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Abstract 

Proton exchange membrane water electrolysis (PEMWE) produces hydrogen with high efficiency 

and purity but uses high-loading platinum-group metal (PGM) catalysts. Such concern calls for 

the development of novel electrode architectures to improve catalyst utilization and mass activity, 

thus promoting PEMWE cost competitiveness for large-scale implementation. In this study, we 

demonstrated for the first time a novel 2D-patterned electrode with edge effects to address these 

challenges. The edge effect was induced by membrane properties, potential distribution, and 

counter electrode coverage and could be optimized by tuning the catalyst layer dimensions. To 

achieve identical PEMWE performance, the optimal pattern saved the 21% anode PGM catalyst 

compared to the conventional catalyst-fully-covered electrode. The PGM catalyst could be further 

reduced by 61% to boost mass activity with no significant performance loss. The results also 

indicated that the electrode uniformity in PEMWE cells might not be as critical as that in PEM 

fuel cells. The novel 2D-patterned electrode could effectively reduce PGM catalyst loading, 

accelerating affordable and large-scale production of hydrogen and other value-added chemicals 

via electrolysis. 
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MAIN TEXT 

Introduction 

Hydrogen production through water electrolysis, especially when coupled with intermittent 

renewable energy sources, provides a sustainable carbon-free energy cycle.1-2 Proton exchange 

membrane water electrolysis (PEMWE) is one of the most promising technologies to produce high 

purity hydrogen with high efficiency.3 PEMWE offers great advantages of high operating current 

density, easy scale-up, facile integration with hydrogen storage, and fast load responses.4 However, 

the use of high-loading platinum-group metal (PGM) electrocatalysts, including platinum (Pt), 

iridium (Ir), and/or ruthenium (Ru), is one of the obstacles that hinders the wide commercialization 

of this technology.5 The current catalyst of choice on the anode uses Ir and its oxide with a typical 

loading of a few milligrams per square centimeter.6 Limited by the scarcity, high cost, and low 

annual production of PGMs, studies have focused on reducing PGM loadings or developing novel 

electrocatalysts with PGM-free metals while maintaining competitive performance.7-11 In addition 

to catalyst development, advanced manufacturing methods to obtain novel structured catalyst 

nanoparticles are also critical to boost electrode cost competitiveness.12-17 

Membrane electrode assembly (MEA) is a core component in a PEMWE cell.18 It consists of 

a piece of proton exchange membrane, sandwiched by two electrodes (anode for oxygen evolution 

reaction (OER) and cathode for hydrogen evolution reaction (HER)), and each electrode is backed 

by a porous transport layer (PTL).19 The MEA parameters showed significant impacts on the 

PEMWE cell performance, such as the catalyst structure and loading,20 PTL structure, thickness 

and porosity,21-22 and/or membrane properties.23-24 The MEA properties could be determined by 

the upstream ink composition and electrode fabrication process.25 For example, Rozain et al. 
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developed a pure IrO2 based PEMWE anode with different loadings by a decal method.26 In their 

following study, the IrO2 electrodes were further supported by micron-sized Ti particles to enhance 

durability compared to their Ti-free counterparts. They demonstrated that the Ti supporter was 

efficient reducing IrO2 loadings while maintaining high-level PEMWE performance, but the 

optimized Ti particle size was unknown.27 Zeng et al. integrated IrO2 nanoparticles into a 

nanoporous gold substrate through a facile dealloying and thermal decomposition method, and the 

resulting ultrathin nanoporous gold/IrO2 composite catalyzed the OER in a water electrolyzer. 

They claimed that the ionomer-free ultrathin structure improved the electrochemical active surface 

area and mass transport.28 However, all these studies were only based on conventionally catalyst-

fully-covered electrode structures. Recent studies have shown that the catalyst-partially-covered 

or patterned electrode structures have many benefits, such as reducing catalyst loadings, improving 

transport, tuning triple-phase boundaries, and enhancing catalyst utilization, etc. The patterned 

electrodes achieved great success in many other energy conversion devices, including solid oxide 

fuel cells,29-30 Ni catalytic electrodes with micro-patterned surfaces in alkaline electrolysis cells,31-

32 triboelectric nanogenerators,33 lithium-ion batteries,34-35 solar cells,36 supercapacitors,37 and etc., 

or surface patterned membranes,38 but not yet in PEMWE cells. 

