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Hydrogen is attracting attention as an alternative energy source as it has high 

energy density and is environmentally friendly source without CO2 emission. It is 

used as a fuel for fuel cells, generating electricity. Fuel cells are energy conversion 

devices that directly convert chemical energy to electrical energy using hydrogen 

and oxygen gases. Among various types of fuel cells, polymer electrolyte 

membrane fuel cells (PEMFCs) have widely developed due to its high efficiency 

and low operating temperature. In addition, hydrogen can be produced by water 

electrolysis. While alkaline water electrolysis has been widely used, polymer 

electrolyte membrane water electrolysis with proton-exchange membrane (PEM) or 

anion-exchange membrane (AEM) has been considered as promising water 

electrolysis owing to high efficiency and high purity hydrogen production. 

The development of pore strucuture in components is crucial for improving 

performance of practical electrochemical devices such as fuel cell and water 

electrolysis. While the catalytic activity of electrocatalysts has been sharply 
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enhanced by extensive research, their practical performance has not captured the 

performance obtained in half-cell test. This is why the pore structure in components 

needs to be investigated to exhibit high practical performance by preparing the 

porous components that are suitable for electrocatalys to participate to oxygen 

reduction reaction (ORR) or oxygen evolution reaction (OER). 

Chapter 1 briefly introduces the fuel cells and water electrolysis. The features, 

components, and performance of fuel cell are introduced. Also, the types, features, 

performance, and recent literature of water electrolysis are addressed. 

In chapter 2, porous flow field was applied in PEMFCs to improve the 

mass transport of reactants and products. Flow field is important 

component that supplies reactatnt into catalyst layer and removed the 

generated water. Metal foam has been considered as porous flow field due 

to its structrual characterastics. However, few studies on investigation of its 

microstructrues has been reported. Various kinds of copper-foam were 

applied and examined to attain the optimal structrue that exhibits high 

performance. The PEMFCs with optimized metal-foam showed 2-fold 

performance enhancement compared with that with conventional flow field, 

which is the highest performance reported to date despite operation with an 

ambient pressure. It is attributed to the internally generated pressure in 

copper-foam as well as enhanced mass transport. 

In chapter 3, porous electrode with inverse-opal structure was 

proposed as anode in PEMWE to enhane the utilization of IrO2 catalyst, 

thereby reducting the loading. In PEMWE, a high catalyst loading is used 

to exhibit high performance, leading to high PEMWE cost. To reduce 

catalyst loading, porous structure is applied in anode. Inverse-opal structrue 

is three-dimensionally structure consisting of ordered and interconnected 

pores. Due to its large surface area, inverse-opal membrane-electrode 

assembly (MEA) exhibited higher performance than conventional MEA. 
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Furthermore, inverse-opal MEA showed the highest mass activity as 

catalyst loading was ultra-low. This is beacuse inverse-opal structure 

resulted in enhancement of catalyst utilization. 

In chapter 4, the MEA parameters and operating conditions for AEMWE 

was optimized to achieve high performance. Unlike PEMWE consisting of 

standard proton exchange membrane (PEM) (Nafion), a few studies regarding 

AEMWE have been reported as standard anion exchange membrane (AEM) do not 

exist. Also, few studies investigating the MEA of AEMWE have been reported. 

Therefore, the development of highly efficient MEA in AEMWE is important for 

enhancing cell performance. The optimization results showed that the AEMWE 

performance exhibited the highest performance among other research reported in 

literature.  

In chapter 5, graphitic carbon nitride-carbon nanofiber (g-CN-CNF) 

composite was applied as OER electrocatalyst for anode in AEMWE to 

form porous electrode. The use of carbon nanofiber resulted in preparation 

of porous electrode by enlarging secondary pores. g-CN-CNF catalyst is the 

composite mixing g-CN, which consists of N and C, and CNF. While n-

doped carbon materials have been reported to have OER activity, it is the 

first reserach to apply carboneous materials on practical AEMWE. g-CN-

CNF exhibited high OER activity in half-cell test due to its high content of 

pyridinic nitrogen. Also, AEMWE with g-CN-CNF catalyst showed 

outstanding practical performance. This is owing to the formation of large 

secondary pores in electrode. 

 

Keywords: Polymer Electrolyte Membrane Fuel Cells, Proton Exchange 

Membrane Water electrolysis, Anion Exchange Membrane Water 

Electrolysis, Porous structure 

Student number: 2016-30224



iv 

 

Contents 

Abstract .................................................................................i 

Contents .....................................................................................iv 

List of Tables .............................................................................vii 

List of Figures ............................................................................ix 

 

Chapter 1. Introduction .............................................................1 

1.1. General Introduction to Polymer Electrolyte Membrane 

Fuel Cells.........................................................................1 

1.2. General Introduction to Polymer Electrolyte Membrane     

    Water Electrolysis............................................................6 

1.3. Aim of This Thesis..........................................................12 

1.4. References ......................................................................16 

 

Chapter 2. Optimization of Copper-foam Micro-structures as 

Flow Field for Polymer Electrolyte Membrane Fuel 

Cells............................................................................................22 

2.1. Introduction ....................................................................22 

2.2. Experimental Section......................................................24 

2.3. Results and Discussion....................................................28 

2.4. Conclusions.....................................................................56 

2.5. References.......................................................................57 

 



v 

 

Chapter 3. Ultra-Low Loading of IrO2 with an Inverse-Opal 

Structure in a Proton Exchange Membrane Water 

Electrolysis................................................................................63 

3.1. Introduction.....................................................................63 

3.2. Experimental Section......................................................67 

3.3. Results and Discussion....................................................70 

3.4. Conclusions.....................................................................97 

3.5. References.......................................................................98 

 

Chapter 4. Development of Membrane-electrode Assembly 

for High-performance Anion Exchange Membrane Water 

Electrolysis...............................................................................103 

4.1. Introduction...................................................................103 

4.2. Experimental Section....................................................107 

4.3. Results and Discussion..................................................110 

4.4. Conclusions...................................................................134 

4.5. References.....................................................................135 

 

Chapter 5. Graphitic carbon nitride-carbon nanofiber as 

oxygen evolution reaction catalyst in anion-exchange 

membrane water electrolyzer.................................................139 

5.1. Introduction...................................................................139 



vi 
 

5.2. Experimental Section....................................................142 

5.3. Results and Discussion..................................................145 

5.4. Conclusions...................................................................168 

5.5. References.....................................................................169 

 

국문 초록 (Abstract in Korean) ..........................................174 

List of Publications (SCI) ......................................................177 

 



vii 
 

List of Tables 
Chaper 1 

- 

 

Chaper 2 

Table 2.1. Specific resistance (mΩ·cm) and contact angle (°) of copper-foam and 

conventional flow field.....................................................................................29 

Table 2.2. Copper-foam parameters........................................................................31 

Table 2.3. Porosity of compressed copper-foams (250 μm) and pressure generated 

in copper-foam flow field MEAs.............................................................................34 

Table 2.4. Operating condition of the references shown in the performance 

comparison (Fig. 2.11b)...........................................................................................47 

 

Chaper 3 

Table 3.1 The summary of catalyst loading, cell performance, mass activity of 

some reported IrO2 catalyst in PEMWE..................................................................96 

 

Chaper 4 

Table 4.1 Porosity of MEA with different ionomer contents measured by using 

mercury porosimetry…………………………………………………………….121 

Table 4.2 The summary of materials, components, cell operations, and 

performance of AEMWE reported in literature.....................................................131 

 

Chaper 5 

Table 5.1 Summary of nitrogen properties, binding energy, content of g-CN-CNF-



viii 
 

T materials………………………………………………………………………155 

Table 5.2 Summary of nitrogen properties, binding energy, content of g-CN-CNF-

N wt materials..…………………………………………………………………159 

 



ix 

 

List of Figures 

 

Chaper 1 

Figure 1.1 Schematic diagram of polymer electrolyte membrane fuel cells 

(PEMFCs)..................................................................................................................3 

Figure 1.2 Typical I-V curve of polymer electrolyte membrane fuel cells 

(PEMFCs)..................................................................................................................4 

Figure 1.3 Schematic diagram of proton exchange membrane water electrolyzer. 

Adapted from Ref 30 (J. Power Soc. 2017, 366, 33-35)...........................8 

Figure 1.4 Schematic diagram of anion exchange membrane water electrolyzer.....9 

Figure 1.5 The comparison in performance of three water electrolysis (alkaline 

water electrolysis, PEMWE, and AEMWE). Adapted from Ref 37 (Meeting 

Abstracts 2015, MA2015-01, 1489)...........................................................11 

Figure 1.6 Comparison of catalytic activity obtained at liquid electrolyte and 

practical device of various platinum-based catalysts. Adapted from Ref 54(Science 

354, 1378-1379 (2016))...........................................................................................13 

Figure 1.7 Brief summary of this thesis..................................................................14 

 

Chaper 2 

Figure 2.1 Schematic diagrams of the layer structure of the copper-foam flow field 

MEA and conventional MEA...................................................................................25 

Figure 2.2 Photographs of six different copper-foams (Cu 1-6)...................30 

Figure 2.3. Effect of copper foam thickness on the cell performance and 

microstructure. (a) Polarization and power density curves of three MEAs with 

different thicknesses (1 mm, 500 μm, and 200 μm) of copper foam (Cu 1). (b) 



x 

 

Porosity (red data) and pressure generated (blue data) in copper foams with 

different thicknesses..........................................................................................33 

Figure 2.4. Microstructural characterization of the copper-foams. SEM images of 

samples Cu 1–4 (a–d) before and (e–h) after compression. (i) Schematic diagrams 

of the corresponding area densities of samples Cu 1–4..........................36 

Figure 2.5 Effect of copper-foam area density on the cell performance. (a) 

Polarization and power density curves for four MEAs with different area densities 

of copper-foam (Cu 1, 2, 3, and 4). (b) Ohmic resistance (mΩ) obtained at 0.6 V 

using EIS (red data) and the sum of charge transfer and mass transport resistance 

(mΩ) obtained at 0.4 V using EIS (blue data) for the copper-foams (Cu 1, 2, 3, and 

4). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .37 

Figure 2.6. (a) Equivalent circuit model and Nyquist plots of copper-foam MEAs 

with the different area densities (Cu 1-4). (b) 0.8 V, (c) 0.6 V, (d 0.4 V..................38 

Figure 2.7 SEM images of (a-c) pristine Cu 3, 5, and 6 and (d-f) compressed Cu 3, 

5, and 6. The scale bar is 250 μm.............................................................................40 

Figure 2.8 Effect of copper-foam pore size on the cell performance. (a) 

Polarization and power density curves of the three MEAs with different copper-

foam pore sizes (Cu 3, 5, and 6). (b) Charge transfer resistance (mΩ) obtained at 

0.8 V using EIS (red data) and the sum of charge transfer and mass transport 

resistance (mΩ) obtained at 2.0 A∙cm-2 using EIS (blue data) for copper-foams (Cu 

3, 5, and 6)...............................................................................................................41 

Figure 2.9 Nyquist plots of copper-foam MEAs with the different pore sizes (Cu 3, 

5, 6). (a) 0.8 V, (b) 0.6 V, (c) 0.4 V, (d) 2.0 A·cm-2......................................42 

Figure 2.10 Comparison of the performance of copper-foam and conventional flow 

field MEAs. (a) Voltage as a function of current density. (b) Cyclic voltammetry 

curves. (c–e) Nyquist plots obtained at (c) 0.8 V, (d) 0.6 V, and (e) 0.4 V...............43 

Figure 2.11 Performance of optimized copper-foam flow field MEA. (a) Voltage as 

a function of current density of optimized copper-foam flow field MEA. (b) The 



xi 
 

comparison of current density at 0.6 V and maximum power density exhibited in 

this study and those reported in literature11,24-28 (Solid: ambient pressure, Open: 

back pressure)..........................................................................................................46 

Figure 2.12 Stability test of copper-foam flow field MEA for 8 h.........................48 

Figure 2.13 Comparison of the performance of three different flow fields (copper 

foam, micro flow field, and conventional flow field). (a) Photographs of the three 

flow fields. (b) Voltage as a function of current density at ambient pressure. (c) 

Voltage as a function of current density at ambient pressure (copper foam MEA), 

and with a back pressure of 1.8 bar (micro flow field MEA and conventional 

MEA).......................................................................................................................52 

Figure 2.14 CO poisoning test of copper-foam flow field MEA and conventional 

flow field MEA. (a) Schematic diagram of CO poisoning test and (b) normalized 

voltage profile of copper-foam flow field MEA and conventional flow field MEA 

during CO poisoning test.........................................................................................54 

Figure 2.15 Normalized voltage profile of copper-foam MEA (ambient pressure) 

and conventional MEA (1.8 bar back pressure).......................................................56 

 

Chaper 3 

Figure 3.1 Schematic diagram of the single-cell of inverse-opal MEA........66 

Figure 3.2 Photographs of each step in the decal-transfer method for inverse-opal 

MEA...................................................................................................71 

Figure 3.3 FE-SEM images of each step in the decal-transfer method: (a) self-

assembled PS beads as template, (b) infiltration of IrO2 by using pulse 

electrodeposition, and (c) inverse-opal electrode. The scale bar is 1 μm................72 

Figure 3.4 Polarization curves of conventional MEA before and after nitric 

acid treatment................................................................................................73 



xii 
 

Figure 3.5 FE-SEM images of inverse-opal electrode obtained with different 

current of (a) 5, (b) 10, (c), 20, and (d) 30 mA. The scale bar is 5 μm and 1 μm, 

respectively............................................................................................................75 

Figure 3.6 Voltage curves of electrodes obtained with different current of (a) 5, (b) 

10, (c), 20, and (d) 30 mA.......................................................................................76 

Figure 3.7 FE-SEM images of inverse-opal electrode with variations in the total 

number of cycles (a) 80 k, (b) 120 k, (c) 140 k, and (d) 160 k cycles. The applied 

current is 10 mA. The scale bar is 5 μm..................................................................77 

Figure 3.8. FE-SEM images of several inverse-opal electrodes obtained with the 

optimal ED conditions. The scale bar is 1 μm.........................................................79 

Figure 3.9 TEM images of inverse-opal electrode..................................................80 

Figure 3.10 XRD patterns of FTO, Ni-FTO, and inverse-opal electrode...............82 

Figure 3.11 Ir 4f XPS spectra of IrO2 inverse-opal electrode.................................83 

Figure 3.12 Cyclic voltammetry of inverse-opal MEA with different total cycles 

(80k, 120k, 140k, and 160k cycles).........................................................................84 

Figure 3.13 (a) Polarisation curves of inverse-opal MEAs with differences in the 

total number of cycles (80 k, 120 k, 140 k, and 160 k cycles)................................86 

Figure 3.14 The performance changes of inverse-opal MEAs as a function of 

catalyst loading........................................................................................................87 

Figure 3.15 (a) PEMWE performance, (b) Nyquist plot at 1.6 V, (c) cyclic 

voltammetry, and (d) measured amount of generated hydrogen in the inverse-opal 

MEA and conventional MEA. The catalyst loading is 0.02 mg·cm-2......................88 

Figure 3.16 Stability test results of the inverse-opal MEA and conventional MEA 

in the (a) low-voltage (1.6 V) and (b) high-voltage (1.9 V) regions over a time 

period spanning 1200 s............................................................................................90 

Figure 3.17 PEMWE performance (solid) and estimated performance by measured 

amount of generated hydrogen (open) of inverse-opal MEA and conventional MEA. 

The catalyst loading was 0.02 mg·cm-2...................................................................92 



xiii 
 

Figure 3.18. FE-SEM images of (a-c) inverse-opal electrode and (d-f) conventional 

electrode: (a, d) cross-sectional view, and top view (b, e) before stability test and (c, 

f) after stability test..................................................................................................93 

Figure 3.19 Comparison of (a) cell performances (current density at 1.6 V) and (b) 

mass activities at 1.6 V achieved in the study and those reported in extant studies. 

2,4-7,39,40.......................................................................................................95 

 

Chaper 4 

Figure 4.1 Schematic diagram of single-cell components in AEMWE………....108 

Figure 4.2 (a) Polarization curves and (b) Nyquist plots for AEMWE single cells 

with different fabrication processes: CCS without and with hot-pressing, and CCM 

at 50 °C. Nyquist plots were evaluated at 1.9 V. The feed condition was 1.0 KOH 

solution in both electrodes with flow rate of 1 ml·min-1………............................111 

Figure 4.3 Polarization curves of AEMWEs prepared with different hot pressing 

conditions (no, 30, 50, 70, and 90 °C) of CCS method.........................................112 

Figure 4.4 Polarization curves of AEMWE single cells with different fabrication 

processes: CCS without and with hot-pressing, and CCM....................................113 

Figure 4.5 Photographs of thicknesses of two MEAs with different fabrication 

methods: (a) CCM and (b) CCS.............................................................................115 

Figure 4.6 (a) Polarization curves for AEMWEs operated with different reactant 

feed methods (1–4), and (b) cell performance of AEMWEs with different reactant 

flow rates (1 M KOH) fed into both sides of electrode (1, 2.5, 5, and 10 ml·min-1) 

at 50 °C…………………………………………………………………………..116 

Figure 4.7 (a) Polarization curves and (b) Nyquist plots for AEMWEs operated at 

different cell temperatures (50, 60, and 70 °C). Nyquist plots were evaluated at 

constant voltage of 1.9 V. The feed condition was 1.0 KOH solution in both 

electrodes with flow rate of 2.5 ml·min-1...............................................................119 



xiv 

 

Figure 4.8. (a) Polarization curves and (b) Nyquist plots for AEMWEs with 

different ionomer contents (10, 20, and 30 wt. %) at 50 °C, and (c) FE-SEM 

images of MEAs fabricated using different ionomer contents. The feed condition 

was 1.0 KOH solution in both electrodes with flow rate of 1 ml·min-1.................120 

Figure 4.9 Total resistance with different (a) Ti-GDLs (The C-GDL used was 270 

μm) and (b)  C-GDLs.  (The Ti-GDL used was 250 μm) in N2 /N2 

atmosphere.............................................................................................................123 

Figure 4.10 Polarization curves for single cells with different thickness of (a) Ti-

GDLs and (b) C-GDLs at 50 °C. The feed condition was 1.0 KOH solution in both 

electrodes with flow rate of 1 ml·min-1………......................................................125 

Figure 4.11 (a) Equivalent circuit model and Nyquist plots of AEMWEs with 

different (b) Ti-GDLs and (c) C-GDLs..................................................................126 

Figure 4.12 Polarization curves for AEMWEs with different IrO2 catalyst loadings 

(1.0, 2.0, 4.0, and 6.0 mg·cm-2) in anode at 50 °C. Cathode catalyst loading was 40 

wt% with 0.4 mg·cm-2. The feed condition was 1.0 KOH solution in both 

electrodes with flow rate of 1 ml·min-1..................................................................127 

Figure 4.13 SEM cross section images of MEAs with different anode catalyst 

loadings of (a) 1 (b) 2 (c) 4 and (d) 6 mg·cm-2. The scale bar represents 5 μm....129 

Figure 4.14 (a) Polarization curves for AEMWEs with optimized MEA fabrication 

method, operating conditions, and MEA parameters at 70 °C. The feed condition 

was 1.0 KOH solution in both electrodes with flow rate of 2.5 ml·min-1. (b) 

Comparison of cell performance achieved in this study and those reported in 

literature.6-11,13,21...................................................................................................130 

Figure 4.15 Comparison of cell performance in AEMWE and PEMWE with same 

MEA parameters and operating conditions............................................................133 

 

Chaper 5 



xv 

 

Figure 5.1 (a) Schematic diagram showing the preparation of the g-CN-CNF 

catalyst..................................................................................................................146 

Figure 5.2 (a-b) SEM images, (c) FT-IR spectra, and (d) TGA spectra of the 

synthesized g-CN.... .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .147 

Figure 5.3 (a) nitrogen adsorption isotherms and (b) pore size distribution of g-CN, 

g-CN-CNF-800, and CNF......................................................................................148 

Figure 5.4 (a) XRD patterns of g-CN, g-CN-CNF-T and CNF materials. (b) Raman 

spectra of g-CN-CNF-T and CNF materials. N 1s XPS spectra of (c) g-CN-CNF-

noHT, (d) g-CN-CNF-700, (e) g-CN-CNF-800, and (f) g-CN-CNF-900..............149 

Figure 5.5 (a,b) SEM images, (c) TEM image, and (d–g) EDX elemental mapping 

of g-CN-CNF-800 electrocatalyst..........................................................................151 

Figure 5.6 XPS survey spectra of g-CN-CNF-T materials...................................152 

Figure 5.7 C 1s XPS spectra of g-CN-CNF-T materials ((a): g-CN-CNF-no, (b): g-

CN-CNF-700, (c) g-CN-CNF-800, and (d) g-CN-CNF-900)................................153 

Figure 5.8 XPS survey spectra of g-CN-CNF-Nwt materials...............................156 

Figure 5.9 XPS spectra of g-CN-CNF-Nwt materials: (a) C 1s and (b) N 1s of g-

CN-CNF-30wt, (c) C 1s and (d) N 1s of g-CN-CNF-50wt, (e) C 1s and (f) N 1s of 

g-CN-CNF-70wt....................................................................................................157 

Figure 5.10 (a) Nitrogen adsorption isotherms and (b) pore size distributions of g-

CN-CNF-N wt materials........................................................................................160 

Figure 5.11 (a) Linear sweep voltammogram curves of (a) g-CN-CNF-T materials 

and (b) g-CN-CNF-Nwt materials for OER at a scanning rate of 10 mV/s with iR 

correction...............................................................................................................161 

Figure 5.12 (a) Schematic diagram of AEMWE single cell with g-CN-CNF-800 as 

the anode catalyst. (b) Polarization curves obtained for AEMWE with different 

anode catalyst loadings. (c) Cell performance of AEMWE with g-CN-CNF-800 

and commercial IrO2. (d) The comparison of cell performances (current densities at 

1.9 V) reported in literature and in this work (full symbols: non-noble metals as 



xvi 
 

O E R  c a t a l ys t s ,  o p en  s y mb o l s :  c a r b o n -b a s e d  ma t e r i a l  a s  O ER 

catalyst)............................................................................................................163 

Figure 5.13 Nyquist plots of AEMWE with g-CN-CNF-800 and IrO2 electro-

catalyst obtained at 1.9 V......................................................................................165 

Figure 5.14 Pore size distributions of catalyst layers with g-CN-CNF-800 and IrO2 

measured by mercury porosimetry.........................................................................166 

Figure 5.15 SEM images of MEA of AEMFCs: top view of catalyst layer of (a) g-

CN-CNF-800 and (b) Pt/C. Cross-section view of MEA with (c) g-CN-CNF-800 

and (d) Pt/C............................................................................................................167 



 

1 

 

 

Chapter 1. Introduction 

 
Numerous studies have been conducted on the development of hydrogen 

energy due to the global warming and the limited reserves of fossil fuels. Hydrogen 

exhibits the highest energy density and is an environmentally friendly source.1-3 It 

is used as a fuel in fuel cells, generating electricity. Fuel cells are energy 

conversion devices converting chemical energy to electricity. Hydrogen can be 

produced by water electrolysis splitting water. 

