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Polymer electorolyte fuel cells (PEFCs) are being investigated as applications 

of hydrogen, one of the candidates to replace fossil fuels due to near zero emissions 

However, since the price merit and the performance are still far from the internal 

combustion engine due to expensive components, much researcher are still 

required for commercialization. These components are mainly membrane, 

electrode, gas diffusion layer, and flow field. Therefore, the main theme of this 

thesis is to analyze the improved performance and durability by structurally 

changing the components of the fuel cell. 

Chapter 1 briefly introduces the polymer electrolyte membrane fuel cell. Then the 

features, roles, and challenges of fuel cell components are addressed. 

In chapter 2, a metal foam was characterized and applied as a flow field in a 

PEFC unit cell. In addition, the electrochemical performance of the metal foam was 
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compared with that of the commonly used serpentine flow field. At a relative 

humidity (RH) of 100%, no significant difference in performance was observed 

between the metal foam and serpentine flow field. However, the performance of a 

single cell with the metal foam was superior to that of the common flow field under 

an RH of 20% under pressurized conditions. Furthermore, the factors affecting fuel 

cell performance by application of the flow field were discussed. 

In chapter 3, we have achieved performance enhancement of PEFC though crack 

generation on its electrodes. It is the first attempt to enhance the performance of 

PEFC by using cracks which are generally considered as defects. The pre-defined, 

cracked electrode was generated by stretching a catalyst-coated Nafion membrane. 

With the strain-stress property of the membrane that is unique in the aspect of 

plastic deformation, membrane electrolyte assembly (MEA) was successfully 

incorporated into the fuel cell. Cracked electrodes with the variation of strain were 

investigated and electrochemically evaluated. Remarkably, mechanical stretching 

of catalyst-coated Nafion membrane led to a decrease in membrane resistance and 

an improvement in mass transport, which resulted in enhanced device performance. 

In chapter 4, Guided cracks were successfully generated in an electrode using the 

concentrated surface stress of a prism-patterned Nafion membrane. An electrode 

with guided cracks was formed by stretching the catalyst-coated Nafion membrane. 

The morphological features of the stretched membrane electrode assembly (MEA) 

were investigated with respect to variation in the prism pattern dimension (prism 

pitches of 20 μm and 50 μm) and applied strain (S ≈ 0.5 and 1.0). The behaviour of 

water on the surface of the cracked electrode was examined using environmental 

scanning electron microscopy. Guided cracks in the electrode layer were shown to 

be efficient water reservoirs and liquid water passages. The MEAs with and 

without guided cracks were incorporated into fuel cells, and electrochemical 

measurements were conducted. As expected, all MEAs with guided cracks 
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exhibited better performance than conventional MEAs, mainly because of the 

improved water transport.  

In chapter 5, to increase the durability of highly loaded platinum- and platinum-

nickel alloy catalysts possessing different types of carbon supports, a nitrogen-

doped carbon shell was introduced on the catalyst surface through dopamine 

coating. As the catalyst surfaces were altered following shell formation, the 

ionomer contents of the catalyst inks were adjusted to optimise the three-phase 

boundary formation. Single cell tests were then conducted on these inks by 

applying them in a membrane electrolyte assembly. Furthermore, to confirm the 

durability of the catalysts under accelerated conditions, the operation was 

continued for 200 h at 70 °C and at a relative humidity of 100%. Transmission 

electron microscopy and electrochemical analysis were conducted before and after 

the durability tests, and the observed phenomena were discussed for catalysts 

bearing different types of carbon supports. 

In appendix A, development of a single cell for X-ray absorption fine 

structure (XAFS) analysis is described. Also, we developed a new type of 

single cell system to enable XAFS analysis under real operating condition. 

In this system, the electrode can be analyzed at practical fuel cell operation 

conditions, and signals will be obtained in fluorescence mode and 

transmission mode. This study will play a major role in analyzing fuel cell 

c o m p o n e n t s  i n  a c t u a l  d r i v i n g  c o n d i t i o n s  i n  t h e  f u t u r e . 
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Chapter 1. Introduction 

 

 

1.1. General introduction to fuel cells 

Fuel cells (FCs) are energy devices that generate electricity when fuel is 

supplied.1,2 In an internal combustion engine, kinetic energy is converted into 

electric energy while burning the fuel at high temperature and high pressure, but 

the FC directly converts the fuel into electric energy.3 They are divided into several 

types depending on the type of electrolyte as shown in Figure 1.1.4 They include 

polymer electrolytes (PEs), alkaline electrolytes (AFs), phosphoric acid (PA), 

molten carbonate (MC), and solid oxides (SO).5 As for the operating temperature, 

the PE and AE fuel cells are classified as low temperature FCs, the PA fuel cells as 

intermediate temperature FC, and MC and SO as high temperature FCs. Among 

these, PEFC is applied to various applications such as automotive, transport power, 

distributed power, potable power, auxiliary power, etc. because of its low operating 

temperature and fast start-up.6,7 Therefore, many energy-related companies are 

trying to commercialize PEFC.  

 

Anode               2H2 → 4H+ + 4e-      E0 = 0.000 V 

Cathode     O2 + 4H+ + 4e- → 2H2O         E0 = 1.229 V 

Overall           O2 + 2H2 → 2H2O       Ecell = 1.299 V 

 

Where E0 is the standard electrode potential vs. normal hydrogen electrode (NHE). 

The oxidation of hydrogen occurs at the node and the reduction of oxygen occurs at 

the cathode. Since the hydrogen electrode is used as a reference, the voltage of the  
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Figure 1.1 Classification and reactions of Fuel Cells by Different Types of 

Electrolytes (Source, http://www.jobsinfuelcells.com/fctypes.htm)  
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cathode determines the total cell voltage.8 Because of the abundant oxygen in the 

air, fuel cells are energy devices that can generate power in virtually infinite ways 

if they have only hydrogen sources such as hydrogen gas, methanol ethanol formic 

acid and etc.9 Furthermore, since the product of the cathode is water, it can be said 

that there is no emision of the greenhouse gas such as carbon dioxide, NOx, SOx 

only by FC itself.10 However, since the product is H2O as mentioned earlier, when 

the operating temperature is higher than the boiling point of water, the transport of 

the reaction gas is inhibited and the performance of the fuel cell may be decreased. 

Therefore, it can not operate at high temperature, and therefore, it can be seen that 

it is inevitable to use precious metal such as platinum, palladium, gold and etc. 

As mentioned above, many companies are attempting to commercialize a variety of 

products using PEFC, but it is still being delayed due to the disadvantage of using 

expensive catalysts of precious metals.11 Therefore, many groups are studying to 

reduce the use of these precious metals as much as possible or to increase the 

efficiency of entire system of FCs.12  

The components of the PEFC are a hydrogen ion (proton) conductive polymer 

membrane (as an electrolyte), hydrogen oxidation catalysts (anode), an oxygen 

reduction catalyst (cathode), and a binder, a gas diffusion layer (GDL), bipolar 

plate containing flow field, as shown in Figure 1.2.13,14 

In PEFC, the membrane performs the following functions, i.g. (i) Transfer of 

proton generated by oxidation of hydrogen at anode to cathode; (ii) Disconnect the 

anode and the cathode, electrilcally; (iii) inhibition of gas crossover.15 A number of 

studies are underway in various groups, but Nafion®  produced by Du Pont is 

currently a commercially available polymer membrane. The structure of Nafion is 

shown in the Figure 1.3. It is similar in structure to Teflon but contains ether, CF2 

and sulfuric acid in the side chain.16,17 In order to compensate the mechanical 

strength of the thin membrane, a fine mesh type Teflon support was placed in the 

middle of the Nafion membrane to improve durability and is called supported 
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Figure 1.2 Genenral components of the PEFC 
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Figure 1.3 Sturucture of Nafion®  (1100 of Equivalent Weight). 
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membrane. 

In both cases of hydrogen oxidation and oxygen reduction, platinum and platinum 

alloy catalysts are known to be the most active catalysts to date.18 However, the 

oxygen reduction reaction (ORR) is more complicated and slower than the 

hydrogen oxidation reaction (HOR), so the research is mainly focused on the 

catalyst development for ORR.19-21Since metal was dispersed in porous carbon at 

nano size, these metal catalysts were able to greatly reduce the amount of use.22-24 

However, indeed, the high price of precious metals is still one of the factors that 

hinders commercialization of fuel cells. 

Furthermore, by impregnating the proton conductive material into the catalyst layer, 

the performance of the fuel cell further increased.25,26 When a polymer similar in 

structure to the membrane is dispersed in a solvent and mixed with a catalyst to 

prepare electrodes, the material covers the catalyst layer thinly as the solvent is 

dried. At this time, this material also serves to hold the catalyst layers so that they 

do not separate from each other, and is also called a binder. The use of binder 

allows proton transfer to the deep inside of the catalyst layer, which can greatly 

increase the performance of PEFC by increasing the utilization of the catalyst 

layer.27 

The bipolar plate is called the 'bipolar' plate because it electrically connects the 

anode to the cathode in the fuel cell stack. The plate is not only electrically 

connected, but also serves as a frame to support the fuel cell mechanically and as a 

flow field for the reactive gas.28 Therefore, it should have excellent electrical 

conductivity, mechanical strength, and corrosion resistance in an acidic 

environment because the operating conditions of the PEFC are strong acids due to 

the produced water (or water from humidified gas) and oxidized hydrogen 

(proton).29-32 Furthermore, since the fuels of PEFC are basically gas or liquid phase, 

the flow of the fluid is artificially induced by physically processing the bipolar 

plate (figure 1.4) so as to widen the reaction time and reaction area and to consume 
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Figure 1.4 Drawing of physically machined flow field in a bipolar plate. 
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the fuels from the electrode with high efficiency. 

 

1.2. Aim of this thesis 

In recent years, the activity of ORR catalysts has steadily increased through several 

synthetic methods, such as increasing the number of active sites of the catalysts or 

increasing the activity of the catalyst itself, supporting computer-based 

calculations.33 

Indeed, the mass activity of structurally controlled Pt or Pt-alloy catalysts increased 

by several orders of magnitude compared to polycrystalline Pt nanoparticles in 

liquid half-cell level.34 However, when this activity was measured at the single cell 

level after incorporation of the catalyst into the membrane electrode assembly 

(MEA), no significant improvement was observed as increased activity at the half 

cell level as shown in Figure 1.5.35 There are several arguments for this reason. 

Thus, in this study, rather than controlling the metal catalyst for ORR itself, one 

that improves performance and durability in a practical fuel cell level has been 

addressed. 

 

1.2.1 Structural modification of flow field 

In this study, fuel cell tests using a metal foam flow field were conducted under 

different RH and pressurized conditions to understand the advantages of porous 

structures when applied to a flow field. From the results obtained for the 

experiment under normal pressure and 100% RH, better performance for the 

conventional serpentine flow field was observed as compared with that observed 

with the metal foam in the cell. To investigate the effect of water, experiments were 

conducted under low-humidity conditions, but no improvement in performance was 

observed. Performance similar to that observed under atmospheric conditions was 

observed at 100% RH in the low-current-density region, with drastic performance 

reduction in the high-current-density region. However, the porous flow field  
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Figure 1.5 Comparison of mass activity of various platinum-based catalysts at 

liquid half cell and practical fuel cell level. Adapted from Ref [33] (Ifan Erfyl 

Lester Stephens, Jan Rossmeisl, and Ib Chorkendorff, Science 354, 1378-1379 

(2016)) 
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exhibits favorable effects under pressurized and low-humidity conditions and the 

results were discussed. 

 

1.2.2 Structural modification of MEA 

Recently, there have been several technical issues for the commercialization of 

PEFC including water management at the cathode in the membrane electrode 

assembly (MEA) and resistance reduction of the electrolyte membrane. In order to 

address these issues in a simple and effective way, we deliberately generated cracks 

on the electrode composed of carbon supported Pt particles (Pt/C) by stretching out 

a membrane electrode assembly (MEA) and used the stretched MEA in order to 

enhance mass transport in the electrode and to reduce ohmic resistance 

simultaneously. Recent studies have also indicated that cracks can be used to detect 

the strain force as in an ultrasensitive sensor, microfluidic channels and so on. In 

this study, we have presented, for the first time, a novel strategy to improve water 

transport and reduce ohmic resistance by simply stretching out the Pt/C-coated 

Nafion membrane. 

 

1.2.3 Structural modification of catalyst surface through carbon coating 

Due to the electrochemically harsh operating conditions of PEFCs, research 

regarding the durability of any materials employed is of particular importance, as 

degradation of the metal particles dispersed on the carbon supports can occur 

through migration/dissolution of the metal and corrosion of the carbon itself. When 

carbon is applied as a protective layer to the surface of the catalyst, the durability 

of the catalyst is increased by preventing migration and dissolution of the metal.  

However, most previous studies have introduced a protective carbon shell on a 20 

wt% metal catalyst on support. In these cases, the distance between the metal 

nanoparticles is long because the total amount of the metal is small compared to the 

support. However, highly loaded catalysts are often used in practical fuel cell 



11 

 

devices to reduce the volume of the electrodes. Thus, we herein report the 

application of a carbon-based protective layer for highly loaded Pt- and Pt-alloy 

catalysts on different types of carbon supports to prevent agglomeration of adjacent 

metal nano-particles during degradation process and/or heat treatment. 

 

1.2.4 Structural modification of electrode surface by improving ionomer 

properties 

The ionomers play roles in conducting protons within the porous electrodes and 

mechanically supporting the carbon materials with high surface area on which Pt 

catalyst particles are distributed in nanoscale. The ionomers impregnated for 

electrode formation largely contributes to improved electrochemical PFEC 

performances, when compared with those obtained from ionomer-free electrodes. 

The state-of-the art ionomer materials are perfluorinated sulfonic acid (PFSA) 

derivatives, which are made up of a chemically robust, hydrophobic 

poly(tetrafluoroethylene)(PTFE) backbone, and fluorinated side chains containing 

a hydrophilic sulfonic acid (–SO3-H+) group at each terminal end. Unfortunately, 

it does not mean that the Nafion®  dispersion can offer electrode characteristics 

enough to guarantee high levels of PEFC performances for a long period of times. 

In this paper, using supercritical fluid, we developed an ionomer with superior 

properties such as dispersibility than conventional emulsion polymerization. In 

addition, it shows higher proton conductivity and crisallinity than conventional one. 

 

1.2.5 Single cell design for analysis of PEFC component 

X-ray absorption fine structure (XAFS) is a tool for analyzing the local structure 

properties, chemical valence state and local density of states of materials. Using 

this tool, many groups have used them to analyze and study the properties of 

materials. In the field of fuel cells, the properties of electrocatalysts in various 

groups were analyzed with the above mentioned tools, which revealed the cause of 
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increased activity and durability. However, only the characteristics of the material 

itself were confirmed, and it was difficult to identify the electro-catalyst in which 

the external influences were reflected. More and more attempts are being made to 

see the behavior of the catalyst in the MEA state. However, most of the analysis in 

XAFS and single cell linkage system was only for the development of the 

phenomenon in nitrogen atmosphere. In this study, we designed a single cell for the 

analysis of cathode catalyst integrated with MEA rather than a half cell level 

analysis. Furthermore, a system capable of analyzing not only nitrogen but also 

oxygen (air) atmospheres was introduced. 
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Chapter 2. Effect of Porous Metal Flow Field in 

Polymer Electrolyte Membrane Fuel Cell under 

Pressurized Condition 

 

 

2.1. Introduction 

Fuel cells are among the most promising powering devices owing to their 

relatively high fuel efficiency and almost zero emission. However, the components 

of fuel cells—e.g., the catalyst, gas diffusion layer (GDL), bipolar plate, and 

balance of plant (BOP)—are expensive, thereby limiting device commercialization. 

Moreover, the use of hydrogen as a fuel source poses several risks, such as high 

flammability and easy ignition. Hence, several research groups have been 

conducting experiments to improve the activity and durability of catalysts1-6 to 

develop a stable, lightweight fuel cell system7-10 for resolving the safety issues 

associated with fuel cells,11-13 and, most importantly, to facilitate the 

commercialization of fuel cells. 

A bipolar plate is the most important component in PEFCs because it not only 

connects the anode and cathode electronically but also supplies H2 and air/O2 to the 

electrodes and removes the generated water. When fuel is supplied in the gas phase, 

the bipolar plate must have pathways or channels, referred to as the flow field. 

Generally, flow fields are carved on the bipolar plate with a depth of approximately 

1 mm. Specifically, serpentine, column, and interdigitated hollow flow fields are 

commonly used in a PEFC, and experiments and computer-based simulations 

related to these flow fields have been reported.14-22 However, fuels mostly flow 

along the hollow channels and the GDLs are compressed by the flow field in the 
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assembled fuel cells, indicating that the electrical conductivity of GDL should 

increase because of better contact during compression, but the transport of gases 

(e.g., H2 and air (O2)) is hindered because of the decreased porosity and gas 

permeability of GDL.  