Herein, we proposed a novel 2D-patterned electrode for reducing PGM catalyst loadings in 

PEMWE cells while maintaining high performance. The 2D-patterned electrode was fabricated by 

using a shadow mask with various dimensions, which was attached directly onto the Nafion 

membrane. This idea was inspired by an experiment, where anodes and cathodes with different 

electrode areas (conventional 25 cm2 cathode and smaller anode electrodes) presented better 

performance than their identical area counterparts by considering the physical anode electrode area 

(PAEA) (shown in Figure 1 and Figure S1). The slightly enhanced performance was attributed to 
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the edge effect on the anode (Figure S2 and Figure S3) due to the membrane property, proton 

transport path, internal potential distribution, and active HER site distribution on the cathode. The 

edge effect indicates that the proton generated through the OER at the anode can travel to a further 

region when it reaches the cathode, which will be discussed in the following. To fully utilize this 

edge effect in a PEMWE device, the novel 2D-patterned electrodes were systematically designed 

and investigated in this study. 

 

Figure 1 Full current density performance comparison between conventional CCM with equal 

25 cm2 electrode area at both anode and cathode and CCMs with smaller anode electrode area at 

60℃ (a) and 80℃ (b). 

 

Experimental details: 

Materials 

Pt/HSC powder (Tanaka Kikinzoku Kogyo (TKK) TEC10E50E with 46.7 wt% Pt) was used as 

the cathode catalyst, and IrO2 powder (Premion®, 99.99% purity from Alpha Aesar) was used as 

the anode catalyst. Deionized (DI) water (18.2 MΩ cm from Milli-Q Direct System), OmniSolv® 

n-Propanol (n-PA, HPLC grade, Millipore Sigma), and D2020 Nafion solution (Ion Power, 1000 
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EW at 20 wt%) were used for catalyst ink preparation. A piece of Nafion 117 membrane (Fuel 

Cell Store, USA) was used as the material for catalyst coated membrane (CCM) fabrication. 

Carbon paper (AvCarb MGL370, Fuel Cell Earth LLC, with approximately 78% porosity and 

430 μm thickness) was used as both anode and cathode porous transport layers (PTLs) for all tests, 

and fresh PTLs were always used when the cell was reassembled. Polytetrafluoroethylene (PTFE) 

gaskets with 330 μm thickness were used for sealing with respect to the thickness of the PTLs used 

in the assembly. Stainless steel foil with 250 μm thickness was used to laser fabricate shadow 

masks with different opening dimensions from Micron Laser Technology Inc.  

Fabrication of the patterned electrodes 

Ink preparation 

The ink used to fabricate the cathode CL consisted of a mixture of Pt/C powder, Nafion® ionomer 

dispersion, DI water and n-PA using an ionomer/carbon weight ratio (I/C ratio) of 0.45 and a 

water/alcohol volume ratio of 1.3. The ink was treated by horn/tip sonication (Branson) for 20 s, 

followed by sonication (Branson) in an ice bath for 20 mins before ultrasonic spray deposition. 

For the anode catalyst ink, IrO2, D2020 ionomer dispersion, DI water and n-PA were mixed with 

an ionomer/catalyst weight ratio of 0.24 and a water/alcohol volume ratio of 1.3. Following the 

horn/tip sonication for 120 s, then the dispersion was bath sonicated for at least 1 h. All the 

sonication treatments were performed in an ice bath environment to avoid heating and sintering of 

the catalyst nanoparticles. 

Ultrasonic spray 

The CCMs were fabricated by the ultrasonic spray method, and the anode and cathode catalyst 

inks were coated each onto one side of Nafion® 117 membranes using a Sono-tek ExactaCoat 

System with a 25 kHz accumist nozzle. Before and during the spraying, the membranes were fixed 
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on a heated vacuum plate at 80°C. The catalyst ink was then sprayed on the membrane at a pump 

rate of 0.3 ml min−1. For the patterned electrodes, the shadow mask was applied directly on top of 

the Nafion membranes before the spray with a hot press process at 120°C under ~10 MPa for 

10 mins. Compression during the process significantly impacts the electrode morphology, and 

should be carefully applied. Three pieces of CCMs were fabricated for each patterned electrode, 

and a new CCM was used whenever the cell was reassembled. 