 

1.1. General Introduction to Polymer Electrolyte 

Membrane Fuel Cells  

Fuel cells are power sources that directly convert chemical energy to 

electrical energy using hydrogen and oxygen gases. Fuel cells are classified 

according to the electrolyte: phosphoric fuel cells (PAFCs), solid oxide fuel cells 

(SOFCs), polymer electrolyte membrane fuel cells (PEMFCs), and anion exchange 

membrane fuel cells (AEMFCs). PEMFCs, which are the fuel cells with polymer 

electrolyte membrane (PEM), has been widely develoed and commercialized due 

to their advantages such as high power density, low operating temperature and zero 

emission.4,5 

PEMFCs are operated as following electrochemical reactions. At anode, 

hydrogen is oxidized, generating the protons and electrons. The generated protons 

migrate into cathode through PEM. The electrons are moved to cathode through 

external circuit. At cathode, the oxygen is reduced with the protons and electrons, 

leading to the formation of water. The formed water is removed from catalyst layer 

to flow field.5,6  
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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 

 

Single cell of PEMFCs consists of membrane, electrodes (anode and 

cathaode), gas diffusion layer (GDL), and flow fields in bipolar plates, as 

illustrated in Figure 1.1. Reactants (hydrogen and oxygen) are supplied through 

flow fields. They are transferred from the flow fields to the electrode via the GDL. 

Also, the generated water in cathode is transferred from cathode to flow field 

thorugh the GDL. 

While PEMFCs have many advantages, it has still drawbacks to be solved 

such as its low performance, poor durability and high cost. To improve these 

drawbacks, the performance enhancement is currently regarded as the major 

challenge.7-13 For the high performance of the PEMFCs, it is important to have a 

high voltage at the high current density. 

To enhance cell performance, three overpotentials need to be reduced, i.e. 

activation, ohmic, and concentration overpotentials. While the theoretical voltage 

of PEMFCs is 1.23 V, the actual operating voltage decreases due to these three 

overpotentials, as shown in Figure 1.2. Firstly, the activation overpotential, which 

is dominant in low current density region, is associated with the catalyst kinetics, 

which is affected by the Gibbs free energy of the catalyst, the operation 

temperature, and reactant concentration.14,15 Also, the ohmic overpotential is 

related to electron and ion transport.16,17 Finally, the concentration overpotential 

occurs due to the mass transport of reactants and products.18 When operating under 

high current densities, the concentration overpotential dominates cell performance  
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Figure 1.1 Schematic diagram of polymer electrolyte membrane fuel cells 

(PEMFCs). 
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Figure 1.2 Typical I-V curve of polymer electrolyte membrane fuel cells 

(PEMFCs). 
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and inhibits achieving high performance PEMFCs. The improvement of mass 

transport can overcome the concentration overvoltage. 
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1.2. General Introduction to Polymer Electrolyte 

Membrane Water Electrolysis 

Hydrogen can be produced renewably using a variety of methods such as 

steam reforming,19,20 photoproduction,21 and water electrolysis.22,23 Among these 

methods, water electrolysis has attracted much attention because it leads to high 

efficiency and the high-purity hydrogen production.22,23 When the electricity is 

applied to water electrolysis, water is splitted into oxygen (anode) and hydrogen 

(cathode) gases using the following chemical reaction. Depending on the types of 

electrolyte, i.e. alkaline and acidic, the water electrolysis is operated using a 

different mechanism.  

 

<Alkaline> 

Anode             2OH- → H2O + 2e- + 1/2O2  E0 = 1.229 V 

Cathode       2H2O + 2e- → 2OH- + H2        E0 = 0.000 V 

Overall            2H2O → 1/2O2 + H2        Eext = 1.299 V 

 

<Acidic> 

Anode              H2O → 2H+ + 1/2O2 + 2e-  E0 = 1.229 V 

Cathode          2H+ + 2e-→ H2               E0 = 0.000 V 

Overall             2H2O → 1/2O2 + H2       Eext = 1.229 V 

 

Water electrolysis can be classified according to the type of electrolyte used 

in the device: alkaline water electrolysis and polymer electrolyte membrane water 

electrolysis such as proton exchange membrane water electrolysis (PEMWE) and 

anion exchange membrane water electrosis (AEMWE). Two main water 

electrolysis, i.e. alkaline water electrolysis and PEMWE are currently used. 
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AEMWE have also been developed as candidate to improve the disadvantages of 

two major water electrolysis methods.24,25 

Alkaline water electrolysis corresponds to water electrolysis with a liquid 

alkaline electrolyte, which has long been commercialized.26,27 In alkaline water 

electrolysis, non-noble metals (Co, Cu, and Ni) were used as oxygen evolution 

reaction (OER) catalysts, thereby reducing the cost of water electrolysis. 

Additionally, it exhibits advantages of simplicity and safety. However, the use of 

liquid electrolyte can lead to leakage and sensitivity to CO2, resulting in poor 

stability.28 

PEMWE was developed in order to overcome the disadvantages of alkaline 

water electrolysis. Specifically, it is the water electrolysis wherein a polymer 

electrolyte membrane is used as an electrolyte, as shown in Figure 1.3.29 It is 

composed of a membrane with a thickness in the range of 20 – 100 μm, resulting in 

low ohmic resistance and a high performance.30,31 Additionally, it generates 

hydrogen with high-purity owing to the use of the solid membrane.32 Nevertheless, 

the commercialization of PEMWE is limited dut to the high cost of catalyst.33 As 

the PEMWE is operated in acidic media, novel metal catalysts including iridium- 

and ruthenium-based materials that exhibit activity for OER are commercially used 

as catalysts in the anode. Thus, the catalyst loading needs to be reduced to decrease 

the PEMWE cost. 

AEMWE, that is, water electrolysis using an anion-exchange membrane 

(AEM), has been developed as an alternative to improve the drawbacks of alkaline 

water electrolysis and PEMWE in recent years.34,35 (Figure 1.4) AEMWE is 

performed in alkaline medium using non-platinum group metal (PGM) catalysts 

such as Ni-, Co-, and Cu-based materials as the OER catalyst, leading to cost 

reductions. Furthermore, like PEMWE, AEMWE produces high-purity hydrogen 

due to the presence of solid electrolyte. However, AEMWE shows lower 
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Figure 1.3 Schematic diagram of proton exchange membrane water electrolyzer. 

Adapted from Ref 30 (J. Power Soc. 2017, 366, 33-35) 



 

9 

 

 

 

 

 

Figure 1.4 Schematic diagram of anion exchange membrane water electrolyzer. 
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performance and durability compared to other water electrolysis methods. Also, 

few studies investigating AEM and anion-exchange ionomers as well as the 

membrane-electrode assembly (MEA) of AEMWE have been reported. Therefore, 

the development of highly efficient MEA in AEMWE is important for enhancing 

cell performance. 

Figure 1.5 presents the comparison in performance of three water 

electrolysis mentioned above.36 Alkaline water electrolysis shows the lowest 

performance due to the presence of liquid electrolyte, leading to large ohmic 

resistance. On the other hand, PEMWE exhibits the highest performance among 

the developed water electrolysis. This is because the Nafion membrane, which is 

employed as electrolyte, has been widely commercialized and exhibits high 

conductivity of protons and good stability. Also, the use of noble catalyst such as Ir, 

Ru, Pt-based catalyst leads to high cell performance. Despite its high performance, 

high cost of these materials has been still problems to be solved. Finally, the 

performance of AEMWE is higher than that of alkaline water electrolysis and 

lower than that of PEMWE. Although the membrane is also used in AEMWE, the 

anion exchange membrane, which is under development, still shows poor ionic 

conductivity and stability. Thus, the AEMWE exhibits lower performance 

compared to PEMWE. Further development of anion exchange membrane can be 

expected to enhance performance of AEMWE. 
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Figure 1.5 The comparison in performance of three water electrolysis (alkaline 

water electrolysis, PEMWE, and AEMWE). Adapted from Ref 37 (Meeting 

Abstracts 2015, MA2015-01, 1489) 
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1.3. Aim of this thesis 

All electrochemical devices mentioned above are operated through oxygen 

electrocatalysis including ORR and OER. ORR plays a key role in determining the 

performance of fuel cells.10-12 By contrast, the oxygen evolution reaction (OER) is 

the core process in water electrolyzers.30,31 The kinetics of oxygen 

electrolycatalysis are sluggish, leading to low catalytic activity and thereby low 

performance of practical devices. Therefore, research on oxygen electrocatlayst has 

been widely developed.37-40 

Figure 1.6 presents the comparison of ORR catalytic activity obtained in 

half-cell test and full-cell test (fuel cells) reported in literature.41 While the catalytic 

activity of ORR electrocatalysts has been sharply enhanced, their real fuel cell (full 

cell) performance has not captured the performance obtained in half-cell test. In 

addition to fuel cells, the water electrolysis exhibits the same phenomena. Few 

studies on practical application of OER or bifunctional catalyst have been reported 

although various research on these catalysts has been developed. These phenomena 

are ascribed to the insufficient investigation of membrane-electrode assembly in 

fuel cell and water electrolysis. 

The development of pore strucuture in components, i.e. catalyst, catalyst 

layer, gas diffusion layer, and flow field, is crucial for improving the performance 

of practical electrochemical devices. For example, for fuel cells, the mass transport 

of reactant and product affects largely the cell performance.42-43 The pore structure 

in flow field needs to be examined to improve the mass transport, leading to the 

enhanced cell performance.44 In case of water electrolysis, the performance can be 

incrased by enhancing the utilization of catalyst or improving the mass transport.45-

46 The introduction of pore structure in catalyst layer offers the increased surface 

area and pathway of reactant and product.47-48 
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Figure 1.6 Comparison of ORR catalytic activity obtained at liquid electrolyte and 

practical device of various platinum-based catalysts. Adapted from Ref 54 (Science 

2016, 354, 1378-1379) 
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The main theme of this thesis is to investigate the effect of pore structure on  

components of PEMFCs, PEMWE and AEMWE, as presented in Figure 1.7. To 

achieve high fuel cell performance, the microstuctrue of metal-foam as flow field 

are investigated. Also, the porous electrode with interconnected and ordered 

macropores is prepared as anode in polymer-exchange membrane water electrolysis 

to enhance the utilization of catalyst. In addition, the graphitic carbon nitride-

carbon nanofiber catalyst is synthesized as OER catalyst, and applied in anion-

exchange membrane water electrolysis. When it is prepared in electrode, larger 

secondary pores resulted in the enhanced mass transport and ionic transport. 
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Figure 1.7 Brief summary of this thesis 
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Chapter 2. Optimization of copper-foam micro-

structures as flow field for polymer electrolyte 

membrane fuel cells 

 

 

2.1. Introduction 

To improve the mass transport of PEMFCs, the flow field of bipolar plates is 

important components, and various kinds of flow fields1-13 have been reported to 

improve mass transport leading to enhancing cell performance. Recently, porous 

materials, i.e. metallic powder,10 coils,7 mesh,11 and foam,4,12,13 have been applied 

as flow fields and have shown enhanced mass transport. Among them, metal foams 

are considered to be an important subject as alternative materials to channel and rib 

flow field structures. Reddy et al.2 initially proposed metal foam as a flow field and 

demonstrated a Ni-Cr structure. Tseng et al.13 developed nickel foam coated with 

polytetrafluoroethylene (PTFE) to increase the hydrophobicity, and achieved high 

performance (1.87 A·cm-2 at 0.6 V). Metal foam is hence a good candidate for 

achieving high performance as it can promote electrochemical reactions with the 

catalyst by enhancing the mass transport of reactants and products. 

As flow field parameters play an important role in the mass transport of the 

reactants and products,2,8 many studies concerning the flow field configuration 

have been reported. Zhang et al.9 examined the effect of channel depth and width 

on cell performance and observed that these factors affected the pressure drop and 

under-rib convection in the channel, respectively. They reported the narrow and 

shallow flow field improved mass transport of oxygen and water, caused by 
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increased pressure drop. In addition, Karan et al.14 modelled the effect of the flow 

field parameters on the reaction distribution and concluded that the channel/rib 

width ratio affects the cell performance as the channel dimensions determine the 

oxygen transport behavior, while the rib dimensions affect electron transport. 

Hence, a step toward achieving the highest performance fuel cell would be to 

inspect the flow field structure. Likewise, when metal foam is applied as a flow 

field, it is expected that the structural parameters, i.e. thickness, area density, and 

pore size, can affect the cell performance; therefore, the cell performance can be 

increased by optimizing the foam microstructure. However, few studies on 

regarding optimization of foam structures for flow fields of PEMFCs have been 

found in the literature.4,15 

In this work, we used copper-foam as flow field and optimized their 

microstructure to determine the optimal flow field design. Copper-foam is a 

relatively inexpensive material, can be prepared with various structures, and has 

previously been shown to be a promising candidate as a flow field. Here, the effect 

of the foam structure (thickness, area density, and pore size) on the flow field 

performance was experimentally examined. In addition, a copper-foam flow field 

MEA with a higher catalyst loading and smaller membrane thickness was proposed 

to achieve outstanding high performance (current density > 2.0 A·cm-2 at 0.6 V) 

and mechanisms behind the enhancement of the cell performance were investigated. 

Furthermore, we proposed carbon monoxide (CO) poisoning test in single cell to 

examine the reactant utilization of flow field and evaluated its effect of copper-

foam.
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2.2. Experimental section 

2.2.1. Preparation of copper-foam flow field MEA 

The copper-foam flow field MEA and conventional MEA (Figure 2.1) 

contained a CCM and GDL, while the conventional MEA comprised a serpentine 

flow field that has been widely used due to its excellent water removal and the 

copper-foam flow field MEA consisted of a compressed copper-foam flow field. 

To prepare the copper-foam flow field, the copper-foam was compressed using hot-

pressing equipment (HMM-04, Hansung Systems, Inc., Korea) under ambient 

temperature to prepare samples with different thicknesses. The compressed copper-

foams were placed on the bipolar plates without channels and ribs, followed by an 

in-house method of porous flow field. 

Six samples of copper-foam were applied as the flow field of bipolar plates 

to investigate the optimized copper-foam structure, as shown in Figure 2.2. To 

characterize the effect of the foam microstructure on the cell performance, two 

groups of samples were prepared with different area densities (Cu 1, 2, 3 and 4) 

and pore sizes (Cu 3, 5 and 6). Table 2.1 presents the parameters of copper-foams. 

The procedures for fabricating the CCMs, as reported in our previous 

studies,16,17 were used for MEA preparation. The catalyst slurry was made by 

dispersing the catalyst in a solution of 2-propanol (Sigma Aldrich, USA) and 

Nafion perfluorinated resin (Sigma Aldrich, USA) under sonication. Carbon-

supported Pt catalyst (40 wt. %, Johnson Matthey) was used as the anode and 

cathode catalysts. Nafion 212 (Dupont, USA) was used as the proton exchange 

membrane; before fabrication, the membrane was cleaned with 1 M hydrogen 

peroxide (Daejung Chemicals & Metals Co., Ltd., Korea) at 80 °C for 1 h, and then 

rinsed with deionized water for 1 h. Next, the membrane was immersed in 0.5 M 

sulfonic acid (Samchun Chemical, Korea) at 80 °C for 1 h for protonation, and 

rinsed deionized water. Then, the prepared catalyst ink was sprayed directly onto  
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Figure 2.1. Schematic diagrams of the layer structure of the copper-foam flow 

field MEA and conventional MEA. 
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the membrane. The catalyst loading was 0.2 mgPt·cm-2. After drying the CCM at 

room temperature, the GDL was attached to both sides of the CCM. 

 

2.2.2. Physical characterization of the copper-foam 

Field-emission scanning electron microscopy (FE-SEM; Carl Zeiss SUPRA 

55VP) was used to observe the in-plane and through-plane pore morphology of the 

copper-foams. The porosity of the copper-foams was measured by mercury 

intrusion porosimetry (AutoPore IV 9500, Micromeritics, USA). The electrical 

resistance of the copper-foams was obtained by measuring the sheet resistance 

(CMT-SR1000N, Gobizkorea, Korea). To compare the hydrophobicity of copper-

foam and the conventional flow field, their contact angles were measured using a 

contact-angle analyzer (Phoenix 300, Surface Electro Optics, Korea). 

 

2.2.3. Electrochemical characterization of copper-foam flow field MEA 

In order to evaluate the MEA performance, single-cell polarization curves 

were obtained using a PEMFC test station (CNL Energy) with an active area of 5 

cm2 and a constant cell temperature of 70 °C. Hydrogen and air were supplied to 

the anode and cathode, respectively, and the relative humidity (RH) of the reactants 

was 100%. The tests were performed at ambient pressure. EIS (IM-6, Zahner-

Elektrik GmbH & Co. KG, Germany) was used to measure the resistances of the 

single-cells under the same operating conditions. The EIS method is a diagnostic 

tool to separate the activation, ohmic, and concentration resistances under PEMFC 

operating conditions.18 The EIS measurements were performed at 0.8, 0.6, and 0.4 

V with 5 mV amplitude over the frequency range of 100 kHz to 100 mHz. CV was 

used to obtain the ECSA of the cathode catalyst layer at a constant cell temperature 

of 30 °C. Hydrogen and nitrogen were fed to the anode and cathode, respectively. 

The voltage sweep range was 0.05 to 1.2 V and the scan rate was 100 mV·s-1. 
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CO poisoning test in single-cell was used to examine the effect of the flow 

field design on reactant utilization. Two kinds of fuel were supplied for anode: (1) 

pure hydrogen and (2) 100 ppm CO balanced hydrogen. The flow rate was 50 

ml·min-1 for anode. The oxygen was supplied for cathode. Before CO poisoning 

test, single- cell was applied at constant current of 100 mA·cm-2 supplying pure 

hydrogen into the anode for 10 min. Then, CO balanced hydrogen gas was injected 

in anode and voltage change was measured for 6 h while maintaining the current.  
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2.3. Results and Discussion 

2.3.1. Physical property of copper-foam 

Copper-foam is a three-dimensionally porous material that has large 

interconnected pores (100–1500 μm), high porosity, and high electrical 

conductivity. Table 2.1 compares the physical properties of copper-foam and a 

conventional (graphite) flow field. Copper has been a typical conductive material 

used for wire coil for excellent electrical conductivity, and it was confirmed that 

copper-foam structure also has high electric conductivity. The specific resistance of 

the copper-foam was smaller than that of the conventional flow field, indicating a 

higher electrical conductivity. In addition, the contact angles of copper-foam and 

the conventional flow field were 114.7° and 58.7°, respectively. The large contact 

angle of the copper-foam means that the material has high hydrophobicity.19 Thus, 

copper-foam can be applied as a flow field without additional hydrophobic 

treatment process, which enhanced water removal. Figure 2.2 and Table 2.2 

presents the photographs and parameters of six different copper-foams used in this 

study. 

 

2.3.2. Effect of copper-foam thickness 

The channel depth of flow fields is regarded as an important parameter for 

cell performance.9,20,21 The thickness of the copper-foam is associated with the 

channel depth of the flow fields and hence, three types of MEA with different 

copper-foam thicknesses were prepared and the effect of foam thickness was 

compared to conventional flow with a depth of 1.0 mm fields (serpentine flow 

field). Most studies of metal foam flow fields4,13 performed experiments with 

single-cells with a foam thickness similar to that of conventional channel depths. 

