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Abstract: We propose an anode electrode concept of thin catalyst-coated liquid/gas diffusion 

layers (CCLGDLs) by integrating Ir catalysts with Ti thin tunable LGDLs with facile 

electroplating in proton exchange membrane electrolyzer cells (PEMECs). The CCLGDL 

design with only 0.08 mgIr cm−2 could achieve comparative cell performances to the 

conventional commercial electrode design, saving ~97% Ir catalyst and augmenting a catalyst 

utilization to ~24 times. CCLGDLs with regulated patterns enable insight into how pattern 

morphology impacts reaction kinetics and catalyst utilization in PEMECs. A specially designed 

two-sided transparent reaction-visible cell assists the in-situ visualization of the PEM/electrode 

reaction interface for the first time. Oxygen gas is observed accumulating at the reaction 

interface, limiting the active area and increasing the cell impedances. We demonstrate that mass 

transport in PEMECs could be modified by tuning CCLGDL patterns, thus improving the 

catalyst activation and utilization. The novel CCLGDL concept promises a future electrode 

design strategy with a simplified fabrication process and enhanced catalyst utilization. 

Furthermore, the CCLGDL concept also shows great potential in being a powerful tool for in-

situ reaction interface research in PEMECs and other energy conversion devices with solid 

polymer electrolytes (SPE). 

1. Introduction 

A worldwide increase in energy demand and a latent crisis in the fossil fuel supply has 

spurred broad research in the renewable energy industry. Currently, most renewable 

energy resources (e.g., hydro, wind, solar, tide) face supply challenges as they are known 

to be intermittent, unstable, and locally shackled, which calls for urgent development in 

energy storage and transportation. Hydrogen has been regarded as one of the most 

potential ideal energy carriers with its advantages (e.g., high energy density, 
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environmentally friendliness, and low weight).[1-12] In practice, the proton exchange 

membrane electrolyzer cell (PEMEC) is considered to be one of the optimal hydrogen 

production devices with its superior compact design, high efficiency, preeminent 

hydrogen purity, and great compatibility with PEM fuel cells (PEMFCs).[13-19] Although 

the advantages of PEMECs are apparent, the high cost has been holding back its large-

scale application. Precious platinum-group metals (PGMs) such as Ir and Ru are mostly 

used as anode catalysts to withstand the aggressive anode working environment in 

PEMECs.[20-30] As reported by Ayers et al., for a practical stack with a daily production 

of 13 kg H2, the membrane electrode assembly (MEA) accounts for one quarter of the 

stack cost.[31] Therefore, decreasing the anode catalyst loading, simplifying anode 

fabrication, and cutting down electrode cost are effective strategies to reduce a PEMEC’s 

cost and boost its commercial application. 

At present, a catalyst-coated membrane (CCM)/porous transport layer (PTL) design is most 

widely employed in PEMECs.[32, 33] The great progress has been made in the research and 

[34, 35] development of CCMs to reduce catalyst loadings and to enhance long-term durability. 

However, Mo et al. discovered that a large portion of the catalyst on the membrane is 

underutilized in the CCM/PTL design due to the conductivity limit of the ionomer mixed 

catalyst layer (CL).[36] They demonstrated that gas diffusion electrodes (GDEs) with catalyst 

deposited on the electrode rather than the PEM could avoid this issue, showing great potential 

to reduce the catalyst loading of PEMECs. So far, the research on GDE mainly consists of three 

aspects (catalysts, deposition methods, and PTLs), among which the modifications on the 

catalysts and the deposition methods have been widely studied.[37, 38] However, reports of 

modifications on PTL itself are rare and the significance of such research is underestimated. In 

fact, the morphology design of an electrode would greatly influence its performance.[39] 
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Currently, Ti felt is one of the most widely used PTL materials in the industry and is commonly 

involved in the GDE research. Commonly, the thicknesses of Ti felt PTLs are more than 300 

µm. The catalyst deposited deep inside the PTL would be far away from the Nafion, and 

difficult to be utilized in the reaction due to the failure of meeting triple-phase boundary (TPB) 

conditions.[40, 41] Hence, the catalyst could be wasted if deposited on Ti felt or other PTLs with 

large depths and complex 3D structures. In this case, a thin PTL with a simple porous structure 

would be ideal. 