Characterization 

The catalyst loading, topography and structure were investigated using X-ray fluorescence 

spectroscopy (XRF, Fischer XDV-SDD), optical microscopy (Keyence model VHX5000) and 

scanning electron microscopy (SEM, Hitachi S-4800), respectively. XRF was conducted to 

determine the catalyst loading and the loading was calculated by the vendor-supplied software. 

XRF software uses the fundamental parameters approach based on physical models for all the 

aspects of the XRF experiment, such as absorption, enhancement, specimen geometry, 

fluorescence yield, and spectral output. SEM was performed at 5 kV accelerating voltage and 

10.9 mm working distance. The CCM cross-sections were prepared by freeze-fracturing in liquid 

nitrogen. The cross-sections were placed on double sided carbon tape and adhered to a cross-

section specimen holder for imaging.  

A 25 cm2 fuel cell technology hardware (from Fuel Cell Technologies, Inc.) with graphite bipolar 

plates was employed for electrolyzer testing. The flow channels had a dimension of 0.87 mm width 

and depth, and a triple-serpentine arrangement. The PEM electrolyzer cell was assembled with 

compression delivered by eight bolts each tightened to a torque of 4.52 Nm between two endplates 

made of aluminum. A copper plate, which was inserted between the bipolar plate and end plate at 

both the anode and cathode, was used to apply current to the PEMWE. During each test, heated 
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deionized water was supplied to the anode of the electrolyzer with a flow rate of 80 ml min−1. The 

temperature of the deionized water was controlled at the cell inlet to 80°C. Additionally, the cell 

temperature was measured in the anode graphite plate and was heated to the same temperature 

using a separate temperature PID controller (Watlow EZ-Zone) with two heating pads adhered to 

the anode and cathode endplates. The backpressures of the anode and cathode outlets were set to 

ambient pressure, which at the laboratory location was approximately 0.85-0.89 bar during the 

tests. 

A power supply (HP 6031A with 0-20 V and 0-120 A capacity) and voltage meter (Keithley 2010 

Series Digit Multimeter) were used to condition and test the performance of the cell. For all cell 

start-ups, the same three-step conditioning procedure was applied at a cell temperature of 80°C: 

hold the cell at (i) 0.2 A cm−2 for 0.5 h, (ii) 1.0 A cm−2 for 0.5 h, and (iii) 1.7 V for 8 h. After 

conditioning, V-i curves and electrochemical impedance spectroscopy (EIS) were measured 

controlling the cell current from low to high current density. For the V-i curves, step sizes were 20 

or 80 mA cm−2 from 20 mA cm−2 to 320 mA cm−2, 100 mA cm−2 from 400 mA cm−2 to 1 A cm−2, 

and finally 250 or 500 mA cm−2 from 1 to 3.0 A cm−2. Each step was held for 3 mins, and only the 

last one minute of data was averaged to obtain the V-i curves. For the EIS measurement, due to 

the limitations of the potentialstat (Gamry Reference 3000 Potentiostat/Galvanostat & 30k Booster 

system, up to 30 A working current), the EIS data were measured from 10 mA cm-2 up to 1.2 A cm-

2, using a frequency range from 50 kHz to 0.5 Hz and a 5% current amplitude. High frequency 

resistances (HFRs) were extracted from the Nyquist EIS plots using the real-axis intercept of the 

high frequency range.  
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Results and discussions: 

Figure 2 shows the schematic of the CCM with the novel 2D-patterned electrode and its edge 

effect working mechanism. In CCMs with a different electrode area that has a smaller anode 

electrode, the proton may be transported to an enlarged distance δ when it reaches cathode HER 

active sites (Figure S2), which is influenced by the internal potential distribution and proton 

conduction path within the membrane, and the counter electrode coverage (shown in Figure 2(a, 

b)). The value of this distance δ is strongly related to each OER active site, and it varies for each 

site from anode to cathode. When applying conventional CCMs with identical anode and cathode 

electrodes, this phenomenon is sheltered and cannot be observed. While in this study, this 

phenomenon was successfully captured for the first time. When using smaller anode electrode 

CCMs, this phenomenon usually depends on and is prominent along the perimeter of the electrode, 

which is called the edge effect.  

