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Abstract 

 
Porous electrode structure for polymer 

electrolyte membrane water electrolysis 

 
Sun Young Kang 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 

Hydrogen energy has been considered as a new renewable energy source that can 

replace fossil fuels, because It exhibits high energy density without the emission of 

carbon dioxide (CO2). Hydrogen could be mainly obtained via steam reforming, 

biomass conversion, and water electrolysis. Among those methods, water 

electrolysis has been attracting attention for sustainable hydrogen production 

owing to its high energy density and carbon-free emission. In this regard, the 

activity of electrocatalysts has been extensively studied and made significant 

progress. However, their excellent activity in half-cell does not guarantee the 

performance in single-cell, because real-world water electrolysis requires the 

consideration of several additional experimental factors. 

While alkaline water electrolysis has been commercialized, polymer electrolyte 

membrane water electrolysis with a polymer electrolyte membrane including 

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 derived from the zero-gap design. 
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Herein, to realize superior performance in single-cell, the porous electrode 

structure for polymer electrolyte membrane-based water electrolysis was obtained 

with several approaches. 

In chapter 1, we elucidate the general concept of water electrolysis using either 

proton exchange membrane or anion exchange membrane to clearly understand the 

following chapters.  

In chapter 2, high-performance and stable AEMWE employing an AEM without 

aryl-ether backbone structure was developed. To achieve high-performance and 

durable AEMWE, the effect of various parameters that is suitable for the adapted 

AEM was investigated. As a result, the AEM adapted in this work performed much 

better and was more durable than the conventional AEM (FAA-3). Moreover, it 

exhibited high efficiency under pure water feeding conditions. These results were 

attributed to high-efficient and durable AEM caused by its absence of aryl-ether 

backbone. This work suggests the potential use of polyphenylene structure as aryl-

ether free backbone of AEM on AEMWE operated using alkaline solution and/or 

pure water. 

In chapter 3, a three-dimensional porous NiFe/Ni foam electrode was developed for 

AEMWEs. The electrodes were directly fabricated by a one-step electro-deposition 

(ED) process with direct-current and pulse-current applying processes. This 

ionomer-free electrode, without the use of non-electronic conductive polymer 

material, showed higher performance owing to the lower ohmic resistance than the 

conventional particle-based electrode. The three-dimensional porous structure 

effectively enhanced the specific surface area and decreased mass transport 

resistance. With those beneficial composition and structure, the AEMWE revealed 

superior performance, which showed 3.87 A cm-2 at 1.9 V, and a small increased 

overpotential (11.1 mV h-1), compared to the conventional or non-porous electrode. 

In chapter 4, an iridium nickel oxide directly coated anode (IrNiOx electrode) for 

high-efficient PEMWE was developed. Five IrNiOx electrodes with different ratio 
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of Ir to Ni were developed using co-electrodeposition. The resulting electrodes 

consist of thin IrNiOx layer on the carbon substrate. To develop the PEMWE 

incorporating IrNiOx electrode, the effect of fabrication methods, catalyst 

compositions, and porous transport layer (PTL) were investigated. As a result, the 

IrNiOx prepared with 7: 3 precursor solution (Ir0.5Ni0.5Ox) exhibited higher OER 

activity with smaller overpotential compared to that prepared with 10: 0 precursor 

solution (IrOx) and the commercial IrO2. Also, the performance of PEMWE with 

the Ir0.5Ni0.5Ox electrode was higher than that with the sprayed electrode using 

commercial IrO2 nanoparticles. This enhancement is attributed to the increased 

electrochemical surface area due to the introduction of Ni in the Ir. Additionally, 

the performance of the directly coated Ir0.5Ni0.5Ox PEMWE is the highest 

performance reported in the literature.  

 

Keywords: proton exchange membrane water electrolyzer, anion exchange 

membrane water electrolyzer, porous structure, durability of water electrolysis 

Student Number: 2019-30419 
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Chapter 1. Introduction 

1.1. General introduction of water electrolysis 

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

reforming [1.2], photoproduction [3], and water electrolysis [4,5]. Among those 

methods, water electrolysis has attracted much attention owing to its high 

efficiency and high-purity hydrogen production [4,5]. In water electrolysis system, 

water is split into oxygen (anode) and hydrogen (cathode) gases with the following 

chemical reaction. Depending on the types of electrolyte, i.e. alkaline and acidic, 

the water electrolysis is operated through different mechanism.   

<In alkaline>  

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

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

Overall          H2O → 1/2O2 + H2        E0 = 1.299 V 

<In acid>  

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

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

Overall          H2O → 1/2O2 + H2       E0 = 1.229 V  

Water electrolysis could be classified by the types of electrolyte: alkaline 

electrolysis (AWE) and polymer electrolyte membrane water electrolysis such as 

proton exchange membrane water electrolysis (PEMWE) and anion exchange 

membrane water electrolysis (AEMWE). AWE, operated with liquid alkaline 

solution as electrolyte, has been commercialized. Employing non-noble materials 

i.e. Ni, Co, Fe as electrode could reduce the cost. However, AWE has some 

disadvantages such as low efficiency, low stability, low purity of hydrogen, and 



 

 2 

electrolyte leakage problems [6,7]. To overcome the drawbacks of AWE, PEMWE 

was developed. PEMWE has the highest efficiency and stability because the PEM 

exhibits high ionic conductivity and stability. Additionally, the high purity of 

hydrogen could be obtained owing to the absence of liquid at the cathode where the 

hydrogen gas is produced. Despite these advantages, the high cost of PEMWE is 

considered an obstacle to its commercialization. Highly active oxygen evolution 

reaction (OER) catalysts have been widely proposed to improve the performance of 

the PEMWE, and Ir is well-known for effective OER catalyst in an acid electrolyte. 

Therefore, introducing transition metals on Ir as a type of alloy has been 

investigated to increase the OER activity and decrease Ir loading [8,9]. AEMWE, 

water electrolysis with an anion-exchange membrane (AEM), has been developed 

as an alternative to improve the drawbacks of AWE and PEMWE in recent years 

[10,11]. The schematic diagram of AEMWE was indicated in Figure 1.1.1. 

AEMWE combines advantages of AWE and PEMWE. It shows higher efficiency 

and purity of produced hydrogen than AWE owing to the use of an AEM rather 

than a liquid electrolyte. In addition, its cost is potentially lower than that of 

PEMWE as non-noble metal-based materials can be applied. Nevertheless, it is 

reported that its performance and durability are still low compared to those of 

PEMWE, as the recently developed AEM exhibits low ionic conductivity and 

stability. Moreover, only few studies investigating the membrane-electrode 

assembly have been reported. 

Figure 1.1.2 indicates the comparison in performance of three water electrolysis 

[12]. AWE exhibits the lowest performance due to the use of alkaline solution as 

electrolyte, causing large ohmic resistance. In contrast, PEMWE shows the highest 

efficiency owing to the well-verified high performance and durable membrane, 

Nafion. Although its high performance, high cost of platinum group noble 

materials on electrodes such as Pt, Ir and Ru has been developed. The performance 

of AEMWE is between that of AWE and PEMWE. Although AEMWE also adopt 

the membrane, the AEM and anion-exchange ionomers still shows poor anion 
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conductivity and stability. Therefore, the AEMWE exhibits lower performance than 

PEMWE. Further development of AEM can be expected to enhance performance 

of AEMWE. 

 

 



 

 4 

 

Figure 1.1.1 Schematic diagram of anion exchange membrane water electrolysis 
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Figure 1.1.2 The comparison in performance of three water electrolysis (AWE, 

PEMWE, and AEMWE). Reprinted with permission from ref 12 
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1.2. Aim of this thesis 

 Even though hydrogen with high purity and sustainable could be produced by 

water electrolysis, the commercialization of water electrolysis is hindered due to 

the low performance and high cost. To overcome these drawbacks, highly efficient 

water electrolysis should be developed. To achieve highly efficient and low-cost 

polymer electrolyte membrane water electrolysis, enhance electrochemical kinetics 

with maximize utilization of catalyst and mass transfer with facilitating the flow of 

reactants and products. The porous structure can be the one that satisfies both by 

improving specific surface area of catalyst and offering pathway to transfer 

reactants and products.  

The aim of this thesis is to investigate the effect of porous structure by using 

following strategies: (1) controlling contents of ionomer (2) porous structure from 

the fabrication of process (3) porous electrode using metal leaching. These 

fabrication processes are facile with simple equipment. To achieve high 

performance anion-exchange membrane water electrolysis, optimized ionomer 

contents and water electrolyzer component and operation parameters were 

investigated. In addition, the enhanced electronic conductivity catalyst utilization 

was achieved from ionomer-free composition and porous electrode. The 

micropores was also developed using the operating condition of PEMWE without 

additional process of leaching removable metal.  
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Chapter 2. High-performance and durable water 

electrolysis using highly conductive and stable anion-

exchange membrane 

 

2.1. Introduction 

As the global warming problem arises, hydrogen energy has been considered as a 

new renewable energy source that can replace fossil fuels. It exhibits high energy 

density without the emission of carbon dioxide (CO2). Consequently, water 

electrolysis has attracted attention as a hydrogen-production process owing to 

being a high-efficiency and environmentally friendly method [1,2]. Moreover, it 

can be linked with the renewable energies such as solar and wind power, for power 

generation. Various reports have been published on this study, and two types of 

water electrolysis have been mainly developed: alkaline water electrolysis (AWE) 

and proton-exchange membrane water electrolysis (PEMWE) [3]. AWE operates 

using liquid electrolytes and has been commercialized owing to its low cost and 

simplicity. However, AWE has drawbacks such as low efficiency, low stability, low 

purity of hydrogen, and leakage problems. In addition, PEMWE, which employs a 

proton-exchange membrane (PEM), exhibits high efficiency and high-purity 

hydrogen production. As PEMWE operates in an acidic atmosphere, the use of 

noble metals such as iridium (Ir), ruthenium (Ru), and titanium (Ti) as catalysts, a 

liquid/gas diffusion layer (LGDL), and bipolar plates were required, leading to an 

increase in costs [3,4]. 

Anion-exchange membrane water electrolyte (AEMWE) has been recently 

developed as an alternative to conventional water electrolysis [5,6]. AEMWE 

integrates AWE with PEMWE to improve the disadvantages of the two previously 

mentioned electrolysis methods [6]. In AEMWE, water is reduced to produce 

hydrogen and hydroxide ions at the cathode. Then, hydroxide ions diffuse through 
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the AEM and oxidize to produce water and oxygen at the anode by losing electrons 

as given by the following equations. 

Anode: 4OH- → O2 + 2H2O + 4e-, E0 = - 0.828 VSHE (1) 

Cathode: 4H2O + 4e- → 2H2 + 4OH-, E0 = 0.401 VSHE (2) 

Overall: 2H2O → 2H2 + O2, E0 = 1.229 VSHE (3) 

It shows higher efficiency and purity of produced hydrogen than AWE owing to the 

use of an anion-exchange membrane (AEM) rather than a liquid electrolyte. In 

addition, its cost is potentially lower than that of PEMWE as non-noble metal-

based materials can be applied. Nevertheless, it is reported that its performance and 

durability are still low compared to those of PEMWE, as the recently developed 

AEM exhibits low ionic conductivity and stability [7,8]. Thus, it is important to 

investigate various commercial AEMs exhibiting high AEMWE performance and 

durability. In addition to the development of a highly conductive, physically and 

chemically stable AEM, it is essential that the investigation of membrane-electrode 

assembly (MEA) components and operating conditions to obtain superb 

performance AEMWEs.  

