 
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Chapter 2 

Visualization of the oxygen partial pressure during power generation 

with low oxygen concentrations simulating oxygen starvation 

2.1  Introduction  

The local reactant starvation is a condition, in which a reactant supply at the inlet is 

sufficient to support the load current, but the reactant concentration in some zones within 

the active area is near zero. The hydrogen starvation of PEMFC is well known as a major 

cause of the degradation of the CLs by the corrosion of carbon supports [1–3], whilst the 

oxygen starvation has also been studied since the 2000s as a cause of irreversible catalyst 

degradation [4]. To understand the oxygen starvation, previous studies were proceeded 

by measuring the potential and current distributions or by conducting the numerical 

simulation [5–8]. Yousfi-Steiner reported that an oxygen starvation induced a decrease of 

the cathode potential even lower than that of the equilibrium potential of a hydrogen 

electrode [4]. Liu et al. measured the current distribution in detail to study the starvation 

behavior of a single cell [9]. The fuel cell exhibited different current density distributions 

in the starvations of hydrogen and oxygen. In the hydrogen starvation, the current density 

of the starved region decrease to zero with the non-starved region little impacted, whereas 

the oxygen starvation made all the fuel cell influenced, and zero current regions were not 

observed [9]. During the production of excess liquid water inside a PEMFC, the starvation 

of oxygen is also known to occur [4,10–12]. At low oxygen concentration in air (< 6%), 

Mousa et al. reported the existence of hydrogen at the cathode in a PEMFC stack, 

presumably due to hydrogen pumping through the membrane [13]. During cell operation 

at higher current densities with a larger generation of water, the oxygen starvation could 

be even more important. The low stoichiometry operation is one of the factors which can 
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give rise to local reactant-starvation conditions.  

So far, the current density distribution has been studied by using segmented single cells. 

When the oxygen starvation occurs at the cathode, a possible abnormal reaction at the 

cathode is 2H+ + 2e- → H2 [14]. In spite of the low cathode potential reported [4], the 

hydrogen evolution at the cathode had not been fully discussed. For the numerical 

simulations during the oxygen distribution under the oxygen starvation, the hydrogen 

evolution due to the low potential at the cathode has neither been taken into consideration 

[5–8]. In other words, the p(O2) distribution having been obtained by the numerical 

simulations might be underestimated. The p(O2) distribution during oxygen starvation 

needs to be experimentally obtained. 

In this chapter, a single-serpentine PEMFC was used for the power generation at the 

oxygen concentration (Φ(O2)) of 3, 5, and 10% in air, simulating an oxygen starvation 

using a single cell. The I-V performances at low oxygen concentrations of Φ(O2) = 3 and 

5% in air significantly lowered than that at Φ(O2) = 10% at the same oxygen utilization. 

During power generation, the p(O2) distribution was directly visualized on the cathode 

side. At low Φ(O2) and high oxygen utilization (UO2), p(O2) on the GDL near the outlet 

of the gas flow channel was observed to be 0 kPa. The importance of the hydrogen 

evolution during the oxygen starvation especially in a stack is also discussed. 

 

2.2  Experimental 

2.2.1  Visualization system 

Figure 2-1 shows a schematic illustration of a PEMFC for the p(O2) visualization with 

the gas flow channels mimicking those of the standard cell of the Japan Automobile 

Research Institute (JARI). For the visualization, the cathode endplate was made of 
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transparent quartz for the irradiation of a laser light onto and the emission from the 

oxygen-sensitive dye film coated on the GDL surface. The single-serpentine gas flow 

channels on the cathode side with a depth and width of 1 mm and a length of 1430 mm 

was machined through a stainless-steel plate, which was then gold plated. This plate also 

served as a current collector. The catalyst coated membrane consisted of a Nafion 

membrane (NRE 211, 25 µm thickness, DuPont, U.S.A.) sandwiched by layers of 

commercial Pt catalysts supported on carbon black (Pt/CB) (46.3 wt%-Pt, TEC10E50E, 

Tanaka Kikinzoku Kogyo K.K., Japan) mixed with a Nafion solution (5wt% Nafion D-

521, DuPont). GDLs with MPLs were 29BC of SIGRACET® (SGL Carbon Group Co., 

Ltd., Germany). The gas flow channel on the anode side was machined into a graphite 

plate. 

For visualizing p(O2) in the single cell during power generation, a dye solution was 

prepared by mixing an oxygen-sensitive complex, 

tetrakis[pentafluorophenylporphyrinato]platinum (PtTFPP) (absorption peaks at 400, 520, 

540 nm and an emission peak at 650 nm as shown in Fig. 2-2) and a poly(1-trimethylsilyl-

1-propyne) (polyTMSP), an oxygen permeable polymer matrix [15, 16]. Luminescence 

from the dye under irradiation is quenched with oxygen as shown in the Jablonski diagram 

shown in Fig. 2-3. The ground state of PtTFPP is excited to a singlet excited state by an 

excitation light. The singlet PtTFPP changes to the triplet PtTFPP through the intersystem 

crossing procedure. The energy is transferred to the triplet-state oxygen. Therefore, the 

emission intensity of PtTFPP decreases. As soon as PtTFPP returns to the ground state, 

triplet oxygen transits to singlet oxygen. The partial pressure of water gave no influence 

on the emission [17]. The influence of temperature on emission was very small, namely 

-0.5% K-1 [17]. It should be noted that the emission intensity was attenuated by the 
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excitation light [17, 24]. Therefore, the dye was pretreated by the laser light for the 

stabilization, and the p(O2) data were corrected by the decreasing coefficient of the 

emission when needed.  

Oxygen sensitive dye solution was sprayed uniformly onto the GDL surface at the 

cathode flow channel to form a dye film with a thickness of approximately 2 µm [18, 19]. 

Figure 2-4 shows the optical setting of the visualization system. A diode laser was used 

for a bundled light with a wavelength of 407 nm. This blue light was diffused, guided by 

mirrors, and irradiated onto the dye film on the GDL in the fuel cell. The emission from 

the dye film inside the fuel cell was filtered (> 610 nm) and reached the charge coupled 

device (CCD) camera. All images were captured in a dark room.  
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Fig. 2-1 Schematic illustration of the fuel cell. (a): cover of the cathode heater, (b): 

cathode heater, (c): transpatent SiO2 endplate, (d): transparent PFA-film, (e): gasket, 

(f): GDL, (g): channel plate, (h): endplate, (i): current collector, (j): catalyst coated 

membrane (CCM), (k): GDL with dye on the surface. 
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Fig. 2-3 Jablonski diagram of PtTFPP. 

 

Fig. 2-2 Oxygen sensitive dye for visualizing p(O2) on the GDL surface at the cathode. (a): 

Structure of PtTFPP as p(O2) senser. (b): The absorttion peaks and emission peak of PtTFPP. 

The emission intensity of PtTFPP decreases when p(O2) increases around PtTFPP.   
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Fig. 2-4 Schematic drawing of the visualization system with a diode laser, diffusors, 

mirrors, a fuel cell, filters, and a CCD-camera. 



 24  

 

2.2.2  Calibration curves for oxygen partial pressure (p(O2)) 

The calibration curve was assigned at each pixel of the CCD camera (250,000 pixels) 

before the cell operation [20, 21]. For the calibration, mixed gases of air, nitrogen, and 

water vapor with different p(O2) were introduced to the anode and cathode. A similar 

method of diluting air for studying the oxygen starvation was previously reported [13,  

22]. The cell temperature and relative humidity (RH) were set to 80 oC and 42%, 

respectively. The oxygen concentrations were tuned at Φ(O2) = 10, 5, and 3%. The gas 

flow rate at the anode and cathode sides was set to 100 mL min-1 under ambient 

pressure. For each Φ(O2), a different calibration curve was prepared. The calibration 

curve and images of each Φ(O2) are shown in Figs. 2-5, 2-6 and 2-7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-5 Images at different p(O2) for calibration and averaged Stern-Volmer plots for 

the visualization at Φ(O2) = 10 %. 
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Fig. 2-6 Images at different p(O2) for calibration and averaged Stern-Volmer plots 

for the visualization at Φ(O2) = 5%.   

 

Fig. 2-7 Images at different p(O2) for calibration and averaged Stern-Volmer plots for 

the visualization at Φ(O2) = 3 %.  
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2.2.3  Power generation and cyclic voltammetry 

The cell conditioning was executed at 80 oC and the above-mentioned relative 

humidities with an air gas flow rate of 1000 mL min-1 on the cathode side and a hydrogen 

gas flow rate of 249 mL min-1 on the anode side. The current density was set by a load 

station (LN-1000A-G7, Keisoku Giken) to 0.8 A cm-2, held at least for 14 hours until the 

voltage changes were below 2 mV h-1. The I-V curves at the different oxygen 

concentration were obtained at 80 oC with an air flow rate of 200 mL min-1 on the cathode 

and a hydrogen flow rate of 100 mL min-1 on the anode. The current density at each step 

set by the load station was held for 10 minutes, and the voltage was monitored. 

The cyclic voltammetry (CV) on the cathode was carried out with a potentiostat 

(PGSTAT302N, Metrohm Autolab B.V.). The hydrogen and nitrogen gas flow rates on 

the anode and the cathode, respectively, were set to 200 mL min-1, but the nitrogen gas 

was stopped during the CV measurements. The cycles were repeated between 0.075 and 

1.00 V (vs. the hydrogen electrode) with a scan rate of 20 mV s-1. Before the measurement, 

four cleaning cycles were performed. 

 

2.2.4  p(O2) visualization 

During cell operation, the cell temperature was set at 80 oC under ambient pressure. The 

hydrogen flow rate at the anode was 100 mL min-1 humidified at 88% RH. The air flow 

rate at the cathode was 200 mL min-1 at different p(O2) of 7.8 (Φ(O2) = 10%), 3.9 (Φ(O2) 

= 5%), and 2.3 kPa (Φ(O2) = 3%), humidified at 42% RH. After changing the current 

density, the cell conditions were kept for 10 min before the visualization. One image was 

obtained in 0.8 to 10 s depending on the emission intensity. With a total exposure time of 

at least 60 s, the images were accumulated and averaged. The emissions of the acquired 
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images were converted to p(O2) using the calibration curves. 

 

2.3  Results and discussion 

2.3.1  I-V performance depending on the oxygen concentration 

Figure 2-8 shows the I-V curves at Φ(O2) = 10, 5, and 3%, where the stoichiometries of 

hydrogen:oxygen were 1:0.39, 1:0.19, and 1:0.11, respectively. Below 0.6 V, the cell 

performance suddenly decreased at all Φ(O2). The voltage decreased rapidly at lower 

Φ(O2), most significantly at Φ(O2) = 3%; at 0.054 A cm-2, the voltage abruptly dropped 

to 0.28 V. The starvation of oxygen had large negative influences on the I-V performance. 