Conventionally, compressed graphite has been used for bipolar plates in PEFCs, 

because of its chemical stability and moderate electric conductivity. However, 

despite the advantages of graphite, it is relatively heavyweight (approximately 80% 

of the total weight of a fuel cell stack) and brittle, and incurs high machining cost 

23-26. Hence, for fabricating a cost-effective, lightweight PEFC, the conventional 

bipolar plate must be replaced with low-cost, lighter materials while 

simultaneously maintaining the advantages of graphite. In this regard, several 

groups have been extensively researching materials to develop a new bipolar plate, 

e.g., a metal-based bipolar plate.19, 27, 28 

Metal foam materials have been applied to several fields, e.g., medicine, filter 

industries, and energy engineering, caused by their metallic properties and high 

porosities29-34. Recently, metal foam materials have also been utilized for energy 

devices, e.g., secondary batteries, water electrolyzers, and solar cells.35-50 Moreover, 

these materials have also been applied to fuel cells as a flow field, and most studies 

have reported better performance as compared with that observed for conventional 

materials.51-56  

Generally, the best performance of PEFCs is known to be achieved under 

completely humid conditions, caused by the sustained proton conductivity of 

Nafion (both ionomer and membrane).57-60 However, additional humidifiers are still 

required for the anode and cathode, in addition to temperature controllers, which 

must be set in the humidifiers to maintain RH conditions for fuel cell systems. 

Hence, several attempts have been reported to develop new components, e.g., 

membranes, catalyst layers, and GDLs, which can be applied under low RH 

operation.61-67 Furthermore, using back-pressure devices, the fuel cell performance 
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is enhanced under pressured atmosphere as this condition renders advantages, such 

as increased exchange current density of the reaction, improved kinetics, and mass 

transfer.68-70 

In this study, fuel cell tests using a metal foam flow field were conducted under 

different RH and pressurized conditions. In addition, the advantages of the metal 

foam flow field were confirmed by experiments. 
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2.2. Experimental section 

2.2.1. Characterization of Metal Foam 

A copper foam (PC-04, Alantum, Korea) was cut to an appropriate size (~1 cm2). 

Scanning electron microscopy (SEM, JSM-6360 at the Research Institute of 

Advanced Materials) images were recorded for analyzing the morphology of the 

foam without any coatings. Energy-dispersive spectroscopy (EDS) mapping images 

were recorded to confirm the foam-containing elements. Mercury intrusion 

porosimetry (MIP) was employed to measure the porosity and average pore size of 

the foam. 

 

2.2.2. Preparation of the Membrane Electrolyte Assembly 

Pt/C (40 wt%, Alfa Aesar, USA) was dispersed in distilled water and isopropyl 

alcohol (Samchun Chemical, Korea) using a homogenizer (VCX130, Sonics & 

Materials, Inc., U.S.A.) with an amplitude of 30% for 3 min. A Nafion®  solution (5 

wt%, Sigma-Aldrich, U.S.A.) was added to the Pt/C solution and homogenized 

again for another 3 min. The ionomer content was 30 wt%. Proton exchange 

membranes (NR-212, DuPont, U.S.A.) with a thickness of 50 µm and an equivalent 

weight of 2100 were pretreated prior to fabrication with 1 M hydrogen peroxide 

(Daejung Chemicals & Metals Co., Ltd., Korea) and 1 M sulfuric acid (Samchun 

Chemical, Korea) at 80 C for 1 h, followed by washing with deionized water. 

Membrane electrolyte assemblies (MEAs) were prepared by the catalyst-coated 

membrane (CCM) method. The pretreated membrane was fixed between two 

acrylic frames with a 5 cm2 window, and the residual water on the membrane was 

blown out using an air compressor. Catalyst inks were added into a feed cup of a 

spray gun (Gun Piece GP-2, Richpen, Japan) and spread over the membrane. The 

active area of MEAs was 5 cm2, and the catalyst loading amount for the anode and 

cathode was 0.2 mgpt cm2. 
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2.2.3. Single-Cell Tests 

The prepared MEA was added into the center of the single cell, and GDLs (35BC, 

SGL Carbon, Germany) and Teflon gaskets were added to both sides of the MEA 

(Figure 2.1 (a)). In this study, two bipolar plates were applied to the single cells 

(CNL, Korea), and Figure 2.2 (a) and (b) shows schematic diagrams of MEA with 

a conventional flow field and metal foam flow field, respectively. First, two 

compressed graphite plates with a single serpentine flow field (channel width of 1 

mm) (Figure 2.1 (b)) were prepared as a reference. The other set was graphite 

plates with no flow field with a rectangular parallelepiped (5 cm2) empty space on 

one side, and it was filled with the metal foam (nickel and copper with the same 

porosity and pore size) (Figure 2.1 (c)). The depth of the two graphite plates was 1 

mm. As the thickness of metal foams was greater than the depth of the space, these 

plates, which were processed to 5 cm2, were inserted into the hollow space of the 

bipolar plate, followed by compression from 1.6 mm to 1.0 mm using a presser 

(3850-0, Carver, U.S.A.) so that the plates can be precisely positioned at the depth 

of the plate. All other variables (total area of plate, current collectors, and cell 

assembly terminals) of the bipolar plate are the same except for the flow field area. 

 

2.2.4. Electrochemical Measurements 

The temperature of the single cell and humidifiers in the anode and cathode was 

maintained at 70 C, and the feed gas lines were enveloped by an insulator. H2 and 

O2 were supplied to the anode and cathode, respectively, at constant flow rates 

(H2:O2 = 150 sccm:200 sccm) for single-cell activation. For activation, the cell was 

operated in the open-circuit mode for 1 min, and the current was increased to 50 

mA s1. When the current reached 5 A (1 A cm-2), 10 A (2 A cm-2), and 15 A (3 A 

cm-2) at each value, it was maintained constant for 10 min. When the voltage was  
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Figure 2.1 General components of a unit cell (a) and designed drawing and 

photograph of a bipolar plate with the serpentine flow field (b) and metal foam 

flow field (c). 
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Figure 2.2 Schematic diagram of the MEA with conventional flow field (a) 

and metal foam flow field (b). 
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decreased to less than 0.37 V, no current was applied, and the voltage was 

recovered back to the open-circuit voltage (OCV). 

 The aforementioned process was repeated until both the current and power 

density did not increase any further. After activation, performance tests were 

conducted with a current load of 50 mA s1 without changing the gas species and 

flow rate (O2, sccm). After 30 s at the OCV, the current was increased to obtain an 

i–V curve with a voltage limit of 0.35 V. Then, O2 (cathode feed gas) was changed 

to air, and the gas stoichiometry for the anode and cathode was changed to 1.5:2.0. 

Electrochemical impedance spectroscopy (EIS) was employed to obtain single-cell 

resistances. From 100 kHz to 100 MHz, impedance was analyzed with an 

amplitude of 5 mV, and the measurement was repeated four times. The values were 

averaged for accuracy. For obtaining the electrochemical surface area (ECSA), 

cyclic voltammetry (CV) was conducted at a scan rate of 100 mV s1. The flow 

rates for the anode and cathode were 50 sccm (H2) and 200 sccm (N2), respectively. 

The temperature of the single cell was maintained at 30 C, while that of the two 

humidifiers was maintained constant at 35 C. EIS and CV were performed using 

the same device (Zennium, Zahner, Germany) in different modes. 

 

2.2.5. Relative Humidity (RH) Tests 

After measuring the initial performance under completely humid conditions, the 

performance at different values of relative humidity (20% to 100% RH) was 

analyzed. The temperature of the single cells was maintained at 70C, while that of 

the two humidifiers was changed to investigate the effect of RH on the fuel cell 

performance with different flow fields. The temperatures of the humidifiers were 

maintained at 36.8, 50.2, 58.6, 64.9, and 70C at 20, 40, 60, 80, and 100% RH, 

respectively. Before performance tests, cells were purged with dry N2 for 10 min, 

and then a current density of 100 mA cm2 was applied for 10 min to attain the 
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same pre-testing conditions at the assigned RH. In addition, the performance was 

compared with that observed under the back-pressure condition (180 kPa). The RH 

values of the anode and cathode were measured using a humidity-temperature 

transmitter (HMT330, Vaisala, Finland). 
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2.3. Results and Discussion 

2.3.1. Characteristics of Metal Foam Flow Fields 

Figure 2.3 shows the application of the copper foam to the flow field in a unit cell, 

and Figure 2.3 (a)–(c) shows the SEM images of the pristine foam. The size of a 

single empty cell of the foam was approximately 450 µm, the cell pore size ranged 

from 50 to 250 µm. The cross-sectional morphology of the pristine foam (Figure 

2.3 (c)) appeared very rough because of the physical cutting process, but its pore 

structure was in good agreement with its planar view. Figure 2.3 (d)–(e) shows the 

SEM images of the compressed metal foam to be applied as the flow field. The 

width and length of the metal foams were the same before and after compression, 

and the foams were only compressed in the height direction from 1.6 mm to 1.0 

mm. Thus, the volume of the metal foam was reduced to 67.5% of its original 

volume. Although the cell and pore sizes were the same, the distance between the 

connected metal layers was closer than that in the pristine foam. The differences 

were clearly reflected in the cross-sectional image (Figure 2.3 (c) and (f)), related 

to the interconnected tube structure of this material, as well as the empty spaces 

present inside the metal tubes. 

To estimate the porosity and average pore size of the pristine and compressed 

copper foams, MIP was employed. Figure 2.4 shows the results. The smaller pore 

(approximately 10 µm) and larger pore (approximately 100 µm) distribution 

corresponded to the inner and outer spaces of the metal tubes, respectively. 

Although the foam material was compressed, the average pore size of both foam 

materials was similar (~167 µm) to that of the pristine foam. In addition, no 

significant difference in the average porosities of these materials (only a 4.63% 

decrease from 87.13% to 78.50% after compression) was observed after 

compression. 
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Figure 2.3. SEM images of the pristine copper metal foam (a)–(c) and compressed 

copper metal foam (d)–(e), Scale bar 100 µm. (c) and (f) represent cross-sectional 

images before and after compression. 
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Figure 2.4. Pore distribution of the pristine (blue line, average pore size of 167.38 

µm and 83.13% average porosity) and compressed metal foam (red line, average 

pore size of 167.08 µm and 78.50% average porosity) by mercury intrusion 

porosimetry. 
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2.3.2. Selection of Metal Foam Material for Flow Fields 

Figure 2.5 shows the voltage profiles for single cells with three flow fields 

(graphite-based serpentine, nickel foam, and copper foam flow fields, respectively) 

during electrical activation. Because of the activation of single cells under O2, the 

single-cell performance with the serpentine flow field (SCS) (Figure 2.5(a)) was 

stabilized approximately 6,000 s after activation. The single cell with the nickel 

foam flow field (SCNF) exhibited unstable performance even after 6,000 s when 

the conventional foam field was stabilized, and the stabilization did not occur even 

after 10,000 s (Figure 2.5 (b)). Stable single-cell performance was observed for the 

copper foam flow field (SCCF) (Figure 2.5 (c)) after approximately 2,000 s. Under 

the same conditions except for the flow field, different profiles were observed for 

the unit-cell performance; this difference is thought to be related to the fact that the 

properties of the flow field material affect the performance stabilization of fuel 

cells as nickel can not only undergo facile corrosion but also dissolve under acidic, 

and relatively high-temperature conditions.71 Tseng et al.55 have reported low 

performance for a unit cell comprising a nickel foam as a flow distributor. To 

overcome this limitation, the porous nickel surface was treated with 

polytetrafluoroethylene (PTFE). The unit cell with the treated nickel foam exhibits 

improved fuel cell performance. On the other hand, stable performance was 

attained with the use of the Cu foam, and even stable performance was attained at a 

more rapid rate as compared with that observed for the conventional foam. Hence, 

the following experiments are conducted with an SCCF. 

2.3.3. Electrochemical Performance  

After activation, unit cells were supplied with air instead of O2, and the RH was 

fixed at 100%. Figure 2.6 (a) shows the results obtained from the polarization 

curve of two PEM fuel cells. At 0.6 V, the current densities were 1,060 mA cm2 

and 969 mA cm2 for SCS and SCCF, respectively. Their corresponding power dens 
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Figure 2.5 Voltage profiles of single cells with (a) the conventional serpentine (b) 

nickel foam, and (c) copper foam flow fields during activation. The inset shows 

pictures of each flow field. The temperatures of the single cells and all humidifiers 

were maintained 70C (100% RH) during this process without backpressure, and 

H2 and O2 were supplied to the anode and cathode at a constant flow of 150 and 

200 sccm, respectively. 
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Figure 2.6 Results from (a) the polarization curve, (b) CV and (c) EIS with single 

cells with SCF and SCCF. For polarization curves and EIS results, the temperatures 

of the cell and humidifier were maintained at 70C (100% RH), and H2 and air 

were supplied with a stoichiometry of 1.5:2.0 to the anode and cathode, 

respectively. For CV measurements, the temperatures of the cell (30C) and 

humidifiers (35C) were maintained constant. H2 and N2 were supplied to the 

anode and cathode at constant flow rates of 50 and 200 sccm, respectively. 
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-ities at 0.6 V were 638 mW cm2 and 581 mW cm2, respectively. The maximum 

power densities for the conventional and porous channels were 771 mW cm2 and 

702 mW cm2, respectively. When normalized to the amount of Pt applied to both 

the cathode and anode, the specific power density values were 1.93 kW  and 

1.76 kW  for SCS and SCCF, respectively. Table 2.1 summarizes these results. 

Although similar performance was observed in the low-current-density region, 

gradual decrease in the performance was observed for SCCF as compared to SCS 

at current densities greater than equal to approximately 400 mA cm2. As a result, 

different performance from that expected is observed: improved performance is 

observed because of the advantage of mass transfer, caused by the structural 

characteristics of the porous metal flow field. 

Figure 2.6 (b) shows the results obtained from the CV measurement of two unit 

cells under H2/N2. The ECSA values calculated from the hydrogen adsorption area 

from CV were 59.67 m2 g1 and 59.83 m2 g1 for SCS and SCCF, respectively. 

Because EAS is predominantly determined by the loading amount of the catalyst 

(platinum) in the fuel cell electrode, similar ECSA values are thought to be 

obtained with the use of the same loading amount of platinum for two unit cells. 

For further analysis, EIS was conducted. Figure 2.6 (c) shows the results obtained. 

The ohmic resistance values were 0.0641  cm2 and 0.1103  cm2 for SCS and 

SCCF, respectively. High-frequency impedance represents the ohmic resistance 

(electrical contact resistance and proton conducting membrane resistance) of the 

fuel cell components; this resistance is often referred to as membrane resistance as 

the proton resistance of membranes predominantly contributes to the total ohmic 

resistance.72 Although identical operation conditions were utilized, as well as single 

cell components, except for the flow field, higher ohmic resistance (R) values 

were observed for SCCF as compared to SCS, possibly related to the oxidation of 

copper under the fuel-cell operation environment. Generally, a PEFC is 
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Table 2.1 Electrochemical properties of fuel cell with the serpentine and porous 

flow fields. For the polarization curve and EIS results, the temperatures of the cell 

and humidifier were maintained 70C (100% RH), and H2 and air were supplied 

with a stoichiometry of 1.5:2.0 to the anode and cathode, respectively. For CV 

measurements, the temperatures of the cell (30C) and humidifiers (35C) were 

maintained constant. H2 and N2 were supplied to the anode and cathode at constant 

flow rates of 50 and 200 sccm, respectively. 

 

Current 

Density 

at 0.6 V/ 

mA 

cm2 

Maximu

m Power 

density/ 

mW 

cm2 

Power 

Density/  

kW  

ECSA/m

2 g1 

Ohmic 

Resistan

ce/ 

cm2 

Charge 

Resistan

ce/ 

cm2 

SCS 1,060 771 1.93 59.67 0.0641 0.1667 

SCCF 969 702 1.76 59.83 0.1103 0.2048 
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operated under acidic environment, caused by the effect of hydrogen ions and 

generated water; hence, metal corrosion occurs easily. In addition, the charge-

transfer resistance of the cell (Rct = 0.2048  cm2) for SCCF was slightly greater 

than that for SCS (Rct = 0.1667  cm2), and this result supported the lower 

performance as compared with that observed for the conventional cell in the 

polarization curve (Figure 2.6 (a)). 

 

2.3.4. Analysis of Porous Flow Field Corrosion and Fuel Cell Performance 

Before and After Single-Cell Operation 

During the application of copper to flow fields of fuel cells, copper is easily 

oxidized by the acidic conditions under which PEFC is operated. Hence, the 

elements of the flow field are examined before and after the fuel-cell operation, and 

electrical stability is also confirmed (Figure 2.7). Initially, the foam was composed 

of 100.00 wt% copper (Figure 2.7 (a)), with no oxides. However, after activation 

and electrochemical tests, copper oxide was observed (Cu, 89.07 wt% and O, 10.93 

wt%). Tang et al.73 have reported the corrosion and electrical resistance of copper 

fibers for the anode/cathode (half-cell) condition and contact mode, respectively. In 

addition, they have confirmed the feasibility of using porous materials for the flow 

field in a bipolar plate. To investigate the effect of this foam on the electrochemical 

stability of the fuel cell, a constant voltage (0.63 V) was applied to the cell. Figure 

2.7 (c) shows the result. Initially, the current density increased, but it fairly 

stabilized after approximately 100 s. Hence, although the copper foam is oxidized 

after the fuel-cell operation, oxidation is not considered to proceed beyond a 

certain percentage based on this result. In addition, because of the interconnected 

structure of the metal foam, no issues related to the electric conductivity were 

considered once the oxide film was formed on the surface based on this constant 

voltage test. 
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Figure 2.7 EDS spectra of the copper foam (a) before and (b) after single-cell 

operation, and (c) current density profile of SCCF in the constant voltage mode 

(inset: EDS mapping images before and after fuel-cell operation). For the constant 

voltage (0.63 V) test, the temperatures of the single cell and all humidifiers were 

maintained at 70C (100% RH) during this process without backpressure, and H2 

and air were supplied to the anode and cathode at constant flow rates of 150 and 

200 sccm, respectively. 
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To understand the manner in which the porous structure affects the metal flow field, 

the performance curve of the metal foam was reconstructed by the correction of the 

differences in the high-frequency resistance (HFR) values of SCS and SCCF 

(HFR(SCCF) − HFR(SCS)) (Figure 2.8). The corrected performance curve of the fuel 

cell with the metal foam flow field exhibited performance similar to that of SCS. 