Therefore, we used thin copper-foam (< 1 mm) for the flow fields for cell testing as
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Table 2.1. Specific resistance (mΩ·cm) and contact angle (°) of copper-foam and 

conventional flow field.

 Copper-foam Conventional flow field 
(Graphite) 

Specific resistance 
(mΩ·cm) 0.05 1 

Contact angle (°) 114.7 58.7 
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Figure 2.2. Photographs of six different copper-foams (Cu 1-6). 
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Table 2.2. Copper-foam parameters. 

 

Samples Cu 1 Cu 2 Cu 3 Cu 4 Cu 5 Cu 6 

Pore size (μm) 450 450 450 450 580 1200 

Area density (g·m-2 ) 600 800 1000 1400 1000 1000 
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Zhang et al.9 reported that shallower channels increased the pressure drop, 

promoting water removal.  

Figure 2.3 shows the polarization and power density curves of the three 

MEAs using Cu 1 (pore size of 450 μm and area density of 600 g·m-2) with 

different copper-foam thicknesses (1 mm, 500, and 250 μm). As the thickness of 

the copper-foam decreased, the cell performance was enhanced over the measured 

current density range. In addition, we found that the MEA with the thinner copper-

foams (250 and 500 μm) generated internal pressure in the flow field (measured 

using a system built in-house, as shown in Table 2.3 and Figure 2.3b). When the 

flow rate was constant, the reduced thickness resulted in a decrease in the volume 

flow of the reactant, leading to increased internal pressure. The generated pressure 

in the copper-foams reduced the activation overpotential and increased cell 

performance without requiring back pressure regulation.22,23 However, copper-foam 

with thickness of less than 250 μm can resulted in the blockage of in-plane pores 

owing to compression, exhibiting the reduced performance. Also, internal pressure 

becomes larger than the supply pressure, so that it becomes hard to supply the 

reactant. Therefore, the cell performance of copper-foam flow field MEAs was 

enhanced as the thickness decreased; as we have seen, since the optimum thickness 

was found to be 250 μm, the following experiments in this paper were conducted 

using a 250 μm foam. 

 

2.3.3. Effect of area density of copper-foam 

The conventional flow field in a bipolar plate transports reactants and 

generated water through the channel and provides an electrical connection through 

the ribs. To minimize the ohmic resistance of the copper-foam flow field MEA, the 

ribs should have a low intrinsic electrical conductivity and large contact area 

between the gas diffusion layer (GDL) and flow field. Nevertheless, as the ribs  
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Figure 2.3. Effect of copper foam thickness on the cell performance and 

microstructure. (a) Polarization and power density curves of three MEAs with 

different thicknesses (1 mm, 500 μm, and 200 μm) of copper foam (Cu 1). (b) 

Porosity (red data) and pressure generated (blue data) in copper foams with 

different thicknesses. 
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Table 2.3 Porosity of compressed copper-foams (250 μm) and pressure generated 

in copper-foam flow field MEAs. 

 

 

 Cu 1 Cu 2 Cu 3 Cu 4 Cu 5 Cu 6 

Porosity 74.2 56.2 50.1 41.3 55.3 59.6 

Pressure 
(bar) 1.6 2.1 2.4 3.2 1.2 0.45 
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have a large contact area, the channels occupy a relatively small portion of the flow 

field, leading to restricted mass transport of the reactant and product. Therefore, the 

channel-rib ratio must be optimized to achieve a trade-off between the ohmic and 

mass transport resistances. In the copper-foam, the area density (mass per unit area) 

can be considered as the channel-rib ratio of the flow field. Figure 2.4 presents 

scanning electron microscope (SEM) images and a schematic diagram of the 

copper-foams with different area densities. Both pristine (Figure 2.4a–d) and 

compressed (Figure 2.4e–h) copper-foams showed through-plane pores and the rib 

size increased with increasing area density. A higher area density of copper-foam 

resulted in a lower channel-rib ratio of the conventional flow field, as shown in 

Figure 2.4i. 

To observe the effect of area density on the polarization characteristics, four 

copper-foams with different area densities of 600 (Cu 1), 800 (Cu 2), 1000 (Cu 3), 

and 1400 (Cu 4) g·m-2, respectively, but the same pore size of 450 μm and 

thickness of 250 μm, were prepared (Table 2.1). Figure 2.5a compares the cell 

performance of the four different copper-foam flow field MEAs. The area density 

of copper-foam increased from 600 to 1000 g·m-2 result in an increase of cell 

performance. As the area density increased, the contact area (rib) between the GDL 

and flow field increased, resulting in improved electron transport and decreased 

ohmic overpotential (Figure 2.5b and Figure 2.6). Also, as shown in Table 2.3, the 

increased area density led to increased pressure. It affected the activation 

overpotential, enhancing cell performance (Figure 2.6a). However, as mentioned 

above, the cell performance and area density of copper-foam did not constantly 

showe a linear relation between them. Although the internal pressure increased, 

increasing the area density from 1000 to 1400 g·m-2 resulted in decreased cell 

performance; the reduction in the channel area hindered mass transport of the  
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Figure 2.4. Microstructural characterization of the copper-foams. SEM images 

of samples Cu 1–4 (a–d) before and (e–h) after compression. (i) Schematic 

diagrams of the corresponding area densities of samples Cu 1–4. 
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Figure 2.5. Effect of copper-foam area density on the cell performance. (a) 

Polarization and power density curves for four MEAs with different area densities 

of copper-foam (Cu 1, 2, 3, and 4). (b) Ohmic resistance (mΩ) obtained at 0.6 V 

using EIS (red data) and the sum of charge transfer and mass transport resistance 

(mΩ) obtained at 0.4 V using EIS (blue data) for the copper-foams (Cu 1, 2, 3, and 

4). 
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Figure 2.6. (a) Equivalent circuit model and Nyquist plots of copper-foam 

MEAs with the different area densities (Cu 1-4). (b) 0.8 V, (c) 0.6 V, (d 0.4 V. 



 

39 
 

 

reactant and product resulting in higher mass transport resistance (Figure 2.5b and 

Figure 2.6c). Although the ohmic resistance of MEAs using Cu 4 was smaller than 

that of the other MEAs, the increased mass transport resistance was the major 

factor affecting cell performance. Therefore, an area density of 1000 g·m-2 (Cu 3) 

was considered optimal value. 

 

2.3.4. Effect of pore size of copper-foam 

The effect of the pore size of copper-foams was investigated for samples 

with the optimized area density of 1000 g·m-2. The pore sizes of three samples 

were 450 (Cu 3), 580 (Cu 5), and 1200 μm (Cu 6), respectively (Table 2.1), where 

their pore morphology is shown in Figure 2.7. After compressing the foam plates to 

250 μm, through-plane pores were still observed. Figure 2.8a shows the cell 

performance of MEAs with different pore sizes. As the area density of the three 

MEAs was equal, the ohmic resistances were constant, eliminating the effect of the 

ohmic overpotential (Figure 2.9b). As shown in Figure 2.8a, the cell performance 

decreased with increasing pore size due to increased charge-transfer resistance 

(Figure 2.9a) caused by reduced internal pressure (Table 2.3) and mass transport 

resistance (Figure 2.8b and Figure 2.9d). As the pore size of the foam is large, the 

internal surface area is reduced. And the reduction of internal surface area leads to 

a decrease in the form drag, thereby reducing pressure change. 

 

2.3.5. Optimized cell performance of copper-foam flow field MEAs 

Sample Cu 3 was considered to have the optimal structure as it exhibited the 

highest cell performance. Figure 2.10 compares cell performance of this sample 

and a conventional flow field MEA. Except the flow field, all cell components and 

operating condition of two MEAs were same. In the measured current density 

range, the performance of the copper-foam flow field MEA was higher than that of 
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Figure 2.7. SEM images of (a-c) pristine Cu 3, 5, and 6 and (d-f) compressed Cu 

3, 5, and 6. The scale bar is 250 μm. 
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Figure 2.8. Effect of copper-foam pore size on the cell performance. (a) 

Polarization and power density curves of the three MEAs with different copper-

foam pore sizes (Cu 3, 5, and 6). (b) Charge transfer resistance (mΩ) obtained at 

0.8 V using EIS (red data) and the sum of charge transfer and mass transport 

resistance (mΩ) obtained at 2.0 A∙cm-2 using EIS (blue data) for copper-foams (Cu 

3, 5, and 6). 



 

42 
 

 

 

 

Figure 2.9. Nyquist plots of copper-foam MEAs with the different pore sizes 

(Cu 3, 5, 6). (a) 0.8 V, (b) 0.6 V, (c) 0.4 V, (d) 2.0 A·cm-2. 
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Figure 2.10. Comparison of the performance of copper-foam and conventional 

flow field MEAs. (a) Voltage as a function of current density. (b) Cyclic 

voltammetry curves. (c–e) Nyquist plots obtained at (c) 0.8 V, (d) 0.6 V, and (e) 0.4 

V. 
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the conventional one. The current density values of the copper-foam flow field 

MEA at 0.8, 0.6, and 0.4 V was 0.25, 1.71, and 2.98 A·cm-2, respectively, whereas 

those of the conventional flow field MEA were 0.09, 1.02, and 1.622 A·cm-2, 

respectively. The power density of the copper-foam was 1.228 W·cm-2, which was 

178% higher than that of the conventional flow field MEA (0.689 W·cm-2). In 

addition, the total current density of the copper-foam was 3.188 A·cm-2, which was 

182% greater than that of conventional flow field MEA (1.752 A·cm-2). In addition, 

CV measurements were performed to examine the electrochemical surface area 

(ECSA) of the two MEAs (Figure 2.10b). The ECSA of the copper-foam flow field 

MEA was 45.45 m2·g-1, which was approximately equal to that of the conventional 

flow field MEA (46.1 m2·g-1). Hence, the enhanced cell performance was attributed 

only to the use of the copper-foam as the flow field.  

To examine the effect of the activation, ohmic, and concentration 

overpotentials, EIS was used to measure the resistances of single-cells. Figure 

2.10c–e shows Nyquist plots obtained at 0.8, 0.6, and 0.4 V. At high voltage (0.8 

V), the charge-transfer resistance, calculated from the diameter of the semicircle, 

was attributed to the activation overpotential, i.e. catalyst kinetics, temperature, and 

reactant concentration. As shown in Figure 2.10c, the diameter of the semicircle of 

the copper-foam flow field MEA was smaller than that of the conventional flow 

field MEA, meaning that the former had a smaller activation overpotential. 

Generally, when the catalyst-coated membrane (CCM) and operation conditions 

are the same, the activation overpotential of MEA is constant. Although the two 

MEAs used the same CCM and were tested under the same operation conditions, 

the copper-foam flow field MEA had a smaller activation overpotential. This could 

have been due to the pressure generated in the copper-foam, as mentioned 

previously. In addition, we observed that the ohmic resistance was dominant at 0.6 

V. Figure 2.10d shows that the ohmic resistance of the two MEAs was 
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approximately the same resulting from the similar contact areas of the GDL and 

flow field. In addition, the mass transport resistance of the copper-foam flow field 

MEA was smaller than that of the conventional flow field MEA (Figure 2.10e). In 

the low voltage region (0.4 V), which was affected mainly by mass transport, two 

arcs in the Nyquist plot were observed. A single arc at high frequencies represents 

the activation overpotential, which is consistent with the arc observed in the high 

voltage region. The low frequency arc is related to mass transport resistance. As 

shown in Figure 2.10e, the Nyquist plot showed a feature at 0.4 V containing two 

semicircles that were difficult to distinguish, representing the sum of the charge 

transfer and mass transport resistance. This combined arc of the copper-foam flow 

field MEA was smaller than that of conventional flow field MEA, indicating a 

smaller mass transport resistance. Therefore, the enhanced cell performance was 

attributed to decreased activation and mass transport resistance.  

To optimize the performance of the copper-foam flow field MEA, the Pt 

catalyst loading was varied from 0.2 to 0.3 mg·cm-2 and a thinner membrane 

(Nafion 211, Dupont, USA) was used to decrease ohmic overpotential. Figure 

2.11a shows the cell performance of the optimized copper-foam flow field MEA 

which was evaluated under fully humidified H2 and air at 70 °C and ambient 

pressure. The cell performance at 0.6 V was approximately 2.2 A·cm-2, which to 

the best of our knowledge is the best performance reported to date for 

PEMFCs,11,24-28 despite the ambient pressure condition (Figure 2.11b and Table 

2.4). In addition, durability tests were undertaken using load cycling from OCV to 

0.35 V. Generally, it is expected that the copper is susceptible to corrosion under 

acidic conditions, leading to severe performance degradation.29,30 However, as 

shown in Figure 2.12, the optimized copper-foam flow field MEA exhibited 

superior stability with negligible performance overpotential after 8 h; hence, the 
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Figure 2.11. Performance of optimized copper-foam flow field MEA. (a) 

Voltage as a function of current density of optimized copper-foam flow field MEA. 

(b) The comparison of current density at 0.6 V and maximum power density 

exhibited in this study and those reported in literature11,24-28 (Solid: ambient 

pressure, Open: back pressure). 
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Table 2.4. Operating condition of the references shown in the performance 

comparison (Fig. 2.11b). 

Ref. No. Operation 
Temp. (℃) Area (cm2) 

Relative 
humidity 

(%) 

Back 
pressure 

(bar) 
Membrane 

Catalyst 
loading 

(mgPt·cm-2) 

11 70 5 100/100 0 Nafion 211 0.4/0.4 

24 80 5 100/100 1.5 Nafion 212 0.2/0.2 

25 - 5 - 1.5 Nafion 212 0.12/0.12 

26 80 5 100/100 1.5 Nafion 212 0.5/0.5 

27 80 5 100/100 0.8 Nafion 211 0.2/0.2 

28 75 1 100/100 0 Nafion 212 0.4/0.4 
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Figure 2.12. Stability test of copper-foam flow field MEA for 8 h. 
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corrosion of copper under operation conditions of the PEMFCs did not result in 

significant performance degradation. 

 

2.3.6. Copper-foam flow field 

We have shown that the use of copper-foam as a flow field resulted in the 

increased cell performance compared to conventional flow field. The increase in 

performance is due to pressure and it was attributed to form drag in the porous 

structure, which occurs due to a pressure difference across an obstacle and 

dominates over frictional drag in the copper-foam with more bluff bodies and 

increased metal density,31-35 as shown in Figure 2.1. Additionally, when the 

thickness of the copper-foam was decreased, the pressure increased according to 

the following Forchheimer-extended Darcy equation,32,34 which describes the 

pressure change in a porous media with form drag.34 

 (1) 

where Δp is the pressure drop, L is the length of the porous medium, K is 

permeability, C is the form drag coefficient, and ν is the Darcian velocity, which is 

calculated by dividing the volumetric flow rate by the cross-sectional area. As the 

volumetric flow rate was constant, the decreased thickness of the copper-foam 

resulted in a reduced cross-sectional area, leading to increased Darcian velocity and 

a corresponding pressure drop. In addition, the decreased porosity of the copper-

foam after compression resulted in decreased permeability and increased pressure 

drop.35 Previous studies of metal foam flow fields for PEMFCs did not observe this 

phenomenon as thicker and highly porous metal foams were used than in this study. 

The performance increase by pressure drop is related to two main factors. 

Firstly, the pressure generated in the copper-foams increased the thermodynamic 

and kinetic of electrochemical reaction in catalyst, leading to the decreased 
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activation overpotential. The following equation shows the activation overpotential 

for pressure. 

  (2) 

  (3) 

  (4) 

where E0 is the standard potential of reaction, E is the potential of reference, 

electromotive force, R is the gas constant, T is the temperature, F is the Faraday 

constant, pH2 is the pressure of hydrogen, pO2 is the pressure of oxygen, j is the 

current density, j0 is the exchange current density, CR is the surface concentration 

of reactant, CR
0 is the bulk concentration of reactant, CP is the surface concentration 

of product, CP
0 is the bulk concentration of reactant, ηct is the charge-transfer 

overpotential, α is the transfer coefficient, n is the number of electrons involved in 

an electrode reaction, k0 is the standard rate constant. Thermodynamically, the 

increase in voltage as pressure increases can be explained by the Nernst equation. 

For the kinetic, the influence of pressure can be described by the Butler-Volmer 

equation. The activation overpotential depends on the exchange current density and 

the reactant concentration. As the exchange current density and the reactant 

concentration increases, the activation overpotential rises. At constant temperature, 

exchange current density is increased as the concentration of reactant increases. 

Thus, self-generated pressure in copper-foam reduced activation overpotential.  

Secondly, the self-generated pressure in copper-foam flow field enhanced the 

mass transport of the reactant and water, leading to increased utilization of the 

reactant and hence, cell performance. 
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  (5) 

  (6) 

  (7) 

where ηmt is the mass-transfer overpotential, jl is the limit current density, j is the 

current density, xO2 is the mole fraction of O2, P is the pressure, t is the electrode 

diffusion layer thickness, D is the diffusion coefficient of oxygen, and at constant 

temperature, mass-transfer overpotential decreases with increasing pressure. The 

improved water removal is the result of the increased pressure in the copper-foam. 

The pressure drop between the inlet and outlet is crucial for the water management 

in the channel of conventional flow fields36-38 and is also relevant for the copper-

foam flow field. 

In addition, the foam structure, which has much narrower channel and rib 

features than conventional flow field, is a suitable design for enhancing mass 

transport. To examine the effect of the flow field design, three MEAs were 

prepared and evaluated: a copper-foam flow field MEA, a conventional flow field 

MEA, and a micro flow field MEA where the widths of the channels and ribs were 

narrower than that of the conventional flow field MEA (Figure 2.13a). Figure 

2.13b shows the performance of the three MEAs operated under ambient pressure. 

The copper-foam flow field MEA exhibited a much higher performance for all 

current densities compared to the other MEAs as it showed a lower activation 

overpotential due to the self-generated pressure. In addition, the performance of the 

micro flow field MEA was higher than that of the conventional flow field MEA at 

high current densities due to the narrower channel/rib width. To investigate the 

effect of the copper-foam on mass transport by eliminating the difference in  
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Figure 2.13. Comparison of the performance of three different flow fields 

(copper foam, micro flow field, and conventional flow field). (a) Photographs of 

the three flow fields. (b) Voltage as a function of current density at ambient 

pressure. (c) Voltage as a function of current density at ambient pressure (copper 

foam MEA), and with a back pressure of 1.8 bar (micro flow field MEA and 

conventional MEA). 
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activation overpotential, it was compared to the two other MEAs operated under a 

back pressure of 1.8 bar (Figure 2.13c). The copper-foam flow field MEA 

exhibited the highest performance among the three MEAs although it was tested at 

ambient pressure. In the low voltage region where the mass transport overpotential 

is dominant, the performance was enhanced (copper-foam flow field MEA > micro 

flow field MEA > conventional flow field MEA). When the activation 

overpotential effect was eliminated, the copper-foam flow field MEA exhibited the 

lowest mass transport overpotential due to the narrower channel/rib widths. As 

shown in Figure 2.13a, the copper-foam flow field MEA had the smallest channel 

and rib widths, followed by the micro flow field flow field MEA and conventional 

flow field MEA. Zhang et al.9 stated that narrower channel/rib widths resulted in 

larger under-rib convection and more efficient water removal; this is consistent 

with the polarization curves of the three MEAs. In addition to the pressure effect, 

the better performance of the copper-foam was attributed to under-rib convection, 

which could increase concentration of the reactant and remove generated water 

droplets. Therefore, the synergistic effect of self-generated pressure and the 

microstructure of the copper-foam led to improved reactant utilization, thereby 

maximizing electrochemical reactions with the catalyst and enhancing cell 

performance. 

 

2.3.7. CO poisoning test of copper-foam flow field MEAs 

Generally, CO has been considered as pollutant in fuel cell as CO is 

adsorbed on the surface of Pt catalyst and thereby blocking the site where the 

electrochemical reaction occurs.39 In other words, when CO gas is supplied to 

single-cell, the cell performance can be decreased due to the CO poisoning. In this 

work, we applied CO poisoning test in single-cell to evaluate the capability of 

reactant utilization in flow fields. When CO is supplied to flow field with same  
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Figure 2.14. CO poisoning test of copper-foam flow field MEA and 

conventional flow field MEA. (a) Schematic diagram of CO poisoning test and 

(b) normalized voltage profile of copper-foam flow field MEA and conventional 

flow field MEA during CO poisoning test. 
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flow rate, the degree of decrease in cell performance depends on the amount of CO 

particles transported in catalyst layer. The effect of reactant utilization in flow field 

was examined by comparing the performance reduction. It is expected that CO 

poisoning results exhibits the rapid decrease in cell performance when using the 

flow field which has enhanced utilization of reactant. Figure 2.14 presents the 

schematic diagram and result of CO poisoning test. As illustrated in Figure 2.14a, 

CO with flow rate of 100 ppm was supplied in anode of two MEAs (copper-foam 

flow field MEA and conventional flow field MEA). Figure 2.14b shows the 

normalized voltage change in copper-foam flow field MEA and conventional flow 

field MEA. In both cases, the cell voltage was decreased after the CO gas was 

supplied. However, the CO poisoning test showed the performance reduction in 

copper-foam flow field MEA (57%) was higher than that in conventional flow field 

MEA (22%). This result indicates that copper-foam flow field enhanced the 

utilization of reactant, leading to the more reactant transported in catalyst layer. To 

confirm the effect of self-generated pressure in copper-foam, the conventional flow 

field MEA with 1.8 bar back pressure was also conducted using CO poisoning test. 