As public interest is rising, numerous studies have focused on the development of 

optimal MEA components using commercial AEMs for high-performance 

AEMWE. Various commercial AEMs, such as A201®  (Tokuyama Co., Japan), 

Fumapem®  (Fumatech Co., Germany), Sustainion®  (Dioxide Materials Co., USA), 

AemionTM (Ionomr Innovation Co., Canada), and Orion TM1TM (Orion Polymer, 

USA), have been recently developed and commercialized. For A201® , which was 

an early developed product and has been discontinued, AEMWE showed a low 

performance of 350–550 mA cm-2 at 1.9 Vcell [9-11]. Park et al. [12] applied a 

Fumapem®  membrane in AEMWE and investigated the effect of fabrication 

methods, operating conditions, and MEA parameters; they achieved AEMWE with 

a performance of 1500 mA cm-2 at 1.9 Vcell. However, it is well known that the use 

of A201®  and Fumapem®  as AEMs leads to the low durability of AEMWE. 
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Dioxide Materials Co. developed the Sustainion®  membrane and reported its 

performance and durability in AEMWE [13]; they enhanced the AEMWE 

performance by two times compared to that using FAS–50®  (Fumatech Co., 

Germany). While FAS–50®  showed a sharp voltage increase for 180 h, it showed 

durable performance for 1950 h. Fortin et al. [14] proposed AEMWE with the 

AemionTM membrane, exhibiting a performance of 2000 mA cm-2 at 1.82 V at 

60 °C. They also achieved high durability with a degradation rate of 3.21 mV h-1 at 

50 °C. AEMWEs using most AEMs except Orion TM1TM have been examined.  

Here, we report high-performance and durable AEMWE using the commercial 

Orion TM1TM membrane. This is the first report applying Orion TM1TM membrane 

on AEMWE. The Orion TM1TM membrane contains quaternary ammonium as a 

functional group and a polyphenylene as backbone, and it is reported to show high 

ionic conductivity and stability [15]. The hydrophobicity and geometry of the 

membrane facilitate to form microstructure, which effectively improved 

performance of AEMWE by enhanced ion transportation. The aryl-ether free 

backbone feature is also supposed to show improved stability preventing 

decomposed by OH- attack. In addition to the development of the AEM, it is 

important to investigate the MEA parameters that greatly influence the AEMWE 

performance. Ionomer contents, catalyst loadings, temperatures, and types of 

feeding solutions have been investigated to achieve the MEA parameters that are 

suitable for the Orion TM1TM membrane. Further, the performance and durability 

of AEMWE using the Orion TM1TM membrane have been evaluated by comparing 

it with conventional AEMs with different temperature and stability test protocols 

i.e. constant current and potential cycling mode. To exclude the effect of the 

catalytic activity, high-active and stable noble metal-based catalysts were employed 

for anode and cathode. 
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2.2. Experimental 

Physicochemical characterizations 

Thermogravimetric analysis (TGA; TA Instruments, SDT Q600, USA) was 

performed under N2 in a temperature range of 50 to 900 °C at the heating rate of 

10 °C min-1 to examine thermal stability of the membranes. Fourier-transform 

infrared (FT-IR) spectroscopy was performed on a spectrometer (TENSOR27, 

Bruker, Germany), which is installed at the National Center for Inter-University 

Research Facilities (NCIRF) at Seoul National University, in a transmittance mode. 

The conductivity of AEMs were measured by EIS analysis. 0.2 mgPt cm-2 of 40 

wt.% of Pt/C catalyst were applied to both FAA-3 and Orion TM1TM membranes 

by spraying method. Fully humidified H2 and N2 gas were provided to the anode 

and cathode respectively at a rate of 200 ml min-1. The EIS measurement for ionic 

resistance, was conducted at 0.45 Vcell, which is non-faradaic condition, for a 

frequency range of 50 mHz to 100 kHz with an amplitude of 5 mV. 

Preparation of the MEA 

The schematic diagram of a single-cell is illustrated in Fig. 2.2.1. Prior to use of 

two AEMs, those were immersed in 1.0 M of potassium hydroxide solution (KOH, 

SAMCHUN Chemical, Republic of Korea) for 3 h to replace bromide with 

hydroxide, and thoroughly rinsed with DI water for 1 h. To fabricate the MEA, the 

catalyst slurry was directly coated to the membrane by spraying method, as 

described in our previous study [16]. To fabricate catalyst layers (CLs), the catalyst 

slurry containing catalyst nanoparticles, de-ionized water, isopropyl alcohol (IPA, 

Sigma Aldrich, USA), and FAA-3-Br solution (Fumatech Co., Germany) was 

sprayed on each side of the membrane. The 40 wt.% Pt/C (Johnson Matthey, UK) 

with 0.2, 0.4, and 0.6 mgPt cm-2 of metal loading amount and iridium oxide 

(Premion® , Alfa Aesar, USA) with a loading amount of 1.0, 2.0, 3.0 mg cm-2 were 

employed as catalyst nanoparticles for the anode and cathode, respectively. For 

AEM, the 50 μm of FAA-3-50®  membrane (Fumatech Co., Germany) and 30 μm of 
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Orion TM1TM membrane were used. The active area of the electrode was 5 cm2. For 

the comparison of the effect of AEMs, the same electrode composition was adopted. 

For the cathode, 0.4 mgPt cm-2 with 30 wt.% of ionomer were adopted, and 2 mgIrO2 

cm-2 with 10 wt.% of ionomer were employed for the anode.  

Field emission scanning electron microscopy 

The morphology of the fabricated catalyst layer was investigated by field emission 

scanning electron microscopy (FE-SEM; SUPRA 55VP, Carl Zeiss, Germany). In 

order to obtain cross-section views of the MEAs using FE-SEM, the MEAs were 

immersed in liquid nitrogen, and thereafter the frozen ones were broken with 

tweezers. 

Single-cell performance test 

For the single-cell performance test of AEMWE, titanium felt (CNL Energy, 

Republic of Korea) and carbon paper with a microporous layer (JNT40-A3, JNTG 

Co., Republic of Korea) were used as the anode and cathode LGDLs, respectively, 

without further treatment. The single-cell unit (CNL Energy, Republic of Kora) was 

assembled with the fabricated MEAs, LGDLs, and the titanium bipolar plates with 

a serpentine flow field. The temperature of the single-cell was maintained at 50, 60, 

70, and 80 oC, and 1.0 M of KOH was constantly supplied to both the anode and 

cathode at a rate of 1.0 ml min-1. These conditions were adopted for all experiments 

unless otherwise noted. To evaluate the single-cell performance, the linear sweep 

voltammetry method was adopted, and voltage in the range of 1.35 to 2.15 Vcell was 

applied at a scan rate of 5 mV s-1 using an electrochemical workstation (ZENNIUM, 

ZAHNER-Elecktrik GmbH & Co. KG, Germany). Electrochemical impedance 

spectroscopy (EIS) was performed to measure the internal resistances at the same 

electrochemical workstation but at different modes. The EIS measurements were 

performed at 1.9 Vcell for a frequency range of 100 mHz to 100 kHz with an 

amplitude of 5 mV. To investigate the stability of AEMWE, chronopotentiometric 

measurements were conducted at a constant current density of 500 mA cm-2 for 10 
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h and 50 h, and the test was cut off if the cell voltage exceeded 2.3 Vcell with 

electrolytic cell test system (CNL Energy, Republic of Korea). The cycling-based 

stability of AEMWE was performed by repeating for 200 cycles the linear sweep 

voltammetry method as conducted in the single-cell performance. The amount of 

produced hydrogen during stability test was also measured with the same 

instrument. 
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Figure 2.2.1 Schematic diagram of the membrane-electrode assembly (MEA) 

(liquid gas diffusion layer (LGDL) and catalyst layer (CL). H and O atoms are 

illustrated as red and white ball, respectively. 
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2.3. Results and discussion 

Physicochemical characterization of Orion TM1TM and FAA-3. 

Fig. 2.3.1(a) represents the chemical structure of the Orion TM1TM. While the 

FAA-3 membrane includes the ether bond in the backbone structure [17], the Orion 

TM1TM membrane does not contain one. It is well known that the ether bond is 

subjected to the OH- attack, leading to the degradation of AEM under operation 

condition [18,19]. This implies that the Orion TM1TM membrane could be more 

durable AEM compared to FAA-3 membrane under the AEMWE operation. In 

addition, thermal stabilities of the AEMs were investigated using TGA. As shown 

in Fig. 2.3.1(b), the both showed a slight weight loss above 100 °C, which is 

ascribed to the water molecules from the polymer matrix of moisture. The first 

weight loss step at approximately 250 oC is attributed to the unstable side chains 

removed from the main chain. The second step, which is more rapid step, is mainly 

ascribed from the decomposition of the polymer backbone structure. The 

temperature Orion TM1TM membrane is clearly higher than FAA-3 membrane, 

suggesting that higher thermal stability of the polymer structure. Fig. 2.3.1(c) 

shows the FT-IR spectrum of FAA-3 and Orion TM1TM membrane. The broad peak 

indicated in both membranes at 3200 - 3600 cm-1 is attributed to the O-H stretching 

of the water molecules absorbed into the membrane implying the hydrophilicity of 

them. The characteristic peaks of the asymmetric stretching of the diphenyl ether 

group obviously appeared at 1302 and 1185 cm-1 [20]. The appearance of two 

bands at 1476 and 795 cm-1 corresponds to the C-C aromatic stretching [21]. Total 

ohmic resistance is the sum of electrical resistances, contact resistances between 

cell components and ionic resistance of membrane. The electrical and contact 

resistances were assumed to identical because the same cell components are used 

with same instrument except for the membrane. The electrical resistances were 

measured as 3.70 mΩ. Thus, residual ohmic resistance could be considered as ionic 

resistance of AEM. As indicated in Fig. 2.3.2, the resistance of Orion TM1TM (1.30 
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mΩ cm2), was definitely lower than that of FAA-3 (1.70 mΩ cm2) implying higher 

ionic conductivity of Orion TM1TM membrane than FAA-3. 
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Figure 2.3.1 (a) Chemical structure of Orion TM1TM membrane. (b) TGA spectrum 

of FAA-3 and Orion TM1TM membrane as a function of temperature at a heating 

rate of 10 °C min-1. (c) FT-IR spectra of FAA-3 and Orion TM1TM membrane. 
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Figure 2.3.2 Nyquist plots of AEMWEs with FAA-3 and Orion TM1TM membrane. 

Hydrogen and nitrogen were supplied to anode and cathode respectively, under 

relative humidity of 100%. The temperature of the single-cell was maintained at 70 

oC. 
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Effect of ionomer contents  

The ionomer in the catalyst layer not only transports hydroxide ions between active 

sites and the membrane but also binds the catalyst particles forming secondary 

pores [22]. If the ionomer is insufficient, some hydroxide ions may not have access 

to the active site where the actual electrochemical reaction occurs. The utilization 

of a catalyst is thus inhibited, thereby reducing performance. However, too much 

ionomer content interrupts the electrochemical reaction because low electro-

conductive ionomer inhibits electrons moving to the active sites [23]. Thus, the 

achievement of a proper ionomer content is essential for high-performance 

AEMWE. The effects of the ionomer content in the cathode and anode were 

investigated. First, the cathode ionomer content was examined. Most studies have 

focused on the effect of the anode ionomer content for PEMWE [24,25]. However, 

the kinetic of hydrogen evolution reaction (HER) in alkaline electrolyte is more 

sluggish than that in acid electrolyte. Thus, investigation of the cathode ionomer 

content is also crucial for AEMWE. Different cathode ionomer contents of 10, 20, 

30, and 40 wt.% (hereafter, denoted by cI-10, cI-20, cI-30, and cI-40, respectively) 

were applied in the MEAs. The anode ionomer content of 20 wt.% was constant. 

Fig. 3(a) presents the polarization curves of the four AEMWEs (cI-10, cI-20, cI-30, 

and cI-40). As indicated in Fig. 2.3.3(a), the current densities at 1.9 Vcell of cI-10, 

cI-20, cI-30, and cI-40 were 1.72, 1.92, 2.40, and 1.38 A cm-2, respectively. When 

the ionomer content increased from 10 to 30 wt.%, the performance gradually 

increased, and when the ionomer content increased further to 40 wt.%, the 

performance decreased. These results correspond to the EIS analysis shown in Fig. 

