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ABSTRACT 

The efficiency of proton exchange membrane water electrolysis (PEMWE) is a critical issue in 

realizing the production of green hydrogen. The coexistence of three phases in the catalyst 

layer of PEMWE causes the mass transport limitation at the interfaces between them. In 

particular, the vigorous production of gaseous hydrogen and oxygen derived from liquid water 

is generated in the form of bubbles that seriously deactivate the membrane-electrode assembly 

(MEA). In this study, we investigated the effect of porous structure in the electrode on the 

efficiency of hydrogen production at high current density, which is highly related to the mass 

transport limitation. A widely used commercial catalyst (IrO2) were directly coated on the 

membrane by the electro-spray method. The porous electrodes on the membrane were formed 

by the charged catalyst particles that repulsed each other due to the electrostatic forces of the 

particles. Our membrane electrode assembly (MEA) exhibited outstanding electrolysis 

performances such as 5.3 A cm-2 and 3.2 A cm-2 at 2.0 V and 1.8 V, respectively, which are the 

highest values compared with the results published in the current studies. In addition to the 

porosity, it was confirmed that optimum binder contents positively affect the hydrophobicity 

and contact resistance of MEA. Through a simple porosity-controlled technique, the 

performance of PEMWE, in which three phases coexist, can be improved by more than 60 %. 

Accordingly, we expect that our systematic study on the role of porosity in the electrodes 

opens a new era to efficiently produce green hydrogen. 
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1. Introduction 

Water electrolysis is the eco-friendly technique for producing both hydrogen and oxygen, 

which is considered the only option to realize carbon neutrality if power generated from 

renewable energy sources, such as wind and solar energy, is supplied to the electrolysis system. 

Water electrolysis systems can be categorized into three types based on the electrolyzer: 

Alkaline Water Electrolysis (AWE), Anion Exchange Membrane Water Electrolysis 

(AEMWE), and Proton Exchange Membrane Water Electrolysis (PEMWE). Considering the 

efficiency of each system (AWE: 59-70%, AEMWE: 52-67%, PEMWE: 65-82%), PEMWE 

emerges as the most promising electrolytic cell due to its higher efficiency and potential for 

further optimization. 1 However, expensive and scarce materials such as platinum (Pt) and 

iridium oxide (IrO2) have been used as electrocatalysts, resulting in higher system and 

hydrogen production costs. In the last 20 years, the prices of Pt and Ir mineral have risen from 

₤10.58/g and ₤11.11/g to ₤28.23/g and ₤58.22/g, respectively. 2 Therefore, it is necessary to 

maximize the intrinsic performances of the electrocatalysts since green hydrogen with a 

reasonable price should be produced to open the zero-carbon era.  
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The performance of membrane electrode assembly (MEA), in which water is converted into 

hydrogen and oxygen, is closely related to the triple-phase boundary (TPB). 3–9 Since 

multiphase complex electrochemical reactions occur in the TPB, the optimum composition of 

the electrode solution should be finely controlled, assuming the same materials are used as the 

membrane and electrodes. In particular, it is necessary to design an electrode structure with 

pores rather than a structure in which an electrocatalyst and an ionomer are densely 

accumulated, leading to minimizing the mass transport limitation of reactants and products for 

vigorous reaction conditions. 10 

It has been well-known that the ionomer in the TPB provides a highly conductive ionic 

pathway from anode to cathode and low contact resistance between the electrodes and 

membrane. However, excess ionomer covers the active surface of the noble metal catalysts, 

lowering the electrochemical activities. 11 Hence, the interface engineering of the TPB is 

essential to improve the MEA performance for the electrolysis. Nevertheless, the optimum 

contents of the ionomer and the catalysts have still been debated because of the sensitive 

reaction conditions and complex morphology of the catalyst and the TPB. For instance, Li et 

al. 12 reported that the maximum electrochemical activity of the electrode was achieved with 

an optimal Nafion ionomer content of 31 wt.% at a loading of 0.40 mgpt cm2. In contrast, 

Antolini et al. 13 represent an optimal ionomer content of 41 wt.% for a loading of 0.20 mgpt 

cm2. The ionomer content of the latter is 32.3 wt.% higher than that of the former, even though 

the loading amount of the catalyst was half of the aforementioned study. In addition, some 
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recent studies have reported conflicting optimal ionomer contents of approximately 35 wt.% 