The current density at 0.5–0.7 V, which is mainly utilized for practical fuel cell 

applications, was slightly greater than that of SCCF. However, by the application of 

metal foam, no significant performance improvement was observed. In addition, 

the performance reduction in the high-current-density region was greater than that 

observed for the conventional foam as the porous flow field was expected to 

exhibit a significant performance improvement in the mass-transfer-resistance 

region. Hence, no advantages related to the application of the porous metal flow 

field are observed under the current experimental conditions. 

2.3.5. Performance Evaluation with Different Values of the Relative Humidity 

of Supply Gas 

During the application of the porous flow field, the effect caused by the water 

generated in the reaction is considered greater than that observed for the 

conventional flow field. To overcome this phenomenon, the RH of the feed gas was 

reduced from 100 to 20%, and the performance at each RH is summarized in Table 

2.2. Figure 2.9 shows the results obtained. At 80% RH, the results were similar to 

those obtained at 100% RH (Figure 2.6 (a)) (similar performance in the low-current 

region, and gradually lower performance was observed toward the high-current 

region). At 60% RH, the performance in the low-current region was slightly less 

than that observed for the conventional flow field, but opposite behavior was 

observed at a current density greater than 1,400 mA cm2. However, at 40% RH, 

the performance of SCS was less than or equal to that of SCCF. The performance 

of SCCF was less than that of SCS even at 20% RH, and the performance  
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Figure 2.8 Polarization curve of fuel cells with SCS and the partially corrected 

curve of SCCF. For this performance curve, the temperatures of the cell and 

humidifier were maintained at 70C (100% RH), and H2 and air were supplied with 

a stoichiometry of 1.5:2.0 to the anode and cathode, respectively. 
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Figure 2.9 Polarization curve for SCS and SCCF with various relative humidity (a) 

RH80, (b) RH60, (c) RH 40, and (d) RH 20 at atmospheric condition 
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Table 2.2 Summary of performance of SCS and SCCF at atmospheric condition. 

 SCS SCCF 

Current 

Density at 0.6 

V/mA cm-2 

Max. Power 

Density/mW 

cm-2 

Current 

Density at 0.6 

V/mA cm-2 

Max. Power 

Density/mW 

cm-2 

RH20 180 159 84 79 

RH40 310 275 249 276 

RH60 627 535 546 553 

RH80 975 738 849 649 

RH100 1,069 771 969 702 
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difference was greater than that at 40% RH, related to the dehydration of the 

membrane and electrode caused by the introduction of the fuel from the outside 

with low humidity. In addition, as the metal foam exhibited high porosity per area, 

dehydration is considered to occur to a greater extent in SCCF; as a result, lower 

performance is observed. Under the above experimental conditions, it is difficult to 

explain the specific advantages of the porous flow field. Hence, experimental 

conditions with the advantage of applying the highly porous structure to the flow 

field need to be examined.  

 

2.3.6. Performance Evaluation under Pressurized Atmosphere 

Tsai et al. [56] have reported that the mainstream of supplied gases flows in a 

diagonal direction with the passage of the gas through the metal foam; thus, the 

non-uniform distribution of gas is observed because of the characteristics of the 

foam, e.g., high porosity, large pore size, and open structure of the metal foam. In 

other words, gases are not sufficiently supplied to some parts of the electrode (non-

mainstream region), e.g., dead zone. Hence, their group has designed a new plate 

for better gas flow. However, this strategy requires a delicate process to 

manufacture bipolar plate. As a result, for the uniform distribution of the reactant, a 

backpressure method was applied, which involves the application of a specific 

pressure to the outlet of the fuel cell to increase the efficiency via the increase of 

the partial pressure of the fuel. To investigate the structural effects of porous metals, 

partially corrected data, such as atmospheric conditions of 100% RH (Figure 2.8), 

are shown in Figure 2.10. (Figure 2.11 shows the performance curve before 

correction.) In the low-current-density region, the performance of SCCF was 

slightly greater than, or the same as, that of SCS. However, at a current density 

greater than 1,800 mA cm2, the voltage of SCCF abruptly decreased. This result is 

somewhat different from that expected by the application of a porous flow field.  
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Figure 2.10 Performance curve of SCS and partially corrected curve of SCCF 

under backpressure condition (180 kPa) at 100% RH. For this performance curve, 

the temperatures of the cell and humidifier were maintained at 70C, and H2 and air 

were supplied with a stoichiometry of 1.5:2.0 to the anode and cathode, 

respectively. 
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Figure 2.11 Polarization curve for SCS and SCCF with various relative humidity 

(a) RH100, (b) RH 80, (c) RH 60, and (d) RH 40 at pressurized condition 
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The decreased performance is thought to be caused by the increase of the mass-

transfer resistance, related to the water generated during the reaction at high current 

density. Hence, as observed under atmospheric pressure conditions, the experiment 

is carried out with the relative humidity lowered to adjust the absolute amount of 

the liquid in the cell, and the performance at each RH is summarized in Table 2.3. 

Figure 2.11 shows the result obtained. At 80% RH, the performance decrease of 

SCCF was greater than that of SCS. At 60% RH, the reduction in the performance 

of SCCF was less than that of SCS as compared to the result obtained at 80% RH. 

At 40% RH, the performance of SCS decreased in the low-current-density region. 

This result is possibly related to the fact that not only low amounts of water are 

present in the fuel itself but also low amounts of water are produced by the reaction, 

hindering the transfer of hydrogen ions in the electrode and rapidly decreasing the 

performance. On the other hand, at 40% RH, SCCF did not exhibit a large 

reduction in performance as compared with that observed at 60% RH. Figure 2.12 

(non-corrected) shows the i–V curve of two single cells at 20% RH. At 0.6 V, the 

current density and maximum power density for SCCF were 2 times less than that 

observed for SCS, and the absolute current values for both cells were extremely 

low, caused by the low proton conductivity under atmospheric conditions (Figure 

2.9 (d)). However, under the back-pressure condition, the current density of SCCF 

at 0.6 V was superior to that of SCS (Table 2.4). Therefore, during the application 

of the flow field with a porous structure under low humidity and pressurized 

conditions, superior performance was observed as compared with that observed for 

the conventional flow field because the foam structure exhibits several pores, 

which is a material characteristic; hence, the H2O originating from the gas and that 

generated by the reaction are considered to be stored in the pores of the porous 

flow field, caused by the capillary action,74 and the fuel with low RH is added to 

humidification from the water remaining in the pore to help improve the fuel cell 

performance. Therefore, the residual liquid water is considered to interfere with  
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Table 2.3 Summary of performance of SCS and SCCF at pressurized condition. 

 SCS SCCF 

Current 

Density at 0.6 

V/mA cm-2 

Max. Power 

Density/mW 

cm-2 

Current 

Density at 0.6 

V/mA cm-2 

Max. Power 

Density/mW 

cm-2 

RH20 329 405 982 822 

RH40 833 823 1,123 809 

RH60 1,468 1,011 1,293 842 

RH80 1,647 1,075 1,333 867 

RH100 1,688 1,090 1,363 903 
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Figure 2.12 Polarization curve of SCS and non-corrected curve of SCCF under 

pressurized condition (180 kPa) at 20% RH. For this performance curve, the 

temperatures of the cell (70C) and humidifier (36.8C) were maintained constant, 

and H2 and air were supplied with a stoichiometry of 1.5:2.0 to the anode and 

cathode, respectively. 
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Table 2.4 Current density at 0.6 V and the maximum power density of single cells 

at 20% RH under atmospheric pressure and pressurized conditions (180 kPa). For 

this performance curve, the temperatures of the cell (70C) and humidifier (36.8C) 

were maintained constant, and H2 and air were supplied with a stoichiometry of 

1.5:2.0 to the anode and cathode, respectively. 

 Atmospheric condition Backpressure condition 

Current 

Density at 0.6 

V/mA cm2 

Maximum 

Power 

Density/mW 

cm2 

Current 

Density at 0.6 

V/mA cm2 

Maximum 

Power 

Density/mW 

cm2 

SCS 180 159 329 405 

SCCF 84 79 982 822 
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dehydration, related to the capillary action under pressurized conditions, even if the 

water from the electrode side is subjected to dehydration by the inflow fuel with 

low humidity. Hence, the foam is considered to act as a humidifier, and the 

schematic diagram is shown in Figure 2.13. For this reason, during the application 

of the foam material to the flow field, the entire fuel cell system could be 

simplified by the removal or reduction of humidifiers. However, despite the 

structural advantages of the metal foams mentioned above, there is room to 

improve the performance decrease caused by the oxidation of the metal under the 

operating conditions of the fuel cell by further studies, e.g., treatment of surfaces 

and alloying of foam material. 
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Figure 2.13 Schematic diagram of the metal foam flow field under low RH 

and pressurized conditions. 
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2.4. Conclusions 

In this study, the effects of the structure of the metal foam as a fuel cell flow 

field were investigated. From the results obtained for the experiment under normal 

pressure and 100% RH, better performance for the conventional serpentine flow 

field (771 mW cm–2) was observed as compared with that observed with the metal 

foam in the cell (702 mW cm2), caused by metal oxidation, as well as the 

decreased performance of the fuel cell related to the increased contact resistance. 

For compensating the effect of metal oxidation, the performance was similar to that 

of the conventional one, but the performance drastically decreased in the high-

current-density region. To investigate the effect of water, experiments were 

conducted under low-humidity conditions, but no improvement in performance was 

observed. To compensate the disadvantages of the porous structure as the flow 

field, and to uniformly distribute the reactant gas, the experiment was conducted 

under pressurized conditions. Performance similar to that observed under 

atmospheric conditions was observed at 100% RH in the low-current-density 

region, with drastic performance reduction in the high-current-density region. 

However, high performance was observed under low RH conditions. Hence, the 

porous flow field exhibits favorable effects under pressurized and low-humidity 

conditions, considered to be caused by the characteristics of porous materials, such 

as the capillary phenomenon. Furthermore, better results are expected to be 

obtained with further research via surface treatment and/or material changes 

because preventing material corrosion is an important issue in selecting materials 

for fuel cell components, and it is necessary to use materials that are stable material 

under fuel cell operating conditions. 
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Chapter 3. High-performance Fuel Cell with 

Stretched Catalyst-Coated Membrane: One-step 

Formation of Cracked Electrode 

 

 

3.1. Introduction 

Polymer electrolyte membrane fuel cell (PEFC) has been extensively studied as 

an eco-friendly alternative energy device in the aspect of high energy conversion 

efficiency and continuous production of the electricity without pollutant 

emissions.1-4 Recently, there have been several technical issues for the 

commercialization of PEFC including water management at the cathode in the 

membrane electrode assembly (MEA)5-8 and resistance reduction of the electrolyte 

membrane.9,10 To improve transport of water generated from electrochemical 

reaction at the cathode, research has been conducted on inserting meso/macro pore 

structures such as platinum inverse opal structure and pore formers into the 

electrode, which methods need chemical post-treatments.11-15 Moreover, there have 

been attempts to reduce the resistance of an electrolyte membrane by lowering the 

thickness of the membrane. This thinning method, however, has remained as a 

challenge due to the inferior mechanical properties of the thinned membrane.2,10 

Herein, in order to address these issues in a simple and effective way, we 

deliberately generated cracks on the electrode composed of carbon supported Pt 

particles (Pt/C) by stretching out a membrane electrode assembly (MEA) and used 

the stretched MEA in order to enhance mass transport in the electrode and to 

reduce ohmic resistance simultaneously. Generally, cracks are generated from the 

elastic mismatch between two attached surfaces with different elastic modulus 
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when the surfaces are deformed.16,17 Cracks have commonly been considered as 

defects18-22 and many studies have focused on how to avoid them. However, recent 

studies have indicated that cracks can be used to detect the strain force as in an 

ultrasensitive sensor,16 microfluidic channels17 and so on. It is noteworthy that the 

crack can be a useful tool rather than a defect, when it is properly generated with a 

purpose of achieving a specific goal.  
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3.2. Experimental section 

3.2.1. Preparation of membrane electrode assembly (MEA) 

Catalyst ink was prepared by mixing water, 5 wt.% Nafion solution (DuPont) 

and isopropyl alcohol (IPA) (Aldrich) with the catalyst. 40 wt.% Pt/C (Johnson 

Matthey) was used for the cathode catalyst inks. The prepared catalyst ink was 

blended by ultrasonic treatment and sprayed onto the cathode side of bare Nafion 

212 membrane to fabricate MEAs. The catalyst loadings were equally 0.2 mg cm-2 

in the cathodes of the MEAs. These catalyst-coated membranes (CCMs) were dried 

at room temperature for more than 12 hours. After the process of stretching out the 

CCMs, the prepared catalyst ink was sprayed onto the anode side with 0.2 mg cm-2 

catalyst loading. Then, gas diffusion layers (GDLs, SGL 35 BC), Teflon type 

gaskets and one channel serpentine-type (Figure 3.1) were put onto the anode and 

cathode without a hot-press process.  

 

3.2.2. Process of stretching out prepared CCMs 

As-prepared catalyst-coated membranes were stretched out by a stretcher 

machine (Intron Corp.), which can provide the strong binding force of the chuck 

and the uniform strain to the membrane. One side of the membrane was fixed and 

the other side of the membrane was pressed by two bite-blocks with the width of 5 

cm. The initial length of the membrane was 2 cm and the membrane was stretched 

out with variation of strains (0.5, 1.0, 1.5, and 2.0). See detailed experimental 

process in Figure 3.2. And the samples without the stretching process were also 

prepared as a reference. 
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Figure 3.1 A camera image for one channel serpentine-type. 
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Figure 3.2 (a-c) Camera images for the preparation of stretched MEA within ~5 

cm2 active area. (d) Changes of width and height of Nafion membrane with 

variation of strains (0.5, 1.0, 1.5 and 2.0).
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3.2.3. Physical analysis 

Field emission-scanning electron microscopy (FE-SEM) was conducted using a 

SUPRA 55VP microscope (Carl Zeiss) to measure the morphology of the various 

samples used in this paper. The samples were observed at SE mode without 

additional coating processes. 

 

3.2.4. Electrochemical measurements 

Prepared MEAs were assembled in a single cell (CNL PEM005-01, CNL Energy). 

For the single cell performance test at 70°C, humidified H2 and O2 (air) gases were 

made to flow into the anode and cathode with the active geometric areas of 5.0 cm-

2, respectively. The stoichiometric coefficient of H2/O2 (air) was 2.0/9.5 (2.0). 

Additionally, the relative humidity (RH) for the anode and cathode gases were 

100%. To check repeatability, we tested five different samples which have the 

same applied strain. Electrochemical impedance spectroscopy (EIS) (Zennium, 

Zahner) of the single cells was measured at 0.6 V with an amplitude of 5 mV. The 

measurement was conducted in the frequency range from 0.1 Hz to 100 kHz. Other 

experimental conditions, such as temperature and gas humidification, were the 

same as the case for the single-cell operation at 70°C with H2/Air. The ZView 

program (Scribner Associates Inc.) was used to fit the EIS data, and a simple 

equivalent circuit was applied as shown in Figure 3.10. Cyclic voltammograms 

(CVs) were obtained at 100 mV s-1 between 0.05 and 1.20 V to measure the 

electrochemical active surface (EAS) of the prepared cathode catalyst layers at 

room temperature. Humidified H2 and N2 gases were supplied to the anode and 

cathode, respectively, and the RH was 100% during the CVs measurement. The 

anode with H2 gas flowing around was used as the reference and counter electrodes, 

and the cathode with N2 gas served as a working electrode. 
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3.3. Results and Discussion 

3.3.1. Generation of cracks in the electrode by stretching out the catalysts-

coated Nafion membrane  

Figure 3.3 shows the schematic illustration of crack generation in the electrode. 

A Nafion membrane has a relatively lower elastic modulus than a porous electrode 

with Pt/C. From this difference in elastic modulus called elastic mismatch, when 

the two attached surfaces are stretched out, cracks are generated on the porous 

electrode. If the Nafion membrane is stretched over the elastic deformation region, 

then it would not recover its original shape, and this means that the membrane has 

become longer than its original length due to the applied strain. And then, the 

cracks on the electrode also maintain their deformed shape along with the 

deformed membrane. 