2.3.3(b). In the Nyquist plots, the intercept with the real axis at high frequency 

indicates the ohmic resistance, and the size of the semicircle is mainly associated 

with the magnitude of the activation and mass transport resistance, derived from 

the catalytic reaction and mass transportation of the reactant and product [26]. The 

cell performance increase from cI-10 to cI-30 was owing to the low activation 

resistance. The increased ionomer content resulted in reduced activation resistance, 
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leading to an increase in cell performance. In contrast, the activation, ohmic, and 

mass transport resistances of cI-40 exceeded those of the other AEMWEs. This is 

attributed to the fact that the excessive ionomer disturbed the electrochemical 

reactions by blocking the electron pathway in the single cell. Therefore, cI-30 

showed the highest current density and apparently the smallest resistances, 

including the activation, ohmic, and mass transport resistances. In this regard, the 

proper ionomer ratio that provides secondary pores and enlarges catalyst utilization 

is determined to be 30 wt.% for the cathode. 

In addition, the anode ionomer content was also investigated. Unlike in the cathode, 

catalyst nanoparticles themselves without the use of carbon support were used as 

the anode catalysts owing to the carbon corrosion issue under water electrolysis 

operation conditions [27,28]. Fig. 2.3.3(c) shows the performances of AEMWEs 

with different amounts of ionomer, i.e., 5, 10, 20, 30, and 40 wt.% (hereafter, 

denoted by aI-05, aI-10, aI-20, aI-30, and aI-40, respectively), in the anode. The 

cathode ionomer content was fixed to 30 wt.%, as discussed above. The 

performance of AEMWEs with different anode ionomer contents increased from 

aI-05 to aI-10 but decreased from aI-10 to aI-40. This is because, as mentioned 

above, a certain amount of ionomer assists the electrochemical reaction by 

facilitating the hydroxide ions in the catalyst layer, but excessive ionomer blocks 

the active sites of the catalyst. As shown in Fig. 2.3.3(d), aI-05 shows large 

activation and mass transport resistance owing to the very small ionomer content. 

Additionally, the catalyst layer of aI-05 exhibits a dense catalyst structure with 

small secondary pore sizes, inhibiting transport of the reactant and product (Fig. 

2.3.4(a)). In contrast, as the ionomer content increased from 5 to 10 wt.%, the cell 

performance improved, and activation and mass transport resistance reduced, 

indicating that the 10 wt.% is sufficient content for efficient ionic connection. For 

an ionomer content > 10 wt.%, the cell performance was reduced. This is because 

high ionomer content led to larger secondary pores (Fig. 2.3.4(b) and (c)), but 

excess ionomer covered the catalyst surface, as shown in Fig. 2.3.4(d) and (e), 
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leading to reduced performance of AEMWE. Thus, an ionomer content of 10 wt.% 

was determined to be the optimal content for achieving high performance and low 

resistances. 

As a result of the investigation, the optimal ionomer contents of the cathode and 

anode were 30 and 10 wt.%, respectively. The 40 wt.% Pt/C employed as the 

cathode catalyst in this study consists of several nanometers of platinum particles 

supported on the tens of nanometers of the sphere-shaped carbon surface [29]. 

Most of the ionomers cover the carbon surface, and there is little amount of 

ionomer presence on the platinum particles [30,31], which may require more 

ionomer than unsupported catalyst nanoparticles. On the other hand, the ionomer in 

the IrO2 anode catalyst layer, which is irregularly shaped and/or sized [29], is prone 

to directly covering the surface of the catalyst nanoparticle, blocking the active 

sites of IrO2. Thus, the optimal ionomer content for the anode was found to be 

lower than that for the cathode. 
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Figure 2.3.3 (a) Polarization curves and (b) Nyquist plots obtained at 1.9 Vcell of 

AEMWEs (cI-10, -20, -30, and -40) with different cathode ionomer contents of 10, 

20, 30, and 40 wt.%. The anode ionomer content was constant at 20 wt.%. (c) 

Polarization curves and (d) Nyquist plots obtained at 1.9 Vcell of AEMWEs (aI-05, -

10, -20, -30, and -40) with different anode ionomer contents of 5, 10, 20, 30, and 

40 wt.%. The cathode ionomer content was constant at 30 wt.%. 
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Figure 2.3.4 FE-SEM images of anode catalyst layer surface fabricated with (a) 5 

(b) 10 (c) 20 (d) 30 and (e) 40 wt.% of ionomer contents. The scale bar represents 2 

μm. 

 



 

 25 

Catalyst loadings 

To examine the effect of the cathode catalyst loading, three different loadings of 

Pt/C catalyst, which show high activity for HER, were applied to the cathodes (0.2, 

0.4, and 0.6 mgPt cm-2; hereafter, denoted by cL-0.2, cL-0.4, and cL-0.6, 

respectively). Fig. 2.3.5 shows the polarization curves and Nyquist plots with 

different catalyst-loaded MEAs. As shown in Fig. 2.3.5(a), cL-0.2 showed the 

lowest performance in the overall voltage range. From the Nyquist plot of cL-0.2, a 

second semicircle can be observed, which results from the slow reaction kinetics of 

the HER. cL-0.6 shows the highest performance in the low-voltage region (0.38 A 

cm-2 at 1.55 Vcell) compared with cL-0.2 and cL-0.4 (0.29 and 0.30 A cm-2), for 

which the catalytic kinetics dominantly affected by the loading of the catalyst [32]. 

In the middle- and high-voltage regions, however, cL-0.6 exhibits lower current 

density (2.19 A cm-2 at 1.9 Vcell) than cL-0.4 (2.75 A cm-2). This is due to the thicker 

catalyst layer of cL-0.6 because of the high catalyst loading. A loading of 0.4 mgPt 

cm-2 exhibited the highest performance because of the lowest resistance of the 

cathode.  

The effect of the anode catalyst loadings was likewise examined evaluating the 

performance of MEAs with three IrO2 loadings of 1, 2, and 3 mgIrO2 cm-2 (hereafter, 

denoted by aL-1, aL-2, and aL-3, respectively) (Fig. 2.3.5(c)). It can be expected 

that the aL-3 shows the highest performance owing to the high loading of the IrO2 

catalyst. Nevertheless, the current density of aL-3 is lower than those of aL-1 and 

aL-2 when the voltage exceeds 1.87 Vcell. As shown in Nyquist plots (Fig. 2.3.5(d)), 

the size of the semicircle of aL-3 is the largest, implying the greatest resistance. 

This is attributed to the large mass transport resistance derived from the thick 

anode catalyst layer. As indicated in Fig. 2.3.6(a)-(c), the thickness of aL-1, aL-2, 

and aL-3 were 4.79, 10.11, and 12.52 μm, respectively. The excessive catalyst not 

only significantly increases the price of AEMWE but also makes the catalyst layer 

thicker, preventing the transportation of the reactant and product. Considering the 
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industrial application of AEMWE under high current densities, cL-0.4 and aL-2 

may be more advantageous than cL-0.6 and aL-3. Especially for anode catalyst 

loading of water electrolysis, 2.0 to 3.8 mg cm-2 of high loading are often 

demanded owing to the more sluggish OER compared with HER [14,33,34]. 

Therefore, the use of the optimal amount of catalyst improves the performance and 

has a significant impact on reducing the cost of AEMWE. In our study, the 

optimum catalyst loading was found to be 0.4 mgPt cm-2 and 2.0 mgIrO2 cm-2 for the 

cathode and the anode, respectively.  
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Figure 2.3.5 (a) Polarization curves and (b) Nyquist plots obtained at 1.9 Vcell of 

AEMWEs (cL-0.2, -0.4, and -0.6) with different cathode catalyst loadings of 0.2, 

0.4, and 0.6 mgPt cm-2. The anode loading was constant at 2 mgIrO2 cm-2. (c) 

Polarization curves and (d) Nyquist plots obtained at 1.9 Vcell of AEMWEs (aL-1, -

2, and -3) with different anode catalyst loadings of 1, 2, and 3 mgIrO2 cm-2. The 

cathode loading was constant at 0.4 mgPt cm-2. 
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Figure 2.3.6 FE-SEM images of anode catalyst layer cross-section with (a) 1 (b) 2 

and (c) 3 mg cm-2 of loadings. The scale bar represents 5 μm. 
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Effect of cell temperatures 

Using the optimized MEA parameters, investigation of two AEMWEs with the 

Orion TM1TM membrane and FAA-3 membrane, which exhibits high performance 

according to our previous study [12], operating under different conditions is crucial 

for examining the effect of the AEM on AEMWE. First, we examined the effect of 

the cell temperature on the AEMWE performance. The operating temperature 

needs to be less than 100 °C because the water-based solution is fed to AEMWE, 

and the AEM could degrade within this range. For example, Chen et al. [35] 

reported that the synthesized AEM comprised an easily degradable polymeric 

structure under a temperature of 80 °C, which is higher than the temperature of 

60 °C corresponding to degradation of the cationic group and polymer backbone 

upon exposure to an aqueous base. In other words, it is necessary to examine the 

operating temperatures suitable for the AEM to achieve high and stable 

performance. AEMWEs with the FAA membrane at different operating 

temperatures are named FAA-MEA-Ts; likewise, AEMWEs with the Orion TM1TM 

membrane are named TM1-MEA-Ts, where T represents the operating 

temperatures of 50, 60, 70, and 80 oC. Fig. 2.3.7 presents the polarization curves of 

FAA-MEA-Ts and TM1-MEA-Ts. As shown in Fig. 2.3.7(a)-(d), the performance 

increased with the increase in the cell temperature at all voltage regions with FAA-

MEA-Ts and TM1-MEA-Ts, as expected. This is attributed to the improvement in 

the ionic conductivity of AEM due to the high temperature, which agrees well with 

the findings of other published studies [14,36]. Notably, the TM1-MEA-Ts showed 

higher performance compared with the FAA-MEA-Ts at all operating temperatures. 

The current densities at 1.9 Vcell of TM1-MEA-50, -60, -70, and -80 were 292, 185, 

171, and 158% higher than those of FAA-MEA-50, -60, -70, and -80, respectively. 

These results contributed to the higher ionic conductivity of the Orion TM1TM 

membrane compared to that of the FAA membrane. The FAA membrane consists of 

aminated polyarylene (polysulfone) chloride polymer, which contains ether bonds 

in the backbone [17]. However, aryl-ether, which is composed mostly of the AEM 
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structure, is considered to be decomposed by the ether hydrolysis mechanism at a 

high pH condition [37]. An especially unstable quinone methide structure produced 

from degraded polysulfone can lead to a decrease in the IEC due to the accelerated 

loss of anion exchange groups [38]. Thus, it is reported that the aryl-ether free 

structured AEM showed high durability [18,39,40]. The Orion TM1TM membrane is 

polyphenylene-based, i.e., it has an aryl-ether free and hydrophobic backbone 

structure [39]. This helps not only in maintaining the polymer structure with high 

ionic conductivity but also in preventing the attack of hydrophilic hydroxide ions 

[15]. Therefore, the Orion TM1TM membrane is considered a high and durable 

AEM for AEMWE. 