Herein, a concept of thin catalyst-coated liquid/gas diffusion layer (CCLGDL) is proposed 

to be an alternative to conventional CCM/PTL design (Figure 1a) by integrating an Ir catalyst 

layer with the thin (~50 µm) tunable liquid/gas diffusion layer (TT-LGDL) via a facile 

electroplating process. The CCLGDL design (Figure 1b) inherits the advantages of GDEs and 

furthermore avoids the catalyst waste issue of using Ti felt or other thick conventional materials, 

thus significantly improving the catalyst utilization.[42] In-situ cell performances of Ir 

CCLGDLs with different thicknesses from 35 to 125 nm (corresponding to 0.08 ~ 0.27 mg 

cm−2) were investigated. As illustrated in Figure 1c, to better understand the impact of the 

CCLGDL morphology on electrochemical performances, CCLGDLs with three pore sizes (100, 

200, and 300 µm) and three porosities (20%, 40%, and 60%) were investigated in PEMECs 

using cathode-only single-sided CCMs in this research. The land width is defined as the shortest 

distance between the edges of two adjacent pores. By comparing different CCLGDLs with the 

same Ir coating thickness, the systematic study of the impacts of electrode patterns with 

regulated morphological parameters (e.g., land width, porosity, contact area, total pore edge 

lengths) on catalyst activation and utilization was performed in this work. These experimental 

results provide us with more insightful and direct evidence of crucial electrode parameters in 

determining the overall cell performances in PEMECs, which would further facilitate and guide 

the optimization of low-loading electrodes for high-efficiency water electrolyzers. In our 
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previous works, we could only observe the bubble dynamics in the channel and/or on the 

catalyst surface of CCMs.[43, 44] Thus, the insightful information of the mass transport 

phenomena and real-time electrochemical reactions at the reaction interface between PEM and 

catalysts still remains unclear. In this work, taking the advantages of the CCLGDL structure 

and the high-speed microscale visualization system, we pioneer a novel two-side CCLGDL 

MEA design specifically feasible for the visualization system, so that we could film the in-situ 

OER reactions on the interface between PEM and catalyst for the first time. This is one major 

novel step beyond our prior works. To the best of our knowledge, there are no reports about in-

situ OER reaction interface visualization in an operating cell. The CCLGDL structure grants 

the feasibility of such visualization, which infers the CCLGDL is not only a promising 

alternative electrode design but also a powerful tool for in-situ electrode/membrane interface 

research. This work will provide a general guidance to the future GDE morphology design and 

a direction for launching in-situ reaction interface research. In addition, a deeper understanding 

of electrode design will contribute to the cost reduction for PEMECs as well as other energy 

conversion devices, and boost their pathways towards commercialization. 

2. Results and discussion 

2.1 Comparison of PEM/CCLGDL with conventional CCM/PTL 

Three different MEA designs: conventional CCM/Ti felt, CCM/TT-LGDL, and 

CCLGDL are compared. The structural differences of the three membrane/electrode 

designs are illustrated in Figure 2a, 2b, and 2c. The bubble generation differences 

among various designs are shown in Movie S1, S2, and S3, and their corresponding 

high-speed video snapshots are displayed in Figure 2d, 2e, and 2f, respectively. The 

bubble dynamics and two-phase flow behavior would provide us information about the 

differences of three different designs.[45, 46] From Movie S1, in the CCM/Ti felt design, 
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we can clearly observe that the bubbles are detaching less frequently than those of the 

CCM/TT-LGDL (Movie S2) and PEM/CCLGDL (Movie S3), which may impede the 

water diffusion because it literally lengthens the time of gas staying in the diffusion 

layer.[44, 45] PEM/CCLGDL design inherits the advantages of TT-LGDL due to its thin 

thickness and straight-through pores. Then, by comparing Movie S2 and S3, although 

there are catalysts in the middle of the pores for CCM/TT-LGDL, it is observed in Movie 

S2 that most bubbles generate at the rims of the pores just like Movie S3, indicating that 

the catalysts in the middle of the pores are underutilized for the CCM/TT-LGDL design. 

The underutilization in CCM/TT-LGDL design is believed to be influenced by the CL 

conductivity.[44, 47, 48] 

The performance differences of the three designs are shown in Figure 2g. Notably, 

the polarization curve of CCLGDL starts from 1.45 V at 0 A cm −2, while the CCM/PTL 

and CCM/TT-LGDL designs start from a lower value of 1.39 V (60 mV in difference). 