The electrochemical surface areas obtained by CV measurements were 69.9 and 67.6 m2 

g-1 before and after the visualization, respectively, showing little change. Therefore, the 

degradation of the catalysts was negligible.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-8 I-V curves during cell operation at Φ(O2) = 10, 5,and 3%. The lines are 

guides to the eyes. 
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2.3.2  Visualization images of p(O2) distribution during power generation 

Figures 2-9, 2-10, and 2-11 show the p(O2) images obtained during cell operation at 

Φ(O2) = 10, 5, and 3%, respectively. The top left corner in each image is of the gas inlet 

of the single serpentine gas flow channel, and the bottom right corner of the gas outlet. 

The colors shown in the images represent p(O2) on the GDL surface and are defined with 

the associated color bar. Figure 2-9(a) shows p(O2) at 0 A cm-2 (UO2 = 0%). The slight 

change in color starting from the gas inlet at the top left (ca. 9 kPa) to the gas outlet at the 

bottom right of the cell was caused by the pressure loss [3, 10, 18] by ca. 1 kPa of p(O2), 

corresponding to ca. 10 kPa of air inside the cell. Figure 2-9(b) shows the visualization 

image obtained at 0.06 A cm-2 and UO2 = 30.5%. A decrease in p(O2) is clearly visible by 

the change of color along the gas flow channel; the color along the gas flow channel 

changes from red-orange (ca. 9 kPa) near the gas inlet to yellow (ca. 7 kPa) near the 

middle of the cell, then to light green (ca. 5 kPa) near the gas outlet of the cell. Figure 2-

9(c) shows the visualization images at 0.12 A cm-2 (UO2 = 60.9%). Compared to the image 

in Fig. 2-9(b), p(O2) in Fig. 2-9(c) decreased at an earlier stage along the gas flow channel. 

Figures 2-9(d) and 2-9(e) show the visualization image at 0.18 A cm-2 (UO2 = 91.4%) and 

0.19 A cm-2 (UO2 = 96.5%), respectively. The decrease in p(O2) was the largest along the 

flow channel length at 0.19 A cm-2, and p(O2) became ca. 0.3 kPa at the outlet. Figures 

from 2-10(a) to 2-10(e) show the images obtained at 0 (UO2 = 0%), 0.03 (UO2 = 30.5%), 

0.06 (UO2 = 60.9%), 0.09 (UO2 = 91.4%), and 0.095 A cm-2 (UO2 = 96.5%), respectively, 

at Φ(O2) = 5%. The UO2 values were set to the same as those for Φ(O2) = 10%. The 

pressure loss at 0 A cm-2 was ca. 0.6 kPa of p(O2) or ca. 10 kPa of air. Compared with Fig. 

2-9, it is understood that as the UO2 increased, the consumption of O2 proceeded closer to 

the inlet. Figure 2-10(e) shows the image obtained at 0.095 A cm-2 or UO2 = 96.5%. 
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Theoretically, there should be oxygen remaining inside the gas flow channel at the outlet 

with ca. 0.2 kPa, but the color in the last one third along the gas flow channel changed to 

black, which indicated p(O2) = 0 kPa on the GDL surface. The distribution of p(O2) on 

the GDL at Φ(O2) = 10% was very different from that at Φ(O2) = 5% with the same UO2 

of 96.5%, where p(O2) at the outlet was ca. 0.3 kPa (Fig. 2-9(e)). Therefore, nearly the 

last third of the CL did not generate power at Φ(O2) = 5%, which is later discussed. As 

previously demonstrated by the simultaneous visualization of p(O2) on the GDL surface 

and on the upper gas flow channel wall [22], there is a possibility that oxygen still 

remained in the gas flow channel. Figure 2-11 shows the images obtained at 0 (UO2 = 0%) 

(a), 0.018 (UO2 = 30.5%) (b), 0.036 (UO2 = 60.9%) (c), and 0.054 A cm-2 (UO2 = 91.4%) 

(d), respectively, at Φ(O2) = 3%. The pressure loss was ca. 0.3 kPa of p(O2), or ca. 10 kPa 

of air, as well as at Φ(O2) =10 and 5%. Figure 2-11(d) (0.054 A cm-2, UO2 = 91.4%) is 

striking; the latter two thirds of the image are in black, or p(O2) = 0 kPa, on the GDL 

surface. The cell was not able to be operated at UO2 = 96.5%.  
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Fig. 2-9 Images of p(O2) on the GDL surface at the cathode at Φ(O2) = 10% during cell 

operation (T = 80 oC, air flow rate = 200 mL min-1, hydrogen flow rate = 100 mL min-

1, ambient pressure) at 0 (UO2 = 0%) (a), 0.06 (UO2 = 30.5%) (b), 0.12 (UO2 = 60.9%) 

(c), 0.18 (UO2 = 91.4%) (d), and 0.19 A cm-2 (UO2 = 96.5%) (e). Associated color bar 

indicates p(O2). 
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Fig. 2-10 Images of p(O2) on the GDL surface at the cathode at Φ(O2) = 5% during cell 

operation (T = 80 oC, air flow rate = 200 mL min-1, hydrogen flow rate = 100 mL min-1, 

ambient pressure) at 0 (UO2 = 0%) (a), 0.03 (UO2 = 30.5%) (b), 0.06 (UO2 = 60.9%) (c), 

0.09 (UO2 = 91.4%) (d), and 0.095 A cm-2 (UO2 = 96.5%) (e). Associated color bar 

indicates p(O2). 
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Fig. 2-11 Images of p(O2) on the GDL surface at the cathode at Φ(O2) = 3% during 

cell operation (T = 80 oC, air flow rate = 200 mL min-1, hydrogen flow rate = 100 mL 

min-1, ambient pressure) at 0 (UO2 = 0%) (a), 0.018 (UO2 = 30.5%) (b), 0.036 (UO2 = 

60.9%) (c), 0.054 A cm-2  (UO2 = 91.4%) (d). Associated color bar indicates p(O2). 
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Figure 2-12 shows the continuous line plots of p(O2) on the GDL surface in the middle 

of the flow channel with a width of a pixel (ca. 120 mm) along the flow channel length 

from the inlet to the outlet at Φ(O2) = 10 (a), 5 (b), and 3% (c) at different current densities. 

The black line represents UO2 = 0%, the red line 30.5%, the orange line 60.9%, the green 

line 91.4% and the blue line 96.5%. p(O2) values showed 1 to 2 kPa scattering due to the 

geometrical effects of the flow channel and the GDL [18, 24]. It is noticeable that the 

trends of these line plots of p(O2) under UO2 = 0, 30.5, and 60.9% represented by black, 

red and orange lines, respectively, are similar at different Φ(O2) values. However, these 

trends started to differ at UO2 ≥ 91.4%. The decrease of p(O2) along the gas flow channel 

became more pronounced from Φ(O2) = 10% to Φ(O2) = 3%.  
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Fig. 2-12 p(O2) plotted along the flow channel length. The black lines represent UO2 = 

0%, the red lines UO2 = 30.5%, the orange lines UO2 = 60.9%, the green lines UO2 = 

91.4% and the blue lines UO2 = 96.5%.Φ(O2) = 10 (a), 5 (b), and 3% (c). 
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Figure 2-13 shows the trendlines of the line plots derived from Fig. 2-10. These 

trendlines were normalized by the averaged values of the first 100 data points of each step 

along the flow channel length. The large decrease of p(O2) is clearly seen at the early 

stage along the flow channel length at lower Φ(O2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-13 Normalized trendlines of line plots derived from Fig. 2-9 at Φ(O2) = 10, 5, 

and 3%. UO2 = 91.4%.  
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Figure 2-14 schematically illustrates the oxygen and hydrogen partial pressures along 

the flow channel lengths. At low Φ(O2) (≤ 5%), oxygen became to be consumed at the 

earlier stage along the flow channel length, and at high UO2 (≥ 91.4%), p(O2) near the 

outlet became 0 kPa on the GDL surface (Figs. 2-9 and 2-10). To understand p(O2) = 0 

kPa on the GDL surface near the outlet, the linear sweep voltammetry (LSV) was 

conducted (Fig. 2-15) for determining the effect of the cross leakage of hydrogen from 

the anode through the membrane to the cathode. The temperature and humidity were the 

same as those during cell operation. For the LSV, nitrogen was supplied to the cathode, 

and hydrogen to the anode. The flow rates of both gases were set at 200 mL min-1. The 

amount of the hydrogen cross leak was measured as 0.028 mL min-1 cm2, similar to the 

value previously reported (< 0.02 mL min-1 cm2) [25]. The oxygen consumption caused 

by this hydrogen cross leakage would be only 0.07-0.7% of that existed in the diluted air, 

therefore, the influence of the hydrogen cross leakage on the oxygen consumption at the 

cathode was expected to be very small. In addition, the amount of oxygen cross leakage 

is significantly lower, 1/10 to 1/100 of that of hydrogen. The gas cross leakage could not 

explain p(O2) = 0 kPa on the GDL surface. 
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Fig. 2-14 Schematic illustrations of the concentrations of oxygen at the cathode and 

hydrogen at the anode along the channel lengths. Φ(O2) = 10 (a), 5 (b), and 3% (c). 
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Fig. 2-15 Linar sweep voltanmetory. The cell temperature was 80 oC, and the RHs at 

the cathode and anode were 42 and 88%, respectively. 
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Since the area for the power generation shifted near to the inlet, the electrochemical 

potential at the MEA near the outlet might be lowered. In an MEA using a gas diffusion 

electrode, hydrogen evolution and the oxidation current of the generated hydrogen gas 

are often observed at potentials lower than ca. 0.1 V (vs. hydrogen electrode) [9]. 

Therefore, a possibility is that the potential decreased to 0.1 V or less at the MEA near 

the outlet, and the hydrogen evolution occurred at the cathode, which 

chemically/electrochemically consumed oxygen near the outlet [9]. Previously, the zero 

current regions were not observed during oxygen starvation in a segmented cell [9]. 

Considering the hydrogen evolution at the cathode, it is reasonably understood that the 

regions exist where the current density is not 0 A cm-2 [26] but p(O2) = 0 kPa (this study).  