As shown Figure 2.15, the conventional flow field MEA operated with 1.8 bar back 

pressure exhibited similar performance reduction compared to copper-foam flow 

field MEA. That is, the self-generated pressure caused by microstructure of copper-

foam resulted in improved reactant utilization, exhibiting outstanding performance. 



 

56 
 

 

 

 

Figure 2.15. Normalized voltage profile of copper-foam MEA (ambient 

pressure) and conventional MEA (1.8 bar back pressure). 
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2.4. Conclusions 

In this work, we developed copper-foam flow field MEAs and optimized the 

structure of the copper-foam flow field. The thickness, area density, and pore size 

of the copper-foam significantly affected the cell performance and the optimal 

structure was determined using single-cell tests, resulting in a high current density 

of 2.2 A·cm-2 at 0.6 V. This is the highest performance reported in the field to date. 

Also, CO poisoning test showed that the copper-foam flow field MEA exhibited 

higher performance reduction compared to conventional flow field MEA, 

indicating the increased utilization of reactant. It was attributed to self-generated 

pressure in the compressed copper-foam caused by force drag. In addition, self-

generated pressure increased the kinetic of electrochemical reaction and enhanced 

the reactant utilization. Furthermore, the copper-foam flow field evenly distributed 

the reactants and effectively removed water, leading to decreased concentration 

overpotential due to its structural characteristic. Therefore, the use of a copper-

foam flow field is considered to have great potential for achieving high 

performance PEMFCs by optimizing the electrochemical reactions conditions with 

the catalyst and maximizing the fuel cell performance. 
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Chapter 3. Ultra-Low Loading of IrO2 with an 

Inverse-Opal Structure in a Polymer-Exchange 

Membrane Water Electrolysis 

 

 

3.1. Introduction 

A high loading (1.5–3.0 mg·cm-2) of the noble metal catalyst is used to 

achieve high PEMWE performance.1-5 The studies included a conventional porous 

catalyst layer that was fabricated by using the spraying method of catalyst slurry 

including a catalyst and an ionomer. In contrast to the conventional catalyst layer 

formed by catalyst particles, the development of a new catalyst layer is crucial to 

improve the utilization of the catalyst. Slavhceva et al.6 applied sputtered iridium 

oxide (IrO2) on carbon paper as an anode in PEMWE to decrease the loading of 

IrO2. By magnetron sputtering, a thin film of IrO2 on carbon paper was prepared, 

showing a performance of 300 mA·cm-2 at 1.6 V. Its catalyst loading was 0.2 

mg·cm-2, which was significantly lower than that of the commercially used loading. 

Lee et al.7 proposed IrO2 on carbon paper as an anode in PEMWE using the 

electrodeposition (ED) method. The electrode revealed high performance (1010 

mA·cm-2 at 1.6 V) and reduced metal loading (0.1 mg·cm-2), thereby exhibiting the 

highest mass activity reported to date. It was attributed to improvements in the 

catalytic utilization. However, the electrode structures are composed of IrO2 film 

on a porous substrate (carbon paper), not a porous IrO2 electrode. Thus, a new 

design of a catalyst layer with a porous IrO2 electrode is proposed to improve the 

utilization of catalyst and maximize mass activity, leading to the reduction of 
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catalyst loading and thereby decreasing the PEMWE cost. 

An inverse-opal structure is a structure that comprises ordered and 

interconnected pores.8 The structure is used in various applications including 

sensors,9,10 solar cells,11-13 lithium-ion batteries,14,15 and fuel cells.16,17 In a previous 

study, an inverse-opal structure was applied in a cathode of polymer electrolyte 

membrane fuel cells (PEMFCs) to enhance the mass transport of the reactant and 

produced water.17 The platinum (Pt) inverse-opal was directly prepared on a gas 

diffusion layer (GDL). The PEMFC with an inverse-opal structure exhibited high 

performance due to structural characteristics including high porosity, catalyst 

utilization, and efficient mass transport. However, the fabrication method reported 

in the study reveals low reproducibility since the substrate used has a rough surface. 

In order to increase the reproducibility of preparing the inverse-opal electrode, 

a flat substrate should be used. In the ED method, the uniform distance between 

working electrode (substrate) and counter electrode is essential to prepare a 

uniform electrode since it is associated with ohmic resistance, which in turn leads 

to the applied voltage. In other words, the flat surface of substrate maintains a 

constant distance. However, no component in the MEA of PEMFC is used as a flat 

substrate. Therefore, an external substrate should be added in the fabrication 

method by using the transfer method instead of the direct application. David et al.18 

and Mihi et al.19 proposed a transfer method by using a sacrificing layer to transfer 

the inverse-opal electrode. The sacrificing layer easily separates the electrode to be 

obtained with substrate when it is removed by using an etchant. Unfortunately, the 

inverse-opal electrode used in the study is too thin to allow for direct transfer 

without the protective layer. In order to transfer the entire inverse-opal electrode on 

membrane, we applied the decal method that is commercially used to fabricate the 

MEA of fuel cells20,21 to the modified transfer method. The decal method is the 

MEA fabrication method that uses additional substrates, such as Teflon film, to 
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prepare the electrode, and this is followed by transferring the electrode on 

membrane by hot-pressing.22 Given the aforementioned method, we selected hot-

pressing to attach the electrode to the membrane, and this improved the feasibility 

of transferring the complete inverse-opal electrode. Thus, the modified method is 

termed as ‘the decal-transfer method’. Overall, we proposed the decal-transfer 

method as a facile method to produce the inverse-opal MEA to overcome the 

disadvantages of the existing method. 

In the study, we prepared IrO2 inverse-opal MEA by using the decal-transfer 

method as opposed to direct fabrication in the PEMWE anode (Figure 3.1). The 

inverse-opal structure in anode provides high surface area due to high porosity, 

thereby increasing the utilization of catalyst. The IrO2 inverse-opal electrode was 

fabricated by using pulse electrodeposition (ED). Furthermore, ED parameters, 

such as current and total number of cycles, were inspected to achieve the inverse-

opal structure. Additionally, the decal-transfer method was first utilized to prepare 

inverse-opal MEA, thereby leading to the enhanced reproducibility of the process. 

In the inverse-opal MEA, ultra-low IrO2 (0.001–0.03 mg·cm-2) was loaded by 

varying the total number of cycles of ED (80–160 k cycles). The inverse-opal MEA 

was evaluated by using a PEMWE single-cell test, electrochemical impedance 

spectroscopy (EIS), and a hydrogen flow meter. Additionally, the mass activity was 

calculated by using cell performance and loading of IrO2 and compared with that in 

other studies reported to date. 
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Figure 3.1. Schematic diagram of the single-cell of inverse-opal MEA. 
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3.2. Experimental section 

3.2.1. Fabrication of IrO2 inverse-opal electrode 

Nickel (Ni) as the sacrificing layer was sputtered on fluorine-doped tin 

oxide (FTO) glass via the RF magnetron sputtering technique (150 W, 8 h). The 

sputtered substrate (Ni-FTO) was immersed in ethanol for 12 h to improve the 

adhesion between the polystyrene (PS) bead and substrate. The PS bead solution 

was prepared by using 2.0 g of PS suspension (Alfa Aesar Co., USA), 180 mg of 1 

wt.% non-ionic surfactant solution (IGEPAL Co-30, Sigma Aldrich Co., USA), 

and 80 ml of distilled water. The treated substrates were soaked in the PS solution, 

and dried at 70 °C for 2 h to prepare the PS on substrate. In order to fabricate the 

IrO2 inverse-opal electrode, PS on substrate was performed via the pulse ED 

method with a three-electrode cell. The PS on substrate, Pt mesh (Alfa Aesar, 

USA), and Ag/AgCl electrode were used as the working electrode, counter 

electrode, and reference electrode, respectively. The ED solution consisted of 10 

mM iridium chloride hydrate, 100 mM potassium chloride, and distilled water. The 

ED condition corresponded to a current of 10 mA, on/off time of 50/300 ms, and 

total number of cycles corresponding to 140 k. Following the ED, the PS beads 

were removed by using toluene, thereby leading to the IrO2 inverse-opal electrode. 

 

3.2.2. Fabrication of inverse-opal MEA and conventional MEA 

In order to transfer the inverse-opal electrode on membrane, the prepared 

electrode (anode) and membrane were attached by hot-pressing (120 °C, 1 MPa, 10 

min). Nafion 212 (Dupont Co., USA) was used as the membrane. Following the 

hot-pressing, the attached electrode and membrane were immersed in 50 v. % nitric 

acid solution for 12 h to dissolve the sacrificing layer (Ni). Subsequently, the 

cathode catalyst layer was fabricated by using the spraying method. The catalyst 

slurry was prepared by using 40 wt% Pt/C (Johnson Matthey, UK), Nafion ionomer 
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(Dupont Co., USA) with content of 30 wt.%, isopropyl alcohol, and deionised 

water. The cathode catalyst loading corresponded to 0.4 mg·cm-2. The inverse-opal 

MEA was then prepared, as shown in Figure 3.1. Figure 3.1 presents the schematic 

of the inverse-opal MEA with the inverse-opal electrode as the anode catalyst layer, 

polymer electrolyte membrane, cathode catalyst layer, and the two gas diffusion 

layers (GDLs). In contrast, conventional MEA with a different anode catalyst layer 

was prepared using the spraying method. The catalyst layer consisted of IrO2 (Alfa 

Aesar Co., USA), Nafion ionomer with a content of 10 wt.% of IrO2, isopropyl 

alcohol, and deionized water. The anode catalyst loading was 0.02 mg·cm-2. The 

geometric areas of two MEAs were equal to 5 cm2. 

 

3.2.3. Physical characterizations 

Field-emission scanning electron microscopy (FE-SEM; SUPRA 55VP, 

Carl Zeiss, Germany) was used to examine the morphology (top and cross-section 

views) of the electrodes. The shell thickness of inverse-opal electrodes was 

measured using transmission electron microscope (TEM; Tecnai F20 at KEPCO, 

USA). Additionally, X-ray diffraction (XRD) spectra of the samples were acquired 

by using an X-ray diffractometer (D/MAX-2500/PC, Rigaku Co., Japan). 

Furthermore, X-ray photoelectron spectroscopy (XPS) was conducted to analyse 

the composition of IrO2 electrode. The IrO2 loadings with respect to the total 

number of cycles were measured by inductively coupled plasma-mass spectroscopy 

(ICP-MS, NexION 350D, Perkin-Elmer, USA) installed at the National Center for 

Inter-university Research Facilities (NCIRF) at Seoul National University. The 

inverse-opal MEA was dissolved in aqua regia at 200 °C for 24 h to determine the 

IrO2 loading using ICP–MS. 

 

3.2.4. Electrochemical characterizations 
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The effect of inverse-opal electrodes obtained with respect to the total 

number of cycles was examined by using cyclic voltammetry (CV) in the 0.1 M 

HClO4 solution from 0.4 to 1.25 V (vs. saturated calomel electrode (SCE)). 

Inverse-opal MEAs with different number of cycles corresponding to 80 k, 120 k, 

140 k, and 160 k were denoted as 80k, 120k, 140k, and 160k. In order to measure 

the PEMWE performance, titanium and graphite bipolar plates were utilized as the 

anode and cathode current collector, respectively. A carbon-based GDL (JNTG40-

A3, JNTG Co., KOREA) was applied as GDLs in both electrodes. The cell 

temperature was maintained at 90 °C. The reactants were preheated to 50 °C and 

supplied to the anode side with a flow rate of 1 ml·min-1. The cell performance was 

evaluated via the voltage sweep method from 1.25 to 2.05 V at 2 mV·s-1. The 

stability test was evaluated with the constant voltage method at 1.6 V and 1.9 V for 

a period of 1200 s using the same operating conditions. The CV of inverse-opal 

MEA and conventional MEA was evaluated with voltage ranging from – 0.05 to 

1.5 V to compare the electrochemical surface area of two MEAs. Nitrogen and 

hydrogen were supplied to the anode and cathode, respectively. Furthermore, EIS 

(ZAHNER-Elektrik GmbH & Co. KG, Germany) was performed to examine the 

resistance of inverse-opal MEA at a constant voltage of 1.6 V with an amplitude of 

50 mV. The frequency ranged from 100 MHz to 100 kHz. A customized flow meter 

was utilized to measure the flow rate of hydrogen generated in the cathode side.  
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3.3. Results and Discussion 

3.3.1. Decal-transfer method 

Figure 3.2 shows the photographs of preparing inverse-opal MEA by using 

the decal-transfer method. The decal transfer method was applied in PEMWE to 

increase reproducibility of fabrication of inverse-opal electrode by using the 

substrate that exhibits flat surface. The method consisted of four main steps as 

follows: (i) the fabrication of the inverse-opal electrode, (ii) the attachment of the 

electrode on the membrane by using hot-pressing, (iii) the removal of the 

sacrificing layer, and (iv) the fabrication of the cathode by spraying. Figure 3.3 

presents the SEM images of each step in the decal-transfer method. First, the IrO2 

inverse-opal electrode was fabricated by pulse ED method. Ni-FTO was used as the 

substrate. In order to transfer the prepared electrode in membrane, the sacrificing 

layer (which is the layer removed by using etching solution23,24) should be added in 

the substrate. Specifically, Ni is a suitable material that can be removed by using 

HNO3 solution without damaging the membrane and IrO2 electrode (Figure 3.4).25 

Polystyrene (PS) beads that were used as a template to construct macropores in the 

electrode were self-assembled in the Ni-sputtered substrate (Figure 3.3a). 

Subsequently, voids formed by the template were filled with IrO2 catalyst by using 

pulse ED (Figure 3.3b), and this is discussed in following paragraph. Additionally, 

the template was removed by using toluene, thereby resulting in an inverse-opal 

electrode (Figure 3.3c). Second, the prepared electrode was transferred to the 

membrane to fabricate the inverse-opal MEA. In order to transfer the complete area 

of electrode, the inverse-opal electrode was attached to the membrane via hot-

pressing at high temperature. Following the attachment, the sacrificing layer was 

removed by using the HNO3 solution. By using the method, the electrode was 

easily separated on the substrate. Then, inverse-opal electrode was transferred on 

membrane preparing anode catalyst layer. Finally, the cathode catalyst layer was  
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Figure 3.2. Photographs of each step in the decal-transfer method for inverse-opal 

MEA. 
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Figure 3.3. FE-SEM images of each step in the decal-transfer method: (a) self-

assembled PS beads as template, (b) infiltration of IrO2 by using pulse 

electrodeposition, and (c) inverse-opal electrode. The scale bar is 1 μm.  
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Figure 3.4. Polarization curves of conventional MEA before and after nitric acid 

treatment. 
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fabricated via spraying in other sides of the membrane, thereby resulting in 

the inverse-opal MEA. 

 

3.3.2. Fabrication and characterization of IrO2 inverse-opal electrode 

The pulse ED method (which corresponds to the ED with on/off time) was 

applied to prepare the inverse-opal electrode. Introduction of the off time induced 

high uniformity of the electrode by supplying the precursor ions in the surface. To 

attain the inverse-opal electrode, the ED conditions (i.e. current and total number 

of cycles) were investigated. First, various applied currents were examined. In 

electrodeposition, the morphology of electrode varies with the applied current.26,27 

It was important to determine the optimal current that can infiltrate the IrO2 into the 

voids formed by self-assembled PS beads. Figure 3.5 shows the SEM images of 

inverse-opal electrodes with differences in the applied currents (5, 10, 20, and 30 

mA). The electrodes exhibited different morphologies when they were prepared 

with variations in the applied currents, and this was attributed to the differences in 

the voltages applied in electrodes (Figure 3.6). It was proposed that the voltage 

curve achieved at the current of 10 mA was suitable to fabricate the inverse-opal 

electrode. Thus, the optimized current was determined as 10 mA.  

Additionally, different total number of cycles (80 k, 120 k, 140 k, and 160 k 

cycles) were examined to obtain inverse-opal electrodes with different IrO2 

loadings. The total cycle was associated with the charge applied in electrode, and 

thereby the catalyst loading. That is, the catalyst loading increased with increases 

in the number of total cycles. As shown in Figure 3.7, all samples with different 

total number of cycles exhibited a porous structure. In the case of 80 k, a thin 

inverse-opal electrode (approximately 0.5 layer) was prepared. As the number of 

cycles increased from 80 k to 140 k, the complete inverse-opal electrode was 

formed via the infiltration of IrO2 into the voids. Conversely, with respect to higher  



 

75 
 

 

 

 

 

 

Figure 3.5. FE-SEM images of inverse-opal electrode obtained with different 

current of (a) 5, (b) 10, (c), 20, and (d) 30 mA. The scale bar is 5 μm and 1 μm, 

respectively. 
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Figure 3.6. Voltage curves of electrodes obtained with different current of (a) 5, 

(b) 10, (c), 20, and (d) 30 mA. 
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Figure 3.7. FE-SEM images of inverse-opal electrode with variations in the total 

number of cycles (a) 80 k, (b) 120 k, (c) 140 k, and (d) 160 k cycles. The applied 

current is 10 mA. The scale bar is 5 μm. 
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number of cycles corresponding to 160 k, the IrO2 plate covered on inverse-opal 

electrode was observed due to the excessive amount of applied charge. Overall, the 

optimal number of total cycles to attain the electrode with the inverse-opal 

structure was found to be 140 k. Furthermore, several electrodes were fabricated 

for the reproducibility test of the fabrication method. As shown in Figure 3.8, the 

electrodes also exhibited the inverse-opal structure, thereby indicating that the 

decal-transfer method is reproducible in terms of preparing the inverse-opal 

electrode. 

Figure 3.3c and Figure 3.9 respectively show the SEM and TEM images of 

the inverse-opal electrodes which are prepared with the use of optimized ED 

conditions (current of 10 mA and total cycle numbers of 140 k). The inverse-opal 

electrode had a three-dimensional ordered pore structure that consisted of 

macropores with diameters equal to 500 nm. The IrO2 shell thickness was in the 

range of 10–30 nm, as shown in Figure 3.9b. Inverse-opal MEAs with different 

number of cycles corresponding to 80 k, 120 k, 140 k, and 160 k were denoted as 

80k, 120k, 140k, and 160k. The catalyst loading of inverse-opal MEAs was 

confirmed by using ICP-MS. The IrO2 loadings of inverse-opal MEA were 0.001, 

0.01, 0.02, and 0.03 mg·cm-2 with respect to the number of cycles corresponding to 

80 k, 120 k, 140 k, and 160 k, respectively.  

We compared the amount of IrO2 measured using ICP–MS and the 

theoretically estimated value with the use of the void space and thickness of PS. 

We calculated the ratio between the empty and full spaces inside the inverse opal 

structure.17 It was assumed that the IrO2 maintained a hexagonal close-packed 

structure (hcp) structure or as a face-centered cubic (fcc) structure with an atomic 

packing factor (APF) of 0.74. The theoretical IrO2 mass in the inverse-opal 

electrode can be calculated as, 
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Figure 3.8. FE-SEM images of several inverse-opal electrodes obtained with the 

optimal ED conditions. The scale bar is 1 μm. 
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Figure 3.9. TEM images of inverse-opal electrode 
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where ρ is the density of IrO2. Therefore, if all the empty spaces between the PS 

spheres were filled with IrO2, the amount of IrO2 of the inverse-opal MEA was 

approximately 0.15 mg cm−2, but the actual amount of IrO2 was only approximately 

0.02 mg cm−2 according to the ICP–MS measurement. Thus, the ratio between the 

empty and full spaces inside the inverse opal structure is approximately equal to 

13.33%, which is almost the equal to the corresponding ratio in the case of the Pt 

inverse-opal electrode (14.36%), as reported previously.17 The calculated surface 

ratio from the amount of IrO2 measured and theoretically estimated from the 

density was approximately 13.33%. 

XRD and XPS analyses were conducted to identify the composition of the 

prepared samples. Figure 3.10 shows the XRD spectra of each step in the decal-

transfer method as follows: FTO, Ni-FTO, and the inverse-opal electrode. The 

XRD spectra confirm that Ni-FTO consists of Ni, thereby revealing the diffraction 

peaks of Ni (JCPDS 65-2865). Additionally, the inverse-opal electrode exhibited 

diffraction patterns indexing IrO2, thus yielding peaks indexed to the (110) and 

(200) planes (JCPDS 15-0870). Also, the XPS spectra of the prepared inverse-opal 

electrode showed that the two peaks at approximately 62.2 and 65.5 eV were 

observed (Figure 3.11). The peaks were reported as 4f7/2 and 4f5/2, respectively of 

IrO2,7,28 thereby indicating that the IrO2 electrode was well developed. The CV 

curves of inverse-opal electrode with different cycles corresponding to 80 k, 120 k, 

140 k, and 160 k are shown in Figure 3.12. The curves exhibited a typical shape of 

IrO2 materials.29,30 The charge capacity associated with the integration of CV is 

related to the electrochemical surface area (ECSA).29 Thus, the peak intensity 

increased with increases in the total number of cycles from 80 k to 160 k, thereby  
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Figure 3.10. XRD patterns of FTO, Ni-FTO, and inverse-opal electrode. 
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Figure 3.11. Ir 4f XPS spectra of IrO2 inverse-opal electrode 
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Figure 3.12. Cyclic voltammetry of inverse-opal MEA with different total cycles 

(80k, 120k, 140k, and 160k cycles) 
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confirming that the total number of cycles was related to the amount of IrO2 

loading. 