14 and around 15 wt.% 15 for similar catalyst loadings. Furthermore, some studies have 

suggested that the optimal ionomer content depends on the catalyst loading. 8 

The catalyst layer in the MEA has been typically fabricated by either coating on membrane 

(CCM) or gas diffusion layer (CCG) methods. It is well-known that the MEAs prepared by the 

CCM method exhibit lower contact resistance between the catalyst layer and membrane than 

those prepared by the CCG method due to the direct coating of the interfaces. 55 However, the 

sensitivity of the membrane to solvents in the catalyst slurry often results in a heterogeneous 

coating of the layer. Hence, it is necessary to finely control the slurry composition, deposited 

contents, and deposition area, when preparing the MEAs using the CCM method. Within the 

electrochemical cell, three phases coexist: solid (membrane), liquid (water), and gases 

(hydrogen and oxygen). Thus, minimizing the mass transport limitation of reactants and 

products is also essential for improving the performance of the MEAs. Therefore, it is necessary 

to design a uniform electrode structure with pores rather than a structure in which an 

electrocatalyst and an ionomer are densely accumulated. 

Electrocatalysts in the PEMWE should be carefully selected in the limited range because of 

the acidic and electrochemical corrosive environment. Cathodic catalysts usually use Pt 

nanoparticles on the carbon supports, which inherently provide pathways themselves for the 

reactants and products due to their original porous structure. On the other hand, anodic 

catalysts are exposed to a potential above 1.5 V, necessitating the use of unsupported IrO2 
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nanoparticles. Consequently, they were usually coated onto the membrane more densely 

compared to the Pt/C catalysts, leading to mass transport limitation of water and gases at the 

anodic electrode with low porosity.   

In this study, the IrO2 particles were directly coated on the membrane by the electro-spray 

method. Electro-spraying creates a more porous structure primarily due to the electrostatic 

forces acting on the charged particles during deposition. As the charged particles approach the 

substrate, electrostatic repulsion between similarly charged particles prevents aggregation, 

leading to a more uniform and dispersed distribution of the catalyst particles. 16–18, 20, 21, 50, 51, 53, 54 

The water electrolysis performance of MEA with electro-spray exhibited outstanding 

electrolysis performances such as 5.3 A cm-2 and 3.2 A cm-2 at 2.0 V and 1.8 V, respectively, 

which are the highest values compared with the results published in the current studies. In 

addition to the porosity, it was confirmed that optimum binder contents positively affect the 

hydrophobicity and contact resistance of MEA. 

2. Experimental section 

2.1. Preparation of catalyst slurry 

Iridium oxide (IrO2) and carbon-supported platinum (46.6 wt.% Pt/C) were purchased from 

Alfa-acer and Tanaka, respectively. Ionomer (Nafion solution, 5 wt.%) and isopropyl alcohol 

(IPA) were purchased from Merck-Sigma. The catalyst ink for the anode electrode was 

prepared using a mixture of IrO2, deionized water (DIW), ionomer, and IPA. The mixture 
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solution was sonicated in the bath for 90 min. The detailed amount used in the slurry is 

summarized in Table S1. The amount of ionomer was adjusted to 10 to 25 wt.% according to 

the ratio of the total slurry for the ionomer, and each sample code was named by the ratio. The 

cathode ink was prepared using the same procedure, and only the Pt/C was used instead of 

IrO2.  

2.2. MEA fabrication 

The catalyst layers were directly coated on the membrane by electro- and air-spray methods. 

The electro-spray was carried out using the electrospinning equipment (eS-robot, NanoNC), 

and the parameters are summarized in Table S2. The Nafion membrane (50µm, N212, Dupont) 

was put onto the ground substrate, and a polyvinylchloride (PVC) mask which defined an 

active area (2.0 x 2.0 cm2) was placed on the membrane. The prepared catalyst slurry was 

transferred into the syringe, and then sprayed by the voltage applying. The anode electrode 

was manufactured using the electro-spray technique, and the cathode electrode was 

manufactured using the air-spray technique with a slurry with an ionomer content of 20 wt.%. 