 

3.3.2. Physical property of Nafion membrane  

To investigate the stretching property of a Nafion membrane, we conducted a 

strain test on a Nafion 212 membrane with a thickness of ~50 μm. As shown in 

Figure 3.4, the membrane showed the maximum tensile strength of ~31.11 MPa 

and elongation of ~300% till its break. (Table 3.1) This result shows that the 

membrane can endure the stress until reaching the maximum tensile strength before 

it tears off, and can be stretched out to ~3 times of its original length, which is an 

intriguing feature in terms of stretchability. Furthermore, the shape of the strain-

stress curve in Figure 3.4 (a) presents that the region of elastic deformation 

completely which has recovered to its original length is under ~0.08 strain, and it 

shows that the plastic deformation which has incompletely recovered in the region 

is above ~0.08 strain. The plastic deformation region is much wider than the elastic 

region and we used the plastic deformation of the membrane to simultaneously 

reduce the thickness of the membrane and generate cracks in the electrodes 

composed of Pt/C particles. As shown in Figure 3.4 (b), we measured the rate of 
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Figure 3.3. Generation of cracks in the electrode: (a) Schematic illustration of 

generating cracks in Pt/C catalyst layer with simply mechanical stretching. (b) 

Corresponding SEM images of catalyst layer before (left) and after (right) 

stretching out the catalyst coated membrane (Inset: corresponding optical images of 

stretcher machine) 
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Figure 3.4 Physical property of Nafion membrane: Stretching properties of 

Nafion 212 membrane. (a) Strain-stress curves of Nafion membrane obtained by 

applying strain to the membrane until its breaks. (b) Changes of width, height and 

thickness of Nafion membrane with variation of strains (0.5, 1.0, 1.5 and 2.0). 
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Table 3.1 Physical property of Nafion 212 membrane 
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changes of width, height and thickness of a Nafion membrane according to the 

variation of strains (0.5, 1.0, 1.5 and 2.0) after removing them. And, we ascertained 

that changes of the membrane thickness were spatially uniform after the removal of 

strains as shown in Figure 3.5. 

 

3.3.3. Morphological features of the generated cracks with variation of strains 

To investigate the geometrical features of the cracks induced by applied strains, 

we observed the cracks with variation of strains by using a scanning electron 

microscopy (SEM) as shown in Figure 3.6 (a). The catalyst-coated membranes 

were stretched out with variation of strains (S; 0.5, 1.0, 1.5, and 2.0) and areal 

fractions of the cracks with each strain in the corresponding SEM images were 

analyzed by using an image analysis program (ImageJ). As expected, the areal 

fractions of cracks increased as the value of strain increased. (~7.8 % for S~0.5, 

~13.4 % for S~1.0, ~22.5% for S~1.5, and ~33.4% for S~2.0) Interestingly, we 

observed that the size of the cracks enlarged as the strain intensified. It implies that 

the cracks, or the macro-pores, in the catalyst layer can be controlled by the value 

of strain. 

 

3.3.4. Improved performance with cracked membrane electrode assembly 

(MEA) in polymer electrolyte membrane fuel cell (PEFC) 

To demonstrate the effect of cracks on the performance of PEFC, we incorporated 

a cracked MEA into a single cell. This single cell with the cracked MEA was 

operated in a fully humidified condition of H2/O2 (H2/Air) and exhibited highly 

improved performance under all the conditions regardless of the strains compared 

with a conventional MEA, as shown in Figure 3.6 (b) and (c). However, the MEA 

with a strain of ~ 2.0 applied exhibited more decreased performance than other 

samples under H2/air condition. This resulted from the catalysts debonded by high 

strain. When looking into the surface morphology of the stretched MEA at a lower 
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Figure 3.5 Measurement of the membrane thickness after stretching out the 

membrane  
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Figure 3.6 Morphological features of the generated cracks and measurements 

of device performance: (a) Corresponding SEM images of catalyst coated 

membrane after applying various strains (0.5, 1.0, 1.5 and 2.0). (b,c) Polarization 

curves of conventional membrane electrode assembly (MEA) and the MEA with 

electrode cracks with variation of strains (0.5, 1.0, 1.5 and 2.0) under the 

conditions of H2/O2 (b) and H2/Air (c). 
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 magnification of the SEM (Figure 3.6), we observed that only the catalyst layer of 

the stretched MEA with a strain of ~ 2.0 was detached from the membrane (In 

some cases, we observed with the naked eye that large Pt/C aggregates in the 

catalyst layer were locally separated from the membrane.). The detached catalyst 

layer would induce degradation of performance due to the increase of interfacial 

resistance and loss of the Pt catalyst. And, the result indicates that there exists the 

upper limit of applied strain to the catalyst-coated membrane and the optimal strain 

for the high performance of the MEA. In our experimental sets, the stretched MEA 

with 1.5 strain applied exhibited the highest performance. It showed the maximum 

power density of ~0.72 W cm-2 in the case of H2/air conditions, which power 

density is higher than the conventional one (~0.59 W cm-2) by ~22%. (Table 3.2)  

The area of cracks in MEAs was 7.8, 13.4, 22.5, and 33.4% in S0.5, S1.0, S1.5 and 

S2.0, respectively. To quantify the area and performance of the cracks, the trends 

are expressed in formulas and shown in Figure 3.7. (The x-axis is the area of the 

crack, and the y-axis is the maximum power densit.) When expressed as a linear 

equation, the highest performance can be expected when the crack area is about 

21%. When the maximum power density according to the crack area was 

represented by a quadratic equation, the best performance was expected at a crack 

of about 19%. Thus, the best performance could be expected to occur when looking 

for strains where 19-21% cracks are generated. 

These performance enhancements can be explained by the effects from a crack 

acting as a macro-pore and the thinned membrane. First, the water transport 

enhancement which was confirmed by the difference of the power density that 

increased as the current density increased contributed to the performance 

enhancement of the MEA. Second, the membrane thickness reduced by stretching 

out has lowered ohmic resistance that occurs during the PEFC operation. To 

address the stability issue, we conducted accelerated durability tests (ADTs) by 

repeated polarization test for ~1000 cycles with fully humidified H2/Air gases 
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Figure 3.7. The results of maximum power densities according to the ratio of 

cracks in the MEAs 
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supplied to anode and cathode, respectively Even after ADT tests, the maximum 

power density of the stretched MEA was higher than the conventional MEA by 

~36.7 % in the case of H2/Air conditions under ambient pressure as shown in 

Figure 3.9. Furthermore, the morphology of the cracks was maintained even after 

the durability test was carried out as shown in Figure 3.10. There was no 

breakdown of the system even with the long term electrochemical stress. The 

results have come from the fact that pre-defined cracks from stretching out provide 

more available space that would distribute stress from the Nafion membrane when 

it swells and contracts. Hence, the stretched MEA with cracks have advantages in 

durability and long term stability than the conventional one. 

 

3.3.5. Electrochemical analysis of cracked MEA  

To quantitatively investigate the effect of water transport enhancement and reduced 

ohmic resistance, both electrochemical impedance spectroscopy (EIS) and cyclic 

voltammetry (CV) were conducted (Figure 3.11). As shown in Figure 3.11 (a), 

comparable electrochemical active surface area (ECSA) was observed from the CV 

measurement,23 which indicates that the generated crack doesn’t affect the area of 

tri-phase boundary during the operation. When the EIS data were fitted and 

calculated by the equivalent circuit (Figure 3.11 (b)),24 we found relatively lower 

ohmic resistance in the case of the 1.5-strain-applied MEA than that of the 

conventional one by ~ 14 %, which resulted from the thinned membrane in the 

stretching process. Moreover, the Warburg impedance of the 1.5-strain-applied 

MEA (0.0393 Ω cm2) was much smaller than that of the conventional one (0.0691 

Ω cm2), although the current density of the 1.5-strain-applied MEA was higher than 

that of the reference at 0.6 V. (Table 3.3) Furthermore, results of EIS measurement 

at the same current density (~ 1.4 A cm-2) show less resistance in the case of 

stretched MEA (S~1.5) than that of the reference as shown in Figure 3.12. It means 

that the water removal from the cathode catalyst layer has been improved due to  
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Figure 3.8. SEM images for catalyst layer of stretched MEA for each strain (0.5, 

1.0, 1.5 and 2.0)  
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Table 3.2 Physical and electrochemical properties of the samples. 
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Figure 3.9 Accelerated durability test (ADT) for the stretched MEA with 1.5 strain 

and reference MEA 
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Figure 3.10 SEM images for catalyst layer of stretched MEA before ADT(a) and 

after ADT(b) 
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the existence of cracks. The enhanced water transport also can be confirmed by 

calculating the oxygen gain. The data of the oxygen gain were obtained by 

calculating potential difference when oxygen and air are supplied in the current 

density range and they indicate the degree of mass transfer in the cathode catalyst 

layer. In Figure 3.13, the calculated oxygen gain of the 1.5-strain-applied MEA 

showed much lower values than the conventional one, which means that the 

generated cracks in the cathode catalyst layer removed the produced water much 

easily and helped the MEA to supply fuel gas more effectively than the 

conventional one. 

3.3.6. Membrane thinning effect 

To further investigate the mass transport effect while excluding the membrane 

thinning effect, we measured performances of the stretched MEA and the MEA 

with only the membrane stretched. The performance of the MEA with only the 

membrane stretched was slightly higher than that of the stretched MEA in the 

condition of H2/O2. However, in the condition of H2/Air, the stretched MEA 

showed much higher performance than the MEA with only the membrane stretched 

as shown in Figure 3.13. In view of the commonly known fact that the performance 

in the condition of H2/Air is more affected by mass transport than that in the 

condition of H2/O2, the stretched MEA with cracks displayed positive effect in 

improving mass transport. We also conducted EIS measurement of the stretched 

MEA and the MEA with only the membrane stretched. Figure 3.14 (a) shows that 

they exhibited comparable ohmic resistances. The radius of the circle of the 

stretched MEA was much smaller than that of the MEA with only the membrane 

stretched, which implies that the generated crack has improved mass transport. 

Moreover, oxygen gain calculation for the experiments also supports our results 

(Figure 3.14 (b)). 
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Figure 3.11 Electrochemical analysis: (a) Cyclic voltammogram (CV) of the 

cathode catalyst layers of a conventional MEA and the 1.5-strain applied MEA. (b) 

Electrochemical impedance spectroscopy (EIS) of a conventional MEA and the 

1.5-strain applied MEA. at 0.6 V compared with RHE. (c) Equivalent circuit of the 

PEFC (LW = inductance of the electric wire, Rmembrane = internal membrane 

resistance, Rcathode (anode) = charge transfer resistance of the cathode (anode), 

CPEcathode (anode) = constant phase element of the cathode (anode) and ZW = Warburg 

impedance).
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Table 3.3 Electrochemical impedance spectroscopy (EIS) fitted data. 
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Figure 3.12. EIS measurements at the same current density (~ 1.4 A cm-2) for the 

sample of reference and stretched MEA (S ~1.5) 
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Figure 3.13 The graph for the oxygen gain obtained by calculating potential 

difference when oxygen and air are supplied respectively 
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Figure 3.14. Polarization curves of the stretched MEA and the MEA with only 

membrane stretched. (a) H2/O2 condition, (b) H2/Air condition. 
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Figure 3.15. (a) EIS measurement of the stretched MEA and the MEA with only 

membrane stretched. (b) Oxygen gain calculation of the stretched MEA and the 

MEA with only membrane stretched. 
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3.4. Conclusions 

In this study, we have presented, for the first time, a novel strategy to improve 

water transport and reduce ohmic resistance by simply stretching out the Pt/C-

coated Nafion membrane. With the use of the unique stretching property of the 

Nafion membrane which has the maximum elongation of ~300% until its break, we 

have incorporated electrode cracks with the variations of strain (0.5, 1.0, 1.5 and 

2.0) into a single cell. The generated cracks effectively enhanced water transport in 

the cathode catalyst layer, which was confirmed by oxygen gain and EIS 

measurements. Moreover, the thinned membrane from stretching out was found to 

reduce the ohmic resistance. These combinational effects of improved water 

transport and reduced ohmic resistance of the 1.5-strain-applied MEA resulted in 

performance enhancement compared by ~22 % of the performance of the 

conventional one. Our novel approach of using cracks that have been considered as 

defects surely possesses potential to be applied to other energy conversion and 

storage devices. This technique can also be helpful, with its thinned MEA, in 

reducing the total volume of fuel cell stacks for compact applications such as in 

vehicles. We performed ADT with load cycling and observed better durability in 

the MEA with the cracks. However, in order to clearly distinguish between the 

advantages and disadvantages of the cracks, there are various ADTs to check 

(constant current/voltage, OCV, and etc.). 
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Chapter 4. Guided cracking of electrodes by 

stretching prism-patterned membrane electrode 

assemblies for high-performance fuel cells 

 

 

4.1. Introduction 

Polymer electrolyte membrane fuel cells (PEFCs) have received significant 

attention over the past several decades as future clean energy devices because they 

do not emit pollutants and they provide high energy conversion efficiencies.1–7 

Although many technological advances have been achieved in the research field of 

PEFCs, some practical issues still hinder their commercialization. To obtain high 

device performance, ohmic loss should be reduced by using a thinned electrolyte 

membrane8–10 and water transport at the cathode of the membrane electrode 

assembly (MEA) should be enhanced.11–14 In relation to water transport, water 

molecules that are generated by the oxygen reduction reaction block the catalyst 

surface and pores in the cathode catalyst layer, reducing device performance. 

Hence, the produced water must be appropriately removed to maintain the pathway 

for the reactant oxygen gas. Many attempts have been made to effectively remove 

the water generated by the electrochemical reaction at the cathode. First, 

hydrophobic polymer nanoparticles, such as polytetrafluoroethylene, were mixed 

with a catalyst ink and inserted into the cathode catalyst layer during the MEA 

fabrication process.15–17 However, the inserted hydrophobic polymers adhere to the 

carbon support and catalyst surface without selectivity, which decreases the 

electrochemically active surface area of the catalyst layer. Another method to 

improve water transport is to introduce pore-forming agents, such as carbonate or 

polystyrene particles, which are removed after the catalyst layer is sprayed onto the 
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electrolyte membrane.18–20 These methods require chemical or thermal post-

treatments, which are complex and time consuming.  

Our recent study showed that cracks generated on the cathode (formed by 

stretching the MEA) simultaneously enhanced mass transport and reduced 

membrane resistance.10 This simple and facile method does not require any post-

treatment after stretching the MEA, and the cracks on the electrode effectively act 

as macropores to improve mass transport. However, the effects of the crack size 

and the areal fraction of cracks on device performance have not been studied, and 

reproduction of the same crack morphology is not easy in the case of MEAs with 

randomly distributed cracks. To address these issues, we deliberately generated 

controlled cracks using the concentrated surface stress20–24 of a prism-patterned 

membrane by varying the pattern size and the applied strain. Further, we directly 

observed that the cracks in MEAs acted as water reservoirs and water passage 

openings using environmental scanning electron microscopy (ESEM). To assess 

the effect of cracks with different width and areal fractions on fuel cell device 

performance, we conducted various electrochemical studies by comparing the 

device performance of MEAs with and without cracks. All the MEAs with guided 

cracks exhibited better performance than the conventional MEA, mainly because of 

the improved water transport. 
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4.2. Experimental section 

4.2.1. Preparation of prism-patterned Nafion membranes 

The prism-patterned masters used in this study were prepared by mechanical 

machining. A plate of stainless steel was machined by using a cutting tool with 

specific angle. In the process, the height of the prism pattern depended on the 

cutting depth of the diamond tool. In this study, prism masters with 20 μm and 50 

μm periods and the same prism angle (~45°) were used. After preparation of the 

prism master, a prepolymer resin of perfluoropolyether (PFPE) was dispensed onto 

the prism master mould. Then, PFPE prism moulds were fabricated by UV replica 

moulding. The cured PFPE moulds were peeled from the master and cut prior to 

use. The electrolyte membrane (Nafion 212 membrane) was placed uniformly 

between a glass substrate and the as-prepared PFPE mould. The sandwiched 

assembly was compressed at ~95 °C under a hydraulic pressure of 10–20 kg cm−2 

for 10 min. After cooling the assembly, the prism-patterned Nafion membrane was 

peeled from the glass substrate and kept in deionized water for 12 h. 

 

4.2.2. Preparation of prism-patterned MEAs 

A catalyst ink was prepared by mixing deionized water, a 5 wt% Nafion ionomer 

solution, and isopropyl alcohol with carbon-supported catalysts (40 wt% Pt/C, Alfa 

Aesar, HiSPEC®  4000). The prepared catalyst ink was blended by ultrasonication 

and sprayed onto the cathode side of the as-prepared prism-patterned Nafion 

membrane to construct the MEAs. The catalyst Pt loadings were ~0.3 mg cm−2 on 

the cathode sides of the MEAs. The catalyst-coated prism membranes were dried at 

room temperature (~25 °C) for 12 h. After stretching the catalyst-coated 

membranes, the catalyst inks were sprayed onto the anode with Pt loadings of ~0.3 

mg cm−2. Then, Teflon-type gaskets, gas diffusion layers (JNTG-30-A3), and 

serpentine-type channels were placed onto the cathode and anode without a hot-

press process.  
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4.2.3. Stretching process for the prism-patterned catalyst-coated membranes 

The as-prepared catalyst-coated prism membranes were stretched using a stretching 

machine (Intron Corp.) to provide uniform strains to the membranes. The upper 

and lower sides of the MEA were pressed using two mechanical wedge grips with 

widths of ~5 cm to fix the MEA. The lower side of the MEA was fixed and the 

upper side of the MEA was moved upward to apply strain to the MEA. The MEA 

was stretched by varying the applied strain (~0.5 and ~1.0). MEAs were also 

prepared without the stretching process (i.e. conventional MEAs). 