 

3.3.3. Electrochemical characterizations of inverse-opal MEA 

In order to achieve the optimal inverse-opal MEA, various MEAs were 

evaluated by using single cell test of PEMWE. Figure 3.13 and Figure 3.14 show 

the polarization curves of 80k, 120k, 140k, and 160k, and the comparison in cell 

performance of inverse-opal MEA. The 80k showed an extremely low performance 

because the IrO2 loading is insufficient (0.001 mg·cm-2) as shown in Figure 3.7a. 

The performance rapidly increased with increases in the total number of cycles 

from 80 k to 140 k. It was attributed to increases in the number of active sites that 

resulted from the catalyst loading. Additionally, the cell performance at 1.6 V 

exhibited the highest value due to a fully formed inverse-opal structure. However, 

160 k exhibited a performance lower than the number of cycles corresponding to 

140 k. As shown in Figure 3.7d, a few covered IrO2 films on inverse-opal electrode 

that exist between the catalyst layer and membrane partially block the generated 

proton transfer from the catalyst layer to the membrane. The phenomenon resulted 

in a relatively lower performance when compared to that for the number of cycles 

corresponding to 140 k. These results exhibited similar tendency with the study 

reported regarding inverse-opal electrode in alkaline electrolysis reported 

previously.31 In addition to alkaline water electrolysis, higher catalyst loading 

(surface area) yielded a limited cell performance enhancement owing to the 

blockage of proton and mass transfer. Thus, the optimal number of total cycles 

required to attain a high performance corresponded to 140 k. 
To investigate the effect of electrode structure on cell performance, the 

inverse-opal MEA (140k) and conventional MEA were evaluated with same 

catalyst loading of 0.02 mg·cm-2. Figure 3.15a shows the PEMWE performance of 
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Figure 3.13. (a) Polarisation curves of inverse-opal MEAs with differences in the 

total number of cycles (80 k, 120 k, 140 k, and 160 k cycles). 
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Figure 3.14. The performance changes of inverse-opal MEAs as a function of 

catalyst loading. 
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Figure 3.15. (a) PEMWE performance, (b) Nyquist plot at 1.6 V, (c) cyclic 

voltammetry, and (d) measured amount of generated hydrogen in the inverse-opal 

MEA and conventional MEA. The catalyst loading is 0.02 mg·cm-2 
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inverse-opal MEA and conventional MEA. The current density at 1.6 V of inverse-

opal MEA was 870 mA·cm-2, and this was 2.5 times that of conventional MEA 

(350 mA·cm-2). Additionally, the mass activity (which is the current density per 

catalyst loading) at 1.6 V of inverse-opal MEA was 43.5 A·mg-1. While the current 

density of conventional MEA decreased in the high-voltage region, reduction of 

performance was not observed in the inverse-opal MEA. This was attributed to the 

enhanced mass transport of the reactants and products. In the high-voltage region, 

the gases produced in the catalyst layer can cover the active area of the IrO2 

catalyst, and can thus lead to the reduction of the amount of the active area, and to 

a decrease in the performance. In contrast, the performance of the inverse-opal 

MEA did not decrease in the high-voltage region despite the fact that the same 

catalyst loading was used. 

Additionally, the stability tests of the inverse-opal and conventional MEA 

were evaluated in low- (1.6 V) and high-voltage (1.9 V) regions. Figure 3.16 

presents the current density of the two MEAs at the constant voltages of (a) 1.6 V 

and (b) 1.9 V for a period of 1200 s. As shown in Figure 3.16, conventional MEA 

elicits low stability with a significant current density loss. Conversely, inverse-opal 

MEA exhibits a stable performance at the low- and high-voltage regions despite its 

ultra-low loading of 0.02 mg cm-2. This is attributed to its structural characteristics. 

Unlike the conventional electrode which consists of IrO2 particles, the three-

dimensional network IrO2 structure in inverse-opal electrode is shown to be highly 

stable with the use of the PEMWE operating conditions. 

In addition, as shown in Nyquist plots of two MEAs performed using EIS 

(Figure 3.15b), the inverse-opal MEA exhibits lower ohmic resistance (which 

corresponds to the high-frequency intercept in x-axis) when compared to that of 

conventional MEA. This indicates that the inverse-opal structure enhances the 

electron transfer due to its ordered and interconnected pores.32,33 This was also  
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Figure 3.16. Stability test results of the inverse-opal MEA and conventional MEA 

in the (a) low-voltage (1.6 V) and (b) high-voltage (1.9 V) regions over a time 

period spanning 1200 s. 
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attributed to the direct fabrication of the inverse-opal electrode on the 

membrane.34,35 Furthermore, the charge-transfer resistance (which is the diameter 

of the semicircle) of inverse-opal MEA was smaller than that of conventional MEA. 

In contrast to the conventional MEA including micro- or meso-pores, the inverse-

opal MEA exhibited macro-pores with a diameter of 500 nm, thereby leading to the 

efficient supply reactant to active sites of the catalyst. Additionally, Figure 3.15c 

shows the CV curves of inverse-opal MEA and conventional MEA. For iridium 

oxide materials, the ECSA cannot be measured using CV due to the ineffective 

hydrogen underpotential deposition and carbon monoxide oxidation.36,37 However, 

L. A da Silva et al.37 reported that the voltammetric charge is proportional to the 

surface are. That is, ECSA of two MEAs can be estimated by comparing the 

voltammetric charge, which is the integration of CV.38 Thus, the enhancement of 

the estimated ECSA of the catalyst that is confirmed by CV improved the 

utilization of the catalyst. Finally, Figure 3.15d presents the measured amount of 

generated hydrogen of two MEAs by using a flow-meter. The amount of produced 

hydrogen in the inverse-opal MEA exceeded that in conventional MEA, which was 

consistent with the results for a PEMWE single cell. Furthermore, the estimated 

cell performance that was calculated by using the measured amount of hydrogen 

was approximately similar to that in the real PEMWE performance (Figure 3.17). 

Therefore, the inverse-opal structure enhanced the cell performance since it 

improved electron transfer, efficient supply of the reactant, and surface area of the 

catalyst. 

Figure 3.18 shows the SEM images of inverse-opal MEA and conventional 

MEA when prepared with the same loading of 0.02 mg·cm-2. As shown in Figure 

3.18a and d, the thickness of inverse-opal MEA and conventional MEA were 

approximately 500 nm and 100 nm, respectively. This indicated that porous 

structure in inverse-opal MEA enhanced the surface area of catalyst. Additionally, 
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Figure 3.17. PEMWE performance (solid) and estimated performance by 

measured amount of generated hydrogen (open) of inverse-opal MEA and 

conventional MEA. The catalyst loading was 0.02 mg·cm-2 
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Figure 3.18. FE-SEM images of (a-c) inverse-opal electrode and (d-f) conventional 

electrode: (a, d) cross-sectional view, and top view (b, e) before stability test and (c, 

f) after stability test.  
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the larger pores (500 nm) in catalyst layer of inverse-opal MEA were formed when 

compared to that in the conventional MEA (10-50 nm). The pores with a diameter 

of 500 nm in inverse-opal MEA led to improvements in the efficient supply of 

reactant and removal of product, and surface area. Moreover, the inverse-opal 

electrode before and after the stability test showed similar morphologies, as shown 

in Figure 3.18b and c. 

Figure 3.19 and Table 3.1 present a comparison of cell performances and 

mass activities achieved in the study and that reported in extant studies including 

the IrO2 catalyst in the anode.2,4-7,39,40 In contrast to previous studies that examine 

the IrO2 catalyst, the loading of the inverse-opal MEA was ultra-low (0.02 mg·cm-

2). In addition, the performance at 1.6 V was 870 mA·cm-2, which was higher than 

or comparable to that in other studies (Figure 3.19a). Furthermore, the mass 

activity of inverse-opal MEA is the highest as shown in Figure 3.19b. This 

indicates that the inverse-opal electrode design exhibited high PEMWE 

performance despite its ultra-low loading, which was due to the enhanced 

utilization of the IrO2 catalyst. 
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Figure 3.19. Comparison of (a) cell performances (current density at 1.6 V) and (b) 

mass activities at 1.6 V achieved in the study and those reported in extant 

studies.2,4-7,39,40 
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Table 3.1. The summary of catalyst loading, cell performance, mass activity of 

some reported IrO2 catalyst in PEMWE 

Catalyst 
Catalyst 
loading 

(mg·cm-2) 

Cell 
performance at 

1.6 V  
(A·cm-2) 

Mass 
activity at 

1.6 V 
(A·mg-1) 

Reference 

IrO2 inverse-
opal 0.02 0.87 43.5 This study 

Sputtered IrO2 
film 0.2 0.3 1.5 

Electrochim. 
Acta, 2007, 52, 

3889 

IrO2 prepared by 
chemical 
reduction 

3 0.82 0.27 

Int. J. 
Hydrogen 

Energy, 2008, 
33, 4955 

IrO2 with zeolite 
template 1.5 0.8 0.53 Chemcuschem, 

2012, 5, 858 

Antimony 
doped tin oxide 
supported IrO2  

2 0.4 0.2 J. Power Soc. 
2014, 269, 451 

Electrodeposited 
IrO2 electrode 0.1 1.01 10.1 Appl. Catal. B, 

2015, 179, 285 

Combustion 
synthesized IrO2 

2 0.58 0.29 
J. Mater. 

Chem. A, 2017, 
5, 4774 

Nano-sized IrO2 0.4 0.8 2 J. Power Soc. 
2017, 366, 105 
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3.4. Conclusions 
In this study, the IrO2 inverse-opal MEA was proposed in PEMWE to 

reduce the catalyst loading, and thereby enhancing the utilization of the catalyst. 

The inverse-opal MEA was easily fabricated with high reproducibility by using the 

decal-transfer method that combines transfer method with the decal method. The 

ED parameters including the applied current and total cycle were investigated to 

optimize the inverse-opal structure. Although the catalyst loading was ultra-low 

(0.02 mg·cm-2), the inverse-opal MEA exhibited an excellent performance of 870 

mA·cm-2 at 1.6 V, and this was 2.5 times that of conventional MEA. Furthermore, 

the mass activity of inverse-opal MEA exhibited the highest value (43.5 A·mg-1) 

that is reported to date. It was ascribed to the improvements in the electron transfer 

and surface area of the inverse-opal structure that resulted in increases in the 

utilization of the catalyst, and thereby reducing the IrO2 loading. Overall, the new 

design including inverse-opal structure corresponds to a promising catalyst layer in 

PEMWE. 
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Chapter 4. Development of membrane-electrode 

assembly for hgh-performance anion-exchange 

membrane water electrolysis 

 

 

4.1. Introduction 

MEA was fabricated using the catalyst-coated substrate (CCS) and catalyst-

coated membrane (CCM) methods.1 In the CCS method, a catalyst layer is 

fabricated on the GDL substrate. After the catalyst slurry is sprayed on the GDL, 

the membrane is sandwiched between the catalyst-coated GDLs using hot-pressing. 

Hot-pressing is crucial for preparing high-performance MEAs as it can enhance the 

adhesion between the catalyst layer and the membrane, leading to increased ionic 

connection.2 However, intense heat and pressure can cause structural changes in the 

MEA and GDL, thereby potentially degrading the cell performance.3 By contrast, 

in the CCM method, a catalyst layer is directly fabricated on a membrane without 

hot-pressing. The CCM method avoids the structural damage of the MEA and GDL, 

reduces ohmic resistance, and simplifies the fabrication process as it does not need 

any additional processes.4 The CCM method is considered more suitable than the 

CCS method for fabricating high-performance fuel cells.4,5 Therefore, water 

electrolysis with an MEA fabricated using the CCM method is expected to show 

higher performance. However, most studies of water electrolysis have used the 

CCS method for MEA fabrication.6-13 

The operating conditions, especially the feeding condition and operating 

temperature, can affect the cell performance. First, the feeding condition is 

important for ionic conductivity. In the AEMWE, high OH- ionic conductivity of 
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the AEM is important for supplying hydroxide ions at the anode. Hydroxide ions in 

the AEM are transported across water in the water channel formed by functional 

groups.14 Hydroxide ions are also transferred across the AEM by the electroosmotic 

flow of water.15 As hydroxyl ion transport is slower than proton transport,16 the 

AEM still shows poor ionic conductivity. To enhance its ionic conductivity, more 

water channels are formed in the membrane. However, excessive functional groups 

cause too much water uptake, thereby lowering the mechanical strength of the 

AEM.17 Thus, many studies of AEMWE have used a KOH solution instead of pure 

water as a reactant at the anode and cathode to increase the ionic conductivity of 

the AEM.8-11 The operating temperature also greatly influences the cell 

performance. Electrocatalyst kinetics increase with temperature according to the 

Tafel equation.18,19 However, high-temperature operation can induce severe 

chemical damage in the AEM, leading to lower ionic conductivity. The optimal 

temperature, which is high enough to not damage the membrane, should be 

determined. 

The investigation of MEA parameters is crucial to attain high performance. 

The ionomer plays an important role in forming ionic pathways between the 

membrane and the catalyst layer and as a binder to develop a durable catalyst 

layer.10,20 Nafion, a widely used proton exchange ionomer, is well known for its 

high proton conductivity and stability. Other stable, low-cost, and high-

conductivity anion exchange ionomers have also been developed for AEMWE. 

Recent studies have applied various developed ionomers such as AS-4 ionomer 

(Tokuyama),21 I2 ionomer (Acta Spa),13 and PTFE ionomer (a nonionic conductor)9 

with their optimized contents. In other words, the ionomer content is examined to 

determine the optimal value. Furthermore, the GDL plays important roles in the 

mass transport of the reactant and product and in the electron pathway between the 

catalyst layer and the bipolar plates. In water electrolysis, mass transport 
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overpotential arises when the products (oxygen gases) are transported through 

GDLs.22 The GDL thickness is a crucial factor in reducing the contact and mass 

transport resistances. A thin GDL induces large contact resistance between the 

catalyst layer and the GDL; however, it leads to efficient mass transport owing to 

the absence of compression. A thicker GDL affords better contact and can thus 

reduce the ohmic resistance; however, it leads to increased mass transport 

resistance owing to compression. Therefore, the GDL thickness must be optimized 

to achieve high AEMWE performance. Finally, kinetically sluggish OER is the 

major limitation to achieving high performance. To enhance cell performance, the 

OER catalyst loading in the anode should be increased to increase the number of 

active sites. However, excess catalyst loading results in a thicker catalyst layer and 

thereby induces larger mass transport resistance. Thus, optimizing the catalyst 

loading is critical for enhancing performance. 

Wang et al.21 first demonstrated water electrolysis using a solid-state 

membrane. They prepared an MEA with IrO2 as the OER catalyst and Pt black as 

the HER catalyst by using the CCM method. They used A-201 and AS-4 

(Tokuyama) as the AEM and anion-exchange ionomer, respectively. The thickness 

and equivalent weight of the anion exchange membrane were 28 μm and 590. The 

AEMWE showed current density of 399 mA·cm-2 at 1.8 V with deionized water of 

3 ml·min-1. Zhuang et al.6 fabricated an MEA using a self-crosslinking quaternary 

ammonia polysulfone (xQAPS) membrane and xQAPS ionomer with the thickness 

of 25 μm and equivalent weight of 735. Ni-Fe and Ni-Mo were used as the anode 

and cathode catalyst, respectively. The MEA was prepared using the catalyst-

coated substrate (CCS) method with hot-pressing. Current density of 580 mA·cm-2 

was achieved at 1.9 V with pure water as the reactant. Comotti et al.7 used Acta 

3030 (Cu-based material) and Acta 4030 (Ni-based material), both of which are 

non-PGM catalysts, as OER and HER catalysts for AEMWE, respectively. 
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Furthermore, they used polytetrafluoroethylene (PTFE) as a nonionic binder 

instead of an ionomer. The catalyst layer was fabricated using the CCS method. 

They achieved current density of 470 mA·cm-2 at 1.79 V with a 

carbonate/bicarbonate solution (1% K2CO3/KHCO3). Jang et al.8 examined the 

effect of the hot-pressing condition and binder content on the fabrication process. 

They used A-201 and PTFE as the AEM and binder, respectively, and 0.5 M 

potassium hydroxide (KOH) solution as the reactant. The A-201 has thickness of 

28 μm and equivalent weight of 590. They found that hot-pressing using the CCS 

method led to reduced polarization resistance and, in turn, increased cell 

performance. Furthermore, they found that the binder content affected the ohmic 

and polarization resistances and that the optimal PTFE binder content was 9 wt%. 

Jang et al.9 also inspected the reactant feed method to realize high-performance and 

durable AEMWE. They achieved high and durable AEMWE performance of 1070 

mA·cm-2 at 1.8 V, the best performance reported thus far, under dry cathode 

operation; this was attributed to reduced ohmic and polarization resistances. 

Studies of AEMWE have thus far used different AEMs, anion-exchange 

ionomers, and operating conditions. However, using FAA-3-50 and FAA-3-Br as 

the AEM and anion-exchange ionomer, respectively, is essential for improving 

AEMWE performance. In this study, we investigated the effect of the MEA 

fabrication method, operating conditions, and MEA parameters on the AEMWE 

performance. First, the MEA fabrication methods were examined to reduce the 

ohmic and mass transport resistances. Second, AEMWE was performed under 

various operating conditions (reactant type and cell temperature) to improve cell 

performance. Finally, MEA parameters such as ionomer content, type of GDL and 

OER catalyst loading were investigated. The optimization of AEMWE was 

evaluated using single-cell tests and electrochemical impedance spectroscopy (EIS). 
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4.2. Experimental section 

4.2.1. AEMWE components and assembly 

Figure 4.1 shows a schematic of the MEA in AEMWE. FAA-3-50 

(Fumatech, Germany) was used as the AEM. The thickness and equivalent weight 

of the used AEM were 50 μm and 540, respectively. First, FAA-3-50 was soaked in 

1 M of potassium hydroxide (KOH) solution for 1 h and then rinsed with deionized 

water. Then, MEAs were fabricated using the CCM method. In this study, we used 

IrO2 (Surepure Chemetals, USA) and 40 wt% Pt/C (Johnson Matthey, UK) as 

commercial OER and HER catalysts, respectively, to investigate the parameters of 

a single-cell AEMWE excluding the effect of catalytic activity. The catalyst slurry 

was prepared using IrO2 and 40 wt% Pt/C for the anode and cathode catalyst, 

respectively, ionomer (FAA-3-Br, Fumatech, Germany), isopropyl alcohol, and 

deionized water. Each catalyst ink was sprayed on the membrane, and dried for 24 

hrs at room temperature. Then, a GDL was placed on both sides of the CCM. 

Titanium-based (Ti-GDL, CNL Energy, Korea) and carbon-based (C-GDL, JNTG 

Co., Korea) GDLs were used as the anode and cathode GDL, respectively. Three 

types of Ti-GDLs with different thicknesses were used: 250, 350 and 400 μm. The 

thicknesses of each C-GDL were 270 (JNTG20-A3), 320 (JNTG30-A3) and 420 

μm (JNTG40-A3). The thickness of gasket used in this work was 250 μm. The 

active area was 5 cm2. 

 

4.2.2. Electrochemical characterization 

For AEMWE single-cell tests, titanium and graphite bipolar plates with a 

serpentine flow field were applied as the anode and cathode current collector, 

respectively. The prepared MEA was placed between two bipolar plates. Then, 

single-cells were assembled with the tightening torque of 80 kgf cm-2. The single-

cells were square-shaped with area of 5 cm2. DI water (only the effect of feed  
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Figure 4.1 Schematic diagram of single-cell components in AEMWE. 
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conditions) and KOH solution (all investigations except the effect of feed 

conditions) preheated to 50°C were fed to the anode and cathode sides with flow 

rate of 1 (all investigations except the effect of reactant flow rates and temperature) 

or 2.5 (effect of temperature and optimized cell performance) ml·min-1. The cell 

temperature was maintained at 50°C to avoid membrane degradation in all 

investigations except the effect of cell performance and optimized cell performance. 

The experimental conditions for each section are provided in the supporting 

information. The cell performance was determined using the voltage sweep method 

from 1.35 to 2.15 V at a scan rate of 2 mV·s-1 using a potentiostat (ZAHNER-

Elektrik GmbH & Co. KG, Germany). EIS (ZAHNER-Elektrik GmbH & Co. KG, 

Germany) was performed to examine the resistance of AEMWE at 1.9 V with 

amplitude of 50 mV and frequency range of 100 mHz to 100 kHz. The resistance 

with different GDL thicknesses was measured using EIS in N2/N2 atmosphere to 

compare the contact resistance of GDLs with different thicknesses. Only two GDLs 

(Ti-GDL and C-GDL) were assembled and operated at constant current of 100 mA. 