To attain the optimized operating temperature, the effect of the operating 

temperatures on the stability of AEMWE using the Orion TM1TM membrane was 

investigated. As shown in Fig. 2.3.8, the degradation rates of TM1-MEAs operated 

under temperatures of 50, 60, 70, and 80 oC were approximately, 40, 47, 55, and 

321 mV h-1, respectively. That is, degradation increased with increasing 

temperature, indicating that high cell temperature can be susceptible to the 

degradation of the AEM. The cell temperature is optimized to achieve the trade-off 

between ion conductivity and stability. At higher temperatures, the ohmic 

resistance decreases and thereby the cell performance increases owing to the 

enhancement of ion conductivity; hydroxide ions can more easily move through a 

loosely packed polymer structure [41]. Simultaneously, the high temperature 

causes the degradation of the AEM and ionomer as hydroxide ions attack the 

backbone structure of the AEM, increasing the voltage rapidly [42]. Therefore, a 

temperature of 70 oC was confirmed to correspond to high performance and 

stability owing to the structural advantages of the Orion TM1TM membrane. The 

TM1-MEA-70 showed uniform hydrogen productivity during the stability test as 

indicated in Fig. 2.3.9. 
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Figure 2.3.7 Polarization curves of AEMWEs (FAA-MEA-Ts and TM1-MEA-Ts 

for T: 50, 60, 70, and 80) operated under cell temperatures of (a) 50, (b) 60, (c) 70, 

and (d) 80 oC. The cathode and anode ionomer contents were fixed to 30 and 10 

wt.%, respectively, and the cathode and anode catalyst loadings were constant at 

0.4 mgPt cm-2 and 2 mgIrO2 cm-2, respectively. 
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Figure 2.3.8 Stability tests of two AEMWEs (FAA-MEA-Ts and TM1-MEA-Ts (T: 

50, 60, 70, and 80)) operated under cell temperatures of (a) 50, (b) 60, (c) 70, and 

(d) 80 oC at a constant current density of 500 mA cm-2. 
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Figure 2.3.9 The amount of produced H2 during stability test with Orion TM1TM 

membrane at a current density of 500 mA cm-2. The cell temperature was 

maintained at 70 oC and 1 M KOH was supplied to both electrodes. 
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Effect of reactants 

To investigate the influence of the feeding solution, an AEMWE test was 

conducted by supplying pure water and alkaline solution of 1.0 M KOH to each 

electrode. The reactants fed to the anode/cathode are denoted by A/B. Four feeding 

conditions, i.e., KOH/KOH, water/KOH, KOH/water, and water/water, were used. 

As shown in Fig. 7, the performance of the TM1-MEA exceeded that of FAA-MEA 

under all feeding conditions, owing to the high ionic conductivity of the Orion 

TM1TM membrane. Under KOH/KOH, the TM1-MEA exhibited the highest current 

density (2.75 A cm-2); the lowest current density was achieved under the 

water/water condition (0.18 A cm-2) at 1.9 Vcell (Fig. 2.3.10(a), (d)). Interestingly, 

the TM1-MEA with KOH/water achieved comparable performance (1.43 A cm-2) to 

that of the FAA-MEA with KOH/KOH (1.51 A cm-2) at 1.9 Vcell. As illustrated in 

Fig. 2.2.1, hydroxide ions produced from the cathode are conducted to the anode 

through the AEM. However, the low ionic conductivity of the AEM induces an 

insufficient supply of hydroxide ions to the anode, directly influencing the 

performance of AEMWE. Various feeding conditions were employed to operate 

AEMWE, such as supplying alkaline solution to both electrodes [14] or to the 

anode only [36] and supplying pure water to both electrodes [42], only to the anode, 

or only to the cathode [33]. In most previous studies, higher performance was 

achieved with feeding high pH solution, such as KOH and NaOH rather than pure 

water [33,36,42-45], producing scant hydroxide ions. The use of water as a feeding 

solution led to relatively low performance, as indicated in Fig. 2.3.10. Although 

most AEMWE researches have been conducted under a feeding alkaline solution, 

the use of pure water should be pursued. This is because the AEMs soaked in the 

alkaline solution, even without any additional applied stress, underwent loss of IEC 

and physical strength within 1000 h [15,18,35]. The higher current density of the 

TM1-MEAs compared to that of the FAA-MEAs probably contributed to the 

structure of the polymers composing the AEMs. The polyaromatic polymer with an 

ether bonds structure has been reported to be decomposed into phenol, which is 
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acidic, and it is possible to neutralize the hydroxide of the ammonium functional 

groups [46]. After all, the TM1-MEA showed a 156% higher current density at 1.9 

Vcell compared to the FAA-MEA (Fig. 2.3.10(d)), though AEMWE operating with 

pure water exhibited lower performance than the MEA operating with 1 M KOH. 

Those results suggest that the TM1-MEA shows potential when using a diluted 

alkaline solution or pure water.  
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Figure 2.3.10 Polarization curves of two AEMWEs (FAA-MEA and TM1-MEA) 

operated with different feeding methods (anode/cathode): (a) KOH/KOH, (b) 

KOH/water, (c) water/KOH, and (d) water/water. The cell temperature was 70 oC. 
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Performance and durability comparison of optimized MEA 

The optimized TM1-MEA shows a high current density of 2.75 A cm-2 at 1.9 Vcell 

with a high stability of 55 mV hr-1, benefiting from the superior structural 

advantages of the Orion-TM1TM membrane. Fig. 2.3.11(a) indicates current density 

at 1.9 Vcell from those reported in the literature for AEMWE, and these are 

approximate values calculated from the graph [11-14,34,45-47]. The detailed 

information including the catalyst materials, loading for the cathode and anode, 

membrane, operating temperature, and feeding conditions are given in Table S1. As 

shown in Fig. 2.3.11(a) and Table S1, we achieved the highest performance among 

the researches on the commercial AEMs. The potential cycling stability test with 

optimized condition was evaluated with FAA-MEA and TM1-MEA (Fig. 2.3.11(b, 

c)). The current density of TM1-MEA was decreased 32% after 200 cycle, while 

the FAA-MEA was decreased 85%, suggesting the definitely better stability of 

TM1-MEA. The two showed similar behavior that current density was rapidly 

decreased during first 100 cycles. As shown in Fig. 2.3.11(d), the voltage of TM1-

MEA gradually increased to around 20 h and showed steady voltage profile till 50 

h, while the voltage of FAA-MEA sharply rose to 2.3 Vcell in 3.4 h. 

The performance developed in this work is the highest among the reports on 

commercial ionomeric anion-exchange membranes for AEMWE. Thus, the Orion 

TM1TM membrane can be considered as an ionomeric anion-exchange membranes 

for AEMWE. 
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Figure 2.3.11 (a) Comparison with AEMWE performances obtained at 1.9 V as 

reported in literature [11-14,34,47-49] and developed in this work (70 oC). 

Polarization curves of AEMWEs after 100 and 200 cycles with (b) FAA-MEA and 

(c) TM1-MEA. (d) Stability tests of two AEMWE (FAA-MEA and TM1-MEA) 

under optimized conditions at a constant current density of 500 mA cm-2. 
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2.4. Conclusion 

High-performance and durable AEMWE was developed by using an aryl-ether free 

polyphenylene-based AEM. First, we optimized the electrode parameters, i.e., the 

ionomer content and catalyst loading, reducing the activation, ohmic, and mass 

transportation resistances. The performance of the TM1-MEA exceeded that of the 

FAA-MEA under all temperatures owing to the ionic conductivity of the AEM. In 

addition, the TM1-MEA showed a more stable voltage profile than the FAA-MEA 

at various operating temperatures. This is because the beneficial aryl-ether free 

structure and hydrophobic properties of the Orion-TM1 membrane inhibited 

decomposition by ether hydrolysis and access of hydrophilic hydroxide ions. The 

TM1-MEA also exhibited higher performance than the FAA-MEA for all feeding 

conditions, including the diluted alkaline solution and pure water condition, which 

is a less corrosive condition for AEMs. The optimal TM1-MEA showed a 

remarkably high AEMWE performance, which is notably higher than those 

reported in literature Thus, the Orion TM1TM membrane can be considered as an 

alternative to conventional AEMs for high-performance and durable AEMWE. 
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Chapter 3. The design of porous structure via one-

step process for anion exchange membrane water 

electrolyzer 

 

3.1. Introduction 

Hydrogen is a rising energy resource to alter fossil fuels owing to its beneficial 

properties such as high energy density and zero-emission [1]. To keep up with the 

demand for hydrogen, a water electrolyzer has been attracted to produce 

sustainable and high purity of hydrogen [2, 3]. Among various types of water 

electrolyzers, an anion-exchange membrane water electrolyzer (AEMWE) has been 

considered as a promising water electrolyzer. AEMWEs use an anion-exchange 

membrane (AEM) as an electrolyte so that a higher efficiency could be obtained by 

this zero-gap design compared to an alkaline water electrolyzer that employs 

alkaline solution as an electrolyte. Another great advantage of AEMWE is the use 

of non-PGM electrocatalysts [4, 5] since the electrochemical reactions occur in 

alkaline condition. Meanwhile, the electrodes for proton exchange membrane water 

electrolyzer (PEMWE) requires platinum-group metals (PGMs) such as Ir, Ru and 

Pt since PEMWE is operated under highly corrosive acidic condition [6].  

For polymer electrolyte membrane-based electrochemical devices including water 

electrolyzers and fuel cells, catalyst slurry-based processes (i.e. spraying, screen 

printing, and doctor blading), and the catalyst slurry includes catalyst particle, 

ionomer and solvent, have been employed in the fabrication of membrane-

electrode assembly (MEA)[5, 7]. The ionomer, often involved in slurry-based 

processes, improves the single-cell performance by increasing the ion transport 

pathway in the catalyst layer and gives mechanical support by binding each catalyst 

particle. However, the ionomer is known to be degraded during the AEMWE 

operation [8], and the low stability of the ionomer is a significant disadvantage to 
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the AEMWE because the degraded ionomer reduces the triple-phase boundary, 

which occurs in actual electrochemical reaction [9, 10].  

Electro-deposition (ED) is one of the fabrication processes for electrochemical 

devices since it is facile, reproducible, and scalable with simple equipment [11]. 

Several studies have reported that electrodes prepared with ED. Park et al. 

fabricated a uniform thin film NiFeOOH on SUS felt using ED with high OER 

activity and durability [12]. Zhang et al. prepared a film-like Ni-Fe electrocatalyst 

on Ni foam for HER electrode [13]. However, most of the electrodes fabricated 

with ED were two-dimensional shaped electrodes, which may have lower ECSA 

than three-dimensional porous electrode. The composite material electrode with 

two metal species could also be fabricated ED (co-ED) when the targeted metal 

ions, included in the ED solution, have similar reduction potentials. 

The porous catalyst layer structure has been considered as an effective strategy that 

enhances the mass transfer of reactant and product as well as improves active sites 

by increasing specific surface area. Several strategies have been adopted to develop 

a porous structured catalyst layer, including the three-dimensionally ordered 

inverse-opal structure[14], the hollow core-mesoporous shell carbons [15], the 

metal oxide clusters using aerosol synthesis [16], and the carbon nanofiber or 

carbon nanotube supported catalyst [17,18]. However, the porous catalyst layer 

fabrication often involves several steps of procedures, which increase the process 

cost. 

In this work, the ionomer-free and porous NiFe electrode on Ni foam (p-

NiFe@NF) using a facile one-step electrodeposition process was proposed as 

anode for AEMWE. The three-dimensionally porous structure electrode offers 

improved active sites and mass transfer by controlling applying current during ED 

without additional process. The high electronic conductivity and durability was 

obtained with the ionomer-free electrode. The 3D p-NiFe@NF is directly 
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employed as porous transport layer and catalyst layer with superior AEMWE 

performance and durability. 
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3.2. Experimental 

 

Fabrication of the anode electrode 

The NiFe was directly coated on Ni foam using a one-step ED process. Prior to ED 

of NiFe on Ni foam, Ni foam (Alantum, Republic of Korea) with 1600 μm 

thickness was pressed to 350 μm. For the preparation of electrolyte solution for ED, 

nickel nitrate hexahydrate (Ni(NO3)2·6H2O, Sigma Aldrich, USA), iron nitrate 

nonahydrate (Fe(NO3)3·9H2O, Sigma Aldrich, USA), boric acid (H3BO3, Sigma 

Aldrich, USA) were dissolved in de-ionized (DI) water and the mixture were well 

stirred for more than 2 h. The molar ratio of Ni and Fe precursor were 1:1. ED was 

performed with the standard three-electrode system. The pressed Ni foam, platinum 

mesh and Ag/AgCl were employed as working, counter and reference electrode, 

respectively. The distance between the three electrodes was kept constant during 

the ED process to maintain the ohmic resistance. To deposit NiFe on Ni foam, -50 

mA cm-2 of current was applied to the working electrode using an electrochemical 

workstation (PGSTAT302N, Metrohm, Switzerland) for 600 s at room temperature. 