 

4.2.4. Physical analysis 

The scanning electron microscopy (SEM) images were acquired by using a field 

emission scanning electron microscope (Carl Zeiss) at an acceleration voltage of 

10.0 kV to observe the morphologies of the membrane and electrode layers of the 

samples. The water behaviour was examined using ESEM (XL-30 FEG). We 

observed the water condensation behaviour with respect to time based on the 

relative humidity (RH; about 95%) by maintaining the chamber pressure at ~5.1 

Torr and the substrate temperature at ~2 °C. 

 

4.2.5. FEM analysis 

FEM analysis of the stress distribution during the stretching process was performed 

using the COMSOL Multiphysics software. The behaviours of the elastic and 

plastic materials were controlled by a governing equation of solid mechanics.33 

Additionally, the plastic property was applied only to the Nafion membrane 

because the stress applied to the membrane exceeds the elastic limit during the 

stretching process. Material information for the porous electrode composed of Pt/C, 

including the elastic modulus and density, was taken from previous studies.9,34 
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4.2.6. Electrochemical measurements and analysis 

The constructed MEAs were incorporated in single cells (CNL Energy). To 

measure the device performance of a single cell with ~5.0 cm−2 active area at 70 °C, 

humidified O2 (or air) and H2 gases were supplied to the cathode and anode sides, 

respectively. The stoichiometric coefficient of H2/air was 2.0/9.5. Additionally, the 

RH values for the anode and cathode gases were both 100%. Electrochemical 

impedance spectroscopy (EIS, ZENNIUM electrochemical workstation, Zahner) 

was performed for the single cells at 1.6 A cm−2 with an amplitude of 500 mA and 

at 0.6 V with an amplitude of 5 mV. The frequency range of the measurements was 

from 0.1 Hz to 100 kHz. The Z-View program (Scribner Associates Incorporation) 

was used to fit the EIS data. Other experimental conditions, including gas 

humidification and temperature, were the same as those used for single cell 

operation at 70 °C with hydrogen / air. Cyclic voltammograms were obtained 

between 0.05 and 1.20 V at 100 mV s−1 to measure the electrochemical active 

surface of the constructed cathode catalyst layers at room temperature. Humidified 

N2 and H2 gases were supplied to the cathode and anode, respectively, and the RH 

was 100% during the cyclic voltammetry (CV) measurements. The cathode with N2 

gas served as the working electrode and the anode with H2 gas was used as the 

reference and counter electrodes. 
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4.3. Results and Discussion 

4.3.1. Generation of guided cracks in the cathode 

Microprism-patterned arrays consist of repeated valleys and ridges. When the 

elastic prism structure is stretched in the direction perpendicular to the prism-line 

direction, the stress is concentrated in the valleys of the prism pattern and the 

structures are deformed, as shown in Figure 4.1. This means that we can produce 

confined surface stress in a specific region by controlling the surface structure and 

applying stress. When rigid material-coated soft prism patterns are stretched, 

cracks are generated at the interface between the two attached surfaces because of 

the elastic modulus mismatch when the surfaces are stretched or pressed.25,26 

Additionally, cracks are generated in the valleys of the prism patterns. Figure 4.2 

shows a schematic illustration of the generation of guided cracks in a porous 

electrode composed of carbon-supported Pt catalysts (Pt/C). Initially, microprism 

patterns are carved onto a Nafion 212 membrane (thickness ~50 μm) by thermal 

imprinting. Then, catalyst ink is sprayed onto the prism-patterned Nafion 

membrane to construct a porous electrode at the cathode side. When the catalyst-

coated Nafion membrane is stretched, the different elastic modulus values of the 

Nafion membrane and the catalyst layer induce cracking in the catalyst layer. If the 

applied strain (ε), which is defined as the change in length after stretching divided 

by the original length (ε = ∆L/L), extends beyond the elastic region, the membrane 

does not fully recover to its original length; this phenomenon is called plastic 

deformation. Then, cracks between catalyst islands are generated. The crack width 

increases as the strain applied to the catalyst-coated membrane increases. In our 

experiments, we concentrated stress in the valleys of the prism patterns and 

controlled the stress distribution by varying the pattern pitch size. As a result, line-

shaped cracks were generated in the valleys with specific lengths.  
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Figure 4.1 Simulation results for the stress distribution on a Nafion 212 membrane 

and prism-patterned membranes with pitches of 20 μm and 50 μm.  
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Figure 4.2 Schematic illustration of guided crack generation in an electrode by 

stretching the prism-patterned membrane electrode assembly. 
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4.3.2. Physical properties of the prism-patterned Nafion membrane 

To investigate the mechanical properties of prism-patterned Nafion membranes, we 

conducted uniaxial tensile strength tests on a pristine Nafion 212 membrane 

(thickness of ~50 μm) and Nafion membranes with microprism patterns with a 20 

μm pitch (P-20 membrane) and a 50 μm pitch (P-50 membrane). Figures 4.3 (a) 

and (b) show that the two prism patterns have the same angle (~45°). Figure 4.3 (c) 

shows the stress–strain curves of the prepared membranes. The pristine Nafion 212 

membrane shows an elongation to break of ~291% and a maximum tensile strength 

of ~29.48 MPa. Thus, the Nafion 212 membrane can be elongated by a factor of 

three with respect to its original length. In the case of the prism-patterned Nafion 

membranes, the P-20 membrane is stretched to ~260% and the P-50 membrane is 

stretched to ~245% (until breakage, Table 4.1). The elongation to break values are 

lower for the prism-patterned Nafion membranes than for the pristine Nafion 

membrane; however, the prism-patterned membranes still exhibit high elongation 

properties despite the existence of valleys where the stress is focused. The strain–

stress curves for the three cases show that the membranes become plastically 

deformable when the applied strain is above ~0.1 (~10% elongation). This means 

that the membranes undergo permanent deformation (incomplete recovery to the 

original length) in the strain region from a strain value of ~0.1 to the break points. 

In this study, we used a broad plastic deformation region to generate cracks and 

controlled the crack size by varying the strain (0.5 and 1.0). Figure 4.3 (d) shows 

the relation between the applied strain and the ratio of altered lengths (height, 

thickness, and width) after removing the applied strains (0.5, 1.0, and 1.5). The 

height refers to the length of the membrane in the stretching direction, and the 

width is the length in the direction orthogonal to the stretching direction. Generally, 

when a specific material is stretched, the length of the specimen elongates in the 

stretching direction, whereas the length in the orthogonal direction decreases. To 

use MEAs with cracked electrodes in square single cells, we sprayed a catalyst  
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Figure 4.3 (a, b) SEM images of a Nafion membrane imprinted with a prism 

mould with a pitch of 20 μm (P-20 membrane) (a) and 50 μm (P-50 membrane) (b). 

(c, d) Stretching properties of the Nafion membranes: (c) strain–stress curves of the 

Nafion 212 membrane, 20 μm prism-patterned Nafion membrane, and 50 μm 

prism-patterned Nafion membrane measured by applying strain to the membranes 

(Inset: optical image showing the operation of the stretching machine); (d) ratio of 

height, width, and thickness changes of the Nafion membranes with varying strains 

(~0.5, ~1.0, and ~1.5). 
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Table 4.1 Physical properties of the Nafion membrane. 

 Tensile 

strength, max. 

[MPa] 

Elongation to 

break [%] 

Prism 50 

μm 

27.61a) 260a) 

Prism 20 

μm 

27.27a) 245a) 

Nafion 212 29.48a) 

32.00b) 

291a) 

343b) 

a)Values determined by strain tension tests; b)General properties of Nafion®  PFSA 

membrane presented by DuPontTM. Please refer to 

www.fuelcellmarkets.com/content/images/articles/nae201.pdf 
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layer onto rectangular-shaped membranes, considering the length changes of the 

membranes during stretching. 

 

4.3.3. Morphological features of the generated guided cracks with variation of 

the strain 

To elucidate the geometrical features of the generated cracks in the electrodes on 

prism patterns, we applied strains (0.5 and 1.0) to the MEAs and observed the 

morphological changes of the cracks using SEM (Figures 4.4 (a)–(d)). Straight 

cracks were formed in the prism-line direction for the P-20 and P-50 MEAs. The 

straight cracks in the electrode were generated by stress concentration in the valley 

of the prism patterns. The finite elements method (FEM) simulation confirmed that 

the stresses caused by stretching the MEAs are focused on the electrode surfaces 

(Figures 4.4 (e) and (f)). However, for a prism pattern with a pitch of ~10 μm (P-

10) (Figure 4.5), the formed cracks were randomly distributed compared with those 

for the P-50 and P-20 MEAs. There are two main reasons for the incomplete 

guided cracks in the P-10 MEA. First, the stresses are not fully concentrated in the 

valleys because of the low height (proportional to pitch) feature of P-10 relative to 

the electrode thickness. Second, when applying the same magnitude of stress 

(strain), the stress is more geometrically distributed on the P-10 MEA because the 

number of valleys on the P-10 MEA is five and two times larger than those on the 

P-50 and P-20 MEAs, respectively. These results imply that we should 

simultaneously consider the pitch size of the prism pattern and the electrode 

thickness to generate well-guided cracks. 

To investigate the morphological features of the fully guided cracks of the P-20 

and P-50 MEAs, we analysed the corresponding SEM images for each strain and 

pattern dimension. For an applied strain of ~0.5, the average crack width in the P-

20 MEA was ~2.1 μm and that in the P-50 MEA was ~5.3 μm. Further, the areal  
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Figure 4.4 Morphological features of the generated guided cracks: (a–d) SEM 

images of the cracks generated after applying strains (S) of ~0.5 and ~1.0 to the 

prism-patterned MEAs with pitches of 20 μm and 50 μm: (a) P-20 MEA with S ≈ 

0.5, (b) P-20 MEA with S ≈ 1.0, (c) P-50 MEA with S ≈ 0.5, and (d) P-50 MEA 

with S ≈ 1.0. (e, f) Simulations of the stress distributions on the prism-patterned 

MEAs with pitches of 20 μm (e) and 50 μm (f). 
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Figure 4.5 Simulation of the stress distribution on a prism-patterned MEA with a 

pitch of 10 μm and an applied strain of ~0.5, and the corresponding SEM image. 
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fractions of the two samples were almost the same (~8.0%). When the applied 

strain was increased to ~1.0, the crack widths were enlarged. The average width in 

the P-20 MEA was ~8.4 μm and that in the P-50 MEA was ~21 μm, with areal 

fractions of 19.42%. The average width is proportional to the pattern dimension 

(pitch of the prism pattern), and the areal fraction of cracks increases 

proportionally as the applied strain increases. With the same amount of catalyst 

loading, the thickness of the electrode increases as the areal fraction of the cracks 

increases, as confirmed by observing cross-sectional SEM images (Figure 4.6).  

As the applied strain increased, the area of exposed bare Nafion surface increased 

and this resulted in decrease of areal fraction of the electrode area. In our 

experiments, we used the same amount of catalyst and thus the electrode thickness 

increased by ~14% and ~24% for strains of ~0.5 and ~1.0, respectively.  

 

4.3.4. Behavior of water on the cracked electrode 

Figure 4.7 shows schematic illustrations of how generated water behaves in the 

controlled cracks in the catalyst layer. The water behaviour can be divided into 

three major steps. First, the generated water inside the catalyst layer moves to the 

surface of the catalyst layer and the cracks. Next, water droplets form and grow by 

coalescing with neighbouring drops and the cracks fill with liquid water. After 

filling the cracks in the electrode, droplets arise from the cracks and become larger 

by coalescing with neighbouring droplets, and are finally ejected to the gas 

diffusion layer. To visually demonstrate the role of the cracked electrode, we 

directly observed the water behaviour on the surface of the cracked electrode using 

in-situ ESEM (Figure 4.8). When the RH reaches 95%, a liquid water droplet forms 

and the cracks fill with liquid water (white dotted circles in Figure 4.8 (a)) within 1 

min. After approximately 180 s, droplets arise from the cracks (yellow dotted 

circles in Figure 4.8 (b)) and grow by coalescing with neighbouring droplets 

(Figure 4.8 (c) and movie clip available online). From these observations, we 
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Figure 4.6 Cross-sectional SEM images of the P-20 and P-50 MEAs with S ≈ 0.5 

and 1.0, and a conventional MEA.  
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Figure 4.7 Schematic illustrations of the behaviour of generated water in the 

controlled cracks in the catalyst layer. 
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Figure 4.8. ESEM images of water behaviour on a 20 µm cracked catalyst layer 

(strain ≈ 0.5) with respect to time: (a) 60 s, (b) 180 s, and (c) 360 s. The chamber 

pressure and substrate temperature were maintained at ~5.1 Torr and ~2 °C, 

respectively (RH = 95%). 
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confirmed that the guided cracks in the electrodes act as water reservoirs and also 

as water passages. These properties are desirable for enhancing fuel cell 

performance by reducing mass transport resistance. 

 

4.3.5. Enhanced performance using cracked MEAs in PEFCs 

To elucidate the effect of the guided cracks on PEFC performance, we constructed 

single cells by incorporating guided cracked MEAs. The single cells with guided 

cracked MEAs were operated by flowing fully humidified H2/air to the 

anode/cathode. The experimental sets were composed of P-20 and P-50 MEAs with 

applied strains of ~0.5 and ~1.0, respectively. These MEAs exhibit enhanced 

performance mainly because of the improved water transport under all conditions, 

regardless of the dimension of the prism pattern and the applied strain, relative to 

that of the conventional MEA (Figure 4.9 and Figure 4.10). The performance 

improvement of the P-20 MEA is higher than that of the P-50 MEA with the same 

applied strain (S ≈ 0.5 and 1.0). Considering that the same applied strain indicates 

an analogous areal fraction of generated cracks, improved performance can be 

obtained by increasing the number of guided cracks. The performance with an 

applied strain of ~1.0 is lower than that with an applied strain of ~0.5 for the P-20 

and P-50 MEAs. The MEAs with S ≈ 0.5 show higher performance than the MEAs 

with S ≈ 1.0, which can be explained by the morphological features of the stretched 

MEA. Generally, the interface between the Nafion membrane and the electrode is 

the site where the electrochemical reaction is most effective.27 However, as more 

strain was applied to the MEA, the area of the bare Nafion membrane surface 

(without contact with the catalyst layer) increased, which reduced the 

electrochemical reaction and reduced the device performance for the MEAs with S 

≈ 1.0. In addition, as mentioned above, MEAs with S ≈ 1.0 have thicker electrodes 

than S ≈ 0.5, which could also lead to reduced performance. These results indicate 

that there exists a desirable crack density and applied strain  
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Figure 4.9 Electrochemical measurements of the MEAs: (a, b) Polarization curves 

of a conventional MEA and the MEAs with cracks generated using a 20 μm prism 

pattern (a) and a 50 μm prism pattern (b) with various strains (~0.5 and ~1.0) under 

H2/air. (c) Oxygen gains obtained under ambient pressure. (d) Cyclic voltammetry 

(CV) measurements of the prism-patterned MEAs with the same strain (~0.5) and a 

conventional MEA at the cathode catalyst layers (NHE = normal hydrogen 

electrode). 
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Figure 4.10 Measurements of device performance: (a, b) Polarization curves of a 

conventional MEA, P-20 MEA, and P-50 MEA with the same applied strain of 

~0.5 (a) and ~1.0 (b) under H2/air. 
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to obtain a high-performance MEA. In our experiments, the P-20 MEA with an 

applied strain of ~0.5 shows the highest performance, with a maximum power 

density of ~863 mW cm−2 and a current density of ~1,272 mA cm−2 at 0.6 V under 

H2/air. This maximum power density is ~18% higher than the conventional value 

(~730 mW cm−2) (Table 4.2).  

To further confirm the degree of mass transfer at the cathode catalyst, we 

calculated the oxygen gain (ΔV) using the following equation:14, 28 

   (1) 

The oxygen gain values of the MEAs with guided cracks are smaller than that of 

the reference MEA, and the difference increases as the current density increases 

(Figure 4.9 (c)). The P-20 MEA (S ≈ 0.5) shows the highest performance among 

the prepared MEAs, which implies that the guided cracks in the MEA enhance 

mass transport relative to that in the conventional MEA. We also measured the 

device performance of an MEA using a pre-stretched membrane while excluding 

the thinning effect of the stretched membrane, as shown in Figure 4.11. The prism-

patterned Nafion membrane was previously stretched (P-20 membrane with S ≈ 

0.5) before spraying the catalyst. Then, the catalyst ink was sprayed onto the pre-

stretched membrane to construct the MEA. In this manner, the MEA with a pre-

stretched membrane was prepared with no cracks in the cathode but it contained a 

thinned membrane. The performance of the MEA with the pre-stretched membrane 

is slightly higher than that of the conventional MEA. This is because the vertically 

asymmetric geometrical feature at the interface between Nafion membrane and 

catalyst layer lead to improved water transport.28 However, it showed still much 

lower performance than that of the P-20 MEA with guided cracks under H2/air, 

which indicates that the guided cracks has an effective role to enhance the device 

performance. 