Based on the previous results discussing the differences of p(O2) on the GDL and in 

the gas flow channel [27], a possibility of the coexistence of oxygen and hydrogen in the 

flow channel at the cathode is not negligible, which might cause not only a performance 

drop but also an operational instability and a danger for the cell damage presumably 

triggered by the unexpected chemical reaction, or local combustion, directly with 

hydrogen and oxygen. Actually, in a fuel cell stack, Mousa et al. detected a hydrogen 

concentration of 6.3% at the cathode outlet at Φ(O2) = 5% and that of 9.4% at Φ(O2) = 

3% [13]. They explained the existence of those large amounts of hydrogen at the cathode 

outlet by proposing a mechanism of hydrogen pumping through the membrane to the 

cathode [13]. In our case in a single cell, the hydrogen pumping could not occur because 

of no energy supply for the pumping.  

The visualized images of p(O2) inside a single cell (Figs. 2-9 ~ 2-11) in this study might 

be depicting the situation that could occur prior to the hydrogen pumping inside fuel cell 

stacks during oxygen starvation. The consumption of oxygen at the cathode significantly 
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reduced the performance of a single cell (Fig. 2-13). In the areas of an MEA not exposed 

to oxygen, the CL is expected to be susceptible to degradation. For example, Yamashita 

et al. reported the effect of oxygen starvation on the degradation of Pt catalysts supported 

on carbon at the cathode upon hydrogen start-up [28]. The oxidation reaction of carbon 

by water proceeded by local electrochemical cells arising due to a limited access of 

hydrogen needed for the reduction of Pt oxides. Within a fuel cell stack, the area in which 

oxygen starvation occurs in a single cell might prohibit the current flow at the identical 

areas of the other cells. Therefore, there is a possibility that the oxygen starvation in a 

single cell could drastically lower the performance of the entire stack. The oxygen 

starvation could be a larger problem in stacks operated at high current densities.  
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2.4  Conclusion 

The p(O2) distribution at low Φ(O2) on the GDL surface at the cathode inside a PEMFC 

was visualized by a nondestructive real-time/space monitoring system. It was shown that 

p(O2) decreased along the flow channel length. The decrease of p(O2) along the flow 

channel length at UO2 of 0, 30.5, and 60.9% were similar at Φ(O2) = 10, 5 and 3% but 

started to differ at UO2 ≥91.4%. The low Φ(O2) and high UO2 lead to a significant decrease 

of p(O2) near the outlet. At very low Φ(O2) and very high UO2, there was no oxygen 

present on the GDL surface near the gas outlet possibly because of a generation of 

hydrogen at the cathode due to the local low voltage. Accordingly, at lower Φ(O2) and 

high UO2, the starvation of oxygen lowered the cell performance of a single cell. 

Experimentally, the hydrogen evolution at the cathode prior to the hydrogen pumping 

from the anode was evidenced by showing areas on the GDL where p(O2) = 0 kPa. The 

effects should be more pronouncedly on the performance, stability, and durability, as well 

as safety, of fuel cell stacks.  
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Chapter 3 

Oscillation mechanism based on operando p(O2) measurement using 

optical probes 

3.1  Introduction  

Under certain conditions, the cell voltage and the current density become unstable and 

even fluctuated because of the instability of the reactions inside PEMFCs. Since the 

excess liquid water in a cell is one of the main sources of instability, the water 

management during power generation has been extensively studied [1, 2]. The water 

generated by the power generation is continuously removed outside the fuel cell through 

the GDLs. However, when the water generation is too large, the flooding is inevitable. 

Therefore, a proper water management is of paramount importance for PEMFCs. 

Materials must be developed, and the operating conditions and the cell configurations 

must be optimized. Barbir et al. investigated unexpected increases in pressure and cell 

resistance of a PEMFC stack during power generation [3]. They pointed out that the 

increase in pressure could be indicative of the increased liquid water in the stack, while 

the increase in cell resistance is of a membrane dry-out. Hirakata et al. investigated the 

effect of pore size of GDL on the periodic instability of the cell voltage accompanied by 

the synchronized change in gas pressure, which were conclude to be caused by the water 

droplets blocking/releasing the cathode flow channel [4].  

Recently, the oscillation phenomena during the power generation have been reported in 

running PEMFCs. Sanchez and coworkers reported an oscillatory fluctuation when the 

cathode was dry and the anode was wet at a nominal humidity of 152% with the cell 

temperature of 70 oC [5]. The current density first decreased slowly from 650 to 610 mA 

cm-2 within 1000 s at a constant cell voltage of 500 mV. Subsequently, a fluctuation in 



 46  

 

current density started, followed by a continuous oscillation between 600 and 60 mA cm-

2 accompanied by a gradual decrease in average current density resulting in the decrease 

in cell performance. During the oscillation, the transition from the lowest current to the 

highest current took place in 20 s, and the transition from the highest to the lowest slightly 

longer than 20 s. The change of the coefficient of the electro-osmotic drag accompanied 

by that of the liquid-vapor permeation at the interface of the membrane was suggested as 

a major feedback mechanism for the oscillatory behavior [5,6]. The change in the 

properties at the membrane interface was visualized by current-sensing atomic force 

microscopy showing the oscillatory behaviors after the activation of the membrane [5]. 

The fluctuations were related to the water shortage at the anode, too. A combination of 

the limited water available at the anode, the electroosmotic drag transporting water from 

the anode to the cathode, and the insufficient water back diffusion from the cathode to the 

anode was proposed to cause the anode to dehydrate. The cell ohmic resistance decreased 

and the performance recovered by the anode re-humidification [7] Atkins et al. found 

periodic oscillations in current and cell resistance at a fixed cell potential of 500 mV [8]. 

From the initial conditions using sparger bottles for the feed-stream humidification (cell 

temperature = 100 ºC, sparger temperatures at the anode/cathode = 115 ºC /110 ºC), the 

temperatures of the sparger bottles were lowered to 80 oC. Large fluctuations and a 

significant decrease of the current density, approximately 0.5 A cm-2, were observed. The 

oscillation period of current was several hundreds of seconds and become larger when the 

sparger temperature was kept at 80 ºC. The ohmic resistance also oscillated between 50 

and 250 mΩ.  

I found a new oscillation phenomenon during the power generation at 0.6 A cm-2 using 

a GDL without an MPL at 60 oC and 60% RH. The differential pressure between the 
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cathode inlet and outlet was 0 kPa during the oscillation. This phenomenon is very 

different from the cell voltage fluctuation previously reported to be synchronized with the 

differential pressure caused by the plugging of flow channels [4]. A different mechanism 

should have caused this new oscillation phenomenon without the excess liquid water in 

the gas flow channel. The amplitude and period of this newly-found oscillation were 

approximately 20 mV and 2 s, respectively, whereas the oscillation or fluctuation of the 

cell voltage previously reported at the dried cathode showed a period significantly longer 

than ours, about tens of seconds to hours [5–8]. The oscillation amplitudes of the current-

density at constant voltages in previous studies were large, too: 0.05 - 0.55 [5,6], 0.5 - 1.1 

[7], and 0.55 - 0.83 A cm-2 [8].  

In order to elucidate the mechanism of this new oscillation phenomenon, p(O2) inside 

the GDLs during the power generation [9–17] was focused on, because p(O2) is directly 

related to the fuel cell overvoltage according to Nernst equation as described in Chapter 

2.  

William et al. developed an operando measurement system to obtain the oxygen 

concentration [18] using a commercially-available micro oxygen-concentration sensor 25 

m in diameter inserted into the GDL at the cathode of an operating PEMFC. The oxygen 

concentration was measured at different current densities and RHs. By using an X-ray 

computed tomography (CT) system, the GDL structure was also analyzed to be related to 

the oxygen transport resistance. In their system, as an current interrupt method for 

measuring the ohmic resistance and the current of PEMFC was interrupted [19]. When 

the current was interrupted, the oxygen concentration returned to the channel level in 

milliseconds, while the changes in the behavior of the sensor due to RH and temperature 

occurred over seconds [18]. Therefore, for a monitor of p(O2), at least 5 s was needed. In 
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addition, the measurements at multiple locations was not easy due to the size and strength 

of the oxygen sensor made with glass capillaries [18]. The group of the University of 

Yamanashi has developed a 2-dimensinal visualization system of p(O2) on the GDL 

surface and the flow-channel walls inside running PEMFCs using an oxygen-sensitive 

dye film [9–17]. To monitor p(O2) inside a GDL, a new apparatus using 5 optical fibers 

with diameter of 50 µm was developed. The probes can be precisely located with a spatial 

resolution of 1 m in depth, and p(O2) can be simultaneously measured at 5 points both 

under the flow channel and under the ribs. The time resolution was 100 ms. With using 

this operando monitoring system, the voltage oscillation was found to be synchronized 

with p(O2) oscillation at all the locations inside the GDL.  

 

3.2  Instrument 

3.2.1  Oxygen-sensitive dye film 

As described in Chapter 2, PtTFPP mixed with polyTMSP and toluene was used as an 

oxygen-sensitive dye to spray onto the GDL surface at the cathode flow channel. The 

PtTFPP concentration of the dye solution was adjusted to 25 wt%. PtTFPP has absorption 

peaks at 400 (blue light) and 530 nm (green light), and an emission peak of at 650 nm 

(red light). In this study, green light was used for the detection of p(O2) because of the 

excitation of Si of an optical fiber by blue light.  

 

3.2.2  Optical fiber 

Single-mode optical fibers with a clad diameter of 125 μm and a core diameter of 10 μm 

were immersed in HF solution (pH = 2.9) and etched until the diameter of approximately 

50 μm was obtained. Subsequently, the top of the optical fiber was trimmed flat 
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perpendicular to the fiber axis. On the apex of a fiber, an oxygen-sensitive dye film was 

coated with a thickness of 2 µm.  

The emission intensity as a function of the temperature was negligibly small, with the 

change in the emission of -0.5% K-1 [9]. The influence of the humidity on the oxygen 

partial pressure in air was negligibly small, too [9]. When the dye film at the apex of a 

probe was wet with liquid droplets, the emission intensity much increased [10,14]. Under 

the conditions for the power generation in this study, the apex of the probe was never wet, 

and the intensity of the emission was steadily monitored. 

 

3.2.3  Oxygen monitoring system 

Figure 3-1(a) shows a schematic representation of the p(O2) monitoring system. In the 

cathode side of a GDL, 5 holes were created down to the CL both under the flow channels 

and the ribs. The optical probes were inserted directly into a PEMFC through the holes. 