The starting potential is affected by anode and cathode onset potentials. With the same 

cathode design, the starting potential difference mainly results from the difference in 

anode design. The CLs of CCMs are composed of IrOx nanoparticles well mixed with 

ionomer. However, the CL of a CCLGDL is fabricated by Ir electroplating. Hence, 

compared to the CL of CCM, a smaller active area might be obtained for the CL of 

CCLGDL, especially with only ~6% of the catalyst loading (CCLGDL: 0.17 mgIr cm −2; 

CCM: 3.0 mgIr cm −2). Despite this, at 3 A cm −2, the PEM/CCLGDL design still shows a 

better performance (2.03 V) than conventional anode CCM/Ti felt (2.11 V) and 

CCM/TT-LGDL design (2.04 V) under 80 °C. As shown in Figure S1, a smaller HFR 

value of PEM/CCLGDL contributes to its better performance than CCM/Ti felt in the 

large current density range. Furthermore, as discussed in our previous works, both PTL 

[49-51]thickness and morphology would affect the PEMEC ohmic loss and performance. 
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Herein, not only the thickness but also the electrode structure difference of CCLGDLs 

and the Ti felt may result in different ohmic losses and cell performances. Furthermore, 

Figure 2h shows the mass-specific currents of a PEM/CCLGDL and two CCM/PTL 

designs. 1.7 V was picked because 1 A cm −2 is a commonly used current density for 

−2 [52, 53] durability tests and our CCLGDL exhibits ~1.7 V at 1 A cm . Mass-specific 

current is considered as an effective judgment criterion for the electrode catalyst 

utilization in the cell and its difference from the mass activity is that mass activity 

requires an ohmic free correction and reflects the property of the CL (not the electrode), 

while the mass-specific current shows the property of an electrode. The ohmic loss is a 

critical parameter for electrode performance that we cannot ignore when we estimate an 

electrode for its catalyst utilization. The idea of the mass-specific current is 

straightforward that with a fixed cell voltage, for a certain amount of catalyst, the larger 

current density a cell can achieve, the better the electrode is in utilizing the catalyst. As 

shown in Figure 2h, the CCLGDL design exhibits a high mass-specific current of 

4.64 A mgIr 
−1 at 1.7 V, which is much better than those of the other two designs (CCM/Ti 

felt design: 0.29 A mgIr 
−1; CCM/TT-LGDL design: 0.34 A mgIr 

−1). Movie S2 

demonstrates that catalyst underutilization exists in the conventional CCM/PTL design, 

and this would help explain the better catalyst utilization for the PEM/CCLGDL design. 

Unlike ionomer mixed CLs in conventional CCM/PTL designs, the Ir CL of the 

CCLGDL is directly deposited on the electrode. The fabrication of a conventional CCM 

usually involves a multi-step process, including catalyst ink preparation, ink 

spraying/painting, and decal transfer. The proposed CCLGDL fabrication could avoid 

these steps and the electroplating system could also be organized in tandem with 

protective layer coating systems, which would simplify the production line of long-

durability electrodes for practical applications in PEMECs.[54] Protective layer is 

8 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



 

 

            

            

           

            

             

      

 

             

             

         

          

               

           

           

             

             

          

   

              

           

         

                

        

         

believed to be essential for the fabrication of durable parts.[55] The electroplating method 

is a commonly adopted method for facile and fast catalyst deposition, and the loadings 

of the CCLGDLs could be well-controlled by the electroplating duration. Although 

electroplating Ir metal was used as one example for CCLGDL fabrications in this work, 

chemical synthesis or spray coating methods, or other OER catalysts such as IrOx can 

also be applied to the CCLGDLs. 

2.2 Impact of CCLGDL catalyst loadings on cell performances 

SEM images of CCLGDLs with three different Ir thicknesses (35, 75, and 125 nm) were 

captured to study the morphology and structure of the catalyst layer. The parameters of 

as-prepared CCLGDLs are provided in Table S1. Detailed information about 

measurement and calculation is provided in experimental section. The average thickness 

of the Ir catalyst layer was estimated with pure Ir density, the wetted surface area during 

the electroplating process, and the mass difference before and after the electroplating. 

As shown in Figure 3, CCLGDL Ø100P40-35 shows a discontinuous Ir nanofilm, 

composed of isolated Ir nanoparticles/clusters. With an increase of the Ir thickness from 

35 to 75 nm, the Ir nanofilm on CCLGDL Ø100P40-75 becomes more continuous. For 

CCLGDL Ø100P40-125, the uniform Ir nanofilm completely covers the entire surface 

of the substrate. 

In Figure 4, the performances and HFR results of CCLGDLs with the same pattern 

morphology but different Ir thicknesses, namely, 35, 75, and 125 nm, were compared. 