4.3.6. Electrochemical analysis of the MEA with guided cracks 

To quantitatively investigate the effects of enhanced water transport, EIS and CV  
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Table 4.2 Maximum power densities and current densities at 0.6 V for the prism-

patterned MEAs. 

 P-20 MEA P-50 MEA 

 Current 

density at 0.6 

V [mA cm−2] 

Max. power 

density [mW 

cm−2] 

Current 

density at 0.6 

V [mA cm−2] 

Max. power 

density [mW 

cm−2] 

Strain ~0.5 1,272 863 1,140 781 

Strain ~1.0 1,162 821 1,079 764 

a)Conventional MEA: current density of 1,008 mA cm−2 at 0.6 V and max. power 

density of 730 mW cm−2 
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Figure 4.11 Polarization curves of conventional MEA, MEA with pre-stretched 

membrane (S ~0.5), P-20 patterned MEA with pre-stretched membrane (S ~0.5) 

and P-20 patterned MEA with controlled cracks via stretching MEA (S ~0.5) 
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 were performed for the P-20 and P-50 MEAs with an applied strain of ~0.5 and 

compared with the respective data for a conventional MEA (Figure 4.9 (d) and 

Figure 4.12). Electrochemical active surface areas (ECSAs) were obtained from the 

CV measurements.29 The measured ECSAs of the conventional MEA (56.73 m2 

g−1), P-20 MEA with S ≈ 0.5 (58.00 m2 g−1), and P-50 MEA with S ≈ 0.5 (53.37 m2 

g−1) are comparable, which shows that the area of the tri-phase boundary is barely 

affected by the guided cracks. The EIS data for the three samples were obtained at 

0.6 V and fitted to the equivalent circuit, as illustrated in Figure 4.12.30-32 The P-20 

and P-50 MEAs with S ≈ 0.5 show comparable ohmic resistances of 0.0637 Ω cm2 

and 0.0609 Ω cm2, respectively (that of the conventional MEA is 0.0631 Ω cm2). 

Even though the current densities of the cracked MEAs are higher than that of the 

conventional MEA at 0.6 V, the Warburg impedance values of the P-20 MEA 

(0.02026 Ω cm2) and P-50 MEA (0.03817 Ω cm2) with S ≈ 0.5 are much smaller 

than that of the conventional MEA (0.09565 Ω cm2) (Table 4.3). Moreover, in the 

high current density region (~1.6 A cm−2), the difference between the Warburg 

impedance values for the P-20 MEA with S ≈ 0.5 (0.0326 Ω cm2) and the 

conventional MEA (0.3702 Ω cm2) increases (Table 4.3 and Figure 4.12 (b)). 

These results imply that water transport at the cathode catalyst layer is substantially 

improved by the cracks, especially for P-20 MEA, providing high device 

performance. 
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Figure 4.12 Electrochemical impedance spectroscopy (EIS) measurements of 

prism-patterned MEAs with the same strain (~0.5) and a conventional MEA at 0.6 

V vs. a reversible hydrogen electrode (a) and at 1.6 A cm−2 (b). (c) Equivalent 

circuit of the PEFC (L1 = inductance of the electric wire, R1 = internal membrane 

resistance, R3 (2) = charge transfer resistance of the cathode (anode), CPE2 (1) = 

constant phase element of the cathode (anode), and W1 = Warburg impedance). 
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Table 4.3 Electrochemical impedance spectroscopy (EIS) fitted data. 

 EIS at 0.6 V EIS at 1.6 A cm−2 

 Rmembrane 

[Ω cm2] 

ZW 

(Warburg) 

[Ω cm2] 

Rmembrane 

[Ω cm2] 

ZW 

(Warburg) 

[Ω cm2] 

Conventional MEA 0.0631 

(100%) 

0.09565 

(100%) 

0.0660 

(100%) 

0.3702 

(100%) 

P-20 MEA with S ≈ 

0.5 

0.0637 

(101.0%) 

0.02026 

(21.2%) 

0.0657 

(99.5%) 

0.0326 

(8.8%) 

P-50 MEA with S ≈ 

0.5 

0.0609 

(96.5%) 

0.03817 

(39.9%) 

0.0629 

(95.3%) 

0.0328 

(8.8%) 
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4.4. Conclusions 

In this study, we achieved enhanced device performance by incorporating guided 

cracks into a porous electrode by stretching the catalyst-coated membrane to 

improve water transport. We successfully generated guided cracks using the 

concentrated surface stress in an electrode with a prism-patterned Nafion 

membrane. We investigated the effects of crack size and the areal fraction of cracks 

on device performance by varying the dimension of the pattern (prism pitches of 20 

μm and 50 μm) and the applied strain (S ≈ 0.5 and 1.0). We found that the guided 

cracks in the electrodes have effective roles as generated water reservoirs and as 

water passages by observing the behaviour of the generated water in the guided and 

cracked electrodes using in-situ ESEM. We incorporated MEAs with guided cracks 

into single cells to examine the electrochemical performance. Under all conditions 

(regardless of the prism pattern dimension and applied strain), the MEAs with 

controlled cracks exhibited improved performance. In particular, the maximum 

power density of P-20 MEA (with an applied strain of ~0.5) increased by ~18% 

relative to that of the conventional MEA. The guided cracks in the electrode 

effectively enhanced water transport on the cathode side, as confirmed by EIS 

measurements. Our strategy to generate controlled voids, i.e. cracks in the 

electrode, is a very effective way to improve mass transport in fuel cells and shows 

the potential to be applied in other energy storage and conversion devices. 

However, there would be manufacturing issue of our process including the 

morphology distortion during stretching process and adaptability to 

commercialized MEAs with large area. Hence, proper design of the stretcher 

machine and initially sprayed region should be further investigated. In addition, 

Uniform cracks were observed in the MEA with prism-pattern, but the performance 

was higher in the MEA with random cracks than the conventional MEA. Although 

the shape of the cracks in the MEA with the pattern has been obtained uniformly, 

the cracks in the longitudinal direction are considered to have adverse effects on 
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performance. When the cracks are formed in a small and dense shape like random 

cracks in the MEA, it seems to be advantageous for mass transfer because the 

utilization of cracks is increased. 
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Chapter 5. Effect of N-doped Carbon Coatings on the 

Durability of Highly loaded Platinum and Alloy 

Catalysts with Different Carbon Supports for 

Polymer Electrolyte Membrane Fuel Cells 

 

 

5.1. Introduction 

Platinum (Pt) is commonly employed in fuel cell catalysts for electrochemical 

reactions such as the oxygen reduction reaction (ORR), and has been widely 

applied in fuel cell research due to its intrinsic high activity.[1] In addition, a 

reduction in the size of the Pt particles to nanoscale dimensions and dispersion of 

the resultant nanoparticles onto high surface area supports has significantly 

increased its utilisation.[2] Furthermore, studies have been conducted to increase 

catalyst activity and reduce the quantity of Pt required by creating alloys between 

Pt and transition metals.[3–6] Moreover, in the context of supports for fuel cell 

catalysts, a low electrical resistance and a high stability are required to withstand 

fuel cell operating conditions. Hence, carbon supports such as Vulcan XC and 

Ketjen Black are commonly employed.[7] 

Due to the electrochemically harsh operating conditions of polymer electrolyte 

membrane fuel cells (PEFCs), research regarding the durability of any materials 

employed is of particular importance, as degradation of the metal particles 

dispersed on the carbon supports can occur through migration/dissolution of the 

metal and corrosion of the carbon itself. As such, significant research has been 

conducted in this area based on a variety of strategies, such as Pt nanostructure 

control, alloying, and carbon support modification. For example, Park et al.[8] 



125 

 

synthesised a cubic platinum nanoframe through structural control and reported its 

improved durability. Furthermore, improvements in durability through the 

formation of structures composed of platinum-based alloys (e.g., alloys with Ni, Co, 

and Pd, among others) to give core-shell structures,[9] nanoframes,[10] hollow 

structures,[11] nanocages,[12] dendrites,[13] and alloys with Pt skins[14,15] have 

been reported. There have also been reports of increased durability through the 

replacement of conventional catalyst supports with more robust materials such, as 

carbon nanotubes (CNTs),[16] graphene,[17–19] carbon composites,[20] and metal 

oxides.[21–24] In addition, it has been reported[25] that the interaction between Pt 

and the support is strengthened by the presence of ionic liquids. Support-free 

catalysts have also been applied to single cells to avoid support corrosion.[26] 

Recently, durability enhancement studies using a protective layer, such as a metal 

(tantalum) oxide[27] or carbon layer[28–36] have been applied to Pt- and Pt-alloy 

catalysts. In particular, when carbon is applied as a protective layer to the surface 

of the catalyst, the durability of the catalyst is increased by preventing migration 

and dissolution of the metal. To date, methods for the introduction of such a carbon 

shell have included vapour-phase and liquid-phase methods based on the use of 

polyaniline,[28,29] polydopamine,[30–32] ethylenediamine,[33] 1,2-

hexadecanediol with iron acetylacetonate,[34] and poly(acrylic acid)(butyl 

acrylate) [35] for the liquid phase methods, and CH4, C2H2, EtOH, and CH3COCH3 

for the vapour phase methods.[36] Furthermore, enhanced ORR activity has been 

reported upon doping the carbon protective layer with nitrogen.[37,38] Originally, 

nitrogen-doped carbon was extensively studied to replace expensive platinum 

group catalysts and exhibited good ORR activity with transition metals such as Fe, 

Co, etc.[39–41] However, studies also found that ORR activity was further 

enhanced due to the synergistic effects of the nitrogen-doped carbon shell and 

metal catalyst core and that the stability of the shell was improved. 

Most previous studies have introduced a protective shell on a 20 wt% metal 
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catalyst on support. In these cases, the distance between the metal nanoparticles is 

long because the total amount of the metal is small compared to the support. 

Therefore, metal agglomeration is rare during the high temperature heat treatment 

used to form the carbon shell. However, highly loaded catalysts are often used in 

practical fuel cell devices to reduce the volume of the electrodes; therefore, the 

smaller distance between metal nanoparticles means that they can quickly 

agglomerate, even at low temperatures where the carbon shell is not well formed. 

Furthermore, in the previous report, the catalysts were only studied at the half-cell 

level after the introduction of carbon shells.[31,35] Even when a single cell 

evaluation was carried out, the activity of the catalysts was studied in an oxygen 

atmosphere[32] or the durability in a nitrogen atmosphere.[29,34] 

Thus, we herein report the application of a carbon-based protective layer for highly 

loaded Pt- and Pt-alloy catalysts on different types of carbon supports, as shown in 

Figure 5.1, to prevent agglomeration of adjacent metal nano-particles during 

degradation process and/or heat treatment. In this case, to form the protective layer 

on the catalyst surface, we employed a dopamine precursor, as the desired shell can 

be formed rapidly in aqueous solution at room temperature. The prepared catalysts 

were then applied to a membrane electrolyte assembly (MEA) as cathode 

electrodes and subjected to single-cell electrochemical analysis in air conditions, 

similar to the actual operating conditions used in fuel cell applications. We also aim 

to confirm that the durability of Pt- and Pt-alloy catalysts can be enhanced by the 

presence of an N-doped carbon shell, and the related phenomenon is explained 

through examination of the electrochemical performance, the electrochemically 

active surface area, and comparative analysis of the obtained transmission electron 

microscopy (TEM) images. 
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Figure 5.1 Schematic diagram of the N-doped carbon-coated Pt/CB (top) and 

Pt2Ni/HC (bottom) systems before and after the accelerated degradation tests 

(ADTs). 
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5.2. Experimental section 

5.2.1. Preparation of the Dopamine-coated Cathode Catalyst  

Commercial 40 wt% Pt on carbon black (CB) (HiSPEC®  4000, Alfa Aesar, USA) 

and 50 wt% Pt2Ni on carbon (RTCPN50, RTX, Republic of Korea) were employed 

for the purpose of this study. Heat-treated Ketjen Black carbon (HC) (KB600 JD) 

was employed as the carbon support for the alloy catalyst. For coating of the 

dopamine layer, 100 mg of each catalyst was used. Following the preparation of a 

10 mM tris-HCl buffer solution (200 ml) at pH 8.5 (Trisma®  base and 37% 

hydrochloric acid, Sigma-Aldrich, USA), dopamine hydrochloride (600 mg, 

Sigma-Aldrich) was dispensed into the solution. Subsequently, each catalyst was 

added to a beaker containing the prepared dopamine solution, and stirred at 500 

rpm for 60 min. The resulting polydopamine was then washed several times with 

deionised water (DI water) and ethanol (Samchun Chemical, Republic of Korea) 

using a membrane filter (Advantec®  C045A047A, Toyo Rosh Kaisha, Ltd., Japan) 

and dried at 80 °C overnight in a drying oven. After this time, the dried catalysts 

were allowed to stand at 25 °C for 3 h, separated from the filter paper in an Ar 

atmosphere in a tube furnace, and subjected to heat treatment at 600 °C (heating at 

2 °C min−1) for 2 h. Following cooling under ambient conditions, the catalysts were 

finally ball-milled to obtain a powder suitable for preparation of the catalyst inks. 

 

5.2.2. Preparation of the MEA 

Both before and after dopamine coating, each catalyst was mixed with DI water 

and isopropyl alcohol in a vial and treated using a homogeniser (VCX130, Sonics 

& Materials, Inc., USA) for 3 min to produce the catalyst inks. A Nafion®  ionomer 

was then added at the desired loading (10–40 wt%) and the system was treated 

once again using a homogeniser for 3 min. A Nafion®  212 membrane (DuPont, 

USA) was cut into squares measuring 3.3 × 3.3 cm2 and the protective films were 

peeled off. The membrane squares were then soaked in a 1 M H2O2 solution at 
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80 °C for 1 h and washed with DI water, after which they were treated with a 1 M 

H2SO4 solution at 80 °C. Following treatment, the membrane samples were washed 

once more with DI water and fixed between acrylic frames with square holes 

measuring 5 cm2, then dried for 24 h. The frames were tightly clamped to the stand 

and the prepared catalyst inks were sprayed onto the membranes using a N2 gas 

bomb and a spray gun (Richpen, GP-2, Japan). At the anode side of all MEA 

samples, ink containing the 40 wt% Pt/CB catalyst was applied, and the desired 

catalyst ink was applied to the cathode side. A loading of 0.2 mgpt cm−2 was 

employed for both the anode and the cathode. After spraying, the acrylic frames 

were removed to give MEAs with active areas measuring 5 cm2. 

 

5.2.3 Half-Cell Test 

To prepare catalyst inks for half-cell test, the catalyst was blended with Nafion®  

ionomer and isopropyl alcohol mixture. The Nafion®  ionomer were for proton 

conduction. Each ink was poured on pre-treated glassy carbon electrode (RDE) tip 

using micro pipette (Eppendorf Korea Ltd.) and this served as the working 

electrode. Counter electrode and reference electrode were platinum wire and 

Ag/AgCl, respectively. All these electrode were operated in 0.1 M HClO4 solution. 

ORR was measured at 1600 rpm with 10 mV s-1 measuring rate. And the data were 

collected using RDE device (Auto Lab., USA). 

 

5.2.4. Single Cell Tests  

The prepared MEAs were placed in the centre of a single cell (PEM005-1, CNL 

Energy, Republic of Korea) consisting of two end plates and two bipolar plates. A 

serpentine channel (1 mm depth) was employed as the flow field for both the anode 

and the cathode in the bipolar plate. Two pairs of gas diffusion layers (JNT30-A3, 

JNTG, Republic of Korea) and Teflon gaskets were placed on both sides of each 

MEA. Single cell tests were then conducted using a fuel cell test station (CNL 
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Energy, Republic of Korea). The single cells were maintained at 70 °C throughout 

the experiment and the relative humidity was fixed at 100%. To activate the MEAs, 

a current load was applied while supplying hydrogen (H2) (150 standard cubic 

centimetres; sccm) to the anode and oxygen (O2) (200 sccm) to the cathode. The 

current was increased at a rate of 5 mA s−1, and was maintained for 10 min at 5, 10, 

and 15 A. When the voltage of the single cell dropped below 0.37 V, the current 

load was removed and the voltage was set to the open circuit voltage (OCV). This 

process was repeated several times until the voltage and current remained constant, 

at which point the activation process was stopped and the performance evaluation 

was conducted. The cathode gas was then changed from O2 to air (800 sccm) and 

the initial performances of the MEAs bearing different cathode catalysts were 

evaluated. This load cycling method was applied for accelerated degradation tests 

(ADTs) of the cathode catalysts, where the cycle was repeated over 200 h, 

increasing the current until the voltage reached the OCV (approx. 1.0 V) to 0.35 V. 