The loading amount of anode and cathode catalyst were 1.0 mg cm-2 and 0.4 mgpt cm-2, 

respectively. Electrosprayed MEA samples are abbreviated as ESM, and the numeric code 

indicates the amount of ionomer applied to each sample. For the control sample, both the 

anode and the cathode electrode were manufactured using the air-spray method. The slurry 

with an ionomer content of 20 wt.% was used as the cathode of the control sample. After 

coating the catalyst on the membrane, gas diffusion layers (GDLs) were put onto the catalyst 
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layers to fabricate MEA. As GDLs, Ti paper (Bekaert) and carbon paper (SGL carbon) were 

used for anode and cathode, respectively. 

2.3. Characterization 

Morphology and thickness of catalyst layers were confirmed by scanning electron 

microscope (SEM) (S-2500, Hitachi). The porosity of the catalyst coated on the membrane was 

determined using a mercury porosimeter (Autopore II, Micromeritics). The hydrophobicity of 

the fabricated catalyst layer was evaluated using a water contact angle measurement (DSA-

100, KRUSS). 

2.4. Water electrolysis (PEMWE) 

Unit cells were assembled with graphite plates featuring a serpentine flow field for the 

cathode and Pt-coated titanium end plates for the anode. Fuel cell station (CNL) was used for 

electrolysis tests. In the activation process, distilled water was supplied to the anode at 15 ccm, 

the cell temperature was 80 ℃, and a constant voltage was applied at the cell voltage of 1.55 V 

for 30 minutes. The performance evaluation was conducted in the range of 1.35 to 2.0 V and 

measured at 50 mV s-1. An electrochemical potentiostat (AutoLab) was used for 

electrochemical impedance spectroscopy (EIS) analysis. The resistance value at 1.6 V was 

analyzed, and it was measured under amplitude conditions of 18 mV and frequency conditions 

of 50 kHz to 50 mHz. The long-term durability of PEMWE was assessed through an accelerated 

stress test (AST) employing the voltage swing method. 19 This test involved maintaining 
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potentials of 1.45 V and 2.0 V for 30 seconds each, following a square wave protocol over 

20,000 cycles, totaling approximately 167 hours. IV polarization curves were recorded every 

2,000 cycles to determine the current density plateau throughout the AST duration and to 

calculate the decay rate. 

3. Results and discussion  

The structure of the catalyst layer in a MEA is critical for transport of both reactant and 

product in water electrolysis with a multiphase system. The MEA is usually composed of 

unsupported IrO2 nanoparticles and Pt nanoparticles on carbon supports (Pt/C) as the anode 

and cathode catalysts, respectively. For the MEAs prepared by conventional air-spray, the 

thickness of the anode is less than that of the cathode as shown in Figure S1, even though the 

total amount of IrO2 (1.0 mg cm-2) is higher than the Pt/C (0.4 mgpt cm-2). It could be inferred 

that densely packed anodic electrodes seriously hinder effective mass transport compared to 

the cathode. Hence, an electro-spray method was introduced to prepare the anodic electrode 

with high porosity in this study. Through the electro-spray method, catalytic nanoparticles in 

the liquid droplet were dispensed and charged on the membrane, preventing the dense 

accumulation of the nanoparticles due to the electrostatic interaction. 50, 51 The resulting 

dispersed empty pores between the catalyst agglomerates increase the porosity and enhance 

the mass transport via an enlarged diffusion pathway as illustrated in Figure 1(a). On the 

contrary, the nanoparticles were densely accumulated by the conventional air-spray method, 

leading to the hindrance of mass transport (Figure 1(b)).  
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Figure 1. Schematic of catalyst coatings obtained using (a) electro-spray and (b) air-spray 
method. 

 

Figures 2 and S2 show the SEM images of the cross-section and surface of MEAs fabricated 

as a function of ionomer contents, respectively, which critically affect the formation of three-

phase boundaries. As aforementioned, the catalyst layer formed using the electro-spray was 

highly dispersed due to the electrostatic interaction and exhibited complex surface roughness 