As illustrated in Figure 4, CCLGDL Ø100P40-75 and CCLGDL Ø100P40-125 show 

the same cell voltage of 1.90 V at 2 A cm −2 and their average HFR values (~118 mΩ·cm2 

for CCLGDL Ø100P40-125, ~114 mΩ·cm2 for CCLGDL Ø100P40-75) are similar 

within the tested current density range. However, the CCLGDL Ø100P40-35 sample 
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shows a slightly worse performance (1.97 V at 2 A cm −2). Also, the HFR value of 

CCLGDL Ø100P40-35 (~140 mΩ·cm2) is slightly higher than the other CCLGDLs. The 

similar performances of CCLGDL Ø100P40-75 and CCLGDL Ø100P40-125 indicates 

that a threshold thickness might exist, and the electrode performance would not be 

further improved in a certain range of current density (0 ~ 2 A cm −2) when the Ir 

thickness exceeds the threshold. From the SEM images, it is suggested that when the 

coverage of the catalysts reaches a certain level, the reaction sites provided in a specific 

area would not further increase. Noticing that the 75 nm Ir layer still has gaps on the 

surface, it implies for a CCLGDL a “full coverage” might not be essential for exhibiting 

good electrode performance within a certain current density range. To avoid the case 

that an “overloaded” catalyst dominates the performance in a PEMEC and affects our 

judgment about the pattern morphology impact, 75 nm Ir thickness is controlled for the 

comparison of different patterned CCLGDLs. 

2.3 Impact of pattern morphology on catalyst activation 

Different from conventional GDEs with randomized fiber or particle structures, a planar 

CCLGDL with a regulated pattern grants a regulated contact pattern with the PEM. From 

the pore edge to the middle of the land, the location difference may result in different 

local reaction conditions (e.g., different gas diffusion, water diffusion, and membrane 

hydration); thus, the catalyst may not be equally activated. Since the catalyst working 

environment could be different, CCLGDL patterns should impact the catalyst activation 

process. Even the catalyst can be equally activated, a difference in mass transport would 

still possibly lead to variations in reaction kinetics. By tuning the patterns, the 

polarization and HFR curves of different CCLGDLs are shown in Figure 5a. Among all 

the CCLGDLs, Ø100P40-75 (red) with 100 µm pore size, 0.40 porosity, and 0.17 mgIr 
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cm −2 (~75 nm) exhibits the best performance of 1.90 V at 2 A cm −2. Figure 5b shows 

the whole-cell Tafel plots of different CCLGDLs around 1.50 VHFR-free (~300 mV above 

reversible voltage[56]). Because the cathode setups for all tests are identical, the HER 

kinetics is considered the same under the same HFR-free voltage; thus, the difference in 

whole-cell Tafel slopes should result only from the anode difference. Due to the 

complexity of a whole-cell reaction with both anodes and cathodes involved, whole-cell 

Tafel slopes are not recommended to identify the rate-determining step for OER kinetics. 

Moreover, for complex multi-step reactions, M. Koper has reported that the rate-

determining step and the potential-determining step may be different and simply using 

Tafel slopes to compare the catalyst can be risky if multi-steps are involved.[57] OER is 

a typical multi-step process, so keeping a low voltage (or a low current density) is 

necessary to avoid ambiguous rate-determining step. Herein, this work only captures the 

voltage window for the first whole-cell Tafel slope. The Tafel slope implies the required 

voltage increase to enlarge the current density by a factor of ten and reflects the intrinsic 

property of a catalyst. A smaller Tafel slope may indicate a better faster kinetics for 

OER.[37, 58] . Notably, Ir CLs on all CCLGDLs are prepared identically with the same 

thickness (local loading), which means if all the Ir on each CCLGDL can be equally 

activated and work at the same reaction environment, the OER kinetics should be similar 

among these CCLGDLs, but as we just discussed, it would not be possible due to the 

pattern difference. As a result, the difference in whole-cell Tafel slopes would imply the 

catalysts involved in the reaction on CCLGDLs are not equally activated and the catalyst 

working environment might also be different. As shown in Figure 5b, CCLGDLs 

Ø100P40-75 (red) (51.1 mV dec−1), Ø200P40-75 (orange) (53.2 mV dec−1), and 

Ø300P60-75 (pink) (52.9 mV dec−1) show similar whole-cell Tafel slopes. However, 
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Ø300P20-75 (purple) (66.4 mV dec−1) and Ø300P40-75 (cyan) (68.9 mV dec−1) exhibit 

much higher Tafel slopes than the rest. 