The probe position was controlled by a micrometer. The effect of inserting the probe into 

the manufactured hole to mass fraction of oxygen was simulated. Figures 3-2(a) ~ (c) 

show an X-ray CT image of a GDL, a 3-dimensional numerical simulation of mass 

fraction of oxygen inside the GDL, and a cross-sectional numerical simulation of mass 

fraction of oxygen inside the GDL without a hole, respectively. Figures 3-2(d) ~ (f) show 

an X-ray CT image of a GDL with a hole (90 µm in diameter) and an optical probe (50 

µm in diameter) inserted, a 3-dimensional numerical simulation of the mass fraction of 

oxygen inside the GDL, and a cross-sectional numerical simulation of the mass fraction 

of oxygen inside the GDL with a hole and an optical probe, respectively. The oxygen 

concentrations at the surfaces of the GDL at the CL side were set at the values expected 

at the current density of 1.0 A cm-2. The colors shown in the images represent the mass 
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fraction of oxygen and are defined with the associated color bar. The oxygen mass fraction 

was calculated inside the GDL based simply on the diffusion and the difference was less 

than 1% with/without a hole and a probe. Figures 3-3(a) and (b) are calculated oxygen 

mass fraction at the apex of the probe at different depths at 0.2 and 1.0 A cm-2, respectively. 

With and without the virtual probes, the differences were approximately 1%. 

For measuring the distance between the probe apex and the CL, a super luminescent 

diode light with a wavelength of 830 nm was introduced to the probe to obtain an 

interference light from the CL and the probe apex (Fig. 3-1(b)). The spectrum of reflection 

light out from the optical probe was Fourier-transformed to measure the distance with an 

error of 1 µm.  
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Fig. 3-1 (a): Schematic representation of p(O2) measurement inside GDL. (b): Interference 

between the lights from the probe tip and the surface of catalyst layer Fourier-transformed to 

determine distance from catalyst layer. 
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Figure 3-2 (a): X-ray CT image of GDL without a hole. (b): 3-dimensional numerical 

simulation of mass fraction of oxygen inside GDL without a hole. (c): Cross-sectional 

numerical simulation of mass fraction of oxygen inside GDL without a hole. (d): X-ray CT 

image of GDL with a hole (90 µm in diameter) and an optical probe (50 µm in diameter). (e): 

3-dimensional numerical simulation of mass fraction of oxygen inside GDL with a hole and 

an optical probe. (f): Cross-sectional numerical simulation of mass fraction of oxygen inside 

GDL with a hole and an optical probe. The data are provided from Mizuho Information & 

Research Institute. 
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Figure 3-3 Calculated oxygen mass fraction at probe apex at 

different probe positions at 0.2 (a) and 1.0 A cm-2 (b). The data are 

provided from Mizuho Information & Research Institute. 
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3.2.4  Cell for the oxygen monitoring  

Figure 3-4(a) shows the structure of a cell with 10 straight flow channels for p(O2) 

monitoring. At the cathode side of a stainless endplate, a window was created for the 

insertion of the optical probes. An acrylic insulator plate with 5 holes was inserted 

between the endplate and the current collector for the probe positioning. The cathode and 

the anode gases were supplied as parallel flows. The channel length was 30 mm. The ribs 

and the cathode and the anode were at the overlapping positions. The active catalyst area 

was 20 mm×20 mm. Figure 3-4(b) shows the positions of the holes created through the 

GDLs under the central rib, located at 2.5, 10.0, and 17.5 mm from the edge of the GDL 

and 5.0 and 15.0 mm under the flow channels from the GDL edge. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3-4 (a): Cell used for operando 

p(O2) measurement. (b): Positions of 

holes at GDL, or locations for p(O2) 

measurement. 
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3.2.5  Optical diagrams  

As shown in Fig. 3-5(a), a 532 nm diode laser light was divided into 5 by beam splitters 

to 2 μW. Each light was irradiated onto the oxygen-sensitive dye film at the apex of the 

probes. The excitation light and the 650 nm emission were separated by a dichroic mirror, 

and the emission was detected by a CCD camera with a filter for the reflective excitation 

light placed in front of the camera. An optical diagram of the probe positioning is shown 

in Fig. 3-5(b). The probes were positioned as described in Section 3.2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5 Schematic diagrams of p(O2) (a) and distance (b) measurement systems. 

Optical components are allotted as 1: Diode laser (532 nm), 2: Quarter-wave plate, 

3: Extinction filter, 4: Mirror, 5: Shutter, 6: Beam splitter, 7: Dichroic mirror, 8: 

Optical fiber, 9: Fuel cell, 10: Objective lens, 11: Reflection exciting light filter, 12: 

CCD camera, 13: SLD (830 nm), 14: Diffraction grating, 15: CCD camera. 
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3.3  Experiment 

3.3.1  Cell preparation 

Figure 3-6 shows the X-ray CT images of the GDLs without (SIGRASET 28BA, SGL 

Carbon Group Co., Ltd., Germany) and with (28BC) an MPL used in this study. The 

measurement were carried out at the beamline BL46XU of Spring-8, Japan, where the X-

ray energy was 12.39 keV with a specific resolution of 0.37 µm voxel-1. The GDLs (20 

mm × 20 mm) were processed to have holes (100 m created with the laser ablation) for 

inserting the optical probes (Section 2.4). To prepare the CCMs, a catalyst paste mixed 

with commercial Pt/CB (46wt%-Pt, TEC10E50E, Tanaka Kikinzoku Kogyo K. K., 

Japan.), pure water, ethanol, and 5wt% Nafion ionomers (ion exchange capacity = 0.9 

meq g-1, D-521, DuPont, U.S.A.) with an ionomer/carbon volume ratio of 0.7 was spray-

coated on both sides of a Nafion membrane (NRE212, E.I. Du Pont Nemours & Company, 

Inc.) by using a pulse-swirl-spray apparatus (Nordson), and then dried at 60 oC for 12 

hours in an electro oven. The CCM was hot-pressed at 140 oC and 2.5 kN for 3 minutes 

to form a MEA with the geometric area of 4.0 cm-2 and the Pt loading of 0.5 mg cm-2 on 

both the anode and the cathode. The PEMFC was assembled by using CCMs and a GDL 

(28BA or 28BC) with holes. The tightening pressure was 2.5 kN.  
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Fig. 3-6 X-ray CT image of 28BA (a), cross-sectional images of 28BA (b) and 

28BC (c). 
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3.3.2  p(O2) measurement  

 For the power generation, a fuel cell evaluation system (As-510-340PE, NF Corp.) was 

used. The gases flew parallel and in the same direction at the cathode and the anode. Prior 

to p(O2) monitoring, the current density was held at 1 A cm-2 for 3 hours and 0.2 A cm-2 

for 12 hours at the gas flow rates of hydrogen/oxygen = 400/200 mL min-1 at 40 °C and 

100% RH for the cell conditioning. Then, the gases were switched to hydrogen/nitrogen 

= 100/100 mL min-1, and the cell voltage was cycled 40 cycles at 20 mV s-1 between 0.075 

and 1.0 V for measuring the electrochemical surface area. Subsequently, the cell 

temperature was changed to 60 oC and 60% RH. The optical probes were inserted and 

positioned at a distance from the CL. For obtaining a calibration curve, mixed gasses with  

nitrogen and air at different concentrations were supplied to both the anode and the 

cathode first at 250 mL min-1 for 10 min. During the acquisition of the emission for 100 

ms, the flow rate was reduced to 100 mL min-1 in order to minimize the pressure loss. At 

each gas-mixture rate, the emission was measured three times by a CCD camera at each 

probe to be averaged. The emission intensity of the oxygen sensitive dye was deteriorated 

by the laser irradiation linearly at approximately 0.03% s-1. In order to obtain p(O2) using 

this dye film, the deterioration coefficient was taken into account after obtaining the 

emission data. A calibration curve is shown in Fig. 3-7 as an example.  

 For the power generation, the gas-flow rates were set at hydrogen/air = 400/200 mL min-

1 and the current density at 0.2 A cm-2. The current density was kept for 20 min and 

stepped to 0.6 A cm-2. During power generation, the differential pressure was 

continuously monitored (DT-8890, CEM, Shenzhen Everbest Machinery Industry Co., 

Ltd.) between the inlet and outlet. 
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3.4  Results and discussion 

3.4.1  Period and amplitude of voltage oscillation 

With using a cell illustrated in Fig. 3-4 with/without probes, the power generation was 

carried out at 60 °C, 60% RH, 0.6 A cm-2, and hydrogen/air = 400/200 mL min−1. Figures 

3-8(a) and (b) show the cell voltage and the differential partial pressure between the inlet 

and the outlet, respectively, at the cathode. Under these conditions, the voltage oscillation 

was clearly observed, whereas the differential pressure was lower than the detection limit 

(<0.01 kPa). In a previous report [4], a fluctuation of the cell voltage was accompanied 

by the differential pressure at the cathode by water plugging [10, 14], which cannot 

Fig. 3-7 Calibration curve for oxygen using sensitive dye (PtTFPP). 
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explain this oscillation. The period of the cell voltage was approximately1.5 s and the 

amplitude (ΔV) 20 mV. Figures 3-9(a1) and (a2) show the period and amplitude, 

respectively, with respect to the air flow rate at 60 oC, 60% RH, and 0.6 A cm-2. Both the 

period and the amplitude decreased as the air flow rate increased. Figures 3-9(b1) and 

(b2) show the period and amplitude, respectively, with respect to the current density at 60 

oC, 60% RH, and the air flow rate of 200 mL min-1. The period continuously decreased 

from 4.7 to 3.6 s at 0.6 A cm-2 as the current density increased from 0.3 to 0.6 A cm-2 (Fig. 

3-9(b1)). The amplitude monotonously increased with the increase in current density (Fig. 

3-9(b2)). In order to investigate the voltage oscillations in a different cell, a single-

serpentine cell (JARI cell [20]) was used with a GDL without an MPL (28BA). As shown 

in Fig. 3-10, the oscillations were also observed in a JARI cell with periods rather irregular.  
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Fig. 3-8 Cell voltage (black filled circles) (a) and differential pressure (DP, red open 

circles) (b) between cathode inlet and outlet of cell with 28BA (without MPL). 