The fabricated with simple direct current ED process was denoted as e-NiFe@NF. 

To fabricate porous NiFe on Ni foam (p-NiFe@NF), the pulse-current method was 

adopted. -50 and 0 mA cm-2 of current was repeatably applied for 600 cycles, and 

the on/off time ratio was 1. All the samples prepared with ED were rinsed with DI 

water and dried at 80 oC in a vacuum chamber overnight. The mass of e-NiFe and 

p-NiFe deposited on Ni foam was calculated to be about 0.3 mg cm-2. For reference, 

commercial iron-nickel alloy particles (Sigma Aldrich, USA) were sprayed on the 

Ni foam (c-NiFe@NF). The ink solution composed of commercial iron-nickel alloy 

particles (Sigma-Aldrich, USA), 2-propanol (Sigma-Aldrich, USA), and DI water 

was sprayed on Ni foam with an air spraying gun.  
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Physicochemical characterization 

The crystallinity of each sample was investigated by X-ray diffraction (XRD; 

smartlab, Rigaku, Japan) equipped with a Cu target at 40 kV and 30 mA, with a 

scan rate of 2o min-1 in the 2θ range from 20 to 80o. The elemental composition and 

chemical states of catalysts were analyzed by X-ray photoelectron spectroscopy 

(XPS; Sigma Probe, Thermo VG Scientific, USA) with monochromatic Al Kα 

source. The morphologies and compositions were characterized with transmission 

electron microscopy (TEM; JEOL, Japan), element mapping analysis and energy-

dispersive X-ray spectroscopy (EDS; JEOL, Japan). The morphologies of c-

NiFe@NF, e-NiFe@NF, and p-NiFe@NF were characterized using a field 

emission scanning electron microscope (FE-SEM, SUPRA, Carl Zeiss, Germany) 

with 2 kV of accelerating voltage. A focused ion beam (FIB, AURIGA, Carl Zeiss, 

Germany) was adopted to characterizing the cross-section of fabricated catalyst 

layer on Ni foam. To measure the pore size distribution and porosity of electrodes, 

a mercury intrusion porosimeter (PM33GT, Quantachrome, USA) was used.   

 

Fabrication of MEA 

The membrane electrode assembly (MEA) was prepared by sandwiching an FAA-3 

as an anion-exchange membrane (Fumatech, Germany) between the anode catalyst 

on Ni foam and the cathode. For the cathode, the mixture of 40 wt.% Pt/C particles 

(Johnson Matthey, USA) and FAA-3-Br ionomer (Fumatech, Germany) in IPA, DI 

water was sprayed on carbon paper with microporous layer (JNT-40-A3, JNTG, 

Republic of Korea) used as cathode porous transport layer (PTL) and the catalyst 

loading was fixed at 0.4 mgPt cm-2. The active area of the anode and cathode was 5 

cm2.  

 

Electrochemical characterization 
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The single-cell test was performed with the AEMWE test station (CNL Energy, 

Republic of Korea). Pre-heated 1 M KOH solution (SAMCHUN, Republic of 

Korea) at a temperature of 60 oC was supplied into the both anode and cathode with 

constant flow rates of 5 mL min-1. The single-cell temperature was maintained at 

60 oC during the performance test. The polarization curves were obtained using the 

linear sweep method in a range of 1.35 to 2.05 VRHE. with a scan rate of 5 mV s-1. 

For the electrochemical impedance spectroscopy (EIS), a constant current of 1 A 

cm-2 over the frequency range of 0.1 Hz to 100 kHz was applied with the same 

feeding condition temperature of the single-cell operation. The stability of the 

AEMWE was measured with the chronoamperometry method at a current density 

of 1.0 A cm-2. The electrochemical active area (ECSA) of e-NiFe@NF and p-

NiFe@NF electrode was assumed with the double layer capacitance (Cdl) using 

cyclic voltammetry (CV) at scan rates from 10 to 120 mV s-1 in the range of 0.2 to 

0.3 V in the two-electrode system, by using the cathode as a counter and reference 

electrode. 
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3.3. Results and discussion 

 

X-ray photoelectron spectroscopy (XPS) was conducted to investigate the surface 

chemical composition and elemental valence states in the sample. The wide scan 

XPS survey spectra in Fig. 3.3.1(a) obviously shows the presence of Ni, Fe, C and 

O elements. The high-resolution XPS Ni 2p spectra shown in Fig. 3.3.1(b) exhibits 

two main peaks located at 854.7 and 860.6 eV are attributed to Ni2+ 2p3/2 and Ni2+ 

2p1/2, respectively [19]. In the Fe 2p spectra indicated in Fig. 3.3.1(c) exhibits the 

doublet at 710.8 eV for Fe 2p3/2 and 723.8 eV for Fe 2p1/2, indicating the presence 

of Fe2+ in e-NiFe@NF [20]. Fig. 3a, b shows the TEM images of c-NiFe particles 

(Fig. 3.3.2(a)) and e-NiFe (Fig. 3.3.2(b)). The commercial NiFe particles showed 

irregular shape and size distribution. Meanwhile, the synthesized NiFe showed a 

sheet-like shape as it was obtained by scratching from e-NiFe@NF. 

To evaluate the single-cell performance, the e-NiFe@NF anode was used to 

fabricate the MEA, and as a reference, MEA with c-NiFe was employed. From Fig. 

3.3.3(a), the MEA with e-NiFe@NF exhibited an outstanding performance for 

AEMWE, which had obviously a higher current density of 2.82 A cm-2 while the 

conventional MEA showed 1.79 A cm-2 at 1.9 Vcell, indicating the higher 

performance of e-NiFe toward OER. The low ohmic resistance of MEA with e-

NiFe@NF was also confirmed with Nyquist plot shown in Fig. 3.3.3(b). In the 

Nyquist plot, the intersection at x-axis on high frequency is related to the ohmic 

resistance attributed from ionic and electronic transfer. The ionomer included in 

MEA with c-NiFe@NF may improve the ionic mobility between AEM and active 

site on the surface of electrocatalyst, the much lower electron conductivity caused 

the higher ohmic resistance of the MEA with c-NiFe@NF than the MEA with e-

NiFe@NF. Thus, this superior performance of e-NiFe@NF is mainly derived from 

the high catalytic activity of e-NiFe and ionomer-free catalyst layer.  
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Fig. 3.3.4 shows the cross-section images of e-NiFe@NF and p-NiFe@NF using 

FIB. As observed, the p-NiFe@NF exhibits dense structure up to 1 μm; above 1 μm, 

the pores increase, while e-NiFe@NF shows dense formation without distinct pores. 

The total thickness of p-NiFe@NF and e-NiFe@NF was about 2.0 μm and 1.4 μm, 

respectively. The thicker catalyst layer of p-NiFe@NF is attributed to the porous 

structure even same loading (~ 0.3 mg cm-2) with e-NiFe@NF. This distinct 

morphology of p-NiFe@NF was associated with the ED process. The film 

formation of metals using ED follows the three steps: nucleation, growth, film 

formation [21]. When the e-NiFe@NF is prepared using direct current process, as 

shown in Fig. 3.3.5(a), potential rapidly decrease from 0 to -2.9 VAg/AgCl during the 

first 50 s, which is region of nucleation on the surface of Ni foam. Between 50 and 

600 s which exhibits relatively stable potential profile, the NiFe film was grew up 

on the nuclear. With the pulse current process, however, the potential dynamically 

changed as the repeated applied current. After 600 s, the potential was gradually 

increased to – 2.1 VAg/AgCl, which could be generate small hydrogen bubbles on the 

working electrode. The pores on p-NiFe@NF are attributed to those small 

hydrogen bubbles that could not be removed on the surface because those are too 

small to detached from the surface on the Ni foam. 
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Figure 3.3.1 (a) XPS survey spectrum of e-NiFe@NF and the corresponding high-

resolution XPS spectra of (b) Ni 2p, (c) Fe 2p. 
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Figure 3.3.2 TEM images of (a) c-NiFe and (b) e-NiFe scratched off from the e-

NiFe@NF. Scale bar represents 100 nm. 
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Figure 3.3.3 (a) Polarization curves and (b) Nyquist plots in the e-NiFe@NF MEA 

and c-NiFe@NF MEA. The catalyst loading for anode is 0.3 mg cm-2 
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Figure 3.3.4 FE-SEM images of (a) e-NiFe@NF and (b) p-NiFe@NF. The scale 

bars represent 2 μm. 
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Figure 3.3.5 Voltage profile during the fabrication of (a) e-NiFe@NF and (b) p-

NiFe@NF 
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Fig. 3.3.6(a) shows the polarization curves of MEA with e-NiFe@NF and p-

NiFe@NF. The performance of MEA with p-NiFe@NF is significantly higher than 

that of MEA with NiFe@NF, indicating a current density of 3.87 A cm-2 at 1.9 V. 

The advantage of novel structured p-NiFe@NF was also verified by EIS analysis. 

The EIS analysis was conducted at constant current mode at different current 

density. To observe catalytic kinetics, EIS analysis was conducted at 0.1 A cm-2 and 

1 A cm-2 to observe catalytic kinetics and mass transfer, respectively. The smaller 

diameter of semicircle of MEA with p-NiFe@NF in the Nyquist plot at 0.1 A cm-2 

is may attributed to higher active sites due to the large interface area between the 

reactant and the surface of catalyst layer owing to the porous electrode morphology. 

Moreover, the MEA with p-NiFe@NF showed smaller semicircle at 1.0 A cm-2 as 

well, implying improved mass transfer [22], since the porous structure of p-

NiFe@NF facilitates the access of reactant to the active sites. In addition, the 

electrochemical active area (ECSA) of the p-NiFe@NF and e-NiFe@NF were 

estimated from double-layer capacitance (Cdl), which obtained from cyclic 

voltammetry (CV) at non-faradaic region with various scan rate. The Cdl of p-

NiFe@NF was 21 mF cm-2 while NiFe@NF was 6 mF cm-2. We found that the p-

NiFe@NF has a higher ECSA than e-NiFe@NF, suggesting that the p-NiFe@NF 

have more active sites owing to the porous structure than e-NiFe@NF. This novel 

structure in p-NiFe@NF greatly influenced to performance of AEMWE by 

enhancing catalytic kinetics and mass transfer. To examine the durability of the 

MEAs with c-NiFe@NF and p-NiFe@NF, chronopotentiometry at an applied 

current density of 1 A cm-2 was used for 100 h. As shown in Fig. 3.3.7, the potential 

of MEA with c-NiFe@NF rapidly increased in 100 h, showing 11.2 mV h-1 of 

potential increasing rate. In contrast, the potential gap of MEA with p-NiFe@NF 

between before and after 100 h exhibited remarkably lower value than that of c-

NiFe@NF under same operating conditions. The lower electrode durability of c-

NiFe@NF may be attributed to the low durability of ionomer contained in the 

catalyst layer. The binding strength of ionomer in the c-NiFe@NF is weak to 
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support the particles, resulting in the detachment of catalyst from the c-NiFe@NF 

electrode under circulation of feeding solution [23]. Moreover, the contained 

ionomer accelerates the degradation of AEMWE due to the decomposition of 

ionomers in the catalyst layer. Overall, the high performance and durability of p-

NiFe@NF are mainly contributed to the following factors: (1) low ohmic resistance 

owing to the absence of non-electronic conductive ionomer, (2) enhanced mass 

transfer owing to the highly porous catalyst layer structure. 
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Figure 3.3.6 (a) The capacitive currents vs. scan rate of e-NiFe@NF MEA and p-

NiFe@NF MEA. The linear slope is corresponded to the double-layer capacitance 

(Cdl) (b) Polarization curves and (b) Nyquist plots in the e-NiFe@NF MEA and p-

NiFe@NF MEA. The catalyst loading for anode is 0.3 mg cm-2. The Nyquist plots 

were obtained at 1.0 A cm-2. 
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Figure 3.3.7 Durability test of AEMWEs with c-NiFe@NF, e-NiFe@NF, and p-

NiFe@NF at a constant current density of 1 A cm-2. 
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3.4. Conclusion 

We developed the three-dimensional porous electrode without ionomer 

by only inducing off time during the ED process. The three-dimensional 

porous structure offered two advantages. First, high catalyst utilization 

was obtained by enlarging the specific surface area of catalyst layer. 