 

4.2.3. Physical characterization 

The MEA morphology was examined using field-emission scanning 

electron microscopy (FE-SEM; SUPRA 55VP, Carl Zeiss, Germany). The 

thickness of MEAs obtained using the CCS and CCM methods was measured using 

a thickness gauge (Mitutoyo No. 7301, Japan). The catalyst layer porosity was 

analyzed using mercury porosimetry (MicroActive AutoPore V 9600, 

Micromeritics Co.). 
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4.3. Results and Discussion 

4.3.1. Effect of MEA fabrication method 

In this study, we investigated the CCS and CCM methods for MEA 

fabrication to identify the optimal method from the viewpoint of AEMWE 

performance. Figure 4.2 shows polarization curves of MEAs fabricated using the 

CCS (with and without hot-pressing), and CCM methods. As shown in Figure 4.2a, 

the MEA fabricated using the CCS method without hot-pressing showed obviously 

low current density, indicating that AEMWE could not be performed properly. This 

is attributed to the high contact resistance between the membrane and the catalyst 

layer owing to the lack of hot-pressing. By contrast, the MEA fabricated using the 

CCS method with hot-pressing showed relatively higher performance. As shown in 

Figure 4.3, the cell performance of AEMWE increased with the increase in the hot-

pressing temperature to 70 °C. However, higher temperatures (> 70 °C) caused the 

chemical damage of the membrane to the extent that the AEMWE could not be 

operated. Overall, the optimal hot-pressing temperature for achieving high 

performance was determined to be 70 °C. This result indicates that hot-pressing is 

essential in the CCS method to enhance the contact between the membrane and the 

catalyst layer and thus improve cell performance. Finally, the MEA fabricated 

using the CCM method showed the highest performance among all MEAs. Also, 

unlike the CCS method, the CCM method led to good repeatability of AEMWE 

performance (Figure 4.4). 

Furthermore, to characterize the resistances in AEMWE, EIS was 

performed at 1.9 V (Figure 4.2b). The Nyquist plot obtained using EIS indicates the 

three different resistances in AEMWE: ohmic resistance, charge-transfer resistance, 

and mass transport resistance. Two overlapping arcs were observed in the Nyquist 

plot. The intercept in the high-frequency region represents the ohmic resistance, 

which consists of the ionic and electronic resistances. Furthermore, the arc in the d
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Figure 4.2 (a) Polarization curves and (b) Nyquist plots for AEMWE single cells 

with different fabrication processes: CCS without and with hot-pressing, and CCM 

at 50 °C. Nyquist plots were evaluated at 1.9 V. The feed condition was 1.0 KOH 

solution in both electrodes with flow rate of 1 ml·min-1. 
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Figure 4.3. Polarization curves of AEMWEs prepared with different hot pressing 

conditions (no, 30, 50, 70, and 90 °C) of CCS method. 
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Figure 4.4 Polarization curves of AEMWE single cells with different fabrication 

processes: CCS without and with hot-pressing, and CCM.
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high- and low-frequency regions indicates the charge-transfer resistance associated 

with the electrochemical reaction and the mass transport resistance related to the 

transport of reactant and product, respectively.23 The CCS method without hot-

pressing showed much higher ohmic resistance than the other fabrication methods; 

this resulted in low cell performance (Figure 4.2a). In addition, MEAs fabricated 

using the CCS method with hot-pressing and the CCM method had approximately 

same ohmic resistances. This result indicates that hot-pressing is important in the 

CCS method to ensure good contact between the catalyst layer and the membrane. 

However, the MEA fabricated using the CCS method with hot-pressing showed 

higher mass transport resistance, indicated by the arc in the low-frequency region. 

As shown in Figure 4.5, the thickness of the total MEA and GDL fabricated using 

the CCS and CCM methods was 540 and 810 μm, respectively, indicating that the 

CCS method with hot-pressing compressed the GDL. The compressed GDL caused 

changes in the pore structure, in turn resulting in increased mass transport 

resistance. By contrast, the MEA fabricated using the CCM method showed the 

lowest ohmic, charge transfer, and mass transport resistances. Therefore, the CCM 

method was considered the optimal MEA fabrication method for AEMWE. Only 

the CCM method is considered in the following sections. 

 

4.3.2. Effect of reactants 

The following four feed conditions were used: (1) feeding DI water only to 

cathode, (2) feeding DI water to both electrodes, (3) feeding 1.0 M KOH only to 

cathode, and (4) feeding 1.0 M KOH to both electrodes. Figure 4.6a shows the 

polarization curves with different feed conditions. First, the effect of KOH feed 

solution was examined with two different reactants (KOH solution and DI water). 

The use of DI water as a reactant (cases 1 and 2) resulted in unstable cell  
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Figure 4.5 Photographs of thicknesses of two MEAs with different fabrication 

methods: (a) CCM and (b) CCS. 
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Figure 4.6 (a) Polarization curves for AEMWEs operated with different reactant 

feed methods (1–4), and (b) cell performance of AEMWEs with different reactant 

flow rates (1 M KOH) fed into both sides of electrode (1, 2.5, 5, and 10 ml·min-1) 

at 50 °C. 
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performance in low-voltage regions (< 1.8 V). By contrast, the use of KOH 

solution as a reactant (cases 3 and 4) resulted in stable performance because it 

increased the ionic conductivity of AEM. 

Additionally, we investigated the effect of feeding KOH solution at the 

anode and cathode to enhance the performance. In case 3 (feeding KOH solution 

only to cathode), the AEMWE showed stable but low performance (69.3 mA·cm-2 

at 1.9 V). By contrast, in case 4 (feeding KOH solution to both electrodes), the 

performance was enhanced by a factor of 9.4. Therefore, feeding KOH solution to 

the anode results in high performance. As discussed above, as hydroxide ions are 

oxidized to produce oxygen at the anode, they are considered anode reactants. 

Hydroxide ions supplied externally by the KOH solution promoted the OER at the 

anode, leading to increased overall performance. In other words, supplying KOH 

solution to both electrodes enhanced the ionic conductivity of AEM and directly 

supplied hydroxide ions at the anode, resulting in enhanced performance. Therefore, 

case 4 is considered the optimal feeding method. However, the KOH feed solution 

at the cathode can reduce the hydrogen purity owing to the high content of water. 

We also evaluated the effect of reactant flow rates (1, 2.5, 5, and 10 ml·min-

1) to determine the optimal flow rate. The reactant in AEMWE is 1.0 M KOH 

solution, and cell performance can be enhanced with increased flow rate. Figure 

4.6b shows the AEMWE cell performance with different 1.0 M KOH solution flow 

rates. When the flow rate was increased from 1 to 2.5 ml·min-1, the current density 

at 1.9 V was enhanced owing to the increased reactant in the catalyst layer. At flow 

rate of 2.5 ml·min-1, sufficient reactant was supplied and the cell performance 

saturated, and the performance was not enhanced further with increased flow rate. 

Therefore, 2.5 ml·min-1 is considered the optimal reactant flow rate. 

 

4.3.3. Effect of cell temperature 
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Figure 4.7 shows the AEMWE performance evaluated at different operating 

temperatures (50, 60, and 70 °C). The current density at 1.9 V increased by a factor 

of 2.2 when the operating temperature was increased from 50 to 70 °C. To further 

examine the effect of operating temperature, EIS was conducted at 1.9 V. As shown 

in Fig. 4 (b), the charge transfer resistance decreased with increasing temperature. 

The ohmic resistance, indicated by the intercept in the high-frequency region, also 

decreased, indicating that ionic conductivity increased with temperature. This is 

consistent with the results of other AEMs such as R4-C12 and QPPO.24 Therefore, 

70°C is considered the optimal cell temperature to show high initial performance. 

 

4.3.4. Effect of ionomer content 

MEAs with different FAA-3-Br anion ionomer contents of 10, 20, and 30 

wt% were prepared to determine the optimal content. As shown in Figure 4.8a, cell 

performance increased as the ionomer content increased from 10 to 20 wt. %. 

Furthermore, the Nyquist plot obtained using EIS showed that charge-transfer 

resistance decreased with increased ionomer content. This is attributed to the 

increased size of secondary pores in the catalyst layer caused by the high ionomer 

content that, in turn, improves reactant transport to active sites of catalysts. The 

ionomer content also affected the morphology of the catalyst layer in terms of 

secondary pore formation.25 Figure 4.8b shows SEM images of catalyst layers with 

different ionomer contents. As the ionomer content increased from 10 to 30 wt%, 

larger secondary pores were formed. Furthermore, mercury porosimetry (Table 4.1) 

measurements showed that the porosity of the catalyst layer slightly increased with 

ionomer content, indicating that more pores were formed in the catalyst layer. By 

contrast, the performance for higher ionomer content of 30 wt. % was poorer than 

that for ionomer content of 20 wt%. Furthermore, the charge transfer, mass 

transport, and ohmic resistances all increased at ionomer content of 30 wt. %. This  
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Figure 4.7 (a) Polarization curves and (b) Nyquist plots for AEMWEs operated at 

different cell temperatures (50, 60, and 70 °C). Nyquist plots were evaluated at 

constant voltage of 1.9 V. The feed condition was 1.0 KOH solution in both 

electrodes with flow rate of 2.5 ml·min-1. 



 

120 
 

 

 
 
 

 

Figure 4.8 (a) Polarization curves and (b) Nyquist plots for AEMWEs with 

different ionomer contents (10, 20, and 30 wt. %) at 50 °C, and (c) FE-SEM 

images of MEAs fabricated using different ionomer contents. The feed condition 

was 1.0 KOH solution in both electrodes with flow rate of 1 ml·min-1. 
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Table 4.1. Porosity of MEA with different ionomer contents measured by using 

mercury porosimetry 

 

Ionomer content [wt.%] 10 20 30 

Porosity [%] 76.9 77.7 78.5 
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is because excess ionomer content increased the number of covered active sites and 

detached some catalyst particles, thereby blocking the pathway of the reactant on 

the catalyst and inhibiting the electrical connection. In other electrochemical 

devices consisting of a polymer-electrolyte membrane, such as PEMFC and direct 

methanol fuel cell (DMFC), the ionomer content in the catalyst layer greatly 

influences the ionic conductivity as the ionomer plays a role in transporting ions to 

active sites of catalysts.26 By contrast, the ionomer content in AEMWE does not 

depend on ionic conductivity because AEMWE is operated by feeding KOH 

solution to supply hydroxide ions in the catalyst layer. Therefore, the MEA with 20 

wt% ionomer content showed the highest performance, indicating that its catalyst 

layer is optimal for achieving a trade-off between the active sites for the 

electrochemical reaction and the pore morphology. 

 

4.3.5. Effect of GDL  

To investigate the effect of GDL thickness on cell performance, the contact 

resistance was predicted indirectly by measuring the resistances of cells assembled 

using only GDLs with different thicknesses in nitrogen atmosphere. In nitrogen 

atmosphere, the resistance is associated with electrical conductivity and contact 

resistance. As the electrical conductivity of Ti-GDLs was the same, the resistance 

depends on the contact resistance. To examine the effect of GDL thickness on 

resistance, we chose a reference GDL with low thickness (in case of the the effect 

of Ti-GDL, the reference GDL was C-GDL with thickness of 270 μm, and 

conversely, the thickness of Ti-GDL was 250 μm). Figure 4.9a shows the total cell 

resistance with three Ti-GDLs. As shown in Figure 4.9a, the contact resistance 

decreased with an increase in the thickness of Ti-GDL. Figure 4.9b shows the total 

cell resistance with three C-GDLs. The Ti-GDL used had 250-μm thickness. The 

resistance of C-GDLs showed the same trend as that of Ti-GDL. As a result, the  
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Figure 4.9 Total resistance with different (a) Ti-GDLs (The C-GDL used was 270 

μm) and (b) C-GDLs. (The Ti-GDL used was 250 μm) in N2/N2 atmosphere. 
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contact resistance decreased with an increase in GDL thickness. It is expected that 

a thick GDL shows the highest performance. 

Figure 4.10 shows AEMWEs with different Ti-GDL anode thicknesses (250, 

350, and 400 μm) and C-GDL cathode thickness of 420 μm. Unexpectedly, the 

MEA with 350-μm-thick Ti-GDL showed the highest performance. As the gasket 

around the GDL had 250-μm thickness, the AEMWE with 250-μm-thick Ti-GDL 

showed low performance owing to the large charge transfer resistance and mass 

transport resistance; this is also confirmed by EIS measurements (Figure 4.11a). 

For 400-μm-thick Ti-GDL, the cell performance was lower than that for 350-μm-

thick Ti-GDL because a thicker GDL caused compression during cell assembly, 

resulting in increased mass transport resistance (Figure 4.11a). Therefore, Ti-GDL 

with 350-μm thickness showed the highest performance. Figure 4.10b shows the 

AEMWE cell performance with different C-GDL cathode thicknesses (270, 320, 

and 420 μm). The cell performance increased with C-GDL thickness, and 420-μm-

thick C-GDL resulted in the highest performance; this is consistent with the trend 

of contact resistance. Nyquist plots (Figure 4.11b) showed that increased C-GDL 

thickness led to decreased ohmic, charge transfer, and mass transport resistances. In 

this manner, Ti-GDL and C-GDL thicknesses are optimized to minimize the ohmic 

and mass transport resistances. 

 

4.3.6. Effect of OER catalyst loading 

We evaluated AEMWE with different anode catalyst loadings (1, 2, 4, and 

6 mg·cm-2) using IrO2, a commercially used OER catalyst. Figure 4.12 shows that 

when catalyst loading increased from 1.0 to 4.0 mg·cm-2, the current densities at 

1.9 V were enhanced by a factor of ~1.8, which is attributed to the increased 

amount of active sites. Furthermore, AEMWE with catalyst loading of 6 mg·cm-2 

showed lower performance than that with catalyst loading of 4 mg·cm-2. This is  
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Figure 4.10 Polarization curves for single cells with different thickness of (a) Ti-

GDLs and (b) C-GDLs at 50 °C. The feed condition was 1.0 KOH solution in both 

electrodes with flow rate of 1 ml·min-1. 
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Figure 4.11 (a) Equivalent circuit model and Nyquist plots of AEMWEs 

with different (b) Ti-GDLs and (c) C-GDLs. 
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Figure 4.12 Polarization curves for AEMWEs with different IrO2 catalyst loadings 

(1.0, 2.0, 4.0, and 6.0 mg·cm-2) in anode at 50 °C. Cathode catalyst loading was 40 

wt% with 0.4 mg·cm-2. The feed condition was 1.0 KOH solution in both 

electrodes with flow rate of 1 ml·min-1. 
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because the thicker catalyst layer resulting from high catalyst loading causes mass 

transport resistance (Figure 4.13). Thus, the optimal catalyst loading was found to 

be 4 mg·cm-2; this value is suitable for balancing the trade-off between high 

catalytic activity and low mass transport resistance. 

 

4.3.7. Optimized cell performance 

Figure 4.14a shows the cell performance of AEMWE with the optimal 

fabrication method, operating conditions, and MEA parameters, as discussed above. 

When FAA-3-50 and FAA-3-Br were used as the AEM and anion-exchange 

ionomer, respectively, AEMWE showed current density of 1.15 and 1.5 A·cm-2 at 

1.8 and 1.9 V, respectively. These are the highest values reported for AEMWE to 

date. Table 4.2 summarizes the AEMWE performance with different components 

and operating conditions reported to date.6-11,13,21 Many studies of AEMWE have 

used different types of catalysts, anion-exchange ionomers, and AEMs on MEAs to 

achieve high performance. They have also performed AEMWE under different 

operating conditions. Figure 4.14b shows that the AEMWE optimized in this study 

had the highest performance at 1.8 V. This is because we set suitable MEA 

parameters and operating conditions, used the CCM method instead of the CCS 

method for MEA fabrication, and used FAA-3-50 and FAA-3-Br as the anion-

exchange ionomer and AEM, respectively, to enhance cell performance and 

minimize resistances despite the use of a commercial catalyst. Furthermore, 

although AEMWE performance is generally much lower than PEMWE 

performance, we achieved AEMWE performance that was ~65% of PEMWE 

performance, as shown in Figure 4.15. Thus, the optimized AEMWE is a practical 

device that exhibits outstanding performance.
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Figure 4.13 SEM cross section images of MEAs with different anode catalyst 

loadings of (a) 1 (b) 2 (c) 4 and (d) 6 mg·cm-2. The scale bar represents 5 μm. 
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Figure 4.14 (a) Polarization curves for AEMWEs with optimized MEA fabrication 

method, operating conditions, and MEA parameters at 70 °C. The feed condition 

was 1.0 KOH solution in both electrodes with flow rate of 2.5 ml·min-1. (b) 

Comparison of cell performance achieved in this study and those reported in 

literature.6-11,13,21 
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Table 4.2. The summary of materials, components, cell operations, and 

performance of AEMWE reported in literature  

Referenc
e 

Fabricatio
n method 

Membran
e Ionomer 

Anode 
catalyst 

[mg·cm-2] 

Cathode 
catalyst 

[mg·cm-2] 

Cell 
temperatu

re 
[°C] 

Electrolyt
e 

Performanc
e 

[mA·cm-2] 

This 
work CCM FAA-3-50, 

Fumatech 
FAA-3-Br, 
Fumatech IrO2 (4) Pt/C (0.4) 70 1.0 M 

KOH 
1500 

 (1.9 V) 

[6] CCS 

Quaternary 
ammonia 

polysulfon
e (xQAPS) 

xQAPS Ni-Fe (-) Ni-Mo 
(40) 70 Pure 

water 
580  

(1.9 V) 

[7] CCS A-201, 
Tokuyama PTFE Acta 3030, 

Acta (36) 
Acta 4030, 
Acta (7.4) 50 

1% 
K2CO3 

/KHCO3 

470 
(1.79 V) 

[8] CCS A-201, 
Tokuyama PTFE IrO2 (-) Pt/C (-) 50 0.5 M 

KOH 
299 

 (1.8 V) 

[9] CCS A-201, 
Tokuyama PTFE IrO2 (-) Pt/C (-) 50 0.5 M 

KOH 
1070  

(1.8 V) 

[10] CCS A-201, 
Tokuyama - Ni (0.085) Pt-Ni 

(0.047) 50 1.0 M 
KOH 

250  
(1.9 V) 

[11] CCS YAB, 
Foma PTFE 

Ni12P5/ 
Ni3(PO4)2-

HS (3) 

Ni12P5/ 
Ni3(PO4)2-

HS (3) 
50 1M KOH 357.6  

(1.8 V) 
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[13] CCS A-201, 
Tokuyama I2, Acta Acta 3030, 

Acta (30) 
Acta 4030, 
Acta (7.4) 60 1% 

K2CO3 
500 

 (1.95 V) 

[21] CCM A-201, 
Tokuyama 

AS-4, 
Tokuyama IrO2 (2.9) Pt black 

(3.2) 50 Deionized 
water 

399  
(1.8 V) 
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Figure 4.15 Comparison of cell performance in AEMWE and PEMWE with same 

MEA parameters and operating conditions. 
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4.4. Conclusions 

We investigated the MEA fabrication method, MEA parameters, and 

operating conditions to achieve high AEMWE performance. Specifically, we 

achieved current density of 1.15 and 1.5 A·cm-2 at 1.8 and 1.9 V, respectively; 

these are the highest values reported thus far. This enhancement is attributed to 

three main effects: (1) modified MEA fabrication method, (2) investigation and 

selection of optimized MEA parameters and operating conditions, and (3) the first 

application of a membrane-ionomer combination. Most AEMWE studies used the 

CCS method for MEA fabrication; however, we used the CCM method, leading to 

enhanced performance. Furthermore, optimizing the MEA parameters (i.e., 

determining the optimal MEA structure) and operating conditions enabled 

minimized ohmic, charge-transfer and mass transport resistance, leading to the 

increased performance. Finally, FAA-3-50 and FAA-3-Br were used for the first 

time as the AEM and ionomer, respectively, in AEMWE. Therefore, the 

investigation of parameters achieved high AEMWE performance. Nevertheless, 

further studies on the durability of AEMWE should be conducted because studies 

have reported that the AEM and ionomer developed thus far are weak, leading to 

low chemical stability. 
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Chapter 5. Graphitic carbon nitride-carbon 

nanofiber as oxygen evolution reaction catalyst in 

anion-exchange membrane water electrolyzer 

 

 

5.1. Introduction 

Graphitic carbon nitride (g-CN) is a material that consists of carbon and 

nitrogen atoms, organized in a graphite-like framework.1 Recently, g-CN has been 

shown to have active as an electrochemical catalyst owing to its high content of 

N.2-10 Furthermore, various approaches to enhancing the catalytic activities of g-

CN-based materials as alternatives to noble metals for OER and ORR have been 

developed.4-7,10 One such approach involves the addition of a metal to g-CN to 

improve its catalytic activity. Jiang et al.7 investigated g-CN-supported single-atom 

transition metals (Pt, Pd, Co, Ni, Cu) as OER catalysts. Among the transition 

metals examined, Co exhibited the most outstanding activity. Qiao et al.10 reported 

the fabrication of Co-g-CN/carbon nanotube (CNT) materials as electrocatalysts 

for OER and ORR. Another approach is based on the formation of g-CN/carbon 

composite nanomaterials to address the drawbacks associated with g-CN. Sun et 

al.6 investigated the possibility that a g-CN nanosheets/graphene composite could 

exhibit OER activity as a result of the presence of pyridinic N active sites. The 

authors showed that the introduction of graphene into g-CN resulted in a catalyst 

with good durability and high activity. Qiao et al.5 reported that a g-CN/CNT three-

dimensional porous composite exhibits high OER activity owing to the enhanced 

mass transport caused by the presence of CNTs. Guo et al.11 showed that the 
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combination of g-CN with graphene nanosheets produced a metal-free ORR 

catalyst. Previously, we have synthesized a g-CN/carbon nanofiber (CNF) 

composite (g-CN-CNF) using a facile preparing method and utilized it in the 

fabrication of a practical proton-exchange membrane fuel cell (PEMFC) and anion-

exchange membrane fuel cell (AEMFC).12 We confirmed that the g-CN-CNF 

catalyst exhibits high catalytic activity for ORR in alkaline media and high 

performance in practical fuel cells, demonstrating thus the feasibility of its 

application in practical electrochemical devices. 