Amplitude and period are indicated by blue arrows. 
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Fig. 3-9 Period (a1) and ΔV (a2) of oscillation vs. air flow rate at cathode. Hydrogen/air 

= 400/100, 200, and 300 mL min-1. Current density = 0.6 A cm-2 (UO2 = 19.9%). Period 

(b1) and ΔV (b2) vs. current density. Hydrogen/air = 400/200 mL min-1. T = 60 oC and 

RH = 60% for all measurements. 28BA was used. 
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Figure 3-10 Cell voltage oscillated in JARI cell at different UO2. Hydrogen/air = 40/20 

mL min-1. Linear velocities of hydrogen/air = 0.66/0.33 m s-1, the same as the linear 

velocities with 10-straight channel cell. T = 60 oC, RH = 60%. 
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3.4.2  p(O2) measurement in gas diffusion layers (GDLs) at different distances from 

catalyst layer 

Figure 3-11 shows p(O2) inside a GDL without an MPL (28BA) (a) and that with an 

MPL (28BC) (b), respectively, in a cell obtained at different lateral/vertical probe 

positions (Fig. 3-4(d)) at 0.6 A cm-2 and hydrogen/air = 400/200 mL min-1. The UO2 was 

19.9%. The measurement points near the inlet are shown in blue, at the center in green, 

and near the outlet in red, and the measurement points under the flow channels and the 

ribs are shown by squares and triangles, respectively. The distances between the probe 

apex and the CL was changed from 100 to 50, 10, and 5 µm, closer to the CL. p(O2) was 

measured three times at each location and the averaged value was plotted with bars 

showing the highest and the lowest values that comes from the oscillation. In 28BA (Fig. 

3-11(a)), p(O2) near the inlet under the flow channel (blue squares, 5.0 m from the edge 

of the catalyst area) was nearly constant, 18.6 kPa, regardless of the depth. p(O2) near the 

outlet under the flow channel (red squares, 15.0 m from the edge of the catalyst area) 

was also nearly constant, 17.0 kPa. The decrease in p(O2) was 18.6 – 17.0 = 1.6 kPa 

between the two holes (5.0 and 15.0 mm from the edge of the catalyst area). Since the 

UO2 was 19.9%, the calculated decrease in p(O2) would be 1.8 kPa assuming the linear 

consumption of oxygen along the flow channel. Therefore, the consumption of oxygen at 

nearly a fixed rate along the flow channel was confirmed [15]. Near the inlet under the 

rib (blue triangles), p(O2) decreased from 11.5 to 11.2 kPa as the probe approached to the 

CL (100 to 5 µm). At the center under the rib (green triangles), p(O2) decrease largely 

from 11.3 to 9.6 kPa as the probe approached to the CL. Near the outlet under the rib (red 

triangles), p(O2) slightly decreased from 13.4 to 13.1 kPa as the probe approached to the 

CL. Surprisingly, p(O2) near the outlet under the rib was much higher than that near the 



 65  

 

inlet, and p(O2) at the center was the lowest.  

In the case of 28BC (Fig. 3-11(b)), p(O2) near the inlet under the flow channel (blue 

squares) were 19.6, 18.7, 17.4, 16.8, and 15.5 kPa at 100, 50, 25, 10, 5 µm from the CL, 

respectively. p(O2) clearly decreased as the probe approached to the CL. p(O2) near the 

outlet under the flow channel (red squares) decreased from 17.5 to 12.7 kPa as the probe 

approached to the CL. p(O2) near the inlet under the rib (blue triangles) slightly decreased 

from 14.9 to 13.9 kPa as the probe approached to the CL. p(O2) near the outlet under the 

rib (red triangles) decreased from 10.2 to 6.6 kPa as the probe approached to the CL.  
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Fig. 3-11 p(O2) at different locations with different distances from catalyst layer with 28 

BA (a) and 28BC (b) at 0.6 A cm-2. p(O2) at inlet, center and outlet of channels are shown 

in blue, green and red lines, respectively. p(O2) under flow channels and ribs are shown by 

squares and triangles, respectively. See Fig. 3-4 (b). 
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3.4.3  Oscillated p(O2) measured in GDLs without/with a micro porous layer (MPL) 

Subsequently, the cell voltage and p(O2) were continuously measured for 20 s at 60 oC, 

60% RH, and hydrogen/air = 400/200 mL, before and after the change in current density. 

The locations of the holes were the same as those shown in Fig. 3-4(b). The apices of the 

probes were set 10 μm from the CL. The cell voltage are shown by black circles. The 

p(O2) values under the flow channels and under the ribs are shown in squares and triangles, 

respectively, whereas those near the inlet, center, and near the outlet are shown in blue, 

green, and red, respectively. The current density was abruptly changed from 0.2 to 0.6 A 

cm-2 during the measurements (dashed perpendicular lines) in Fig. 3-12. Figure 3-12(a) 

shows p(O2) and the cell voltage with 28BA. At 0.2 A cm-2, the cell voltage was 

approximately 730 mV with the oscillation amplitude of 2.2 mV and the period of 2.0 s. 

When the current density was increased to 0.6 A cm-2, the cell voltage suddenly decreased 

to 534 mV. At the same time, the voltage oscillation became larger with the oscillation 

amplitude of 16 mV and the period of 2.5 s. The cell voltage gradually increased with the 

oscillation with the same amplitude and the period. At the increase in current density, 

p(O2) abruptly decreased. Under the flow channel near the inlet (blue square), p(O2) 

changed from 18.3 to 17.3 kPa and gradually increase up to 19.4 kPa at 20 s.  

Under the flow channel near the outlet (red square), p(O2) changed from 18.5 to 16.2 

kPa and gradually increased to 18.6 kPa at 20 s. The average amplitude of p(O2) under 

the flow channel and the rib near the outlet were 3.0 kPa. Under the rib near the inlet, 

p(O2) decreases from 16.3 to 11.7 kPa and gradually decreased after changing the current 

density to 0.6 A cm-2. The average amplitude of p(O2) was 0.1 kPa at 0.6 A cm-2. Under 

the rib at the center, p(O2) changed from 15.2 to 10.5 kPa. These values were lower than 

those near the inlet under the rib both at 0.2 and 0.6 A cm-2. Under the rib near the outlet, 
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the amplitude of p(O2) was 1.3 kPa at 0.2 A cm-2. When the current density was changed 

from 0.2 to 0.6 A cm-2, p(O2) under the rib near the outlet was significantly decreased 

from 16.9 to 11.9 kPa and the amplitude became larger from 1.3 to 2.7 kPa. The amplitude 

became larger from the inlet to the outlet along the flow channel length. Also, the voltage 

oscillation became larger from 2.2 to 20 mV after the current-density increase. The 

oscillations of the cell voltage and p(O2) all synchronized.  

The p(O2) measurement with 28BC is shown in Fig. 3-12(b). After increasing the current 

density, the voltage and p(O2) abruptly decreased. The cell voltage decreased from 740 

mV to 569 mV. p(O2) near the inlet under the flow channel and rib and near the outlet 

under flow channel and rib decreased from 18.3 to 16.4 kPa, from 15.6 to 13.4 kPa, from 

17.4 to 14.8 kPa, and from 11.0 to 7.1 kPa, respectively. Subsequently, p(O2) under the 

flow channels gradually increased and p(O2) under the ribs slowly decreased. The voltage 

and the p(O2) did not oscillate. The cell voltage became about 0.59 V at 0.6 A cm-2. In 

comparison to the GDL 28BA, the overvoltage became smaller by 0.02 V. The oscillation 

of p(O2) was not observed under any condition. 
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Fig. 3-12 Cell voltage and p(O2) at different measurement points using 28BA (a) and 

28BC (b). Cell voltages are shown by black circles. Optical probe was located at 10 

μm from catalyst layer. Current density was changed from 0.2 to 0.6 A cm-2 (UO2 was 

6.6 to 19.9%, respectively) at 2 s in graphs. T = 60 oC and RH =60%. Hydrogen/air 

= 400/200 mL min-1. p(O2) at inlet, center and outlet of channels are shown in blue, 

green and red lines, respectively. p(O2) under flow channels and ribs are shown by 

squares and triangles. 
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3.4.4  Increase in p(O2) near outlet under the rib 

Interestingly, under the rib, p(O2) was higher near the outlet (triangle, red line) than those 

near the inlet (triangle, blue line) and at the middle (triangle, red line) as shown in Figs. 

3-11(a) and 3-12(a), whereas p(O2) under the flow channels gradually decreased along 

the flow channel by the oxygen consumption. p(O2) under the rib was naturally lower 

than that under the flow channel, because the oxygen diffusion from the flow channel 

beneath the rib was lowered by the existence of the rib itself.  

It should be noted that the amount of oxygen is generally determined by the oxygen 

supply from the flow channel and the consumption at the CL. The UO2 was only 19.9 % 

even at 0.6 A cm-2, and p(O2) in the flow channel accordingly decreased from the inlet to 

the outlet under this operating condition. Under the rib, p(O2) decreased from the inlet to 

the middle and increased near the outlet along the channel length (Figs. 3-11(a) and 3-

12(a)). This might be indicating that the oxygen consumption at the CL near the outlet 

was very small, probably because of the accumulation of liquid water in the CL. The 

model is illustrated in Fig. 3-13. For understanding the oscillation phenomena, the 

existence of liquid water must be taken into account. 
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Figure 3-13 Schematic illustration of accumulation of water under rib near outlet. 
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3.4.5  Mechanism of synchronized oscillation of cell voltage and p(O2)  

  As shown in Fig. 3-12(a), the cell voltage was oscillated clearly and distinctly in a cell 

with 28BA, and p(O2) synchronized with voltage under the flow channel and under the 

rib. However, the differential pressure was lower than the detection limit, which means 

that the excess water did not exist in the flow channels. Therefore, the amplitudes of the 

oscillations of both voltage and p(O2) became larger at 0.6 A cm-2 than at 0.2 A cm-2. The 

amplitude of the p(O2) oscillation became larger from the inlet to the outlet. As discussed 

in the previous section, the accumulation of water in the CL could be the key to understand 

those oscillations. The mechanism of the oscillation of the cell voltage and p(O2) in a 

PEMFC with a GDL without an MPL is depicted in Fig. 3-14(a). The cell was operated 

at a constant current density. The generated water increased and accumulated in the CL 

especially near the outlet, and the air permeation was lowered. In order to keep a constant 

current density, the overvoltage became larger and the heat was generated at the CL. 

Subsequently, the liquid water in the CL was removed as water vapor from the CL to the 

GDL. The temperature at the CL was then lowered by the heat of evaporation. By 

repeating this cycle, the voltage oscillated. When liquid water turned into vaper, p(O2) in 

the GDL decreased. p(O2) inside PEMFC is determined by the total pressure, p(N2), and 

p(H2O). Therefore, when p(H2O) oscillates, p(O2) accompanies. In my model, the 

temperature of the CL should oscillate during voltage oscillation, which should be 

examined separately. 

To explain a dynamical system, the van der Pol equation (eq. 3-1) is commonly used. 

𝑑2𝑥

𝑑𝑡2 −  𝜇 (1 − 𝑥2) 
𝑑𝑥

𝑑𝑡
+ 𝑥 = 0                (eq. 3-1) 

where x is the state variable (a function of the time t) and μ is a scalar parameter indicating 

the nonlinearity and the strength of the damping. There are three cases depending on the 
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sign of µ. 