Upon reaching the OCV, these conditions were held for 30 s, and the current was 

increased at a rate of 5 mA s−1. To measure the electrochemically active surface 

areas (ECSAs) of the cathodes, cyclic voltammetry (CV) was performed both 

before and after the ADTs, and H2 and N2 were supplied to the anode and the 

cathode, respectively. 

 

5.2.5. Transmission Electron Microscopy (TEM) Measurements 

Two commercial catalysts and two dopamine-coated catalysts were analysed by 

TEM (FEI TECNAI F20 installed in the Research Institute of Advanced Materials 

(RIAM)). Cathode catalysts separated from the MEAs after conducting the ADTs 

for 200 h were also analysed. All samples were dispersed in ethanol (Samchun 

Chemical, Republic of Korea) and placed using a micropipette on a 200 mesh 

copper grid coated with lacey carbon (EMS, USA) on filter paper (Advantec®  No.2, 

Toyo Rosh Kaisha, Ltd., Japan). All samples were analysed at 200 kV. 
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5.3. Results and Discussion 

5.3.1. Morphological Analysis Before and After Dopamine Coating 

TEM analysis (Figure 5.2) of the commercial catalysts and dopamine-coated 

catalysts was conducted as described above and the obtained particle size 

distributions are shown in Figure 5.3. Although a number of aggregates were 

present, commercial Pt/CB consisted of 3.40 ± 1.04 nm metal particles dispersed 

uniformly on an amorphous CB support (Figure 5.2 (a)). In contrast, slightly larger 

alloy particles (8.21 ± 2.27 nm) distributed on HC were observed for the 

commercial Pt2Ni/HC catalyst (Figure 5.2 (b)). The formation of a thin dopamine 

layer can be achieved on the substrate surface through the oxidative self-

polymerisation of dopamine in alkaline solution[42] and N-doped carbon shells 

(1.5–2.3 nm) was formed by following polydopamine heat-treatment (Figure 5. 

2(c)) in the case of the commercial Pt/CB catalyst. During this process, the 

thickness of the resulting N-doped carbon shell was determined by the agitation 

time employed, in addition to the quantity of dopamine, and the surface 

characteristics of the substrate. For example, when approx. 20 wt% of the metal 

was loaded onto a carbon support,[30] a thin (approx. 0.5 nm) N-doped carbon 

shell was formed under the same coating conditions employed herein. In addition, a 

thicker shell was formed in the case of the Pt/CB catalyst due to differences in the 

catalyst composition. As the catalyst employed in our study contains 40 wt% Pt, it 

has a 22% smaller accessible volume than the 20 wt% Pt/CB catalyst. Thus, a 

thicker coating layer can be formed by the application of the same quantity of 

coating precursor to a smaller volume of catalyst.  

Furthermore, the Pt particle size showed a non-uniform dispersion of 5.52 ± 2.54 

nm, which was greater than that of the non-coated sample (Figure 5.2(a)). This is 

likely due to sintering of the Pt particles during the heating process, as the distance 

between adjacent particles is shorter. However, catalysts annealed without  
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Figure 5.2 TEM images of (a) Pt/CB and (b) Pt2Ni/HC before dopamine coating, 

and (c) Pt/CB and (d) Pt2Ni/HC after dopamine coating. The insets in (c) and (d) 

show high-resolution TEM images. 
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Figure 5.3 Particle size distribution of (a) Pt/CB, (b) Pt2Ni/HC, (c) Pt/CB with N-

doped carbon shell, and (d) Pt2Ni/HC with N-doped carbon shell before ADT. 
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additional dopamine coating showed a significant increase in size (Figure 5.4 (a)), 

whereas no significant increase was observed for the dopamine-coated particles. 

Upon reducing the agitation time to 45 min in an attempt to reduce the shell 

thickness, only partial shell formation was observed, as shown in Figure 5.5. This 

partial shell growth was also accompanied by larger particle growth compared to 

that observed for the catalysts bearing 1.5–2.3 nm N-doped carbon shells. It was 

therefore concluded that the minimum time for the formation of an N-doped carbon 

shell on this catalyst was 1 h, and the minimum shell thickness for sufficient 

catalyst protection was 1.5-2.3 nm. Figure 5.2 (d) shows an N-doped carbon shell 

on a Pt2Ni/HC catalyst. In this case, despite the heat treatment process carried out 

during coating, little growth of the metal alloy was observed (8.81 ± 2.35 nm) as 

interactions between Pt and the carbon support were strong due to the enhanced 

basicity arising from the π sites of the heat-treated carbon. Thus, this catalyst 

support prevents the migration of metal particles.[43] In contrast, the uncoated 

Pt2Ni/HC exhibited significant particle growth following heat treatment, as shown 

in Figure 5.3 (b), thereby confirming that the dopamine coating prevents growth of 

the metal particles. In addition, a thinner shell (0.47–0.95 nm) was formed for this 

catalyst compared to that formed on Pt/CB despite the high metal loading and the 

use of identical coating conditions. In this context, Sheng et al.[44] reported that 

heat-treated carbon materials were not dispersible in distilled water, likely due to 

the increased hydrophobicity of the material. Therefore, as the dopamine layer is 

polymerised in an aqueous solution, enhanced polymerisation is observed at the CB 

surface compared to the heat-treated carbon surface due to the hydrophobic nature 

of the latter, thereby resulting in a thinner coating than that observed for Pt/CB 

under identical coating conditions (i.e., dopamine quantity and reaction time). As 

shown in Figure 5.6, the X-ray diffraction results show trends similar to the TEM 

results. Furthermore, the percentage of nitrogen was slightly lower in Pt2Ni/HC 

than in Pt/CB after coating (Figure 5.7). 
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Figure 5.4 TEM images of (a) heat-treated Pt/CB and (b) heat-treated Pt2Ni/HC 

without dopamine coating.  
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Figure 5.5 TEM images of Pt/CB after 45 min of reaction with dopamine. Inside of 

the yellow dotted line, carbon shell is partially formed. 
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Figure 5.6 The XRD spectra of Pt/CB and the prepared Pt2Ni/HC catalysts 
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Figure 5.7 The SEM-EDS results of Pt/CB and the prepared Pt2Ni/HC catalysts 

after dopamine coating.
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These observations therefore confirm that dopamine coating partially inhibits 

catalyst particle growth during the heat treatment process. Moreover, under 

identical conditions, N-doped carbon shells of different thicknesses were formed 

for catalysts supported on CB and HC. 

 

5.3.2. Evaluation of the Electrochemical Performances based on the Ionomer 

Content of Each Catalyst 

As reported previously, the performance of a PEFC is greatly affected by the triple-

phase boundary (TPB), which refers to the point at which the three phases, i.e., gas, 

liquid, and solid, converge. In a fuel cell, this refers to the reactant (gas), electrolyte 

(ionomer), and catalyst.[45] The electrolyte mainly serves as a medium for proton 

transport, and an excess of electrolyte can result in a decrease in cell performance, 

as the active sites (i.e., where the reactant gas reacts) on the surface of the catalyst 

become blocked. Conversely, if there is too little electrolyte, the proton transport 

pathway is reduced, and thus, the protons formed during the reaction cannot move 

effectively, thereby resulting in reduced fuel cell performance.[46] Therefore, 

optimisation of the TPB through adjustment of the electrolyte content is of 

particular importance for each individual catalyst system. In addition to single cell 

performance tests using the commercial 40 wt% Pt/CB catalysts (Figure 5.8 (a)), 

ionomer content tests were also performed to compare any differences in 

performance arising from the ionomer composition of the catalyst ink (Figures 5.8 

(b)–3(d)). 

For the anodes, a loading of 0.2 mg cm−2 was employed, as this loading does not 

affect the cathode performance. Initially, the commercial Pt/CB catalyst was 

applied to the cathode (Figure 5.8 (a)) for preparation of an MEA (denoted as PC) 

using the optimised ionomer content of 30 wt% with respect to the catalyst.[47] In 

the case of PC, a current density of 928 mA cm−2 was observed at 0.6 V in addition 

to a maximum power density of 723 mW cm−2. However, it has previously been  
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Figure 5.8 Electrochemical performance curves for (a) PC, (b) PNHC, (c) PCD, 

and (d) PNHCD. With the exception of PC, the ionomer content tests were 

performed to optimise the TPB. The ionomer contents relative to the catalyst are 

noted in the legends. 
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reported that when ordered mesoporous carbon was employed as a support, the 

optimum performance was achieved for systems based on a 10 wt% ionomer 

loading;[48] therefore, we examined ionomer contents between 10 and 40 wt% to 

determine the optimum TPB for this system. Figure 5.8(b) shows the results 

obtained upon varying the electrode ionomer contents in the presence of a 

commercial Pt2Ni/HC catalyst, where the samples were labelled PNHC10, 

PNHC20, PNHC30, and PNHC40 based on their corresponding ionomer contents. 

As indicated, upon increasing the ionomer content, the performance tended to 

increase, and more specifically, increases in the ionomer content in the low current 

density region resulted in enhanced performances as the protons produced by the 

catalyst reaction were more effectively transferred to the required sites. However, 

we found that the optimal performance was observed for an ionomer loading of 30 

wt% rather than 40 wt%. Compared to PC, the current density at 0.6 V was 5.5% 

higher (i.e., 979 mA cm−2), while the maximum power density was slightly lower 

(i.e., 684 mW cm−2), likely due to the intrinsic properties of the catalyst. More 

specifically, the half-wave potential in the half-cell data was higher than that of the 

commercial Pt/CB catalyst, but the limiting current was lower, as shown in Figure 

5.9. In addition, the sharp decrease in performance in the presence of 40 wt% 

ionomer (PNHC40) at higher current densities was due to an excess of ionomer 

preventing effective TPB formation. 

As the presence of a dopamine coating partially covers the Pt active sites and alters 

the physical structure of the catalyst (e.g., by changing the surface structure of the 

support), we examined the effect of ionomer content on TPB formation for the 

dopamine-coated Pt/CB and Pt2Ni/C systems. In this case, Figure 5.8(c) shows the 

performances of the single cell MEAs containing dopamine-coated Pt/CB and 10–

30 wt% ionomer (i.e., samples PCD10, PCD20, and PCD30). As shown, the 

performances of these three MEAs were <50% of that of PC, with PCD20 giving 

the optimal performance among these systems (i.e., a current density of 460 mA  
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Figure 5.9 ORR activity of Pt/CB and Pt2Ni/HC at 1600 rpm with 10 mV s-1in 

0.5M H2SO4 solution. 
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cm−2 at 0.6 V and a maximum power density of 404 mW cm−2, corresponding to 

49.6 and 55.9% of the values of Pt/CB, respectively). As above, increases in 

performance were observed in the low current density region at higher ionomer 

contents. However, at an ionomer content of 30 wt%, the performance dropped in 

the high current density region, giving values comparable to that obtained for 

PCD10. We expect that this lower performance following coating is due to the 

partial growth of metal particles and the presence of a thick coating. According to a 

previous report,[30] dopamine coatings of <1 nm did not interfere with the mass 

transport of oxygen molecules, while for coatings thicker than 1 nm, the gas 

molecules were unable to easily reach the metal particle surface beneath the 

coating. Indeed, TEM analysis (Figure 5.2 (c)) confirmed that the performance 

decreased where coatings thicker than 1–2 nm were present. It was therefore 

concluded that the higher performance exhibited by the system containing 20 wt% 

ionomer was due to partial coverage of the Pt active sites by the dopamine coating 

in the presence of 30 wt% ionomer. We then examined the effect of the ionomer 

content on the dopamine-coated Pt2Ni/HC, as shown in Figure 5.8 (d), where the 

samples were denoted PNHCD10–PNHCD40 according to their ionomer contents. 

In this case, higher performances were once again observed upon increasing the 

ionomer content, although a reduced performance was obtained for the highest 

ionomer content (i.e., 40 wt%, PNHCD40). As before, this phenomenon was 

attributed to an excess ionomer content covering the active sites of the catalyst 

following coating with dopamine. Among these samples, the highest performance 

was achieved in the presence of 30 wt% ionomer (PNHCD30), although the current 

density at 0.6 V reached only 88.9% of that of PNHC30, while the maximum 

power density reached 94.3%. However, the values obtained for PNHCD30 are still 

significantly superior to those of all PCD (i.e., non-coated) systems, which were 

approximately 50% lower. In addition, since the best performance was obtained 

with the same ionomer content as for the uncoated Pt2Ni/HC, the N-doped carbon 
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shell was considered thin enough to transport oxygen molecules from the outside to 

the metal surface. 

The above results therefore confirm that the overall performances of the catalysts 

were reduced following dopamine coating, and the optimum ionomer contents 

were successfully determined for all systems. In this context, Table 5.1 shows the 

electrochemical performances of the prepared MEAs based on the optimum 

ionomer content for each catalyst. 

 

5.3.3. Durability Tests 

To confirm the durability of the catalysts in the MEAs, 200 h continuous load 

cycling tests were carried out as ADTs and the results are shown in Figures 5.10–

5.11. We chose to apply load cycling using the ADT method as it is more taxing 

than other ADT methods, and consequently is more similar to authentic vehicle 

driving conditions where harsh conditions are common, e.g., high current densities 

(low cathode potentials), low current densities (high cathode potentials), and a 

holding period at the OCV.[49] In commonly used MEAs such as PC, the catalyst 

can be degraded by a number of routes, including Pt dissolution, Ostwald ripening, 

coalescence (agglomeration), particle detachment, and carbon corrosion.[50] These 

phenomena were therefore considered in the current test, and could be observed 

through both TEM and electrochemical analyses. As mentioned above, PC 

exhibited the best initial performance among the four types of system examined 

herein; however, following the ADTs, its reduction in performance was also the 

largest among the various samples. More specifically, compared to its initial 

performance, the current density at 0.6 V dropped to 41.4% (i.e., to 384 mA cm−2) 

and the maximum power density reduced by 60.2% (i.e., to 435 mA cm−2) (Figure 

5.10 (a)).  

As a number of reports indicate that catalyst activity and durability are increased in 

bimetallic systems, we examined the performance of PNHC, and found that the  
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Table 5.1 Summary of the electrochemical analyses of PC, PNHC, PCD, and 

PNHCD 

 Ionomer 

content 

(ionomer/catal

yst ✕ 100) 

Before ADT After ADT 

Curre

nt 

densit

y at 

0.6V 

(mA 

cm-2) 

Maximu

m Power 

density 

(mW 

cm-2) 

ECS

A 

(m2 

g-1) 

Curre

nt 

densit

y at 

0.6V 

(mA 

cm-2) 

Maximu

m Power 

density 

(mW 

cm-2) 

ECS

A 

(m2 

g-1) 

PC 30 928 723 45.6

2 

384 435 25.1

0 

PNHC 30 979 684 56.8

3 

727 514 50.8

3 

PCD 20 460 404 33.6

3 

700 575 30.8

2 

PNHC

D 

30 870 607 34.8

6 

747 579 43.9

8 
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Figure 5.10 Electrochemical performance curves for (a) PC, (b) PNHC, (c) PCD, 

and (d) PNHCD before and after the ADTs. 
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initial performance was maintained up to 25 h (Figure 5.10 (b)), after which, 

compared with its initial performance following the ADT, the current density at 0.6 

V and maximum power density reduced to 74.3% (i.e., 727 mA cm−2) and 75.1% 

(i.e., 514 mW cm−2), respectively. This could be attributed to the presence of a 

heat-treated carbon support, which can enhance interactions with the metal.[51] 

Furthermore, as reported in the literature,[52] Pt-Ni alloys are more resistant to 

sintering in MEAs compared to pure Pt. It has also been reported that a trade-off 

exists, in which the activity is increased when the particle size is small, and the 

stability is increased when the particle size is large.[53] These observations 

therefore indicate that PNHC exhibited a less significant performance decrease 

after the ADT than PC. Figure 5.10 (c) shows the performance curve obtained for 

PCD bearing an N-doped carbon shell on the catalyst surface. As indicated, the 

highest performance was obtained at 120 h (current density = 795 mA cm−2 at 0.6 V, 

maximum power density = 641 mW cm−2) during the ADT. Similarly, the 

performance of PNHCD initially increased, with the highest performance being 

obtained after 25 h during the ADT (Figure 5.10 (d)). In this case, the current 

density at 0.6 V and the maximum power density were enhanced by 24.8% (i.e., to 

1,086 mA cm−2) and 20.1% (i.e., to 729 mA cm−2), respectively, compared to the 

initial performance. Interestingly, these values are 1.170 and 1.008 times higher, 

respectively, than those exhibited initially by PC. Therefore, in terms of durability, 

formation of the N-doped carbon shell resulted in an increase in the maximum 

power density by 1.4 times in the case of Pt/CB, and a small decrease of 4.6% in 

the case of Pt2Ni/HC after 200 h of continuous ADT. 