Recently, the application of OER catalysts in practical devices has been 

reported to evaluate their performance of real device rather than that of half-cell 

test, rotating disk electrode (RDE) method. For AEMWE, few studies about the 

application of OER catalyst in full-cell system have been reported. So far, Co-,13 

Ni-,14,15 and Cu-16,17 based catalyst have been proposed as OER catalyst in 

AEMWE. Scott et al.13 proposed Li-doped Co3O4 as OER catalyst and evaluated its 

performance in AEMWE single cell, exhibiting the current density of 300 mA·cm–2 

at 2.05 V. Xing et al.14 introduced core-shell structured Ni-based hollow sphere in 

AEMWE single cell, and showed the high performance of 357.6 mA·cm–2 at 1.8V. 

That is, the carbonaceous material as OER catalyst in AEMWE single cell needs to 

be developed. 

In the present work, we synthesized a carbonaceous material, g-CN-CNF, 

as a bifunctional catalyst for oxygen electrocatalysis, and tested its activity toward 

both ORR and OER in alkaline media. Various synthetic parameters (heat 

treatment temperature, and content of CNF) were investigated to achieve optimum 

cell performance. Catalytic activity and durability measurements were conducted 

using the RDE method. In addition, the AEMWE was prepared to investigate the 

possibility of g-CN-CNF application in practical electrochemical device. AEMWE 

was fabricated and evaluated to examine the practical OER performance. To the 



 

141 
 

 

best of our knowledge, this work represents the first application of a carbonaceous 

material as OER catalyst in practical AEMWE.
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5.2. Experimental section 

5.2.1. Fabrication of g-CN-CNF catalyst 

The modified preparation procedure employed for the synthesis of g-CN-

CNF was based on our previous work.12 Melamine (1 eq.) was suspended in 

dimethylformamide (DMF) and subsequently added to N,N-diisopropylethylamine 

(Sigma Aldrich Co., USA). Cyanuric chloride (1 eq.) was added dropwise and the 

mixture was subsequently stirred for 1 h at 0 °C. The temperature was increased to 

room temperature and the solution was stirred for additional 18 h. An additional 

quantity of cyanuric chloride (1 eq.) was added dropwise and the solution was 

stirred for 1 h at 0 °C. Subsequently, the temperature was increased to room 

temperature and the solution was stirred for 7 h. In order to increase the 

conductivity of the catalyst, the CNF (Carbon Nanomaterial Technology Co., 

Korea) was added dropwise to the solution. The mass ratio of CNF was 

approximately 30, 50, and 70 wt. % relative to total mass to examine the optimal 

content of CNF in g-CN-CNF. To remove any trace metal residues on the surface, 

the CNF was treated with acid (4 M H2SO4:4 M HNO3, 3:1, v:v) for 7 h at 90 °C 

before its addition to the solution. The mixture was refluxed for 24 h at 150 °C 

under argon atmosphere. The precipitate was filtered and washed with ethanol. The 

prepared catalyst was dried using oven at 105 °C. For pyrolysis, the synthesized g-

CN-CNF was heated to a certain temperature under an argon atmosphere for 7 h 

and maintained at the target level for 30 min. Three temperatures (700, 800, and 

900 °C) were examined in order to determine the optimal temperature. 

 

5.2.2. Physical characterizations of g-CN-CNFs 

The synthesized g-CN was confirmed by examining the Fourier transform 

infrared (FT-IR) using FT-IR spectrophotometer (Nicolet 6700, Thermo Scientific, 

Germany). The morphology of g-CN-CNF catalyst was characterized by using 
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field-emission scanning electron microscope (FE-SEM; SUPRA 55VP, Carl Zeiss, 

Germany). X-ray diffraction (XRD) spectra of prepared catalysts were measured 

using X-ray diffractometer (D/MAX-2500/PC, Rigaku Co.). The element 

composition of g-CN-CNFs was evaluated using X-ray photonic spectroscopy 

(XPS, SIGMA PROBE, Thermo, UK). Raman spectra of prepared catalysts were 

obtained with a Raman spectrometer (LabRAM HV Evolution, Horiba, Japan). 

CHN elemental analyzer (Flash1112, Thermo Fisher Scientific, Germany) was used 

to observe the nitrogen content of catalysts. Nitrogen sorption isotherms of 

catalysts were measured using BET-Surface area analyzer (ASAP2000, 

Micromeritics, USA). Pore size distributions of catalyst layers with g-CN-CNF-

800 and IrO2 were analysed using by mercury porosimetry (MicroActive AutoPore 

V 9600, Micromeritics Co.) 

 

5.2.3. Electrochemical characterization of g-CN-CNF 

The half-cell experiments were performed with an Autolab potentiostat in 

the form of a three-electrode cell at 25 °C. We used glassy carbon electrode and 

saturated Ag/AgCl as the counter and the reference electrode, respectively. For the 

fabrication of the ink, 5 mg of the catalysts were mixed and sonicated with 30 μL 

of 5 wt. % Nafion ionomer and 700 μL of isopropanol. We loaded 20 μL of the ink 

onto a glassy carbon electrode. As standard materials, IrO2 (Alfa Aesar Co., USA) 

were used. The densities of the loaded ink were 800 μg/cm2 for g-CN-CNF 

materials and 400 μg/cm2 for standard materials. The hydrogen oxidation reaction 

was performed to convert the measured potential to a reversible hydrogen electrode 

(RHE). During linear sweep voltammetry (LSV) for OER, the rotating disk 

electrode (RDE) was scanned at a rate of 10 mV/s in an O2-saturated 0.1-M KOH 

solution at a rotating speed of 1600 rpm. OER LSV curves were iR-corrected. A 

collection efficiency of 0.37 and a ring voltage of 1.2 V versus RHE were used to 
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obtain electron transfer numbers and peroxide yields. Durability test for OER were 

performed in O2-saturated electrolyte at a rotating speed of 1600 rpm using 

chronoamperommetry with a voltage of 1.6 V versus RHE, respectively. 

 

5.2.4. AEMWE Cell Test 

In order to examine the OER activity of the synthesized catalyst, the 

AEMWE performance was evaluated. The single cell consists of a membrane-

electrode assembly (MEA), gas diffusion layer (GDL), and bipolar plates. The 

MEA was fabricated using the catalyst-coated membrane (CCM) method with an 

active area of 5 cm2. In the present work, Fumapem FAA-3-50 (FuMA-Tech Inc., 

Germany) was used as the anion-exchange membrane, and 40 wt. % Pt/C (Johnson 

Matthey Co. UK) with a loading of 0.4 mg·cm–2 was used as the HER catalyst. The 

g-CN-CNF-800 and commercial IrO2 (Alfa Aesar Co., USA) were used as the OER 

catalyst. The ionomer (Fumion, FuMA-Tech Inc., Germany) contents of anode and 

cathode were 20 and 30 wt. %, respectively. The cell temperature was set to 60 °C, 

and 1.0 M KOH solution was fed into the anode and cathode at a rate of 1 mL·min–

1.18 Before the operation, 1.0 M KOH solution was allowed to flow for 10 min to 

supply reactants in entire catalyst layer. The cell voltage was applied from 1.35 V 

to 2.15 V with an interval of 0.05 V to evaluate the cell performance. The 

electrochemical impedance spectroscopy (EIS, ZAHNER-elektrik GmbH & Co. 

KG, Germany) analysis was performed at a constant voltage of 1.9 V to 

characterize the ohmic and charge transfer resistances. The frequency ranged from 

100 mHz to 100 kHz during this measurement. 
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5.3. Results and Discussion 

5.3.1. Characterization of the synthesized g-CN-CNFs 

The synthetic procedure for the preparation of the g-CN-CNF catalyst 

involved three main steps (Figure 5.1): (i) the fabrication of g-CN using cyanuric 

chloride and melamine via a stepwise synthesis, (ii) the addition of CNFs, which 

were treated with acid, to g-CN to increase the catalyst conductivity and prepare 

porous electrode, (iii) heat treatment (HT) of the resulting g-CN-CNF at 700, 800, 

or 900 °C under Ar atmosphere for pyrolysis. This process afforded different g-

CN-CNF materials that allowed the optimal HT temperature to be determined. The 

g-CN-CNFs subjected to different HT temperatures are referred to as g-CN-CNF-T, 

where T presents the temperature (noHT, 700, 800, and 900 °C). Additionally, 

several g-CN-CNFs were prepared with different wt. % of CNFs (30, 50, and 70 

wt. %) at the optimal HT temperature of 800 °C. The prepared catalysts are 

referred to as g-CN-CNF-Nwt, where N represents the wt. % content of CNFs (30, 

50, and 70 wt. %) 

As shown in the SEM image of g-CN (Figure 5.2a and b), the synthesized 

g-CN particles were agglomerated. The specific surface area of g-CN was 

determined to be 66.69 m2·g–1 using the Brunauer–Emmett–Teller (BET) method 

(Figure 5.3a). In addition, the average pore diameter was calculated to be 

approximately 8.7 nm via Barrett–Joyner–Halenda (BJH) adsorption (Figure 5.3b).  

The SEM images (Figure 5.4a and b) showed that the g-CN-CNF was 

combined with g-CN and CNF. When compared to the g-CN particles shown in 

Figure 5.2a and b, the g-CN nanoparticles in the g-CN-CNF material were 

uniformly dispersed with CNF, indicating the successful deposition of g-CN on 

CNF. As displayed in Figure 5.4c, TEM also showed that the CNFs were 

surrounded by g-CN particles. EDS mapping (Figure 5.4d–g) confirmed the 

homogeneous distributions of C, N, and O atoms in g-CN-CNF, indicating that N  
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Figure 5.1 (a) Schematic diagram showing the preparation of the g-CN-

CNF catalyst. 
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Figure 5.2 (a-b) SEM images of the synthesized g-CN. 
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Figure 5.3 (a) nitrogen adsorption isotherms and (b) pore size distribution 

of g-CN, g-CN-CNF-800, and CNF. 
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Figure 5.4 (a,b) SEM images, (c) TEM image, and (d–g) EDX elemental 

mapping of g-CN-CNF electrocatalyst: (e) C atom, (f) O atom, and (g) N 

atom. 
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atoms were uniformly dispersed in g-CN-CNF. The BET surface area of g-CN-

CNF (171.63 m2·g–1) was considerably higher than that of g-CN (66.69 m2·g–1). 

Further, the N adsorption isotherm of g-CN-CNF exhibited a rapid increase in high 

relative pressure (P/P0 > 0.9), suggesting the presence of secondary pores (Figure 

5.3a).19 Moreover, the pore volume between 1.7 nm and 300 nm, and average pore 

diameter were determined using the BJH method to be 0.43 cm3·g–1 and 17 nm, 

respectively (Figure 5.3b). 

Figure 5.5a shows the X-ray diffraction (XRD) patterns of the synthesized 

g-CN-CNF-T materials. These patterns show that as the HT temperature was 

increased from 700 to 900 °C, the peak intensity increased, indicating increased 

degree of graphitization. In addition, all the materials exhibited XRD patterns that 

were more similar to that of CNF, rather than the XRD pattern of g-CN. As shown 

in Figure 5.5b, the Raman spectra of all samples exhibited two distinct peaks at 

approximately 1345 and 1580 cm–1. The D band observed at 1345 cm–1 is 

associated with disordered carbon, whereas the G band at 1580 cm–1 is related to 

the graphitization.20 In addition to the XRD patterns, the Raman spectra showed 

that the ID/IG ratio of the g-CN-CNF-T materials decreased as the HT temperature 

was increased, leading to increased degree of graphitization.  

X-ray photoelectron spectroscopy (XPS) was used to investigate the 

surface composition of each g-CN-CNF-T. The XPS survey spectra reveal the 

presence of C, N, and O (Figure 5.6). While g-CN-CNF-noHT exhibited four peaks 

for C–C (284.6 eV), C–O/C–N (285.7 eV), C=O/C=N (287.9 eV), and O–C=O 

(288.91 eV) species,21,22 other g-CN-CNF-T materials subjected to HT showed 

three distinct peaks, i.e., the peak arising from O–C=O species was missing (Figure 

5.7)). In addition, the intensity of the peak associated with C–C species of g-CN-

CNF-T increased as the HT temperature increased. These changes can be attributed 

to the decrease in the content of O atoms after pyrolysis. Furthermore, the presence  
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Figure 5.5 (a) XRD patterns of g-CN, g-CN-CNF-T and CNF materials. (b) 

Raman spectra of g-CN-CNF-T and CNF materials. N 1s XPS spectra of (c) 

g-CN-CNF-noHT, (d) g-CN-CNF-700, (e) g-CN-CNF-800, and (f) g-CN-

CNF-900. 
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Figure 5.6 XPS survey spectra of g-CN-CNF-T materials. 
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Figure 5.7 C 1s XPS spectra of g-CN-CNF-T materials ((a): g-CN-CNF-no, 

(b): g-CN-CNF-700, (c) g-CN-CNF-800, and (d) g-CN-CNF-900). 
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of the peaks related to the C–O/C–N and C=O/C=N species indicates that the N 

atoms from g-CN, which could serve as active sites for oxygen electrocatalysis, 

were successfully doped into CNF. Figure 5.4c–f shows the XPS spectra of N 1s of 

g-CN-CNF-Ts. The deconvolution of the peaks observed revealed four types of N 

configurations—pyridinic (398.6 eV), pyrrolic (399.89 eV), graphitic (401.1 eV), 

and oxidized N (402.6 eV). Unlike g-CN-CNF-noHT, which was mainly comprised 

of pyrrolic N, the other g-CN-CNF-T materials contained high contents of 

pyridinic N (Table 5.1). The atomic percentages of pyridinic N in the g-CN-CNF-T 

materials (noHT, 700, 800, and 900 °C) were 17.30, 49.79, 50.64, and 47.77%, 

respectively. The percentages of graphitic N for the same four g-CN-CNF-Ts were 

17.30, 9.18, 11.28, and 12.85%, respectively. Among the g-CN-CNF-Ts examined, 

g-CN-CNF-800 displayed the largest percentage of nitrogen atoms in pyridinic and 

graphitic configurations (61.92%), which are known to be active sites for oxygen 

electrocatalysis.23-25 It is expected therefore that the increased levels of pyridinic 

and graphitic N will manifest in enhanced catalytic activity. In addition, the N 

contents of the g-CN-CNF-T materials were confirmed by elemental analysis 

(Table 5.1). The N contents of g-CN-CNF-noHT, g-CN-CNF-700, g-CN-CNF-800, 

and g-CN-CNF-900 were 21.74, 3.15, 2.53, and 0.9 wt. %, respectively. The N 

contents of g-CN-CNF-700, -800, and -900 (2–3 wt. %) were much lower than that 

of g-CN-CNF-noHT (21.74 wt. %), indicating that a significant proportion of N 

atoms was lost during the high temperature pyrolysis. As a result, the g-CN-CNF-

700 has the largest N content among g-CN-CNF-T mateials with HT. 

The series of g-CN-CNF-Nwt materials (CNFs: 30, 50, and 70 wt. % of 

total mass) were characterized to examine the effect of the wt. % contents of g-CN 

and CNF (Figure 5.8 and 5.9). All the g-CN-CNF-T materials, which were 

discussed earlier on, were prepared using g-CN = 50 wt. % and CNF = 50 wt. %. 

To determine the optimal CNF content in g-CN-CNF, the g-CN-CNF-Nwt 
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Table 5.1. Summary of nitrogen properties, binding energy, content of 

g-CN-CNF-T materials. 

 

 

 
Pyridinic 

N Pyrrolic N Graphitic 
N 

Oxidized 
N N content 

g-CN-CNF-
no 

 Binding E 
(eV) 398.60 399.70 400.98 402.10 

21.74 Atomic ratio 
(at.%) 17.30 60.64 17.30 1.98 

g-CN-CNF-
700 

 Binding E 
(eV) 398.44 399.89 401.17 402.70 

3.15 Atomic ratio 
(at.%) 49.79 34.60 9.18 6.43 

g-CN-CNF-
800 

 Binding E 
(eV) 398.83 399.89 401.14 402.50 

2.53 Atomic ratio 
(at.%) 50.64 29.15 11.28 8.94 

g-CN-CNF-
900 

 Binding E 
(eV) 398.35 399.80 401.06 402.60 

2.56 Atomic ratio 
(at.%) 47.77 28.24 12.85 11.14 
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Figure 5.8 XPS survey spectra of g-CN-CNF-Nwt materials. 
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Figure 5.9 XPS spectra of g-CN-CNF-Nwt materials: (a) C 1s and (b) N 1s 

of g-CN-CNF-30wt, (c) C 1s and (d) N 1s of g-CN-CNF-50wt, (e) C 1s and 

(f) N 1s of g-CN-CNF-70wt. 
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materials were synthesized at the HT temperature of 800 °C. Table 5.2 summarizes 

the N contents, properties, and binding energies of the various g-CN-CNF-Nwt 

materials prepared. While the sum of the atomic percentage contents of pyridinic N 

and graphitic N increased as the wt. % of CNF (55.33, 61.92, and 64.21 at. %) 

increased, the total N content was the largest for the g-CN-CNF-50wt sample. The 

differences in the N contents of the g-CN-CNF-Nwt materials are ascribed to the 

changes in the quantities of g-CN and CNF employing during the preparation of 

the samples. During pyrolysis, the decomposed g-CNs were deposited on CNFs, 

serving thus as the N source in CNFs. When the wt. % content of g-CN was lower 

than that of CNF, the small amount of g-CN deposited resulted in reduced N 

content. By contrast, when the wt. % content of g-CN was higher than that of CNF, 

the insufficient amount of CNFs, which act as the substrate, resulted in the reduced 

overall N content in the sample. As a consequence, the sample prepared at 50 wt. % 

of both g-CN and CNFs was determined to be optimal for achieving high N content. 

The g-CN-CNF-50wt material has the highest contents of pyridinic and graphitic 

Ns of all the catalysts examined, and is thus expected to exhibit the highest 

catalytic activity. As shown in Figure 5.10a, the BET surface areas of g-CN-CNF-

30wt, g-CN-CNF-50wt, and g-CN-CNF-70wt were 179.5, 171.6, and 156.56 m2·g–

1, respectively, indicating that the specific surface area decreased with increasing 

content of CNFs. By contrast, the pore volumes for these samples were determined 

to be 0.349, 0.433, and 0.354 cm3·g–1. Taken together, the optimal content of CNFs 

is confirmed to be 50 wt. % based on the high N content and pore volume. 

 

5.3.2. Electrochemical characterization of the synthesized g-CN-CNFs 

The results of the electrochemical analyses using a half-cell configuration 

are summarized in Figure 5.11. Figure 5.11a shows the OER LSV curves of g-CN-

CNF-T materials after iR compensation. As observed for the ORR performances, 



 

159 
 

 

 

 

 

 

 

 

Table 5.2. Summary of nitrogen properties, binding energy, content of 

g-CN-CNF-N wt materials. 

 

 

 Pyridinic 
N Pyrrolic N Graphitic 

N 
Oxidized 

N N content 

g-CN-CNF-
30 wt 

 Binding E 
(eV) 398.36 399.93 401.16 402.70 

1.98 Atomic ratio 
(at.%) 43.77 35.15 11.56 9.53 

g-CN-CNF-
50 wt 

 Binding E 
(eV) 398.83 399.89 401.14 402.50 

2.53 Atomic ratio 
(at.%) 50.64 29.15 11.28 8.94 

g-CN-CNF-
70 wt 

 Binding E 
(eV) 398.29 399.96 400.90 402.14 

1.05 Atomic ratio 
(at.%) 54.9 28.16 9.31 7.64 
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Figure 5.10 (a) nitrogen adsorption isotherms and (b) pore size distributions 

of g-CN-CNF-N wt materials. 
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Figure 5.11 (a) Linear sweep voltammogram curves of (a) g-CN-CNF-T 

materials and (b) g-CN-CNF-Nwt materials for OER at a scanning rate of 

10 mV/s with iR correction.  
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the g-CN-CNF-T materials exhibited improved OER activities when compared to 

that of CNF. The g-CN-CNF-700 displayed the best performance with an 

overpotential of 398 mV at 10 mA·cm–2, followed by an overpotential of 422 mV 

for g-CN-CNF-800 and 427 mV for g-CN-CNF-900. Among g-CN-CNF-T 

materials, g-CN-CNF-700 exhibited the best performance. However, g-CN-CNF-

700 had low durability, indicating that g-CN-CNF-800 shows high and durable 

performance. The excellent catalytic performance of g-CN-CNF-800 is the result of 

adequate degree of graphitization and the presence of sufficient active sites, 

derived from abundant graphitic N and pyridinic N.27,29 In detail, pyridinic N can 

attract electrons from the surrounding carbon, thereby helping to adsorb hydroxyl 

ions and increasing OER performance.28 Addotionally, the catalytic activities of g-

CN-CNF-Nwt materials were investigated to ascertain the optimum ratio of g-CN 

and CNF. As shon in Figure 5.11b, g-CN-CNF-50wt displayed better activity 

compared other g-CN-CNF-Nwt materials.  