(1) µ > 0  Limit cycle 

(2) µ = 0  Single oscillation (harmonic oscillation) 

(3) µ < 0  Damped vibration 

In the oscillation phenomena of this thesis, µ > 0 because voltage oscillation took the 

limit cycle state. The limit cycle must have a zero-energy balance. In this case, the voltage 

might oscillate by the balance of amount of accumulation water and generated heat in the 

CL. Liquid water accumulates in the catalyst layer and the effective catalyst area for the 

power generation decreases, as a result the voltage decreases. In other words, the current 

density distribution in the MEA might oscillate. When the voltage starts to increase, the 

amount of heat generated increases as the current density increases, then the accumulated 

liquid water in the CL evaporates. The influence of oxygen at the CL on the cell voltage 

was recently reported by using operando coherent anti-stokes Raman scattering 

spectroscopy during power generation [21]. 

A schematic model of the water evacuation from the CL using a GDL with an MPL is 

shown in Fig. 3-14(b). Liquid water was easily removed from the CL by the capillary 

phenomenon of the MPL, so the voltage oscillation was not observed. The overvoltage 

was also kept low compared to that with the GDL without an MPL. 
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Fig. 3-14 Schematic illustrations of oscillation mechanism inside the PEMFCs using 

28BA (a) and 28BC (b). 
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3.4.6  Oscillations under different conditions 

When water accumulates too much in the cathode CL, the oxygen reduction reaction 

(ORR) is inhibited, and the ORR proceeds where water does not accumulate. The period 

and amplitude of the voltage oscillation depended on the balance between the amount of 

generated water and heat by the power generation. Figures 3-9(a1) and (a2) show the 

dependency of the period and amplitude of the oscillating voltage on the air flow rate. 

Both the period and the amplitude decreased with increasing the air flow rate. This can 

be explained by an easier removal of the accumulated water at a high air flow rate; at a 

constant current density, the amount of generated water was constant, so the region of the 

accumulation and the amount of water in the CL changed. At high flow rates, the region 

of accumulated water might be limited only near the gas outlet. In contrast, under low 

flows, the amount of accumulated water became larger and the accumulation region was 

expected to expand near to the center of the MEA. Especially under the ribs, water 

accumulation was more likely to occur, because the gas diffusion was limited by the 

existence of ribs. In this way, the period of the voltage oscillation at high flow rates was 

shortened, because the accumulated region was smaller than that at low flow rates. In 

addition, the amplitude of the voltage oscillation at high flow rates decreased due to the 

smaller concentration overvoltage because of the decrease in the accumulation of water.  

As seen in Figs. 3-9(b1) and (b2), the period and amplitude depended on the current 

density. As explained in Fig. 3-9(a2), the concentration overvoltage increased probably 

due to the increase in generated water in the CL. Therefore, the generated heat also 

increased with the increase in overvoltage with the current density increase. The 

accumulated water was rapidly removed by the generated heat, thus the period was 

shortened. The voltage oscillation amplitude increased with current density. As explained 
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with Figs. 3-9(a2), the ORR should be inhibited more as the water accumulation regions 

increased by the generated water in the CL at high current densities, where the 

concentration overvoltage increased and the amplitude of cell voltage oscillation became 

larger. In these ways, the cathode air flow rate and current density were understood to 

influence the period and amplitude of the voltage oscillation.  

 

3.5  Conclusions 

A new oscillation phenomenon was found, when a PEMFC with 10 straight channels 

was operated at 60 oC and 60% RH using a GDL without an MPL. The cell voltage 

oscillated periodically under a constant-current operation; the period and amplitude were 

approximately 2 s and 20 mV, respectively. The pressure difference between the inlet and 

the outlet of the cathode was not observed during the voltage oscillation. Therefore, the 

influence of liquid water was not the origin of the oscillation [4,10,14]. The period and 

amplitude of the voltage oscillation were investigated by changing the cathode air flow 

rate and the current density. The period and amplitude decreased as the air flow increased. 

The period became a volcano shape when the current density increased. The amplitude 

monotonously decreased with increasing current density. 

In order to study this voltage oscillation, an operando system was developed for 

detecting p(O2) using optical probes. p(O2) during the oscillation synchronized with the 

cell voltage. The amplitude of the oscillation of p(O2) was the largest under the rib and 

near the outlet. During the oscillation, the generated water was proposed to increase and 

accumulate in the CL of the cathode, accordingly inhibiting the transport and reduction 

reaction of oxygen. The cell voltage was lowered with a larger overvoltage, resulting in 

the heat in the CL, by which the liquid water having accumulated in the CL was removed 
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as water vapor to the GDL. The oscillation phenomena is likely to be more pronounced 

in the future operation of PEMFCs at high current densities. The mechanisms proposed 

in this paper could be applied to the water management in the CL and the GDL, as well 

as for optimizing the PEMFC operation.  
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Chapter 4 

 Neutron imaging of water distributions inside running PEMFCs with 

Pt/CB and Pt/Nb-SnO2 as cathode catalysts 

4.1  Introduction 

As describe in General Introduction, improving the catalyst durability of is still 

mandatory to reduce the cost of fuel cell stacks. Platinum-based catalysts supported on 

carbon undergo degradation under operating conditions of low pH, high humidity, and 

high potential [1,2]. One of the degradation reactions is corrosion of the carbon support 

by oxidation [3,4] resulting from the thermodynamic instability [5–7]. The corrosion also 

accelerates the aggregation of Pt metal particles on the carbon support and/or the actual 

loss from the support [8]. In order to avoid the carbon corrosion, Pt catalyst formed on 

Nb-doped SnO2 support (Pt/Nb-SnO2) was synthesized [9–11]. However, as shown in Fig. 

4-1, the I-V performance corrected for IR loss with the Pt/Nb-SnO2 at the cathode was 

not as high as that with platinum catalyst supported on carbon black (Pt/CB). The activity 

of both catalysts was comparable [12]. Therefore, the difference in the I-V performance 

could be due to the mass transport. Figure 4-2 shows the absorption of water vapor on 

SnO2 and CB. From the data, it was understood that the surface of SnO2 was more 

hydrophilic than that of CB. In this chapter, the liquid water distributions inside the MEA 

imaged using neutron beams are analyzed to elucidate the mechanism arising the 

difference in the I-V performance of the cells with Pt/CB and Pt/Nb-SnO2 at the cathode. 

Compared to X-ray, neutron has a higher penetration ability. The cross section of H atoms 

is also high, which makes neutron a suitable source to be used for visualizing water inside 

PEMFC. 
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Fig. 4-1 IV performances with Pt/CB and Pt/Nb-SnO2 catalysts at cathode. Cell 

temperature = 80
o
C, relative humidity = 80%, hydrogen/oxygen flow rates = 

100/200 L min
-1

. 

Fig. 4-2 Water vapor adsorption in CB and SnO2 powders. Temperature = 25
o
C. 
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4.2  Experimental 

4.2.1  Transmission electron microscopy (TEM) and scanning ion microscopy 

(SIM) 

Pt/CB and Pt/Nb-SnO2 catalysts covered with Nafion were observed using a 

transmission electron microscope (TEM, HT7700, Hitachi High Technologies Co.) 

operated at 80 kV. The scanning ion microscopy (SIM) images of the CLs were obtained 

using a FB2200 (Hitachi High Technologies Co.) operated at 40 kV using Ga ions. The 

CLs were cut out by focused ion beam. The extreme surfaces of CLs were coated by 

carbon and tungsten to suppress the corrosion of CL surfaces during the cross-section 

processing. 

 

4.2.2  Fuel cell assembly, activation, and cyclic voltammetry 

For neutron transmission, the end-plate and current collectors were made of aluminum 

alloy (A7075). The current collectors were plated with gold with the thickness of 10 m. 

The width and height of a single-serpentine flow channel were both 1.0 mm formed by 

carving the current collector. The width of ribs was 1.0 mm. A Kapton® film, 200 m in 

thickness, isolated the end-plate and the current collector. The catalyst-coated membrane 

consisted of a Nafion membrane (NRE 212, 50 µm thickness, DuPont, U.S.A.) 

sandwiched by layers of Pt catalysts mixed with a 5wt% Nafion solution (ion exchange 

capacity = 0.9 meq g-1 D-521, DuPont, U.S.A.). For the cathode catalysts, commercial 

Pt/CB (46.3 wt%-Pt, TEC10E50E, Tanaka Kikinzoku Kogyo K.K., Japan) and Pt/Nb-

SnO2 synthesized by the colloid method in our laboratory [9-12] were used. For the anode 

catalysts, Pt/CB was used. The volume ratios of Nafion ionomer (dry basis) to the support 

(I/S) were adjusted to 0.7 and 0.24 for Pt/CB and Pt/Nb-SnO2, respectively. As the GDL 
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with an MPL, 29BC of SIGRACET (SGL Carbon Group Co., Ltd., Germany) was used. 

The active area of the catalyst layer was 20 × 20 mm2. The compression pressure of the 

MEA was 10 kgf cm-2. A ceramic heater (WALN-14, SAKAGUCHI E.H VOC Corp., 

Japan) was used to control the PEMFC temperature. 

During the I-V performance tests before neutron imaging at the beamline, the cell 

temperature and RH were set at 80 oC and 80%, respectively, with oxygen and hydrogen 

gas flow rates at 200 and 400 mL min-1, respectively, using a fuel cell evaluation system 

(As-540-340PE, nF Corporation, Japan). Before measuring CVs at the cathode, both 

hydrogen and nitrogen gases were supplied at 200 mL min-1 at the anode and cathode, 

respectively; only the nitrogen gas was stopped during the CV measurements between 

0.075 and 1.000 V (vs. the hydrogen electrode) with a scan rate of 20 mV s-1. 

 

4.2.3  Calibration curve for water  

For quantifying water inside PEMFC, a calibration curve was obtained by using quartz 

cells (Stana scientific Ltd., U.K.) with different optical pass lengths of 0.5, 0.1 and 0.01 

mm, located beside the PEMFC. At BL22 of MLF, J-PARC, Japan, the neutron beam was 

supplied as 25-Hz pulses and captured by a CCD camera. 8000 pulses of neutron beam 

were integrated for a neutron transmission image, or the exposure time was 320 s/image. 

The neutron transmission images of the quartz cells with/without water inside were 

obtained, where the images without water were used to subtract the background. Details 

of the image processing are described in Section 4.2.5.  

 

4.2.4  Water imaging during power generation 

Neutron beam power was 600 kW. The wavelength of 5-13.5 Å was used for imaging. 
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The imaging area was 5×5 cm2 (2048×2048 pixels). Therefore, 1 pixel corresponded to 

24 µm. The overall special resolution was 100 µm [13]. 