The difference in the whole-cell Tafel slopes implies that for the catalysts (involved 

in the reaction) of Ø300P20-75 (purple) and Ø300P40-75 (cyan), the OER kinetics are 

slower than the other CCLGDLs. Meanwhile, Ø300P60-75 (pink), also with a 300 µm 

pore size, exhibits a low Tafel slope, which means the hampered kinetics is not simply 

[59] due to the lack of due to the pore size. Based on the model reported by Chen et al., 

in-plane water diffusion in LGDLs,[50] the water saturation beneath the CCLGDL would 

be limited without a direct water supply. Tafel slope is not sensitive to active area (the 

logarithm of area would only cause a shift of the plot but not changing its slope), so the 

discussion of the kinetics would only result from the in-situ electrode performance (i.e., 

better activation of the catalyst, more abundant water diffusion to the reaction interface 

would all contribute to better electrode performance).Notably, the land widths of 

Ø300P20 (350 µm) and Ø300P40 (150 µm) are much larger than those of the other 

CCLGDLs, we assume that large land width should have an impact on the slow kinetics 

and a diffusion issue resulted from a large land width is suspected to hinder the catalyst 

activation or influence the catalyst working environment. Lateral water diffusion in the 

PEM should be the main water supply for the reaction sites under the land. The wider 

the land width is, the more difficult the water diffusion would be, which would make 

catalysts more difficult to get fully activated. The mass activities are compared at the 

same HFR-free voltage of 1.65 V (set to be 200 mV above 1.45 VHFR-free. Whole-cell 

onset potentials of CCLGDLs are similar and around 1.45 VHFR-free. In addition, for the 

best performed CCLGDL, this HFR-free voltage is around 1 A cm −2). As shown in 

Figure 5c, a smaller pore size and a larger porosity would contribute to a higher mass 

activity. Among the three CCLGDLs with the same porosity, CCLGDL Ø100P40-75 

12 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



 

 

               

          

         

               

           

              

            

          

           

     

         

          

               

               

          

           

               

              

            

            

              

             

          

             

            

with the smallest pore size shows the highest mass activity of 9.07 A mgIr 
−1. Among the 

three CCLGDLs with the same pore size, CCLGDL Ø300P60-75 with the largest 

porosity shows the highest mass activity of 9.97 A mgIr 
−1. 

HFR is usually used to represent the ohmic resistance in the cell. As shown in Figure 

5a, CCLGDL HFR values vary along with the current density. Normally, we would 

assume the ohmic resistance in a PEMEC to be constant. However, for CCLGDLs, the 

ohmic resistance apparently increases along with the increase of the current density. This 

phenomenon is also observed in CCM/TT-LGDL design as illustrated in Figure S1. 

Therefore, we hypothesize such ohmic resistance increase phenomenon is likely related 

to the interface of PEM/CCLGDL. 

To validate our hypothesis, a two-sided transparent and interface-reaction-visible cell 

was used, and a design of Pt-CCLGDL/PEM/Ir-CCLGDL was developed (Figure S2). 

As marked in the red boxes of Figure S2, the observation target is on the anode side, 

and the camera is designed on the opposite side (cathode) to capture the in-situ reaction 

interface through the membrane. From the transparent cathode side, we successfully 

visualized and captured the in-situ reaction interface of the PEM/CCLGDL. A high-

speed video was recorded at 0.1 A cm −2 (Movie S4). To the best of our knowledge, there 

are no reports about in-situ OER reaction interface visualization in an operating cell. As 

shown in Movie S4, bubbles are generated at the interface of PEM/CCLGDL, where 

TPB conditions are satisfied. For some inner areas under the CCLGDL lands (blue 

circled area), the oxygen bubbles have longer transport pathways than the areas near the 

edges. As the bubbles grow and emerge, the oxygen gas would separate the 

PEM/CCLGDL interface and eventually transport into the pore (red circled area). 

Therefore, we assume that gas generated near pore edges is more easily diffused out 

from the reaction interface than inner areas beneath the lands. Consequently, for different 
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pattern morphologies, a smaller land width of CCLGDLs would benefit the gas release, 

and a CCLGDL with a larger land width would suffer more from the gas accumulation. 

A more severe bubble accumulation phenomenon would cause more prolonged 

separation of the reaction interface, and then lead to losses of reaction area and proton 

transport pathways, which would increase the ohmic resistances. Such phenomenon 

would become more severe when the current density increases due to larger generated 

gas volumes. Therefore, the gas accumulation and diffusion shown in Movie S4 at the 

reaction interface of PEM/CCLGDL should relate to the HFR increase along with the 

current density. Specifically, the HFR differences of CCLGDLs (Ø300P20-75, 

Ø300P40-75 and Ø300P60-75) with the same pore size of 300 μm but different land 

widths of 350, 150 and 75 μm were measured and compared in Figure 5a. The results 

indicate that with the same pore size, the land width of CCLGDLs greatly impacts the 

increase trend of HFRs. The wider the land is, the greater the HFR increase is found. 