(Figure 2 (a) ~ (e)). On the other hand, the MEA manufactured by the air-spray (Figure S2) 

shows a relatively monotonous and flat surface roughness and very dense catalyst 

accumulation relative to the electro-sprayed MEAs. The thickness of the catalyst layer 

containing the same ionomer content (20 wt.%) was measured to be 6.01 ± 0.6 μm for the 

electro-sprayed layer and 3.61 ± 0.4 μm for the air-sprayed layer, indicating that the electro-

spray method increases the catalyst layer thickness by over 60% compared to the air-spray 

method (Figure 2(f)). These findings align with previous reports by Chaparro et al. 17 and Conde 

et al. 18, which attributed the formation of a porous structure to the coulombic repulsion among 

agglomerates of nanoparticles carrying the same charge. The formation of a porous catalyst 

layer via electro-spraying is governed by coulombic repulsion among charged nanoparticle 
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agglomerates. 22, 51, 52 As these agglomerates are dispersed in the spraying medium (e.g. Isopropyl 

alcohol), they acquire a similar charge under the applied electric field. This repulsive 

interaction prevents their uncontrolled aggregation, leading to a homogeneously distributed 

catalyst structure. As electro-spraying, the solvent evaporation further intensifies repulsion, 

ensuring that the catalyst layer remains porous. 17, 18 In contrast, air-sprayed catalyst layers lack 

this electrostatic effect, resulting in less uniform and dense structures. 
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Figure 2. SEM image of MEAs and their measured thickness of catalyst layer on the membrane 
with different ionomer contents; (a) ~ (e) Cross-section image and (f) Comparison of anode 
thickness with different ionomer contents using electro- and air-spray methods. Black square 
and red circle symbols correspond to MEAs constructed using electro- and air-sprays, 
respectively. 
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Figure 3. (a) Porosity and pore volume of fabricated MEAs with different ionomer contents 
and spraying method. (b) Pore size distribution (PSD) of anode electrode with different 
ionomer contents coated on the membrane using the electro- and the air-spray method. 

 

The effect of the electro-spray method as a function of ionomer content on the porosity at 

the anode in the MEA was investigated by mercury porosimeter and scanning electron 

microscopy (SEM) as shown in Figures 3 and S2, respectively. To characterize the properties 

of catalyst layers in the fabricated MEAs, the porosity and pore volume were compared. The 

pore volume of the anode remained up to the ionomer content of 15 wt.% and then decreased 

with the increase of the contents. This finding is consistent with the notion that electrostatic 

repulsion between electro-sprayed catalytic nanoparticles, is largely responsible for the 

porosity of the electrode. However, when the ionomer content of the electro-sprayed catalyst 

layer exceeds 20 wt.%, the ionomer may well cover the pores generated by electro-spray. 

Hence, the optimum amount of ionomer plays a key role in developing the three-phase 

interfaces of catalyst, ionomer, and reactant. Interestingly, the PSD results enlarged to a pore 
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size of less than 1 μm in Figure 3 (b) showed that not only the overall porosity but also the 

primary and secondary porosity tended to decrease as the ionomer content increased. Primary 

porosity means smaller pores, usually under 10 nm, that form within agglomerates of carbon 

particles or catalyst materials. These contribute to the catalyst’s surface area and help retain 

ionomer, which is important for enhancing proton conductivity within the catalyst layer. In 

contrast, secondary porosity is larger, ranging from 10–50 nm or up to 100 nm, and are located 

between these particle agglomerates. 59-61 However, a MEA manufactured using the air-spray 

has a relatively overall tiny porosity. In particular, our electro-sprayed electrode has a well-

balanced porosity with primary and secondary pores, which have a ratio of primary to 

secondary porosity of 0.25 or less. Hao et al. 23 and Ohno et al. 24 suggested that secondary pores 

in an electrode prepared using only metal nanoparticles with tiny pores might significantly 

limit the mass transport of reactants and products within the electrode. Moreover, the former 

reported that the ratio of primary and secondary pores affects the reaction resistance in the 

electrodes composed of metal nanoparticles. 23 The secondary pores with a size of less than 1.0 

μm on the surface of the electro-sprayed electrode can be easily observed by SEM as shown in 

Figure S2. In addition, we investigated the hydrophobicity of the electrodes by the water 

contact angle measurement, because the surface of the electrode consisting of charged 

nanoparticles is rougher than that of the electrode prepared by the conventional air-spray 

method. As shown in Figure S3 and Table S3, the contact angle values of all samples fabricated 

by the electro-spray were higher than that by the air-spray. The catalyst layers with the lower 

ionomer contents (10 – 13%) especially exhibited higher contact angles due to their unique 
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morphological surface structure 25, 42-44 and hydrophobic properties of ionomer 45-49 (such as 