During the imaging, the cell temperature and RH were set at 80 oC and 80%, respectively. 

The gases were supplied as in Table 1. The current density was set at 0.1, 0.5, and 1.0 A 

cm-2 by an electric road (PLZ164WA, Keisoku Giken, Japan). The gas flow rate was 

controlled by a fuel cell evaluation system (HPE-1000, FC development Co, Ltd., Japan). 

Unused hydrogen was exhausted from the beamline hatch after diluted by nitrogen below 

the explosion limit. A digital ac milliohmmeter at a constant frequency of 10 Hz (Model 

365E, Tsuruga Electric. Co., Japan) was used to obtain the cell resistance with Pt/Nb-

SnO2. For a cell with Pt/CB, a digital ac milliohmmeter with a constant frequency of 1 

kHz (Model 356, Tsuruga Electric. Co., Japan) was used [11].  

 

 

 

4.2.5  Image analysis 

ImageJ software was used for the image analysis. The dark current at each pixel of a 

CCD camera was subtracted. The image was subsequently normalized by the intensity of 

the proton beam generating the neutron beam and further by the average intensity of the 

areas of the cell where no MEA existed. From the neutron transmittance images measured 

Current density / A cm
-2

 H
2
 flow rate / mL min

-1
, utilization O

2
 flow rate / mL min

-1
, utilization 

0.1 30, 9.6% 60, 2.4% 

0.5 30, 48% 60, 12% 

1.0 40, 70% 166, 40% 

Table 1 Gas flow conditions and utilizations. 
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for 6 hours, the standard deviation was calculated at pixels to be 0.35%.  

 

4.3  Results and discussion 

4.3.1  Cyclic voltammograms, TEM images, and SIM images 

Figure 4-3 shows the cyclic voltammograms of Pt/CB and Pt/Nb-SnO2 in PEMFCs. The 

electrochemical active surface areas (ECAs) of Pt/CB and Pt/Nb-SnO2 calculated from 

the hydrogen desorption peak (0.4 - 0.075 V) were 62.5 and 45.8 m2 gPt
-1, respectively. 

The average Pt diameter of TEC10E50E was 2.1 nm obtained by TEM images [14], 

whereas that of synthesized Pt/Nb-SnO2 was 3.2 nm. The calculated surface areas of 

Pt/CB and Pt/Nb-SnO2 from TEM images were 133 and 88 m2 gPt
-1, respectively, both 

larger than the ECAs. The ratios of the surfaces electrochemically active were calculated 

as 47 and 52 % for Pt/CB and Pt/Nb-SnO2, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.4-3 Cyclic voltamograms of Pt/CB and Pt/Nb-SnO2 in PEMFCs at 80oC 80%RH. 
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Figures 4-4(a), (b) and (c), (d) show high resolution TEM images of Pt/CB and Pt/Nb-

SnO2 covered with Nafion ionomers, respectively. The red solid lines show the 

ionomer/catalyst boundaries, whereas the yellow dashed lines the Nafion binder surfaces 

surrounding catalysts. From these data, the Nafion ionomers covered approximately half 

the surfaces of Pt/CB and Pt/Nb-SnO2. In the case of Pt/CB, the binder inhomogeneously 

covered the catalyst (Fig. 4-4(b)), whereas it covered the Pt/Nb-SnO2 surface more 

uniformly (Fig.4-4(d)) as previously reported [15]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-4 TEM images of Pt/CB (a), (b) and Pt/Nb-SnO2 (c), (d) with Nafion binders. 
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The SIM images of the Pt/CB and Pt/Nb-SnO2 catalyst layers are shown in Fig. 4-5. The 

average thicknesses of the Pt/CB and Pt/Nb-SnO2 CLs were 6.2 and 4.4 μm, respectively. 

Therefore, the pore volume of the Pt/Nb-SnO2 CL should be smaller than that of Pt/CB 

[12]. If the same thickness of water is generated at the same current density, the Nb-SnO2 

support should attract a larger amount of water. 

 

 

 

 

 

 

 

 

 

 

4.3.2  Neutron imaging during power generation 

Figure 4-6 shows the calibration curve obtained by the procedure described in Section 

4.2.3. Figures 4-7(a), (b), and (c) are neutron images with Pt/CB at 0.1, 0.5, and 1.0 A cm-

2, respectively. The flow channels are indicated by white dashed lines. The thickness of 

water is represented by color (the color bar on the right). Water at 0.1 A cm-2 was observed 

to be uniformly distributed throughout the cell with the thickness of 16-18 µm (Fig. 4-

7(a)). The water thickness contained inside a Nafion NRE212 membrane at 80 oC and 

80% RH was separately calculated as 12 µm by measuring the mass [16], therefore, the 

water thickness of 16-20 µm at 0.1 A cm-2 was reasonable. At 0.5 A cm-2 (Fig. 4-7(b)), the 

Fig. 4-5 SIM images of cathode CLs of Pt/CB (a) and Pt/Nb-SnO2 (b). 
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water content increased specifically near the outlet under the ribs with the thickness of 50 

m. Water droplets were generated, as indicated by yellow rectangles in Fig. 4-7(b). Some 

droplets were seen accumulated on the left side and the bottom edge out of the MEA 

because of a slight gap between the MEA and the gasket; the sizes of the gasket window 

and the MEA were 20.5×20.5 mm2 and 20.0×20.0 mm2, respectively. In addition, water 

droplets were seen on the rib walls near the outlet of the flow channel. The generated 

water droplets may have adhered to the flow channel wall [17]. In the flow channel, water 

droplets increased in size and number even up to the center of the MEA. At the outlet, the 

region with the water thickness ≧200 µm appeared, but the flow channel was not 

blocked. 

 

 

 

 

 

 

 

 

 

 

Figures 4-7(d), (e), and (f) show transmission images with Pt/Nb-SnO2 at 0.1, 0.5, and 

1.0 A cm-2, respectively. At 0.1 A cm-2, water was uniformly distributed throughout the 

MEA as with Pt/CB (Fig. 4-7(a)) with the thickness of 18-20 µm. At 0.5 A cm-2, the water 

droplets were generated on the rib walls near the outlet. At 0.5 and 1.0 A cm-2, the numbers 

Fig. 4-6 Calibration curve of water inside PEMFC. 
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Fig. 4-7 Neutron transmittance images of 4.0 cm-2 MEA with Pt/CB during power 

generation at 0.1 (a), 0.5 (b), and 1.0 A cm-2 (c), and with Pt/Nb-SnO2 at 0.1 (d), 0.5 (e), 

and 1.0 A cm-2 (f). The water thickness is shown by the color bar. 

of water droplets were larger than those with Pt/CB. At 1.0 cm-2 , the areas in red (≧200 

µm) were relatively smaller than those with Pt/CB. When the current density was 

increased to 1.0 A cm-2, the differences of water distributions were not obvious between 

the cells with two different supports because of a large amount of liquid water existing in 

the flow channel, which practically is determined by the current density and the cell 

design. 

 

 

 

 

 

 

 

 

 

 

 

In contrast, at 0.5 A cm-2, the amount of liquid water observed with Pt/Nb-SnO2 (Fig. 4-

7(e)) was clearly larger than that with Pt/CB (Fig. 4-7(b)), even though the current density 

was the same. To observe the water droplets more carefully, neutron transmittance images 

with Pt/CB and Pt/Nb-SnO2 near the outlet at 0.5 A cm-2 were enlarged as shown in Figs. 

4-8(a) and (b). Water droplets were generally seen on the rib walls, and smaller ones were 

attached to the intersections of the rib and the flow channel. The number of water droplets 

and the total water volume are shown in Fig. 4-8(c) and (d), respectively. The numbers of 
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Fig. 4-8 Enlarged neutron images near the outlet using Pt/CB (a) and Pt/Nb-SnO2 (b) at 

0.5 A cm
-2

, 80
o
C, and 80% RH. Water thickness was indicated by the color bar. Number 

of water droplets (c) and total water volume (d).  

water droplet with Pt/CB and Pt/Nb-SnO2 were 9 and 33, respectively. The total water 

volume of Pt/CB and Pt/Nb-SnO2 were 7.0 and 31.6 µL, respectively. These water 

droplets should have been formed under the ribs and the flow channel by the accumulation 

of liquid water generated at the CL. Therefore, the liquid water accumulations observed 

by the neutron imaging (Figs. 4-7(b) and (e)) are expected to be influenced by the water 

absorbed at CLs with different catalysts. 
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At 0.1 A cm-2, the water droplets were not observed in either cell. Instead, uniform water 

distributions with a thickness of 16-18 µm for Pt/CB and 18-20 µm for Pt/Nb-SnO2. 

Although the thickness was calculated to be slightly larger for Pt/Nb-SnO2, the difference 

was not significant.  

Line profiles along the centers of the flow channels from the inlet (0 mm) to the outlet 

(211 mm) with Pt/CB and Pt/Nb-SnO2 are shown in Figs. 4-9(a) and (b), respectively. 

Trendlines of line plots derived from Figs. 4-9(a) and (b) are shown in Figs. 4-9(c) and 

(d), respectively. As shown in Fig. 4-9(c), the water thickness with Pt/CB was 16 µm at 

both 0.1 and 0.5 A cm-2 near the inlet. At 0.1 A cm-2, the water thickness gradually 

increased to 19 µm near the outlet. At 0.5 A cm-2, water thickness gradually increased to 

30 µm at the outlet along the flow channel length. With Pt/Nb-SnO2, the water thickness 

was 18 µm at both 0.1 and 0.5 A cm-2 near the inlet (Fig. 4-9(d)). At 0.1 A cm-2, the water 

thickness gradually increased to 20 µm near the outlet. At 0.5 A cm-2, water thickness 

increased to 42 µm along the flow channel length, much larger than that with Pt/CB. 
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The ribs were numbered 1-9 from the inlet as shown in Fig. 4-10. Figures 4-11(a) and 

(b) show the average water thickness under the ribs with Pt/CB and Pt/Nb-SnO2, 

respectively. At 0.1 A cm-2, the average water thickness under the ribs was uniform around 

18-20 µm with Pt/CB and Pt/Nb-SnO2. At 0.5 A cm-2, the average water thickness 

gradually increased along the channel length up to 51 and 68 µm with Pt/CB and Pt/Nb-

SnO2, respectively. In the case of Pt/Nb-SnO2, water rapidly accumulated under the rib 

from rib 3 (Fig. 4-11(b)).   