Especially, for the 350 μm land width case, the HFR increases phenomenally along with 

the current density increase. More discussions of the pattern impact on the cell 

performance will be addressed in the following sections. Moreover, Movie S4 was 

recorded at only 0.1 A cm −2 and these issues would become more severe as the current 

density increases because the gas release would become more extensive. With a larger 

current density, the PEM/CCLGDL interfacial area would decrease, which would result 

in an increase in proton transport resistance.[47] Simultaneously, a larger local current 

density is required to maintain the fixed total current given to the cell, which would also 

bring in a larger ohmic loss. 

2.4 Impact of pattern morphology on cell activation loss and diffusion loss 
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EIS fitting: The equivalent circuit with two Q/R components shown in Figure 6a is used 

for the fitting and analysis of the EIS of the CCLGDLs (75 nm). A typical Nyquist plot 

of CCLGDL Ø100P40-75 EIS at 0.2 A cm −2 is shown in Figure 6b, and the fitting curve 

indicates the spectrum is well interpreted by the model. The fitting for PEMEC EIS 

spectra is complicated. Due to different interpretations of the spectra, reported models 

for whole PEMEC EIS spectra fitting vary from different researchers. Rozain et al. 

reported that the two arcs in the EIS are both affected by OER from two OER kinetic 

steps and the charge transfer reactions are major cell impedance contributors even at cell 

voltage up to approximately 1.8 ~ 1.9 V.[60] Lettenmeier et al. also fitted the last arc with 

a Q/R component. However, he considered it as a diffusion arc (rather than interpreting 

with a Warburg component).[33] Liu et al. adopted two circuit models (Q/(R+ZW) and 

Q/R+Q/R) for the EIS fitting of two MEA designs and the second arc is classified as a 

diffusion arc when using a Q/(R+ZW) model, and as a charge transfer arc when using a 

Q/R+Q/R model.[61] In this work, due to the complexity of the EIS fitting for whole-cell 

tests, only spectra under low current density (0.2 A cm −2) were fitted and analyzed. Two 

Q/R components were adopted to interpret the spectra. As shown in Figure 7, HFR-free 

EIS results are presented to investigate the cell activation and diffusion losses. The fitting 

data are presented in Table 1. Cdl values were calculated based on corresponding charge 

transfer kinetic resistances, CPE values, and exponents a. The second arc is notably 

distorted, which indicates the Q/R part with a distorted exponent a is for the low-

frequency arc. 

Activation loss: As discussed about Figure 5b, the OER kinetics for CCLGDLs is 

found different even with the same CL fabrication method at similar HFR-free cell 

voltages. In addition, CCLGDLs with apparently large land widths turn out to have 

higher kinetic slopes, which indicates a difference in the CL working environment. As 
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multi-step kinetics is involved in the reaction and diffusion issue might not show up at a 

−2 [51] And low current density of 0.2 A cm , we believe both arcs are charge transfer arcs. 

if the first charge transfer arc is for HER, Rhf should be much smaller than Rlf, so both 

arcs are for OER. As shown in Table 1, at 0.2 A cm −2, the values of the Rhf of all plots 

are close. Despite Ø100P40-75 (87.9 mΩ·cm2), other CCLGDLs all show a value around 

100 ~ 110 mΩ·cm2. As for Rlf values, relating the land width information in Table S1, 

the CCLGDLs with large land widths show apparently larger values (Ø300P20-75, 174.6 

mΩ·cm2; Ø300P40-75, 169.2 mΩ·cm2) than the rest samples, which indicates the second 

charge transfer arc is limited with the pattern morphology and a large land width would 

hamper the low-frequency charge transfer. As discussed about Movie S4, the gas release 

phenomenon may affect the TPB conditions of the catalyst beneath the land. The hamper 

in kinetics agrees with the whole-cell Tafel slope results of CCLGDL Ø300P20-75 

(purple) and Ø300P40-75 (cyan) shown in Figure 5b (purple and cyan). Therefore, a 

smaller land width would contribute to the small activation loss and a small pore size 

would be favorable for a smaller activation loss. 

Diffusion loss: As reported by Lee et al., a better water diffusion through the PTL 

would benefit the cell performances.[62, 63] For our CCLGDLs, taking the advantages of 

the thin thickness and the straight-through pore structure,[51] the water diffusion through 

the CCLGDL would be much easier than conventional PTLs, which implies the main 

diffusion issue of the CCLGDL design is the water diffusion to the reaction sites at the 

PEM/CCLGDL interface. Usually, a diffusion arc would gradually show up and increase 

with the increase of the current density and activation loss would not change 

significantly when the current density exceeds the Tafel region.[47, 64] Interestingly, as 

shown in Figure S3, the sizes of the first arcs in the normalized EIS plots barely change 

beyond the Tafel region, but the sizes of the second arcs tend to increase along with the 
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increase of the current density, which further validates the second charge transfer arc is 

influenced by diffusion issue in the cell. As shown in Figure 7b, a third arc would appear 

when the current density increases to 1.0 A cm −2 after 0.5 Hz (diffusion arcs normally 

appear at low frequency region[51]), and this is believed to be the diffusion arc. Evidently, 

the turning point frequency between the first and the second transfer arc is around 100 