Nafion, perfluorosulphonated ionomer (PFSI), Aeminon, Aquivion and hydrocarbon-based 

polymer electrolyte). Although the ionomer could take up the water, and then be swelled, 

leading to the lower contact angles, 46, 50 the increased surface roughness and pore structure of 

the electro-sprayed electrode resulted in a higher contact angle compared to the air-sprayed 

counterpart when using the same ionomer content (e.g., ESM020). This enhanced 

hydrophobicity can imply more effective water management within the catalyst layer, 

facilitating smoother transport of reactants and products to improve electrochemical 

performance. 56-58 

Figure 4 (a) and (b) present the polarization curves and impedance spectra of MEAs 

fabricated by electro- and air-spaying. The current densities of electro-sprayed MEAs surpass 

those of air-sprayed MEAs, particularly at higher voltages of 2.0 V, meaning that extremely 

vigorous reactions take place. In particular, the current density at 2.0 V for the ESM013 was 

the best value of about 5.27 A cm-2. This improvement might be attributed to increased 

porosity, which efficiently enhances diffusive transport of the reactants and products. The 

relation between porosity and performance based on the current densities at 1.8V and 2.0 V is 

illustrated in Figure 4 (c). As the porosity of the anode increases, the current density rises 

linearly. Electrolysis performance of MEAs improved in the following order of ionomer 

content: 13 > 10 > 15 > 20 > 25 wt.%. This indicates that the excessive ionomer hinders mass 

transport by covering or filling the pores. The MEA fabricated by the air-spray exhibited the 
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lowest performance despite having the same catalysts and ionomer content, due to the densely 

formed catalyst layer. 

The electrochemical impedance spectroscopy (EIS) was conducted at a constant voltage 

(1.6V) and the results are shown in Figure 4 (b). Nyquist plots revealed the internal resistance 

of electro-sprayed MEAs with the various ionomer contents and air-sprayed MEAs. The 

intersection points with the Zre axis in the lower frequency range and the size of the semi-

circle indicated the ohmic resistance (so-called contact resistance) and charge transfer 

resistance, respectively. These resistances are also summarized in Table S4. Interestingly, the 

ohmic resistances at 10 wt.% and 13 wt.%, and the charge transfer resistances at 13 wt.% and 

15 wt.% ionomer content, were lower than those of the other samples. The resistances at 13 

wt.% ionomer was the lowest overall, resulting in the highest performance for PEMWE. These 

results suggest that the porosity and internal resistance of MEAs are influenced by ionomer 

content, which ultimately affects PEMWE performance. 62, 63 An MEA with 10 wt.% ionomer 

content forms sufficient pores to facilitate electrochemical reactions. However, since the 

ionomer content in the catalyst layer is insufficient, contact between catalysts is reduced, 

resulting in higher charge transfer resistance. Conversely, at ionomer contents of 15 wt.% or 

more, the required electrode loading weight increases, leading to a thicker electrode and 

higher ohmic resistance. Additionally, at 20 wt.% or more, a few macropores of 50 to 100 nm 

form, significantly reducing the efficiency of the three-phase interface.  
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In addition, the EIS analysis of mass transfer resistance was conducted at 1.9 V using an 

equivalent circuit model comprising one inductor, one resistor, and two resistance–constant 

phase element (R-CPE) pairs, as detailed in Figure S4 and summarized at Table S5. Based on 

the fitting results, the resistance R, corresponding to the high-frequency range, was identified 

as the charge transfer resistance, while the resistance R1, associated with the low-frequency 

range, was identified as the mass transfer resistance. 64, 65 The results showed that the R1 value, 

representing mass transfer resistance, was 29.1% lower for ESM013 compared to the air-

sprayed MEA, indicating improved mass transfer properties. Simultaneously, the charge 

transfer resistance R was reduced by 14.5% for ESM013 relative to the air-sprayed MEA, 

suggesting that the optimization of ionomer content enhanced the structural characteristics of 

the electrode, facilitated gas release, and increased the electrochemically active surface area. 

Therefore, we believe that an ionomer content of 13 wt.% provides an optimal balance, 

minimizing both ohmic and charge transfer resistances, and maximizing PEMWE performance 

by enhancing porosity and three-phase interface efficiency. 