In this study, the designed novel 2D-patterned electrode was composed of catalyst layer 

stripes with controlled gaps in between. The sizes of these two features are critical parameters to 

tune the edge effects, and we fabricated six patterned electrodes with their detailed information 

listed in Table 1. In this study, a PEMWE cell hardware with 25 cm2 active area flow field plates 

was used, and the cathode electrode was a 25 cm2 Pt/C catalyst-fully-covered layer. The 

fabrication process and photos of the 2D-patterned electrode are shown in Figure S4. The physical 

catalyst covered area of the patterned electrode was obviously smaller than 25 cm2 due to the 

presence of gaps, and by considering the edge effect and the purpose of the patterned electrode, 

the PAEA was not used for performance evaluation. To calculate the current density, an area of 

25 cm2 was used for both baseline and the patterned samples. If the edge effect is true and the 
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patterned electrode truly works, identical performance with the catalyst-fully-covered baseline 

electrode should be obtained by tuning the parameters of the patterned electrodes. 

 

 

Figure 2.Schematic of the catalyst-coated membranes (CCMs) with novel 2D-patterned 

electrodes. (a) General features of the 2D-stripe-patterned electrodes; (b) Working mechanism of 

the edge effect and the assumed potential distribution at the CCM cross-section view;(c) Future 

promising 2D-patterned electrode designs. 

 

Table 1. Details of the tested novel 2D-patterned electrode 

Samples 
Local IrO2loading 

[mgIr cm-2] 

Anode CL Dimension 

length * width [mm] 

Anode CL Gap 

length * width [mm] 

General IrO2loading 

[mgIr cm-2] 

Baseline 

0.55±0.04 

50.0 * 50.0 Null 0.55±0.03 

Pattern-1 

50.0 * 1.0 

50.0 * 1.0 0.29±0.04 

Pattern-2 50.0 * 0.5 0.38±0.03 

Pattern-3 50.0 * 0.3 0.42±0.03 

Pattern-4 50.0 * 0.3 50.0 * 0.3 0.21±0.03 

Pattern-5 - 50.0 * 0.2 50.0 * 0.2 0.07±0.01 

Pattern-6 - 50.0 * 0.1 50.0 * 0.3 0.08±0.01 

 

Figure 3 shows the experimental results and images of the novel 2D-patterned electrode, 

including the performance (V-i curves), high frequency resistance (HFR), and HFR-free voltage 
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as a function of current density at the logarithmic scale (Tafel plots). In Figure 3(a), the gaps 

between the catalyst stripes were tuned between 0.3 and 1.0 mm. The performance of the electrode 

with the smallest gaps (0.3 mm) was identical to that of the catalyst-fully-covered baseline 

electrode, but the catalyst loading of the former was reduced by more than 21%. The Tafel plots 

also showed no variation between the two samples as an indication of similar kinetics. When the 

gaps were increased to 0.5 mm, the current density at 1.9 V was slightly reduced from 2.09 to 

1.9 A cm-2 (less than 10% reduction), but still maintained decent performance. However, if the 

gaps were further increased to 1.0 mm, the current density at 1.9 V decreased to less than 1.4 A cm-

2 (more than 30% reduction). This significant performance loss was mainly because of the reduced 

mass of catalysts and catalytic areas, and the edge effect in those samples cannot mitigate the 

PAEA losses due to the limitations of the edge effect from anode to cathode. On the one hand, the 

1.0 mm gap was too large to fully utilize the cathode, which resulted in less active area and much 

higher HFR of MEA compared to the baseline electrode, and consequently worse performance and 

kinetics. On the other hand, the patterned electrodes with larger gaps had much shorter edge 

lengths, and therefore the edge effect was unobvious. The real active area (RAA) could be just 

slightly larger than the PAEA, but much smaller than 25 cm2. This explains the poor performance 

of Pattern-1 compared to the other two patterned electrodes. By far, it is clear that the optimal gap 

size was 0.3 mm, and the effects of catalyst stripe size would be investigated in the following 

section. 

Figure 3(b) shows the comparison between the three patterned electrodes, and Figure S5 

shows the comparison with an additional patterned electrode. Pattern-4 with 0.3 mm catalyst 

stripes and 0.3 mm gaps just slightly underperformed Pattern-3, which had identical performance 

with the baseline electrode. When the catalyst stripes changed to 0.1 mm (in Figure S5), the 
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Pattern-6 sample underperformed. In addition, if the catalyst stripes and gaps were both changed 

to 0.2 mm (Pattern-5), significantly worse performance was observed. The loading of the anode 

catalyst was one of the main reasons for the poor performance of Pattern-5 and Pattern-6. As shown 

in Table 1, the Ir loading for these two cases was less than 0.1 mg cm-2, which was too low to 

result in any good performance. The ultra-low catalyst loading could be explained by the blocking 

of the shadow mask during spray and the catalyst loss during mask removal, as indicated in 

Figure S6. Therefore, the small size of the openings was the main reason for this issue, and the 

fabrication procedure of the patterned electrode should be improved if smaller features are needed. 