 

5.3.3. AEMWE performance 

As illustrated in Figure 5.12a, an AEMWE with g-CN-CNF-800 as the 

anode and Pt/C as the cathode was fabricated to evaluate its OER activity for 

practical use. Figure 5.12b shows the changes in the cell performance of AEMWE 

as a function of the catalyst loading (2, 4, 6, and 8 mg·cm–2). As the catalyst 

loading was increased from 2 to 4, and subsequently to 6 mg·cm–2, the cell 

performance improved as a result of the increased number of active sites (223, 352, 

and 640 mA·cm–2, respectively). However, the cell performance at the highest 

catalyst loading (8 mg·cm–2) decreased from 734 (6 mg·cm–2) to 380 mA·cm–2 as a 

result of the thicker catalyst layer. Therefore, AEMWE exhibited the best 

performance, i.e., a current density of 734 mA·cm–2 at 1.9 V, when the catalyst 

loading was 6 mg·cm–2. Furthermore, g-CN-CNF-700 exhibited an outstanding  
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Figure 5.12 (a) Schematic diagram of AEMWE single cell with g-CN-CNF-

800 as the anode catalyst. (b) Polarization curves obtained for AEMWE 

with different anode catalyst loadings. (c) Cell performance of AEMWE 

with g-CN-CNF-800 and commercial IrO2. (d) The comparison of cell 

performances (current densities at 1.9 V) reported in literature13-17,31 and in 

this work (full symbols: non-noble metals as OER catalysts, open symbols: 

carbon-based material as OER catalyst). 
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performance when compared to commercial IrO2 despite the fact that it is based on 

a carbonaceous material, and not a noble metal (Figure 5.12c). The current density 

of g-CN-CNF-800 at 1.9 V was 53% higher than that of IrO2. Additionally, EIS 

was used to investigate the resistances in AEMWE.30 As shown in Figure 5.13, the 

g-CN-CNF-800 showed similar ohmic resistance, and smaller charge transfer 

resistance when compared to IrO2. Although the g-CN-CNF-800 was thicker (40 

μm) than IrO2 (2 μm), its high conductivity resulted in similar ohmic resistance. In 

addition, as shown in Figure 5.14, the portion of secondary pores in catalyst layer 

with g-CN-CNF was higher than that with IrO2. The porosity of g-CN-CNF-800 

was 78.54%, which is higher than IrO2 (64.01%). The larger size and higher 

portion of the secondary pores in the g-CN-CNF catalyst layer resulted in improved 

interfacial reaction kinetics and mass transport, leading thus to a smaller charge 

transfer resistance despite the lower catalytic activity, as shown in Figure 5.15. 

Figure 5.12d compares the cell performances of several non-noble catalysts 

reported in the literature (full symbols)13-17,31 with the performance of the 

carbonaceous catalysts synthesized in this work (open symbols). To the best of our 

knowledge, this comparison suggests that g-CN-CNF-800 exhibits the highest 

performance for AEMWE reported to date. Furthermore, no studies have examined 

the possibility of applying carbonaceous materials as OER catalysts in practical 

AEMWEs. The results obtained here demonstrated that g-CN-CNF-800 displays 

notable potential as a catalyst for OER in practical AEMWE.
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Figure 5.13 Nyquist plots of AEMWE with g-CN-CNF-800 and IrO2 

electrocatalyst obtained at 1.9 V. 
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Figure 5.14 Pore size distributions of catalyst layers with g-CN-CNF-800 

and IrO2 measured by mercury porosimetry. 



 

167 
 

 

 

 

 

 

Figure 5.15 SEM images of MEA of AEMFCs: top view of catalyst layer of 

(a) g-CN-CNF-800 and (b) Pt/C. Cross-section view of MEA with (c) g-CN-

CNF-800 and (d) Pt/C. 



 

168 
 

 

5.4. Conclusions 

In this work, we successfully synthesized g-CN-CNF and evaluated its 

applicability as OER catalyst in AEMWE. The pyrolysis temperatures, and the 

ratios of g-CN to CNF were investigated to exhibit high catalyst activity. The 

optimized g-CN-CNF catalyst showed catalytic activity toward OER as a result of 

the synergistic effect of g-CN and CNF. The catalytic activity is ascribed to the 

formation of active sites by the decomposition of g-CN and the enhanced electrical 

conductivity of the substrate following the pyrolysis. The synthesized g-CN-CNF 

catalyst was applied to anode of AEMWE in order to examine their practical 

performance. Examination of AEMWE revealed high performance of 737 mA·cm–2 

at 1.9 V, and represents the first application of a carbonaceous catalyst to practical 

AEMWE and the best performance reported to date. In addition, the AEMWE 

having g-CN-CNF exhibited higher performance and smaller charge-transfer 

resistance. It is the effect of higher portion of secondary pores in catalyst layer. 

Therefore, g-CN-CNF is a suitable candidate for the preparation of carbonaceous 

OER catalysts that can be applied in AEMWE 



 

169 
 

 

5.5. References 

1. J. Zhu, P. Xiao, H. Li, S.A.C. Carabineiro, Graphitic carbon nitride: 

synthesis, properties, and applications in catalysis, ACS Appl. Mater. 

Interfaces 2014, 6, 16449–16465. 

2. A. Thomas, A. Fischer, F. Goettmann, M. Antonietti, J.-O. Müller, R. 

Schlögl, J.M. Carlsson, Graphitic carbon nitride materials: variation of 

structure and morphology and their use as metal-free catalysts, J. Mater. 

Chem. 2008, 18, 4893–4908. 

3. K. Kwon, Y. J. Sa, J. Y. Cheon, S. H. Joo, Ordered mesoporous carbon 

nitrides with graphitic frameworks as metal-free, highly durable, 

methanol-tolerant oxygen reduction catalysts in an acidic medium, 

Langmuir 2012, 28, 991–996. 

4. Y. Zheng, J. Liu, J. Liang, M. Jaroniec, S.Z. Qiao, Graphitic carbon 

nitride materials: controllable synthesis and applications in fuel cells and 

photocatalysis, Energy Environ. Sci. 2012, 5, 6717–6731. 

5. T. Y. Ma, S. Dai, M. Jaroniec, S. Z. Qiao, Graphitic carbon nitride 

nanosheet-carbon nanotube three-dimensional porous composites as high-

performance oxygen evolution electrocatalysts, Angew. Chem. Int. Ed. 

2014, 53, 7281–7285. 

6. J. Tian, Q. Liu, A. M. Asiri, K. A. Alamry, X. Sun, Ultrathin graphitic 

C3N4 nanosheets/graphene composites: efficient organic electrocatalyst 

for oxygen evolution reaction, ChemSusChem 2014, 7, 2125–2130. 

7. X. Li, P. Cui, W. Zhong, J. Li, X. Wang, Z. Wang, J. Jiang, Graphitic 

carbon nitride supported single-atom catalysts for efficient oxygen 

evolution reaction, Chem. Commun. 2016, 52, 13233–13236. 

8. N. Mansor, T. S. Miller, I. Dedigama, A. B. Jorge, J. Jia, V. Brázdová, C. 

Mattevi, C. Gibbs, D. Hodgson, P. R. Shearing, C. A. Howard, F. Corà, M. 



 

170 
 

 

Shaffer, D. J. L. Brett, P. F. McMillan, Graphitic carbon nitride as a 

catalyst support in fuel cells and electrolyzers, Electrochim. Acta 2016, 

222, 44–57. 

9. W.-J. Ong, L.-L. Tan, Y. H. Ng, S.-T. Yong, S.-P. Chai, Graphitic carbon 

nitride (g-C3N4)-based photocatalysts for artificial photosynthesis and 

environmental remediation: are we a step closer to achieving 

sustainability? Chem. Rev. 2016, 116, 7159–7329. 

10. Y. Zheng, Y. Jiao, Y. Zhu, Q. Cai, A. Vasileff, L. H. Li, Y. Han, Y. Chen, 

S.-Z. Qiao, Molecule-level g-C3N4 coordinated transition metals as a new 

class of electrocatalysts for oxygen electrode reactions, J. Am. Chem. Soc. 

2017, 139, 3336–3339. 

11. K. Qiu, Z. X. Guo, Hierarchically porous graphene sheets and graphitic 

carbon nitride intercalated composites for enhanced oxygen reduction 

reaction, J. Mater. Chem. A 2014, 2, 3209–3215. 

12. O.-H. Kim, Y.-H. Cho, D.Y. Chung, M.J. Kim, J.M. Yoo, J.E. Park, H. 

Choe, Y.-E. Sung, Facile and gram-scale synthesis of metal-free catalysts: 

toward realistic applicatio2ns for fuel cells, Sci. Rep. 2015, 5, 8376. 

13. X. Wu, K. Scott, A Li-doped Co3O4 oxygen evolution catalyst for non-

precious metal alkaline anion exchange membrane water electrolysers, Int. 

J. Hydrogen Energy 2013, 38, 3123–3129. 

14. J. Chang, Q. Lv, G. Li, J. Ge, C. Liu, W. Xing, Core-shell structured 

Ni12P5/Ni3(PO4)2 hollow spheres as difunctional and efficient 

electrocatalysts for overall water electrolysis, Appl. Catal., B. 2017, 204, 

486–496. 

15. I. Vincent, A. Kruger, D. Bessarabov, Development of efficient 

membrane electrode assembly for low cost hydrogen production by anion 



 

171 
 

 

exchange membrane electrolysis, Int. J. Hydrogen Energy 2017, 42, 

10752–10761.  

16. X. Wu, K. Scott, A polymethacrylate-based quaternary ammonium OH− 

ionomer binder for non-precious metal alkaline anion exchange membrane 

water electrolysers, J. Power Sources 2012, 214, 124–129. 

17. L. Xiao, S. Zhang, J. Pan, C. Yang, M. He, L. Zhuang, J. Lu, First 

implementation of alkaline polymer electrolyte water electrolysis working 

only with pure water, Energy Environ. Sci. 2012, 5, 7869–7871. 

18. M. K. Cho, H.-Y. Park, S. Choe, S. J. Yoo, J. Y. Kim, H.-J. Kim, D. 

Henkensmeier, S. Y. Lee, Y.-E. Sung, H. S. Park, J. H. Jang, Factors in 

electrode fabrication for performance enhancement of anion exchange 

membrane water electrolysis, J. Power Sources 2017, 347, 283–290. 

19. C. Hu, L. Dai, Multifunctional carbon-based metal-free electrocatalysts 

for simultaneous oxygen reduction, oxygen evolution, and hydrogen 

evolution, Adv. Mater. 2017, 29, 1604942. 

20. S. M. Hafiz, R. Ritikos, T. J. Whitcher, N. Md. Razib, D. C. S. Bien, N. 

Chanlek, H. Nakajima, T. Saisopa, P. Songsiriritthigul, N. M. Huang, S. A. 

Rahman, A practical carbon dioxide gas sensor using room-temperature 

hydrogen plasma reduced graphene oxide, Sens. Actuators B Chem, 2014, 

193, 692–700. 

21. X. Li, Y. Fang, X. Lin, M. Tian, X. An, Y. Fu, R. Li, J. Jin, J. Ma, MOF 

derived Co3O4 nanoparticles embedded in N-doped mesoporous carbon 

layer/MWCNT hybrids: extraordinary bi-functional electrocatalysts for 

OER and ORR, J. Mater. Chem. A 2015, 3, 17392–17402. 

22. X. Liu, W. Zhou, L. Yang, L. Li, Z. Zhang, Y. Ke, S. Chen, Nitrogen and 

sulfur co-doped porous carbon derived from human hair as highly 



 

172 
 

 

efficient metal-free electrocatalysts for hydrogen evolution reactions, J. 

Mater. Chem. A 2015, 3, 8840–8846. 

23. T. Sharifi, G. Hu, X. Jia, T. Wågberg, Formation of active sites for 

oxygen reduction reactions by transformation of nitrogen functionalities in 

nitrogen-doped carbon nanotubes, ACS Nano 2012, 6, 8904–8912. 

24. T. Xing, Y. Zheng, L. H. Li, B. C. C. Cowie, D. Gunzelmann, S. Z. Qiao, 

S. Huang, Y. Chen, Observation of active sites for oxygen reduction 

reaction on nitrogen-doped multilayer graphene, ACS Nano 2014, 8, 

6856–6862. 

25. S. N. Faisal, E. Haque, N. Noorbehesht, W. Zhang, A. T. Harris, T. L. 

Church, A. I. Minett, Pyridinic and graphitic nitrogen-rich graphene for 

high-performance supercapacitors and metal-free bifunctional 

electrocatalysts for ORR and OER, RSC Adv. 2017, 7, 17950–17958. 

26. Q. Wang, L. Shang, R. Shi, X. Zhang, Y. Zhao, G. I. N. Waterhouse, L.-Z. 

Wu, C.-H. Tung, T. Zhang, NiFe layered double hydroxide nanoparticles 

on Co,N-codoped carbon nanoframes as efficient bifunctional catalysts for 

rechargeable zinc–air batteries, Adv. Energy Mater. 2017, 7, 1700467. 

27. J. Zhang, Z. Zhao, Z. Xia, L. Dai, A metal-free bifunctional electrocatalyst 

for oxygen reduction and oxygen evolution reactions, Nature Nanotechnol. 

2015, 10, 444–452. 

28.  C.-Y. Su, H. Cheng, W. Li, Z.-Q. Liu, N. Li, Z. Hou, F.-Q. Bai, H.-X. 

Zhang, T.-Y. Ma, Atomic modulation of FeCo–nitrogen–carbon 

bifunctional oxygen electrodes for rechargeable and flexible all-solid-state 

zinc-air battery, Adv. Energy Mater. 2017, 7, 1602420. 

29. B. Li, S.-W. Chien, X. Ge, J. Chai, X.-Y. Goh, K.-T. Nai, T. S. Andy Hor, 

Z. Liu, Y. Zong, Ni/NiOx-decorated carbon nanofibers with enhanced 



 

173 
 

 

oxygen evolution activity for rechargeable zinc-air batteries, Materials 

Chemistry Frontiers, 2017, 1, 677-682. 

30. J. S. Yi, T.-w. Song, Performance characterization of PEM fuel cells using 

AC impedance spectroscopy: I. model-based analysis, J. Electrochem. Soc. 

2012, 160, F141–F152. 

31. Y.-C. Cao, X. Wu, K. Scott, A quaternary ammonium grafted poly vinyl 

benzyl chloride membrane for alkaline anion exchange membrane water 

electrolysers with no-noble-metal catalysts, Int. J. Hydrogen Energy 2012, 

37, 9524–9528. 

 



 

174 
 

 

국문초록 

 수소는 에너지 밀도가 높고 이산화탄소 배출이 없는 환경 

친화적이기 때문에 최근 청정에너지 원으로써 각광받고 있다. 수소 

에너지원은 연료전지을 통해 전기를 생산해낼 수 있는 물질이다. 

연료전지는 화학에너지를 전기에너지로 직접적으로 변환시키는 에너지 

변환 장치로, 다양한 종류의 연료전지 중에 고분자 전해질 막 

연료전지는 높은 성능과 낮은 구동조건등의 장점을 가지고 있어 많이 

개발중인 장치이다. 이렇게 연료로 사용되는 수소는 수전해 장치를 통해 

생산될 수 있다. 현재까지는 알칼리 수전해 장치가 널리 사용되고 

있지만 다양한 단점을 가지고 있다. 단점을 보완하기 위해 효율이 높고 

고순도의 수소를 생산할 수 있는 고분자 전해질 막 수전해가 대체 

수전해 장치로 개발중인 장치이다. 

연료전지나 수전해와 같은 전기화학 에너지 변환 장치는 

구성요소들의 기공구조가 장치의 성능에 큰 영향을 끼치기 때문에 

기공구조 개발이 중요하다. 장치 내에서 전기화학 반응에 참여하는 

촉매는 광범위한 연구들을 통해 촉매 활성이 급격하게 향상되었다. 

하지만, 개발된 촉매들의 실제 장치 성능은 크게 향상되지 못하여 

연료전지나 수전해 개발에 걸림돌이 되고 있는 실정이다. 이는 장치 

내의 반응물과 생성물의 물질 전달이 원활히 진행되지 않아 촉매의 

반응을 방해하기 때문이다. 그러므로 구성요소 내의 기공구조 연구를 

통해 촉매의 산소 환원 반응 또는 산소 발생 반응이 잘 일어나게 하는 

적합한 기공구조를 찾는 것이 필요하다. 

 1 장에서는 연료 전지와 수전해 장치를 간략하게 소개한다. 연료 

전지와 수전해의 종류, 특징, 구성 요소 및 성능에 대해 다루었다.  

2 장에서는 고분자 전해질 막 연료 전지 (PEMFC)의 가스유로에 

다공성 유동장을 적용하여 반응물과 생성물의 물질 전달을 향상시켰다. 
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가스 유로은 촉매 층에 반응물을 공급하고 생성된 물을 제거하는 중요한 

구성요소이다. 최근 금속 폼이 기공구조로 이루어져 있어 다공성 가스 

유로로 많이 적용되고 있다. 그러나 이 폼의 구조에 관한 연구에 관한 

연구는 거의 보고되지 않았기 때문에 다양한 종류의 구리 폼을 적용하여 

고성능을 나타내는 최적의 구조를 얻고자 연구를 진행하였다. 최적화된 

구리 폼을 적용한 연료전지는 상압 조건에서 현재까지 보고된 최고 

성능을 구현하였고, 기존에 사용되는 가스 유로에 비해 2 배의 성능 

향상을 보였다. 이는 구리 폼 내부에서 생성된 압력과 물질 전달의 

향상으로 인한 성능증가로 판단된다. 

 3 장에서는 역 오팔 (inverse-opal) 구조를 갖는 다공성 전극을 

양성자 교환막 수전해 (PEMWE)에 적용하여 이리듐 옥사이드 촉매의 

사용을 줄였다. 수전해에 사용되는 촉매는 매우 비싸기 때문에 수전해 

장치 비용이 매우 비싸다. 이 비싼 촉매를 줄이기 위해서는 다공성 

전극구조가 필요하다. 역 오팔 구조는 정렬되고 상호연결되어 있는 

기공구조를 가지는 물질로, 표면적이 크기 때문에 기존 수전해보다 높은 

성능을 나타내었다. 또한, 역 오팔 수전해는 촉매 로딩량이 매우 낮기 

때문에 단위 질량 당 촉매의 성능이 현재까지 가장 높은 수치를 

나타내었다. 이것은 역 오팔 구조가 촉매의 활용도를 높였기 때문으로 

볼 수 있다. 

 4 장에서 음이온 교환막 수전해 (AEMWE) 내 막-전극 접합체의 

매개 변수와 작동 조건을 최적화하여 고성능을 달성히였다. 양성자 

교환막으로 구성된 PEMWE 와 달리, AEMWE 는 음이온 교환막 개발이 

많이 이루어져 있지 않아 AEMWE 연구가 더딘 실정이다. 특히, 막-

전극 접합체에 관한 보고된 연구는 거의 없다. 따라서 AEMWE 에서의 

고효율 막-전극 접합체의 개발은 수전해 성능 향상에 매우 중요하다. 

최적화 연구를 진행한 결과는 개발된 AEMWE 성능은 현재 보고된 다른 

연구들 중 가장 높은 성능을 나타냄을 보여주었다. 
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 5 장에서는 다공성 전극을 만들기 위해 탄소 질화물-탄소나노섬유 

(g-CN-CNF) 복합체를 AEMWE 에 산소 발생 반응 촉매로 사용하였다. 

탄소나노섬유을 도입함으로써 촉매층 내의 기공구조의 크기와 비율을 

증가시킴으로써 다공성 전극을 제조하였다. g-CN-CNF 촉매는 N 과 C 

로 이루어진 탄소 질화물과 탄소나노섬유를 혼합한 복합체로, 탄소 

물질이 실제 AEMWE 에 적용된 최초의 연구이다. g-CN-CNF 는 

피리딘과 그래피틱 질소 함량이 높기 때문에 삼전극 실험에서 산소 발생 

반응의 높은 활성을 보였다. 또한, g-CN-CNF 촉매를 사용한 

AEMWE 는 뛰어난 수전해 성능을 나타내었고, 이는 다공성 구조 적용에 

따른 결과로 판단된다. 

 

주요어: 고분자 전해질 막 연료전지, 양이온 교환막 수전해, 음이온 

교환막 수전해, 기공구조.  

학번: 2016-30224 
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