 18 

 

 

Figure 4. (a) Polarization curves and (b) resistance of the PEMWE single cells with different 
ionomer contents and spraying method. (c) Linear relation between porosity and performance 
of PEMWE (red and blue circles referred to current density measured at 2.0 V and 1.8 V, 
respectively). (d) Polarization curves after AST cycles for spraying method and decay of 
current density of (e) ESM013 and of (f) Air-sprayed. 
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Figure 4 (d) ~ (f) presents the AST results for ESM013, which demonstrated the best 

performance compared to the air-sprayed MEA. ESM013 showed a steady and gradual decrease 

in current density at 1.8 V and 2.0 V throughout AST cycles, showing a 16.0 % decay from the 

initial performance at 2.0 V. Interestingly, at 1.6 V, there was a slightly increase in current 

density after 2k cycles, followed by a gradual decline after 4k cycles (Figure 4 (e)). In contrast, 

the air-sprayed MEA exhibited an increase in current density after 2k cycles at 1.8 V and 2.0 

V but showed a drastic decline after 6k cycles (Figure 4 (f)). These findings suggest that 

ESM013 likely forms an optimal three-phase boundary due to its appropriate pore structure 

and hydrophobicity, facilitating efficient reactant transport and product removal. This 

optimizes targeted electrochemical reactions, especially at high voltage regions like 2.0 V. 26 

On the other hand, the air-sprayed MEA seems to suffer from mass transport limitations and 

resistance, leading to unintended side reactions such as excessive water retention and 

hindering the removal of oxygen bubbles 26 that significantly impair the durability of the 

electrochemical catalysts. The MEA exhibited sudden performance degradation after 6,000 

cycles, with current density failing to recover in subsequent cycles, culminating in a 64 % 

decay in performance. The rapid degradation of air-spayed MEAs arises from several factors,  

stemming from inconsistent catalyst-ionomer distribution and weaker adhesion between the 

catalyst layer and the membrane. This non-uniform structure results in poor mechanical 

strength, making the MEAs prone to delamination and structural failure under high 

operational stress. 25 Additionally, air-sprayed MEAs tend to experience water flooding and gas 
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bubble accumulation, especially at higher current densities. 26 The limited control over pore 

size and distribution induces mass transport limitations, leading to localized weak spots and 

mechanical stress, which accelerate degradation. The poor porosity of air-sprayed MEAs often 

results in excessive water retention, hindering the removal of oxygen bubbles, which in turn 

causes the catalyst layer to disintegrate more quickly under sustained high-current operation. 

  

Figure 5. Current density comparison with the results in the previous reports. 

 

Comparison of current densities at 1.8 V and 2.0 V from recently published papers, as 

depicted in Figure 5, clearly shows that our MEA, prepared via the electro-spray, exhibits 

outstanding performance (3.1 and 5.3 A cm-2 at 1.8 and 2.0 V, respectively) compared to studies 

evaluating MEAs with commercial IrO2 catalyst. 19, 22, 27–41 This is particularly notable at high 

current densities, which fall within the mass transport limitation. Therefore, it can be 

concluded that the formation of porous electrodes greatly decreases electrical resistance in 

electrolyzers using our MEAs, contributing to the advancement of cleaner and more 

environmentally friendly technologies. 
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4. Conclusions 

In this study, we investigate the impact of electrode porous structure, crucial for addressing 

mass transport limitations, on the efficiency of PEMWE. The MEAs were developed by 

directly coating the IrO2 catalyst onto the membrane using an electro-spray method to create 

the anode electrode. This resulted in exceptional electrolysis performance of 5.3 A cm-2 at 2.0 

V and 3.2 A cm-2 at 1.8 V, representing the highest values compared to those reported in 

current literature. The influence of ionomer content on MEA porosity, hydrophobicity, and 

internal resistance was thoroughly examined, revealing that the optimal electrolysis 

performance was achieved with an ionomer content of 13 wt.%. Porosity control achieved 

through electro-spraying technology can enhance PEMWE performance by over 60 % in 

systems where three phases coexist. Consequently, systematic research into electrode porosity 

and internal resistance is poised to pave the way for efficiently producing green hydrogen in a 

new era of sustainable energy.  
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