Hz at 1 A cm −2, which is probably too large for a diffusion phenomenon, it also implies 

that both the first and the second arcs could be charge transfer arcs. However, due to the 

shape of the spectra, even with a Zw component added in the model, the 1 A cm −2 EIS 

cannot be well fitted, so the value of the diffusion impedance cannot be presented. The 

discussion would be roughly based on the sizes of the third arc at 1 A cm −2. As shown 

in Figure 7b, the third arc sizes are obviously variant. With the same pore size, the 

diffusion arcs of the Ø300P20-75 (purple) and Ø300P40-75 (cyan) are obviously larger 

than the other CCLGDLs. With the same porosity, CCLGDLs with smaller pore sizes 

would provide smaller land widths and more pores in the 5-cm2 active area, which would 

contribute to smaller diffusion losses at both current densities. More pores and smaller 

land widths are supposed to be favorable for gas release from the reaction interface. A 

possible PEM dehydration gradient would occur beneath the land area due to the limited 

water transport from the pore edges to the inner regions under the continuous reaction. 

As water is the reactant for the OER, the reaction kinetics from pore edges to inner 

regions would be probably affected by the PEM dehydration gradient due to the reactant 

concentration difference,[65] which further explains why small pore size and small land 

width would contribute to low activation loss. Hence, the CCLGDL pattern with a better 

gas release would contribute to smaller activation and diffusion losses in cell 

performance. 
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2.5 Impact of pattern morphology on ohmic loss  

In the previous discussion on Figure 5a, we suggest that the gas release phenomenon 

would result in the HFR increase along with the current density increase. To understand 

the impact of different CCLGDL patterns on this HFR increase phenomenon, HFR 

values of all CCLGDLs at two current densities (0.2 and 1.0 A cm−2) are listed in Table 

2. The relationship between the PEM/CCLGDL interface and the HFR values is 

demonstrated in Figure 8a. With respect to the TPB requirement, only the catalyst at the 

PEM/CCLGDL interface is considered active. Due to the PEM deformation from 

compression in the test (as shown in Figure S4), the edge of the PEM/CCLGDL 

interface may extend into the pore. As discussed about Movie S4, the gas release would 

separate the PEM/CCLGDL interface. This indicates that when the current density 

increases, a CCLGDL with a large PEM/CCLGDL interface is more likely to get 

influenced, resulting in a HFR increase. Meanwhile, a CCLGDL pattern with a better 

interfacial gas release property is supposed to help stabilize the HFR within the tested 

current density range. As shown in Figure 8a, CCLGDL Ø100P40-75 (red) and 

Ø300P20-75 (purple) have similar PEM/CCLGDL contact areas but the HFR increase 

in Ø100P40-75 is 1.8 mΩ·cm2, which is significantly smaller than that of Ø300P20-75 

(23.5 mΩ·cm2). Figure 8b shows the relationship between the total pore edge length and 

the HFR difference between 0.2 and 1.0 A cm−2. It is observed that a larger total pore 

edge length would help better stabilize the HFR of a PEMEC. A possible mechanism is 

that with a constant current density and a larger total pore edge length, the gas flux 

through unit pore edge length could be smaller, which favors the gas release from the 

PEM/CCLGDL interface, thereby facilitating the water access to the reaction interface 

and helping maintain sufficient reaction sites. In addition, the longer edge length 

provides more reaction sites on the edge, where is less affected by the mass transport 
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under the pore lands. As Kang et al. reported, all reaction sites are considered parallel 

with each other in the circuit, and more reaction sites would decrease the ohmic loss.[47] 

Moreover, with a better gas release, adequate proton transport pathways can be 

guaranteed , which would help suppress the HFR increase. As a result, when the current 

density increases from 0.2 to 1.0 A cm−2, a CCLGDL with a larger total pore edge length 

would give rise to a smaller HFR increase. 