Secondly, enhanced mass transfer could be achieved by the macropores in 

the catalyst layer. The ionomer-free composition showed low ohmic 

resistance due to the absence of non-electronic conductive ionomer. 

Moreover, it prevented the degradation of electrode. These merits 

contribute to the outstanding performance (3.87 A cm-2 at 1.9 Vcell) and 

durability (increasing potential rate of 11.1 mV h-1) for AEMWE.  
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Chapter 4. Direct coated iridium nickel oxide on 

porous-transport layer as anode for high-

performance proton-exchange membrane water 

electrolyzers 

4.1. Introduction 

Green hydrogen, which does not emit carbon dioxide, is attracting attention as a 

promising energy source. It is produced as the water electrolyzer that splits water 

into hydrogen and oxygen using electricity. Three types of water electrolyzer have 

been developed: Alkaline water electrolyzer (AWE), anion-exchange membrane 

water electrolyzer (AEMWE), and proton-exchange membrane water electrolyzer 

(PEMWE).[1, 2] Three water electrolyzers are classified by the type of electrolyte. 

AWE, AEMWE, and PEMWE are the water electrolyzer with the liquid alkaline 

electrolyte, anion-exchange membrane, and proton-exchange membrane (PEM), 

respectively. Among them, PEMWE showed the highest efficiency and stability 

because the PEM exhibited the highest ionic conductivity and stability.[3, 4] 

Additionally, the hydrogen purity is high due to the absence of liquid at the cathode 

where the hydrogen is produced. Despite these advantages, the high cost of 

PEMWE is considered as an obstacle to its commercialization.[5] 

High-active oxygen evolution reaction (OER) catalysts have been widely proposed 

to improve the PEMWE performance. It is well known that Ir is the best OER 

catalyst in an acid electrolyte. To increase the OER activity and reduce the Ir 

loading, the introduction of transition metals on Ir as a form of alloy has been 

investigated.[6, 7] For example, various Ir-transition metal catalysts such as IrCu,[8, 

9] IrCo,[10, 11] and IrNi[12, 13] showing superior activity and stability compared 

to the Ir have been developed. Zhou et al.[9] developed IrCu alloy OER catalyst 

showing high OER activity at 10 mA cm-2 of 270-290 mV. The high OER activity 
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is attributed to the modified electronic structure in Ir. Ma et al. [10] synthesized the 

IrCo@IrCoOx nanoparticles as the OER catalyst. The catalysts exhibited higher 

activity (260-385 mV at 10 mA cm-2) compared to the Ir/C (452 mV at 10 mA cm-

2), showing its high stability. They stated that the high OER activity could be owing 

to the promoted water adsorption.[10]  Reier et al.[12] proposed IrNi oxide OER 

catalyst, exhibiting 20 times activity enhancement. They mentioned that the high 

OER activity of IrNi is due to the low binding energy caused by the coverage of 

surface hydroxyls. Among the developed OER catalysts, IrNi-based catalysts 

exhibited the highest OER activity and stability with low binding energy of oxygen 

intermediates compared to the Ir-based catalyst.[14] 

The electrode designs with ultra-low catalyst loading have been developed to 

enhance the PEMWE performance with low-cost. In the conventional electrode, the 

catalyst nanoparticles were stacked in a form of layer with the thickness of a few 

micrometers. Also, to prepare the dense layer consisting of catalyst nanoparticles, 

the polymeric ionomer was introduced as the binder and ion conductor. However, 

the thick catalyst layer and the use of non-conductive ionomer led to the increase in 

ohmic resistance. To address these disadvantages, the alternative electrode designs 

have been developed: macroporous electrode,[15] wire-stacked electrode,[16] and 

directly coated electrode.[17, 18] Because these designs are three-dimensional 

porous electrode without the polymeric ionomer, they can reduce the ohmic 

resistance, and thereby increasing PEMWE performance.[19]  

Here we develop a directly coated anode with IrNiOx (directly coated IrNiOx 

electrode) to enhance the PEMWE performance. Figure 4.3.1(a) illustrates the 

PEMWEs with the IrNiOx electrode and the sprayed electrode using the 

commercial IrO2 nanoparticles. While the commercial IrO2 nanoparticles were 

densely packed with non-conductive ionomer in the sprayed IrO2 anode, the IrNiOx 

thin film was directly deposited onto the PTL in the directly coated IrNiOx anode. 

The directly coated IrNiOx electrode can enhance the OER activity, electron 
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transport, and mass transport due to its electrode structure. To attain the high-active 

IrNiOx electrode, the electrodes with different ratio of Ir to Ni were developed 

using co-electrodeposition. As a result of the investigation, the IrNiOx 

electrodeposited using 7: 3 precursor solution (7_3) showed the highest OER 

activity and PEMWE performance among the five IrNiOx electrodes. Also, various 

membrane-electrode assembly (MEA) parameters, i.e. catalyst compositions, 

porous-transport layer (PTL) types, and hot-pressing process, were investigated to 

determine the PEMWE with the directly coated electrode. As a result, the 

performance of PEMWE with the optimized 7_3 electrode was higher than that 

with the commercial IrO2 electrode, showing the highest performance reported to 

date. 
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4.2. Experimental 

Preparation of IrNiOx electrodes and conventional electrode 

The IrNiOx electrodes with different ratios of Ir to Ni were prepared using co-

electrodeposition. Five electrodes were electrodeposited on the carbon paper (C-

PTL; JNTG40, JNTG, Republic of Korea) or titanium paper (Ti-PTL; CNL Co., 

Republic of Korea) using different precursor solutions. Iridium (Ⅲ) chloride 

hydrate (IrCl3·xH2O; Sigma Aldrich Co., USA) and Nickel (Ⅱ) chloride 

hexahydrate (NiCl2·6H2O; Sigma Aldrich Co., USA) were chosen as the Ir and Ni 

precursor, respectively. Using these precursors, the solution was prepared using the 

modified method reported in the literature. [17]  (10-x) mM IrCl3·xH2O, x mM 

NiCl2·6H2O, 100 mM hydrogen peroxide, 40 mM oxalic acid, 340 mM potassium 

carbonate, and distilled water (DI water) was used in the solution (x: 0, 3, 5, 7, and 

10). The IrNiOx electrodes with different x of 0, 3, 5, 7, and 10 were referred as the 

10_0, 7_3, 5_5, 3_7, and 0_10). The co-electrodeposition was conducted based on 

a three-electrode cell using C-PTL or Ti-PTL as the working electrode. Platinum 

mesh (Alfa aesar Co., USA) and Ag/AgCl electrode (SCE; CH instruments Co., 

USA) were employed as the counter and reference electrode, respectively. A 

constant voltage of 0.7 V vs. SCE was conducted for 10 min to fabricate five 

IrNiOx electrodes. After the co-electrodeposition, the prepared electrodes were 

washed using DI water to remove the residues. The conventional electrode was also 

prepared as the comparison sample to IrNiOx electrode. It was fabricated using 

spraying method reported in previous study. The spray slurry included commercial 

IrO2 catalyst (Alfa aesar Co., USA), NafionTM ionomer (Dupont Co., Germany), DI 

water, and isopropanol (Sigma Aldrich Co., USA).  The catalyst loading and 

ionomer content was 2.0 mg cm-2 and 10 wt. %.  

 

Physicochemical characterization 
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The surface morphologies of the IrNiOx electrodes were investigated using Field-

emission scanning electron microscopy (FE-SEM; SUPRA 55VP, Carl Zeiss, 

Germany). The cross-section morphology of IrNiOx electrodes was examined using 

FE-SEM (AURIGA, Carl Zeiss, Germany) and Focused ion beam (FIB; AURIGA, 

Carl Zeiss, Germany). EDX analysis was used to investigate the elemental 

mapping of IrNiOx electrodes. X-ray photoelectron spectroscopy (XPS; AXIS 

SUPRA, Kratos, U.K) was employed to analyze the chemical states of electrodes.  

The chemical compositions were examined using X-ray diffraction (XRD; 

JP/D/MAX-2500H, Regaku, USA). The IrNi loadings and ratios of Ir to Ni in the 

IrNiOx electrode were measured using an inductively coupled plasma-mass 

spectrometer (ICP-MS; Varian 820-MS, Varian, Australia).  

 

Electrochemical characterization 

The OER catalytic activities of the directly coated IrNiOx electrodes were 

evaluated in 0.1 M HClO4 electrolyte. The active area was 1 cm2. The sprayed IrO2 

electrode was employed as the reference electrode. In the sprayed electrode, a 

commercial IrO2 nanoparticles (Alfa Aesar Co., USA) with the Nafion ionomer 

(Dupont Co., Germany) of 10 wt.% and the catalyst loading of 1.0 mg cm-2 were 

fabricated. The three-electrode cell was employed using five IrNiOx electrode and 

sprayed electrode, platinum mesh and Ag/AgCl electrode as the working, counter 

and reference electrodes, respectively. Linear sweep voltammetry (LSV) was 

performed using a potentiostat (Metrohm Autolab Co., Netherlands). The voltage 

was conducted from 1.25 to 1.65 V vs. reversible hydrogen electrode (RHE). The 

scan rate was 10 mV s-1. The chronopotentiomery was applied at a constant current 

density of 10 mA cm-2 for 50 h to investigate the stability of the IrNiOx electrode. 

 

PEMWE single-cell test 
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The PEMWE performance was evaluated based on a single-cell test with an active 

area of 5 cm2. The Nafion212TM (Dupont Co., Germany) with the thickness of 50 

μm was used as a PEM. The prepared IrNiOx electrode and conventional electrode 

were applied in the anode. In the cathode, Pt/C catalyst was sprayed onto the PEM 

with a loading of 0.4 mg cm-2 and Nafion ionomer content of 30 wt.%. Carbon 

paper (JNTG40-A3, JNTG Co, Republic of Korea) was used in the cathode PTL. 

The anode, cathode, and PEM were assembled with or without the hot-pressing 

process to fabricate the PEMWE single-cell. The hot-pressing condition is the 

temperature of 130 °C and the pressing time of 10 min. The cell temperature was 

maintained at 80 °C using a heating system. The DI water was chosen as the 

reactant of PEMWE. After pre-heated at 60 °C, it was supplied into the anode. The 

flow rate of reactant was 1 ml min-1. Polarization curve was measured to evaluate 

the effect of the prepared electrode on practical PEMWE performance. The voltage 

was applied on the anode with a scan from 1.25 to 2.05 V The scan rate was 10 mV 

s-1. Cyclic voltammetry (CV) was applied to compare the electrochemical surface 

area (ECSA). The directly coated and the sprayed electrode were used in the 

working electrode. The 40 wt.% Pt/C with the loading of 0.2 mg cm-2 was 

employed as the counter electrode. The fully humified hydrogen (150 mL min-1) 

and nitrogen (200 mL min-1) were supplied into the counter and working electrode, 

respectively. The scan rates with 10, 50, 100, 150, and 200 mV s-1 were applied.  
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4.3. Results and discussion 

Preparation and physical characterizations of IrNiOx electrodes 

The directly coated IrNiOx electrodes were synthesized using the co-

electrodeposition where various kinds of precursors were applied simultaneously. 