 

 

 

Fig. 4-9 Water thickness along the flow channel lengths with Pt/CB (a) and Pt/Nb-

SnO
2
 (b). Trendlines of line plots derived from Figs. 4-9(a) and (b) are shown in (c) 

and (d), respectively.  
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Fig. 4-10 Rib numbers. 

Fig. 4-11 Average water amount under the ribs of (a) Pt/CB and (b) Pt/Nb-SnO2 

cathode catalyst PEMFC.  
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As seen by the neutron imaging, water accumulated more with Pt/Nb-SnO2 than with 

Pt/CB at 0.5 A cm-2 both under the flow channels and the ribs. The accumulated liquid 

water should have gathered to form droplets on the border between the flow channel and 

the rib. As shown by the CVs (Fig. 4-3) and the TEM images (Fig. 4-4), the catalyst 

surfaces were not completely covered with Nafion. Therefore, the larger hydrophilicity 

of the surface of Pt/Nb-SnO2 (Fig. 4-2) should much contribute to the water in the catalyst 

layer. The smaller pore volume of the Pt/Nb-SnO2 CL (Fig. 4-5) had an additional 

contribution to the larger water accumulation. The oxygen transport should be inhibited 

by the water accumulation in the CL, which lowered the I-V performance with Pt/Nb-

SnO2 (Fig. 4-1). 

 

4.4  Conclusion 

 In this chapter, the water distributions inside the MEA using different support materials 

were imaged by the neutron beams at 0.1 A cm-2, the water thicknesses under the ribs and 

flow channels in MEAs using both Pt/CB and Pt/Nb-SnO2 were homogeneous. As 

increasing current density, liquid water more accumulated inside cells. More water 

droplets were observed on the flow channel walls with Pt/Nb-SnO2. The accumulation of 

water in the CL of Pt/Nb-SnO2 was explained by the exposure of the support surface, the 

hydrophilicity of the Nb-SnO2 surface, and the smaller pore volume of the CL. The excess 

water in the CL should be the reason for the water accumulation in the flow channel. 

The different water management must be employed for the cell with Pt/Nb-SnO2 as the 

cathode catalyst. 
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Chapter 5 

General Conclusions  

5.1  Summary of the thesis 

In Chapter 1, the current situations/problems of energy and their solutions are first 

explained. Conventional power generation methods emit CO2, a greenhouse gas. The 

promotion of renewable energies, such as hydropower, wind power, solar power, and 

geothermal power, have been accelerated. The storage system of energy in the society is 

also needed. The rechargeable battery is widely used, but for large scale and long-term 

storage of electricity, battery is not suitable. To compensate the use of batteries, hydrogen 

has been attracting attention as a fuel in decades. 

In Chapter 2, the I-V performances under the low Φ(O2) of 3, 5, and 10% in air 

simulating oxygen starvation were reported to abruptly decrease at 0.6 V. The decreases 

of p(O2) along the flow channel length at lower UO2 were similar at Φ(O2) = 10, 5 and 3% 

but started to differ at UO2 > 91%. The low Φ(O2) and high UO2 lead to a significant 

decrease of p(O2) near the outlet. During power generation, the p(O2) distribution on the 

GDL surface at the cathode was directly visualized with a nondestructive real-time/space 

visualization system. At very low Φ(O2) and very high UO2, there was no oxygen present 

on the GDL surface near the gas outlet possibly because of a generation of hydrogen at 

the cathode due to the local low voltage. Direct oxygen consumption by the hydrogen 

evolution reaction at the cathode was proposed. The existence of both hydrogen and 

oxygen at the same electrode surface could lead to the degradation of catalyst and support, 

and in the worst-case scenario to explosion. The results reported in Chapter 2 should be 

important for the stable and safe operation, as well as for the durability.  

In Chapter 3, new oscillation phenomena were reported, where the cell voltage oscillated 
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periodically under a constant-current operation. The differential pressure between the 

cathode inlet and outlet was 0 kPa during the oscillation, very different from the cell 

voltage fluctuation previously reported to be synchronized with the plugging of flow 

channels. The amplitude and period of this oscillation were approximately 20 mV and 2 

s, respectively, shorter than those previously reported. The period and amplitude 

decreased as the air flow increased. The period became a volcano shape when the current 

density increased, whereas the amplitude monotonously decreased. An operando system 

was developed for detecting p(O2) using multiple optical probes. p(O2) during the 

oscillation synchronized with the cell voltage. In particular, the amplitude of the 

oscillation of p(O2) was the largest under the rib near the outlet. During the oscillation, 

the generated water was proposed to increase and accumulate in the CL, accordingly 

inhibiting the transport and reduction reaction of oxygen. This oscillation could be more 

pronounced at higher current density. The oscillation phenomena are likely to be more 

pronounced in the future operation of PEMFCs at high current densities. The mechanisms 

proposed in this paper could be applied to the water management in the CL and the GDL, 

as well as for optimizing the PEMFC operation. 

As describe in Chapter 1, improving the durability of catalyst is still mandatory to reduce 

cost of PEMFC stacks. Platinum-based catalysts supported on carbon generally used 

undergo degradation under the operating condition of low pH, high humidity, and high 

potential. One of the degradation reactions is corrosion of the carbon support by oxidation 

resulting from the thermodynamic instability, which becomes an impediment to long-term 

durability. The corrosion also accelerates the aggregation of Pt particles on carbon support 

and/or actual loss from the support, thereby decreasing the effective Pt content. For 

preventing the corrosion of support, Pt/Nb-SnO2 was synthesized. In Chapter 4, the I-V 
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performance of a cell with Pt/Nb-SnO2 at the cathode was reported to be lower than that 

with Pt/CB. The water distributions inside PEMFCs with Pt/CB and Pt/Nb-SnO2 were 

visualized by neutron beam. With Pt/Nb-SnO2, the amount of liquid water accumulated 

inside the PEMFC was found larger than with Pt/CB, explained by the hydrophilicity of 

the surface of Nb-SnO2. Therefore, water must be managed with new operating conditions, 

such as cell temperature, pressure, and relative humidity, optimized for Pt/Nb-SnO2. The 

cell configuration must be optimized, too, for the catalysts using new supports. 

By analyzing mass transport, the mechanisms of phenomena inside PEMFC were 

understood. Following are the proposals: 

On oxygen starvation  

Forced shutdown at low-potential regions by dividing the current collector plates.  

To prevent hydrogen evolution at the low potential region of the cathode, the current 

collector plate should be subdivided, and the current circuit at the low potential region be 

closed, which will stop the proto-electron transport. 

On voltage oscillation  

Development and optimization of materials for the GDLs and MPLs.  

Under the high current-density operations, liquid water accumulates in the CL and the 

oscillation described in this thesis is likely to occur. Toward the higher current-density 

operation, the importance of the GDLs for efficiently removing water from the CL was 

demonstrated. 

On water management with ceramics supports. 

Improvement of the structure of CLs and binders. 

Liquid water generation in the CL was affected by the characteristics of the support. In 

order to solve this problem, he structure of the catalyst layer, such as binder coverage and 
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porosity by using spray methods and ink adjustment techniques are necessary to optimize 

the water management. 

The operando analytical method played an important role in elucidating the various 

mechanisms inside the PEMFCs. It is an important factor to accelerate the development 

of PEMFCs in the future. 

 

5.2  Feasibility & Social significance 

For wider use of PEMFC, reducing the stack cost and improving the system durability 

are still important. The multiple components of PEMFC factors are shown in Fig. 5-1 [5]. 

The ultimate targeted cost and durability of a PEMFC system are $30 / kW and 8000 h, 

respectively. However, system durability is still ca. 4,000 h in 2019. In Fig. 5-2, the 

PEMFC stack cost breakdown is shown [5]. Reducing the cost of catalyst and application, 

53% in the stack cost breakdown, is effective for reducing the PEMFC price. In Fig. 5-3, 

the degradation rates of the PEMFC fuel cell performance caused by different operation 

conditions are summarized. The catalyst degradations caused by the load changing and 

start-stop are 57 and 33%, respectively.  

To improve the power generation performance and durability of fuel cells, unclear 

abnormal phenomena mechanisms during power generation must be elucidated and 

eliminated. For the analyses, I have developed operando systems designed to analyze 

those phenomena. Suitable PEMFCs were newly prepared, but in the manner of 

maintaining the performance of power generation by keeping adequate sizes and 

structures of the cells. Three phenomena during the power generation were studied as 

described in Chapter 1. 
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Fig. 5-2 PEMFC stack cost breakdown for manufacturing volume at 100000 

system/year reported by DOE Hydrogen and Fuel Cells Program Record [5]. 

Fig. 5-1 Multiple components to meet targets by DOE Hydrogen and Fuel Cells 

Program Record [5]. 
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As describe in Chapters 2 and 3, an oxygen starvation and oscillation phenomena lead 

to these degradations. Generally, the oxygen starvation can be easily recovered by 

supplying enough air to the cathode, when an overall oxygen starvation is observed. In 

Chapter 2, the local oxygen starvation is also explained caused by the accumulation of 

excess water. In this case, the oxygen starvation is difficult to be recovered simply by 

increasing the air flow, because water accumulates where the feed gas flux is low. To 

solve this local oxygen starvation, a partially forced closed electric circuit or the use of 

highly tolerant catalysts are used. As described in Chapter 3, the amplitude of a voltage 

oscillation became larger as increasing the current density. At a high current density, the 

cell voltage during the oscillation was similar to that during the load change. The cause 

Fig. 5-3 Degradation rates of PEMFC fuel cell performance caused by different 

operation conditions [6, 7] 
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of the oscillation was explained as the accumulation of water inside the CL. Therefore, 

the oscillation should be avoided by improving the water removal from the CL by 

changing the operating condition or components such as high gas flow flux, optimizing 

the flow channel structure. 

In Chapter 4, the water distributions inside MEAs with Pt/Nb-SnO2 and Pt/CB at the 

cathode were imaged during power generation by neutron beam to elucidate the low I-V 

performance with Pt/Nb-SnO2 at the cathode. As shown in Fig. 5-3, the start-stop 

processes occupy 33% of the total degradation. From the durability of I-V performance 

by the start-stop processes [8], the degradation by start-stop cycle might be decreased to 

ca. 4.4%. 

 

My research strategy consisted of four steps: 1. phenomenological study, 2. development 

of analytical system, 3. operando measurements, 4. modeling. This strategy was proved 

to be successful and useful. For wider use of PEMFCs, the developments of new materials 

and new cells are very important. The operando analyses during operation, three 

examples of which have been demonstrated in the thesis, are important, too, and are 

expected to be more crucial in the future. I believe that my analytical strategy is useful 

not only for academic researches but also to the industrial applications. 
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