 

 

Figure 3.Performances/HFR (left/right y-axis), and images of the conventional fully catalyst 

covered baseline and the novel 2D-patterned electrodes. (a) Varying the gap sizes between catalyst 

stripes from 0.3 to 1.0 mm (the inset is the Tafel plots comparison), with the photos and microscope 

images of (a1) full catalyst covered baseline electrode, (a2) Pattern-3 with 1.0 mm catalyst stripes 

and 0.3 mm gaps, (a3) Pattern-2 with 1.0 mm catalyst stripes and 0.5 mm gaps, and (a4) Pattern-1 

with 1.0 mm catalyst stripes and 1.0 mm gaps. (b)Reducing the catalyst stripes of the patterned 

electrode (the inset is the Tafel plot comparison) with microscope images of (b1) Pattern-3, (b2) 
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Pattern-4with 0.3 mm catalyst stripes and 0.3 mm gaps, (b3) Pattern-5 with 0.2 mm catalyst stripes 

and 0.2 mm gaps, (b4) Pattern-6 with 0.1 mm catalyst stripes and 0.3 mm gaps. 

 

Figure 4(a) shows the performance of the samples that were calculated based on the PAEA 

instead of 25 cm2, and the details of the electrode area can be found in Table S2. The baseline 

performance was identical to Figure 3(a) since it had a PAEA of 25 cm2. For the novel 2D-

patterned electrode, the performance normalized to the PAEA became much better and the HFR 

was smaller compared to the baseline due to the fact that the RAA was larger than its PAEA. When 

normalized by the PAEA, the current density would be overestimated, which resulted in higher 

current density values and might not represent the true performance. Figure 4(b) shows schematic 

of the PAEA and RAA for the two patterned electrodes. The PAEA in a certain region (25 cm2 in 

this study) is related to the size of the catalyst stripes and gaps. When the catalyst layer stripe size 

was a constant, the PAEA increased with decreasing gap size (i.e., Pattern-3 had a larger PAEA 

than Pattern-1). RAA was found to be proportional to PAEA and its perimeter. While the perimeter 

of PAEA was also related to PAEA itself in a fixed 25 cm2 region. Therefore, RAA was only 

related to PAEA and could be estimated by correcting the performance of the patterned electrodes 

to the baseline samples. The relation between RAA and PAEA is shown in Table S2. The >100% 

ratio between RAA and PAEA indicated that RAA of the PEMWE device was larger than that of 

PAEA when the novel 2D-patterned electrodes were used. A similar ratio between the three 

patterns reconfirmed the edge effect of the electrode. RAA was about 130% of PAEA, as shown 

in Figure 4(b). When downsizing the gap to 0.3 mm, the RAA was about 25 cm2, which indicated 

a full utilization of the cathode electrode and showed identical performance to the baseline 

electrode (Figure 4(b2)). 
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Figure 4.(a) Performance comparison between the baseline and patterned electrode by using the 

physical electrode area. (b) Schematic of the similar performance working mechanism with the 

2D-patterned electrodes (b1) Pattern-1 and (b2) Pattern-3, with the red line indicating the edge 

effect of the electrode. 

 

Figure 5(a) and (b) compare the mass activity of the different samples and were calculated 

from the cell voltage and HFR-free voltage, respectively, and the full curves are shown in 

Figure S8. The catalyst mass activity is a critical parameter for assessing the catalyst performance. 