To deposit the IrNiOx electrode, IrCl3·xH2O and NiCl2·6H2O were employed as the 

Ir and Ni precursor, respectively. By adjusting the ratios of Ir to Ni precursor in the 

ED solution, five IrNiOx electrodes consisting of different ratios of Ir to Ni were 

synthesized. Five IrNiOx electrodes (10_0, 7_3, 5_5, 3_7, and 0_10) were 

electrodeposited onto the PTL using different precursor solutions with the ratio of 

Ir to Ni of 10: 0, 7: 3, 5: 5, 3: 7, and 0: 10. These electrodes were fabricated using 

anodic electrodeposition with the applied voltage of 0.7 V vs. SCE.[17]  

Top-view morphologies of five IrNiOx electrodes and pristine PTL were presented 

in Figure 4.3.1(b) and Figure 4.3.2. As shown in FE-SEM images, the pristine PTL 

consists of the polytetrafluoroethylene (PTFE) coating between the carbon 

framework. For the five electrodes, IrNiOx layers with the form of thin film were 

deposited onto and between the carbon framework. Figure 1c shows the cross-view 

FE-SEM image after the FIB analysis of the 7_3 electrode. Especially, the IrNiOx 

layer with the thickness of approximately 100 – 200 nm was synthesized onto the 

framework of carbon PTL (Figure 4.3.1(c)). Also, the EDX images (Figure 4.3.1(d-

g)) show that the Ir, Ni, and O atoms uniformly distributed in the IrNiOx layer on 

the carbon PTL. These results indicate that the IrNiOx thin film was well-developed 

on the directly coated electrode.   
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Figure 4.3.1 (a) Schematic diagrams of PEMWEs with the directly coated IrNiOx 

electrode and the sprayed IrO2 electrode. (b) Top-view and (c) cross-section view 

after FIB analysis of FE-SEM image of IrNiOx electrode. (d-g) Elemental mapping 

of EDX analysis of IrNiOx electrode. 
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Figure 4.3.2 Field-emission scanning electron microscopy images of (a) pristine 

porous transport layer (PTL), (b–f) IrNiOx electrodes: (b) 10_0, (c) 7_3, (d) 5_5, 

(e) 3_7, and (f) 0_10. The scale bar is 100 μm. 
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Chemical characterizations of IrNiOx electrodes 

The chemical compositions of IrNiOx electrodes were presented in Figure 4.3.3. 

Figure 4.3.3(a-b) present the Ir 4f and Ni 2p XPS spectra of IrNiOx electrodes. The 

Ir 4f of 10_0 shows binding energies of 61.9 for Ir 4f7/2 and 65.0 for Ir 4f5/2, with 

two shakeup satellites, which are associated with Ir4+ and Ir3+. [20] With respect to 

IrNiOx, additional peaks near 67.0 and 68.1 eV correspond to a spin-orbit doublet 

and shakeup satellite of Ni 3p.[21] The binding energies of Ir 4f7/2 and Ir 4f5/2 was 

shifted to the high binding energies of ~ 62.2 and ~ 65.2 eV, as the contents of Ni 

precursor increased in the ED solution. The XPS spectra peaks for 7_3 located at 

843.1 and 855.6 eV are referred to Ni 2p3/2 and Ni 2p1/2 with two shakeup 

satellites.[21] The corresponding binding energies for Ni 2p3/2 and Ni 2p1/2 of 0_10 

was also shifted to ~ 854.9 and ~ 872.1 eV as the contents of Ni precursor 

increased.[12] The positive shift in Ir 4f and Ni 2p doublet positions with an 

increase in Ni content indicates the modification of the electronic structure of 

IrNiOx for the different compositions. [12, 21] 

Figure 4.3.3(c) shows the XRD spectra of IrNiOx electrodes. Peaks indexed to C 

substrate (JCPDS 41-1487) exist in the XRD spectra.[22, 23] The characteristic 

peak at approximately 26º was seen in all IrNiOx electrodes. By contrast, no peaks 

corresponding to Ir and Ni were observed in Figure 4.3.3(c). This XRD result 

suggests that the directly coated IrNiOx electrodes exhibit an amorphous phase. It is 

reported that amorphous phase existed in the electrodes prepared using 

electrodeposition process.[24, 25] Also, the ratios of Ir to Ni in IrNiOx electrodes 

were analyzed using the ICP-MS, shown in Figure 2d. The Ir: Ni ratios of the 10_0, 

7_3, 5_5, 3_7, and 0_10 electrodes were approximately 10: 0, 5: 5, 3: 7, 1: 9, and 

0: 10, respectively. According the results, the 10_0, 7_3, 5_5, 3_7, and 0_10 

electrodes were named as IrOx, Ir0.5Ni0.5Ox, Ir0.3Ni0.7Ox, Ir0.1Ni0.9Ox, and NiOx. Also, 

the IrNi loadings in the 10_0, 7_3, 5_5, 3_7, and 0_10 electrodes were 0.52, 0.50, 

0.82, 0.65, and 0.86 mg cm-2, respectively.  
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Figure 4.3.3 (a) Ir 4f and (b) Ni 2p of XPS spectra, (c) XRD spectra, and (d) the 

compositions of Ir and Ni measured by ICP-MS of five IrNiOx electrodes (10_0, 

7_3, 5_5, 3_7, and 0_10). 
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Electrochemical characterizations of IrNiOx electrodes  

The OER catalytic activities of the directly coated IrOx IrNiOx (Ir0.5Ni0.5Ox, 

Ir0.3Ni0.7Ox, and Ir0.1Ni0.9Ox), and NiOx electrodes were explored using half-cell 

tests. Figure 3a presents the LSV curves of five electrodes in a 0.1 M HClO4. The 

NiOx electrode showed significant low OER catalytic activity. When the amount of 

Ir, the catalyst that catalyzed by OER, was increased, the OER activity was 

enhanced. Among the IrNiOx electrodes, the Ir0.5Ni0.5Ox exhibited the highest 

activity due to high Ir amount. Furthermore, the Ir0.5Ni0.5Ox electrode (350 mV at 

10 mA cm-2) exhibited higher catalytic activity compared to the IrOx electrode (385 

mV at 10 mA cm-2). This indicates that the addition of Ni in the IrOx electrode 

enhanced the catalytic activity, which is consistent with the results reported to 

date.[12, 13]  Figure 3b shows the Tafel plots of five electrodes. The Tafel slopes 

of the IrOx, Ir0.5Ni0.5Ox, Ir0.3Ni0.7Ox, and Ir0.1Ni0.9Ox and NiOx electrode were 127.08, 

126.44, 127.65, 230.88, and 302.35 mV dec-1, respectively. The Ir0.5Ni0.5Ox was the 

lowest among the samples. These results indicate that the Ir0.5Ni0.5Ox electrode 

synthesized using precursor with the ratio of Ir to Ni of 7: 3 has the highest OER 

activity in acid electrolyte. The catalytic stability of the Ir0.5Ni0.5Ox electrode was 

shown in the Figure 4.3.4(c). The OER stability of the Ir0.5Ni0.5Ox electrode was 

evaluated under a constant current density of 10 mA cm-2 for 50 h. The 

overpotential at 10 mA cm-2 of the Ir0.5Ni0.5Ox electrode was maintained without a 

significant increase. Therefore, the Ir0.5Ni0.5Ox is determined to be a suitable OER 

catalyst in the anode of PEMWE exhibiting the high-active and stable activity, 

among the prepared directly coated electrodes. 

The OER catalytic activities of the directly coated Ir0.5Ni0.5Ox, electrode and 

commercial IrO2 were compared, as shown in Figure 4.3.5(a). The directly coated 

Ir0.5Ni0.5Ox electrode exhibited slightly higher than the commercial IrO2 

nanoparticle (commercial_IrO2). Also, the Tafel plot of the Ir0.5Ni0.5Ox electrode 

was slightly lower than that of commercial IrO2 (128.08 mV dec-1) (Figure 
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4.3.5(b)). Also, the comparison of the catalytic stabilities of the Ir0.5Ni0.5Ox 

electrode was shown in the Figure 4.3.5(c). The OER stabilities of the electrodes 

were performed under a constant current density of 10 mA cm-2 for 50 h. The 

overpotential at 10 mA cm-2 of the commercial_IrO2 electrode was gradually 

increased for 50 h, which could be owing to the detachment of catalyst 

nanoparticles. By contrast, the Ir0.5Ni0.5Ox electrode showed the maintained 

overpotential without a significant increase. Therefore, the Ir0.5Ni0.5Ox exhibited 

slightly higher OER activity and better durability in an acidic electrode compared 

to the commercial IrO2 nanoparticles. 
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Figure 4.3.4 (a) Linear sweep voltammograms of five IrNiOx electrodes (IrOx, 

Ir0.5Ni0.5Ox, Ir0.3Ni0.7Ox, Ir0.1Ni0.9Ox, and NiOx) in 0.1 M HClO4 solution. (b) Tafel 

plots of IrOx, Ir0.5Ni0.5Ox, Ir0.3Ni0.7Ox, Ir0.1Ni0.9Ox, and NiOx electrodes derived from 

Figure 4.3.4(a). (c) Stability test of Ir0.5Ni0.5Ox electrode conducted at a constant 

current density of 10 mA cm-2 for 50 h. 
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Figure 4.3.5 (a) Linear sweep voltammograms of the directly coated Ir0.5Ni0.5Ox 

and the sprayed IrO2 electrodes in 0.1 M HClO4 solution. (b) Tafel plots of the 

directly coated Ir0.5Ni0.5Ox and the sprayed IrO2 electrodes derived from Figure 

S2(a). (c) A comparison of the stability tests of the directly coated Ir0.5Ni0.5Ox and 

the sprayed IrO2 electrodes conducted at a constant current density of 10 mA cm-2 

for 50 h. 
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Effect of MEA parameters for PEMWE with IrNiOx electrodes. 

Various MEA parameters, such as the effect of the catalyst compositions, the PTL 

types, and the presence/absence of hot-pressing process were investigated to 

achieve high-performance PEMWE with the directly coated IrNiOx electrodes. To 

investigate the effect of ratio of Ir to Ni in the IrNiOx electrode on the PEMWE 

performance, the PEMWEs with different IrNiOx electrodes were prepared and 

evaluated. Figure 4.3.6(a) presents the single-cell performance of PEMWEs with 

the IrOx, Ir0.5Ni0.5Ox, Ir0.3Ni0.7Ox, Ir0.1Ni0.9Ox, and NiOx electrodes (IrOx, Ir0.5Ni0.5Ox, 

Ir0.3Ni0.7Ox, Ir0.1Ni0.9Ox, and NiOx). The performance at 1.6 V was increased in the 

order of Ir0.5Ni0.5Ox > Ir0.3Ni0.7Ox > IrOx > Ir0.1Ni0.9Ox >NiOx. The trend is 

consistent with the results of the OER activities obtained using the half-cell test 

(Figure 4.3.4(a-b)). In addition to the half-cell test, the single-cell test showed that 

the Ir0.5Ni0.5Ox exhibited the highest PEMWE performance among the electrodes. 

The effect of PTL types on the PEMWE performance was presented in Figure 

4.3.6(b). Carbon[17, 26] and titanium paper [18, 26, 27] have been widely applied 

as the anode PTL for PEMWE. To compare the performance of PEMWE with 

different PTLs, two anode PTL types were employed as the substrate of the directly 

coated IrOx electrode to prepare two PEMWEs (IrOx_C and IrOx_Ti). The 

performance at 1.6 V of the IrOx_Ti was higher than that of the IrOx_C. This 

difference is ascribed to the effect of electrical conductivity of PTL. The titanium 

paper exhibited smaller sheet resistance than the carbon paper, indicating that it had 

higher electrical conductivity. In addition, the titanium paper can be more corrosion 

resistive compared to the carbon paper. The carbon corrosion can easily happen 

under high voltage in acidic electrolyte. Thus, the titanium paper is optimal PTL 

for the directly coated electrode for PEMWE.  