Figure 5.11 shows both the current density at 0.6 V and the maximum power 

density trend for each MEA. For comparison, the data were normalised based on 

the initial values obtained for PC. As reported previously,[54] the performance of 

the PC system gradually decreased as the ADT progressed. Indeed, a similar 

observation was made in our experiments, as shown in Figure 5.11 (a). Similarly, 
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Figure 5.11 Trends of normalised current density (at 0.6 V) and maximum power 

density with ADT time: (a) PC, (b) PNHC, (c) PCD, and (d) PNHCD. 
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PNHC also exhibited a gradual decrease in its performance after approximately 25 

h of the ADT, as shown in Figure 5.11 (b). In these two MEAs, it should be 

considered that degradation occurred progressively in the catalyst layer due to the 

previously mentioned catalyst degradation mechanism. In addition, Figure 5.11 (c) 

shows the variation in current density and the maximum power density of PCD, 

and confirms that the performance of this system increases with time. This can 

likely be accounted for by partial loss of the thick shell on the catalyst surface 

during degradation, thereby resulting in gradual exposure of the active sites, and a 

resulting increase in performance. Furthermore, after 120 h, the shell is no longer 

able to protect the catalyst and the performance of the PCD decreases due to 

degradation of the catalyst itself. In the case of PNHCD (Figure 5.11 (d)), an 

increase in performance was observed up to 25 h, potentially due to dissolution of 

the non-reactive phase in the transition metal catalyst in the presence of the N-

doped carbon shell. Indeed, this improvement in the mass transfer properties was 

also observed in previous reports upon progression of the ADT.[55] However, after 

25 h, a decrease in performance was observed for the PNHCD system. As in the 

case of PNHC, we expect that this was due to dissolution of the nickel present in 

the catalyst, since in contrast to the ADT conditions employed in a previous study 

(i.e., use of an N2 atmosphere),[55] our ADTs were performed in a simulated 

driving environment under air. Indeed, Zhao et al.[56] reported that in an O2 

atmosphere, full dissolution of Ni was observed following the MEA tests, which is 

similar to the performance degradation observed due to the loss of nickel under 

ADT conditions in air. 

We then examined the CV behaviour of the various samples before and after the 

ADT, as shown in Figure 5.12. These measurements were carried out under a H2/N2 

environment. In the case of PC (Figure 5.12 (a)), the initial ECSA of 45.62 m2 g−1 

was reduced by 55.0% to 25 m2 g−1 following the ADT. However, in the case of 

PNHC (Figure 5.12 (b)), the ECSA was reduced by only 9.0% from the initial  
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Figure 5.12 CV results for (a) PC, (b) PNHC, (c) PCD, and (d) PNHCD before and 

after the ADT. 
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value of 56.83 m2 g−1 (i.e., to 50.80 m2 g−1). In addition, as shown in Figure 5.12 

(c), the ECSA of PCD prior to the ADT was 33.63 m2 g−1, which is 26.2% less than 

that achieved prior to introduction of the dopamine coating. Indeed, the initial 

ECSA of PCD was low due to the growth of particles in the annealing process 

employed during introduction of the N-doped carbon shell, and also due to the 

relatively thick coating (i.e., 1.5–2.3 nm) present in the final sample. Thus, 

following the ADT, the ECSA decreased to 30.82 m2 g–1, and the hydrogen 

adsorption/desorption peaks between 0.050 and 0.45 V were sharp. These 

observations also imply that the initially covered Pt active sites became exposed as 

the ADT progressed. Furthermore, Figure 5.12 (d) shows the CV results of the 

PNHCD sample before and after the ADT. As indicated, the ECSA increased from 

34.86 to 43.98 m2 g–1, and thus, the obtained results suggest that the 0.95 nm-thick 

shell was removed during the ADT, ultimately resulting in Ni dissolution. 

Moreover, after coating, the double layer became thicker in both cases, as shown in 

Figures 5.12 (a) and (c) for Pt/CB and Figures 5.12 (b) and (d) for Pt2Ni/HC. This 

is likely due to the N-doped carbon shell influencing the surface properties of the 

carbon support, especially considering that the double layer is affected by the 

interface between the proton conductive materials (i.e., the membrane and the 

ionomer) and the catalyst, due to the charge exchanged during 

electroadsorption/desorption.[57] Since in this case the quantities of ionomer and 

Pt were equivalent, these results may originate from the support, whose surface 

properties were influenced by the N-doped carbon shell. Additionally, it was 

confirmed that this coating causes a decrease in the ECSA. Although the coating of 

PNHCD is thinner than that of PCD, a greater reduction in the ECSA was observed 

after coating for this sample. However, after coating, the initial performance of 

PNHCD was superior to that of PCD, thereby indicating that the ECSA, which 

merely reflected the adsorption/desorption of hydrogen, is not proportional to the 

performance. In addition, the ECSA excludes factors that affect the performance of 
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the actual MEA (or single cell) in the overall reaction, including gas diffusion, the 

ionic pathway, proton conductivity, the mass transfer of reactants, and the 

management of water. Indeed, a number of other studies have reported that the 

ECSA is not directly proportional to the performance.[58,59] It is therefore likely 

that the Pt2Ni/HC catalyst employed herein is more sensitive to the effects of 

simple electrochemical analysis following dopamine coating. Indeed, after 200 h, 

the CV results indicate that the double layer of PNHCD remained essentially 

unchanged, unlike in the case of PCD. This indicates that the surface properties of 

the carbon applied to the support did not change after 200 h of the ADT. In addition, 

these results also indicate that Ni dissolution caused a decrease in performance 

rather than degradation of the support. In contrast, in the case of PCD, degradation 

also occurred in the support due to changes in the double layer itself. 

 

5.3.4. TEM Analysis after the ADT 

Following the ADT, the MEAs were separated from each single cell, and the 

cathodes were analysed by TEM. The corresponding TEM images and particle size 

distributions for each catalyst are shown in Figure 5.13 and Figure 5.14, 

respectively. As indicated, after completion of the ADT, larger particles were 

observed for PC (8.97 ± 2.16 nm, Figure 5.13 (a)) than for the initial catalyst (3.40 

± 1.04 nm), and the spherical carbon support also exhibited severe deformation. In 

the case of PNHC (Figure 5.13 (b)), although the Pt alloy particles grew slightly in 

size (i.e., to 8.28 ± 2.21 nm), the shape of the support remained relatively 

unchanged. Similarly, larger Pt particles were observed for the PCD sample after 

the ADT (Figure 5.13 (c)), but again, no severe support deformation was observed. 

This suggests that the N-doped carbon shell not only protected the Pt but also 

protected the support during the ADT. We expect that this was due to blockage of 

the high surface area and corrosion-prone amorphous CB by the graphitic N-doped  
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Figure 5.13 TEM images of the catalysts extracted from the MEAs after the ADT. 

(a) Pt/CB and (b) Pt2Ni/HC before dopamine coating, and (c) Pt/CB and (d) 

Pt2Ni/HC after dopamine coating. The insets in parts (c) and (d) show the high 

resolution TEM images. 
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Figure 5.14 Particle size distribution of each catalyst extracted from cathode 

electrode of (a) PC, (b) PNHC, (c) PCD, and (d) PNHCD after ADT. 
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carbon in the fuel cell operating environment. It was also observed that the shell 

was separated from the surface of the Pt particles (inset of Figure 5.13 (c)) and the 

thickness was found to be considerably reduced. Finally, no significant growth was 

observed for the Pt particles of PNHCD (8.86 ± 2.08 nm) after the ADT, as shown 

in Figure 5.13 (d), and little deformation of the carbon support took place. 

However, it was confirmed from high resolution images (inset of Figure 5.13 (d)) 

that portions of the N-doped carbon shell were removed, and the metal surface was 

partially exposed. These results therefore confirmed that the N-doped carbon shell 

derived from the dopamine coating aided in preventing the aggregation of metal 

catalyst particles in the system examined herein. 
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5.4. Conclusions 

We herein report the introduction of a nitrogen-doped carbon shell by dopamine 

coating on the surfaces of highly loaded platinum- and platinum-nickel alloy 

catalysts possessing different types of carbon supports to enhance the durability of 

polymer electrolyte membrane fuel cells. When coating was carried out under the 

same conditions, thick (1.5–2.3 nm) N-doped carbon shells were formed on the 

surfaces of Pt/carbon black (CB) particles, while thin (0.47–0.95 nm) layers were 

formed on the surfaces of Pt2Ni/heat-treated Ketjen black carbon (HC) particles 

due to differences in their surface properties, such as the hydrophobicity of the 

heat-treated carbon support. Due to changes in the catalyst surfaces, it was 

important to form an optimal triple-phase boundary by adjusting the ionomer 

content when N-doped carbon was introduced, as this resulted in increased fuel cell 

durability. We found that the optimal ionomer content was 20 wt% for dopamine-

coated Pt/CB (PCD) and 30 wt% for dopamine-coated Pt2Ni/HC (PNHCD). In 

addition, prior to dopamine treatment, the performances of the single cells 

decreased with longer accelerated degradation test (ADT) times, while after 

dopamine coating, the N-doped carbon shells present on the catalyst surfaces 

reduced the initial performance but increased the durability. In the case of PCD, 

which contained a rather thick shell, the performance increased by ≤1.73 times as 

the active sites became exposed with increasing ADT time, however this system 

reached only 85.7% of the initial performance of commercial Pt/CB (PC). 

Furthermore, in the case of the bimetallic PNHCD system, the non-reactive phase 

of the transition metal dissolved selectively, and the performance increased by 1.25 

times during the ADT compared with its initial performance (i.e., a 17% 

improvement over the initial performance of PC). Our results also confirmed that 

the thickness of the N-doped carbon shell was determined by the heat treatment of 

carbon, which effectively improved the durability of these systems. Moreover, the 

overall performance was improved by applying a Pt-alloy catalyst in combination 
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with an N-doped carbon shell, thereby yielding a highly durable catalyst, as 

confirmed by membrane electrolyte assembly durability measurements. It is 

therefore expected that further improvements in the durability of highly active 

catalysts can be achieved by controlling parameters such as the heat treatment 

conditions for the carbon support and the metal composition at the time of catalyst 

design. 
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Appendix A. Preparation of in-situ XAFS Cell In-

operando Single Cell Tests for Structural Analysis of 

Cathode Catalyst 

 

 

X-ray absorption fine structure (XAFS) is a tool for analyzing the local structure 

properties, chemical valence state and local density of states of materials. Many 

groups have used them to analyze and study the properties of materials. However, 

only the characteristics of the material itself were confirmed, and it was difficult to 

identify the electro-catalyst in which the external influences were reflected. In 

particular, it has been difficult to identify the energy devices with complex 

variables such as fuel cells.  

In this study, we designed a single cell for the analysis of cathode catalyst 

integrated with MEA rather than a half cell level analysis. Furthermore, a system 

capable of analyzing not only nitrogen but also oxygen (air) atmospheres was 

introduced. Therefore, analysis of the catalyst was carried out in a high current 

density region and corresponding voltage which can not be measured under the 

nitrogen atmosphere Furthermore, a unit cell for the transmission mode and the 

fluorescence mode was developed and applied to the accelerator laboratory. 

For the preparation of membrane electrolyte assemblies (MEAs) inks, Pt/C and 

synthesized 30 wt% Pd/C were dispersed in distilled water and isopropyl alcohol 

using a homogenizer with an amplitude of 30% for 3 min. A Nafion®  solution was 

added to the Pt/C and Pd/C solution and homogenized again for another 3 min. 

MEAs were prepared by the catalyst-coated membrane (CCM) method. Catalyst 

inks were added into a feed cup of a spray gun and spread over the membrane 

using a nitrogen. The active area of MEAs was 5 cm2. As shown in Figure a.1, the 
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prepared cell for the transmission mode and the fluorescence mode were fixed at 

90 degrees and 45 degrees of the incident synchrotron X-ray, respectively. The 

system after installation in the XAFS measurement room (8C beamline Pohang 

Accelerator Laboratory; PAL) is shown in the figure a.2. 

As a results, we are now able to analyze XAFS under practical fuel cell 

operation conditions, and we will analyze various catalysts based on this. 

Furthermore, this study can be extended to analyzing the components of fuel cells 

composed of metal such as a metal flow field, MEAs with cracks as well as an 

electro-catalyst. 
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Figure a.1 XAFS measurement pictures of (a) the transmission mode and (b) the 

fluorescent cell unit cell. 
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Figure a.2 Fuel cell evaluation system set up at PAL 8C beamline 
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국문초록 

고분자 전해질 막 연료전지는 배기가스가 거의 없기 때문에, 화석연료를 

대체할 수 있는 후보 중 하나인 수소의 어플리케이션으로 많은 연구가 

되고 있다. 그러나 비싼 부품들 때문에 가격에 대한 이점이 아직 

내연기관에 미치지 못하기 때문에, 상용화를 위해서는 아직도 많은 

연구들이 필요하다. 이 연료전지를 이루는 구성요소는 크게 막, 전극, 

기체 확산층, 및 유로이다. 따라서 본 졸업 논문의 주제는 연료전지의 

구성요소를 구조적으로 변경하여, 향상된 성능과 내구성을 분석하는 

데에 있다. 

1장에서는 고분자 전해질막 연료전지에 대해 간략히 소개를 하고, 

연료전지의 구성요소의 특징과, 역할 및 해결해야할 점에 대해 언급한다. 

2 장에서 다공성 금속을 분석하였고, 고분자 전해질 막 연료전지 단위 

셀의 유로로 적용했다. 또한, 다공성 금속의 전기 화학적 성능을 

통상적으로 사용되는 사형 유로의 전기 화학적 성능과 비교 하였다. 

상대 습도가 100 % 일 때 다공성 금속과 사형 유로 사이에는 큰 차이가 

없었다. 그러나, 다공성 금속을 갖는 연료전지의 성능은 가압 및 

상대습도 20 % 조건에서 일반적인 유로의 성능보다 우수 하였다. 또한, 

유로의 적용에 의한 연료 전지 성능에 영향을 미치는 요인에 대해서도 

논의 하였다. 

3 장에서는 고분자 전해질 막 연료 전지의 성능 향상을 위해 전극의 

균열 생성을 살펴 보았다. 이것은 일반적인 에너지 어플리케이션에서는 

결함으로 간주되는 균열을 사용하여 연료전지의 성능을 향상시키는 첫 

번째 시도였다. 균열이 생성 된 전극은 촉매가 코팅 된 나피온 막을 

늘려서 생성되었다. 소성 변형의 측면에서, 독특한 나피온 멤브레인의 



171 

 

응력-변형 특성으로 막-전극 접합체는 성공적으로 연료 전지에 

통합되었다. 여러가지 비율의 변형이 적용된 균열 전극을 조사하고 전기 

화학적으로 평가 하였다. 놀랍게도 촉매로 코팅 된 나피온 막의 기계적 

신축으로 인해 막 저항이 감소하였고 물질 전달이 향상되어 장치 성능이 

향상되었다. 

4 장에서는 3장의 연장선에 대한 연구로써, 프리즘 패턴을 포함하는 

나피온 멤브레인의 집중 표면 응력을 이용한 전극에서, 균열이 패턴과 

유사한 형태로 성공적으로 발생된 것을 연구하였다. 유도된 균열을 갖는 

전극은 촉매로 코팅 된 나피온 막을 연신함으로써 형성되었다. 프리즘 

패턴 간격 (20 μm와 50 μm)과 여러 변형률 (S ≈ 0.5와 1.0)에서의 변화에 

대해 막-전극 접합체의 형태학적 특징을 조사했다. 균열이 생성된 

전극의 표면상의 물의 거동을 환경 주사 전자 현미경을 사용하여 

조사하였다. 전극 층의 균열은 물의 효율적인 저장 및 통로 인 것으로 

나타났다. 비교 연구를 위해, 유도 균열이 있는 것과 없는 일반적인 막-

전극 접합체를 연료 전지에 통합시켜 전기 화학적 측정을 수행하였다. 

예상 한 바와 같이, 균열이 있는 모든 막-전극 접합체는 기존의 막-전극 

접합체보다 우수한 성능을 보였다. 

5 장에서는 두 가지 유형의 탄소 지지체가 적용된, 담지량 높은 백금 및 

백금-니켈 합금 촉매의 내구성을 높이기 위해 질소 도핑 된 탄소 껍질을 

도파민 코팅을 통해 촉매 표면에 도입했다. 촉매 표면이 탄소 껍질 형성 

후 변경됨에 따라, 촉매 잉크의 이오노머 함량은 삼상 경계의 형성을 

최적화 되도록 조절하여 실험하였다. 막-전극 접합체 적용하여 단위전지 

실험 수행하였다. 또한, 촉매의 내구성을 확인하기 위해, 70 ℃ 및 상대 

습도 100 %에서 200 시간 동안 가속 열화 실험하였다. 내구성 시험 
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전후에 투과 전자 현미경 및 전기 화학적 분석을 수행하였고, 관찰 된 

현상에 대해 논의하였다. 

부록에서는 X 선 흡수 미세 구조 (XAFS) 분석을위한 단일 셀의 개발에 

대해 설명한다. XAFS는 금속 재료의 전기적 및 구조적 특성을 분석 할 

수있는 도구 중 하나이다. 이 장에서는 포항 가속기 연구소 내에 설치 

될 수 있는 연료 전지 평가 시스템을 설계하고 설치하는 것을 포함한다. 

또한 실제 연료전지 운전 조건에서 XAFS 분석을 가능하게 하는 새로운 

유형의 단전지를 개발했다. 본 연구는 앞으로 실제 구동 조건에서 

연료전지 구성요소를 분석하는데 큰 역할을 할 것으로 판단된다. 
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