In a PEMWE device, the cell voltage is composed of open circuit voltage, kinetic loss, ohmic loss, 

and diffusion loss, and it is difficult to deconvolute the pure catalyst kinetic loss. The mass activity 

also changed greatly when measured at different voltages, as shown in Figure S8. For simplicity, 

Figure 5(a) compares the mass activity at 1.6 V of cell voltage, and the mass activity increased 

from the baseline to the patterned electrodes. For example, the mass activity was 1.036 A mg-1 for 

the baseline and 1.307 A mg-1 for the Pattern-3 sample, with an improvement of 26% and showing 

identical cell performance (Figure 4(a)). When the catalyst stripe size was reduced, the mass 

activity increased significantly to 2.229 A mg-1 for the Pattern-4 sample and was more than 2-folds 

of that of the baseline. However, a slight reduction in cell performance with Pattern-4 (Figure 4(b)) 
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suggested that its parameter was not ideal. Although Pattern-5 had the highest mass activity, its 

performance was unacceptable, far cry from the right patterned electrode development.  

Figure 5(b) shows the mass activity at 1.48 V of HFR-free voltage with a different trend 

compared to Figure 5(a). Without the impact of ohmic resistance loss, the mass activity in 

Figure 5(b) was more accurate to assess the electrode performance. Pattern-3 achieved the best 

value (0.595 A mg-1), which was approximately 9% improvement compared to the baseline. The 

mass activity of the other patterned electrodes was even lower compared to the baseline due to the 

reduced cell performance even though they reduced the catalyst loading. This means that only 

Pattern-3 increased the catalyst mass activity while maintaining the cell performance, representing 

an ideal pattern for the PEMWE anode electrode.  
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Figure 5. Catalyst mass activity in PEMWE cell. (a) Calculated based on PEMWE cell total 

voltage at 1.6 V; (b) Calculated based on PEMWE cell HFR-free voltage at 1.48 V.(c) Top-view 

SEM images and (d) EDS mapping of the Ir catalyst electrode, and (e) cross-section image of the 

patterned-electrode. 

 

Figure 5(c) shows the scanning electron microscopy (SEM) images of the patterned electrodes. 

The catalyst layer had a clear edge, and no Ir particles were found in the gap. The Ir catalyst had 

no differences from the baseline electrode (shown in Figure S9), and the pattern was a micro-scale 

architecture without any impact on the catalyst layer nano-structures. The cross-section of the 

patterned electrode was also examined because the flatness of the electrode had a significant 

impact on its performance, and the effects are shown in Figure 6. During the electrode fabrication 

process, the mask is hot pressed onto the Nafion membrane to prevent ink overflow to the region 

under the shadow mask. However, this process resulted in grooved electrodes if the compression 

was too high. For Pattern-4 CCMs, if the electrode had a grooved electrode, the performance was 

significantly lower than that of the flattened electrode. When the electrode was flat, very similar 
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performance can be obtained compared to baseline fully covered CCMs. If the electrode was 

grooved, the performance decreased greatly, and also showed a worse repeatability compared to 

flattened electrode, which is indicated by the error bars of the polarization curves. The decreased 

performance originated from both higher resistances and worse kinetics, which are indicated by 

the HFR and Tafel plots in Figure 6, respectively. Therefore, the fabrication process of the 

patterned electrode also had a large influence on its performance. The ideal pattern should be in 

one plane with the gap as shown in Figure 5(d). 

 

Figure 6. (a) Performance comparison between flattened/grooved patterned CCMs and the 

baseline CCM (inset is the Tafel plot comparison); (b) 3D microscope images of the flattened and 

grooved electrode. 

 

Conclusions: 

In summary, the edge effect indicates that the proton can travel to further regions when it 

reaches the counter electrode, and its impacts on the PEMWE performance were captured for the 

first time. This phenomenon was well defined and contributed to the combined effects of 

membrane properties, internal potential distribution, and sufficient counter electrode coverage. 

With a deep understanding of the mechanism, a series of 2D-patterned electrodes with various 
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dimensions in catalyst stripes and gaps was designed and characterized in a real PEMWE device. 

Compared with the catalyst-fully-covered baseline electrode, the optimal 2D-patterned electrode 

(1.0 mm in the catalyst stripe and 0.3 mm in the gap) could deliver identical performance but saved 

more than 21% of the anode PGM catalyst. The catalyst loading could be further reduced by 61%, 

if changing the catalyst stripe to 0.3 nm and the gap to 0.3 mm, without seeing any significant 

performance compromise. The findings of this work also indicate that the uniformity of the 

electrode at micro-scale in a PEMWE device may be less of a concern when fabricating 

conventional electrodes, which is also very valuable for the PEMWE community. This novel 

discovery opens a completely new direction for reducing catalyst loading and system capital cost, 

which could promote the wide application of the PEMWE technology for green hydrogen 

production. 
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