The effect of hot-pressing process was examined to enhance the PEMWE 

performance using the directly coated electrode. As mentioned above, the PEMWE 

with the directly coated electrode exhibited still low performance at 1.6 V of ~ 100 
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mA cm-2. To increase the PEMWE performance, an additional hot-pressing process 

is applied. Figure 4.3.6(c) shows the polarization curves of PEMWEs with the IrOx 

electrodes with and without the hot-pressing process. When the MEA was prepared 

without the hot-pressing process, the PEMWE performance was significantly low, 

showing the current density at 1.6 V of 56 mA cm-2. On the other hand, the 

application of hot-pressing process in the MEA fabrication resulted in a sharp 

performance enhancement. This implies that the hot-pressing is necessary process 

for the fabrication of the MEA incorporated with the directly coated electrode. For 

the conventional electrode fabricated using the spraying method, the direct 

spraying of the catalyst slurry onto the membrane can enhance the 

membrane/electrode interface. On the other hand, the interface between membrane 

and the directly coated electrode is difficult as they are separate. The hot-pressing 

could improve their interface, which is attributed to the enhanced adhesion.[28, 29] 

Therefore, the additional hot-pressing process is required to prepare PEMWE with 

the directly coated electrode. 
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Figure 4.3.6 (a) Polarization curves of PEMWEs incorporating five IrNiOx 

electrodes (IrOx, Ir0.5Ni0.5Ox, Ir0.3Ni0.7Ox, Ir0.1Ni0.9Ox, and NiOx) coated on the 

carbon paper. (b) Performances of PEMWEs with the IrOx electrodes with different 

substrates (Ti_paper and C_paper). (c) Polarization curves of PEMWEs using the 

IrOx electrodes prepared with and without the hot-pressing process (w/_HT and 

w/o_HT). The cell temperature was maintained at 80 ºC. The preheated DI water 

was fed into the anode with a flow rate of 1 ml min-1. 
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Single-cell performance of PEMWE with the optimized Ir0.5Ni0.5Ox electrode 

and the sprayed IrO2 electrode. 

Figure 5a shows the polarization curves of the PEMWE with the optimized directly 

coated electrode (DC_Ir0.5Ni0.5Ox) and the sprayed IrO2 electrode 

(Commercial_IrO2). The current densities at 1.6 V of the DC_Ir0.5Ni0.5Ox) and the 

commercial_IrO2 were 1350 and 925 mA cm-2, respectively. Although the 

Ir0.5Ni0.5Ox had a similar catalyst activity with the commercial IrO2 nanoparticles 

(Figure 4.3.5(a)), the DC_Ir0.5Ni0.5Ox showed much higher PEMWE performance 

than the commercial IrO2. The PEMWE performance enhancement is due to two 

effects: the electrode design effect and the alloy effect. As shown in Figure 4.3.8(a), 

the PEMWEs with the directly coated IrOx electrode (DC_IrOx) and the sprayed 

electrode with commercial IrO2 were evaluated to prove the electrode design effect. 

The performance enhancement in low current densities region was observed, which 

is the difference in electrode design. On the other hand, the performance of DC_ 

Ir0.5Ni0.5Ox was enhanced in high current densities region compared to the DC_IrOx 

electrode. This is owing to the introduction of Ni into the IrOX. We can conclude 

that the high PEMWE performance of DC_ Ir0.5Ni0.5Ox electrode was attributed to 

the synergistic effect of electrode design and alloy. The DC_Ir0.5Ni0.5Ox exhibited 

1.46 times higher performance at 1.6 V compared to the commercial_IrO2. In 

addition, the achieved performance is the highest value among the research on 

anode of PEMWE despite its low catalyst loading.[15-18, 30-36]  

The ECSAs of the DC_ Ir0.5Ni0.5Ox and the commercial_IrO2 were compared in 

Figure 4.3.7(c). The ECSA was estimated by measuring the double-layer 

capacitance obtained at various scan rates of CV curves in a non-faradaic region 

which is a range of 0.2 to 0.3 VRHE.[37, 38]  Figure 4.3.7(c) presents the curves of 

total currents for the PEMWEs with the DC_ Ir0.5Ni0.5Ox and the commercial_IrO2 

at the corresponding scan rate. The slope of the DC_ Ir0.5Ni0.5Ox was higher than 

that of the commercial_IrO2 electrode, implying that the DC_Ir0.5Ni0.5Ox had larger 
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ECSA. Due to its larger ECSA, the DC_Ir0.5Ni0.5Ox electrode exhibited higher 

PEMWE performance than the commercial_IrO2 electrode. 

The pore-size distributions of two electrodes were analyzed in Figure 4.3.7(d). The 

pores in the electrodes were measured using the mercury porosimeter. The pores 

with size of 20 – 40 nm were mainly developed in the commercial_IrO2 electrode. 

The developed pores are the secondary pores formed when the IrO2 nanoparticles 

were deposited using the spraying method with the catalyst slurry. Unlike the 

commercial_IrO2 electrode, the DC_ Ir0.5Ni0.5Ox electrode had the larger pores with 

the size of 40 – 100 μm. It is the Ir0.5Ni0.5Ox layer directly coated onto the PTL. The 

DC_ Ir0.5Ni0.5Ox electrode had its porous structure similar with the that of PTL. 

These results indicate that the DC_ Ir0.5Ni0.5Ox electrode had the larger pores 

compared to the commercial_IrO2 electrode.  
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Figure 4.3.7 (a) Polarization curves of PEMWE using Ir0.5Ni0.5Ox electrode 

(DC_Ir0.5Ni0.5Ox) and commercial IrO2 nanoparticles (Commercial_IrO2). The Ti 

paper was employed as the anode PTL. The hot-pressing was applied to prepare 

MEA. The catalyst loading was 0.5 mg cm-2. The cell temperature was maintained 

at 80 ºC. The preheated DI water was fed into the anode with a flow rate of 1 ml 

min-1. (b) Comparison of the performance achieved in this study with those 

reported in the literature. (c) Plot of current density differences of the 

DC_Ir0.5Ni0.5Ox and the commercial_IrO2 against scan rates from CV. (d) Pore-size 

distribution of Ir0.5Ni0.5Ox electrode and commercial electrode. 
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Figure 4.3.8 (a) Polarization curves of PEMWEs incorporated with the DC_IrOx 

and the commercial_IrO2 electrodes. (b) Performances of PEMWEs with the 

DC_Ir0.5Ni0.5Ox and the DC_IrOx electrodes. The cell temperature was maintained 

at 80 ºC. The preheated distilled (DI) water was supplied to the anode at a flow rate 

of 1 mL min-1. 
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4.4. Conclusion 

The development of high-performance anode design is important for low-cost 

proton-exchange membrane water electrolyzer (PEMWE). In this study, we report 

an iridium nickel oxide directly coated anode (IrNiOx electrode) for high-efficient 

PEMWE. Five IrNiOx electrodes with different ratio of Ir to Ni were developed 

using co-electrodeposition. The resulting electrodes consist of thin IrNiOx layer on 

the Ti substrate. To develop the PEMWE incorporating IrNiOx electrode, the effect 

of catalyst compositions, porous transport layer (PTL), and fabrication methods 

were investigated. As a result, the directly coated Ir0.5Ni0.5Ox electrode (350 mV at 

10 mA cm-2) exhibited higher OER activity compared to the directly coated IrOx 

electrode (385 mV at 10 mA cm-2) and the sprayed IrO2 electrode (mV at 10 mA 

cm-2). Also, the performance of PEMWE with the Ir0.5Ni0.5Ox electrode was higher 

than that with the IrOx electrode. This is attributed to the increased electrochemical 

surface area due to the introduction of Ni in the Ir. As a result of the investigation 

of the MEA parameters, the PEMWE with optimized directly coated electrode was 

determined to fabricate the DC_Ir0.5Ni0.5Ox. When compared to the 

commercial_IrO2, the electrode achieved outstanding PEMWE performance at 1.6 

V of 1350 mA cm-2, which is due to the synergistic effect of the IrNi alloy and the 

structural characteristics of the directly coated electrode.   
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국문 초록 

수소는 이산화탄소 배출을 하지 않고, 높은 에너지 밀도를 나타내기 

때문에 화석 연료를 대체할 수 있는 신재생 에너지원으로 각광받고 있다. 

수소는 주로 증기 개질, 바이오매스 전환, 수전해를 통해 얻을 수 있다. 

그 중에서도 수전해는 높은 에너지밀도를 가지고 있고, 탄소를 배출하지 

않아 지속 가능한 수소 생산방법으로 주목받고 있다. 이와 관련하여 

지금까지 전기촉매의 활성에 대한 연구는 광범위하게 진행되어 왔고, 

상당한 진전을 이루었다. 그러나 반쪽전지에서의 우수한 활성은 

단위전지에서의 성능으로 이어지지 않는데, 실제 수전해는 추가적인 

실험적 요인을 고려해야 하기 때문이다.  

알말리 수전해가 이미 상용화된 가운데, 양이온 교환 막 또는 음이온 

교환 막을 포함하는 고분자 전해질 막을 이용한 고분자 전해질 막 

수전해는 zero-gap 설계로 인한 높은 효율과 고순도의 수소 생산이 

가능해 유망한 수전해 방법으로 간주된다. 

본 논문에서, 여러가지 접근방법을 통해 고분자 전해질 막 수전해용 

다공성 전극 구조를 단위 전지에서의 우수한 성능을 실현하였다. 

제 1 장에서는, 뒤의 내용을 명확하게 이해하기 위해 양이온 교환 막 

또는 음이온 교환 막을 이용한 수전해의 일반적인 개념을 설명한다. 

제 2 장에서는, 아릴-에테르 골격 구조가 없는 음이온 교환 막을 이용한 

고성능 및 안정적인 음이온 교환 막 수전해를 개발했다. 고성능 및 

고내구성 음이온 교환 막 수전해의 개발을 위해 음이온 교환 막에 

적합한 다양한 요소를 조사하였다. 그 결과 본 연구에서 채택한 음이온 

교환 막은 기존보다 더 우수한 성능과 내구성을 보였다. 또한 순수한 물 
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공급 조건에서도 높은 효율을 나타냈다. 이러한 결과는 아릴-에테르 

골격이 없는 고효율 및 고내구성 음이온 교환 막 때문이다.  

제 3 장에서는, 음이온 교환 막 수전해의 3 차원 다공성 NiFe/Ni foam 

전극이 개발되었다. 전극은 직류 및 펄스 전류를 인가하는 단순한 전착 

공정으로 제작되었다. 비 전자전도성 고분자 물질을 사용하지 않은 

이오노머 프리 전극은 기존의 입자 기반 전극보다 낮은 옴 저항으로 

인해 더 높은 성능을 보였다. 3 차원 다공성 구조체는 비표면적을 

효과적으로 향상시키고, 물질전달 저항을 감소시켰다. 이러한 조성 및 

구조로 음이온 교환 막은 기존 입자기반 또는 비 다공성 전극에 비해 

우수한 성능을 보였다. 

제 4 장에서는, 고효율 양이온 교환 막 수전해를 위한 이리듐 니켈 

산화물 직접 코팅 전극(IrNiOx 전극)이 개발되었다. 동시 전착을 

이용하여 Ir 과 Ni 의 비율이 다른 5 개의 IrNiOx 전극을 개발하였다. 

개발된 전극은 탄소기판 위에 얇은 IrNiOx 층으로 이루어졌다. IrNiOx 

전극을 이용한 양이온 교환 막 수전해를 개발하기 위해 제조방법, 촉매 

조성물, 및 다공성 전달 층의 효과를 조사하였다. 그 결과, IrNiOx 는 7:3 

전구체 용액으로 제작되었을 때 가장 높은 산소발생반응 활성을 보였다. 

또한, IrNiOx 전극은 스프레이 방법으로 제작한 IrOx 전극에 비해 높은 

성능을 나타냈다. 이러한 결과는 Ir 에 Ni 를 도입함으로써 전기화학적 

표면적이 증가했기 때문이다. 

 

키워드: 양이온 교환 막 수전해, 음이온 교환 막 수전해, 기공구조, 

수전해 내구성 
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