2.6 CCLGDL catalyst utilization 

With the same amount of catalyst (same catalyst geometric loading per active area), the 

currents supplied by different CCLGDLs at the same cell voltage would exhibit their 

catalyst utilizations. As shown in Figure 9a, CCLGDL Ø200P40-98 (1.95 V at 2 A cm-

2) has the same geometric loading as Ø100P40-75 (shown in Table S1) and exhibits the 

same performance as Ø200P40-75. This result is consistent with the discussion in the 

loading impact section. As a result, as shown in Figure 9b, the mass-specific current of 

CCLGDL Ø200P40-98 would be lower than Ø200P40-75. Because CCLGDL 

Ø100P40-75 has the largest geometric catalyst loading as shown in Table S1, achieving 

the same geometric loading as Ø100P40-75 of other CCLGDLs would only lower their 

catalyst utilizations without enhancing their performances. Therefore, although the 

comparison of catalyst utilization requires the same catalyst geometric loading, the 

catalyst utilizations of different CCLGDLs could be represented by their mass-specific 

currents due to the fact that performance would not be further improved after achieving 

the threshold thickness. The mass-specific currents of CCLGDLs at the same cell voltage 

are presented in Figure 9. As shown in Figure 9b, all CCLGDLs (3.53 ~ 6.94 A mgIr
−1) 

show better catalyst utilization than CCM/TT-LGDL (0.34 A mgIr
−1) and CCM/Ti felt 

(0.29 A mgIr
−1). 
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In our previous discussions, we have already proved a close relationship between the 

CCLGDL pattern and its activation, diffusion, ohmic resistance, and performance. The 

variance of the Ir mass-specific currents of CCLGDLs should help us better understand 

the impacts of the pattern. Figure 9b shows the catalyst utilization by estimating Ir mass-

specific currents of CCLGDLs at a cell voltage of 1.7 V. For all CCLGDLs with 75-nm 

Ir, a larger porosity would contribute to a higher mass-specific current. Meanwhile, at 

the same porosity, the pore size would not impact the mass-specific current significantly. 

As shown in Figure 9b, the mass-specific currents of CCLGDL Ø100P40-35 (blue) and 

Ø300P60-75 (pink) outperform other CCLGDLs. However, CCLGDL Ø300P60-75 

(pink, 2.00 V at 2.0 A cm−2) exhibits a higher cell voltage than CCLGDL Ø100P40-35 

(1.97 V at 2.0 A cm−2) and Ø100P40-75 (1.90 V at 2.0 A cm−2), and it already reaches 

the threshold thickness. The performance of CCLGDL Ø300P60-75 is limited by the 

reaction sites of the CL due to its smallest PEM/CCLGDL contact area (2.43 cm2). The 

Ø100P40 pattern, benefiting from its largest total pore edge length (786 cm), decent 

PEM/CCLGDL contact area, and small land width, exhibits the best cell performance 

even though its catalyst utilization is similar to other CCLGDLs with the same porosity. 

Moreover, with these benefits, Ø100P40-35 with a low loading of 0.08 mgIr cm−2 

achieves a good mass-specific current and an outstanding cell performance. As a result, 

to achieve a high catalyst utilization, the CCLGDL pattern should have a large porosity. 

However, as discussed, a large porosity would result in a loss in PEM/CCLGDL contact 

area and a trade-off between the cell performance and the catalyst utilization would 

occur when the porosity is increased. In addition, with the same porosity, a pattern with 

a larger pore size would have a larger land width which might cause a diffusion issue. 

Therefore, to boost the catalyst utilization and the cell performance at the same time, a 
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small pore size would be favorable for keeping a relatively large porosity without 

increasing the land width. 

 

 

 

Figure 1 Schematic of the anode thin CCLGDL design. For conventional CCM/PTL research, 

TT-LGDL was found boosting the PEMECs’ efficiency comparing to the conventional PTLs 

and further research of the CCM/TT-LGDL design reveals a catalysts underutilization issue 

exists. By integrating the catalyst layer with the TT-LGDL instead of the PEM, PEM/CCLGDL 

design arises for better catalyst utilization. The tunable pattern of CCLGDLs enables the 

discussion about the impact of electrode pattern morphology on cell performances. 
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Figure 2 Schematics of three different anode electrode designs: (a) CCM/Ti felt, (b) CCM/TT-

LGDL, and (c) PEM/CCLGDL; (d-f) Corresponding high-speed video snapshots of three 

designs. Scale bar 200 µm; (g) Polarization curves of three designs; (h) Ir mass-specific currents 

of three designs calculated at 1.7 V. 
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Figure 3 SEM images of CCLGDLs fabricated with TT-LGDL Ø100P40 but with different Ir 

thicknesses: (a, b) 35 nm, (c, d) 75 nm, (e, f) 125nm. The right image of each row shows the 

zoom-in surface morphology. 

 

Figure 4 Performances of CCLGDLs fabricated from Ø100P40 TT-LGDL but with different 

Ir thicknesses, namely 35 nm, 75 nm, and 125 nm. Polarization curves and corresponding HFR 

plots in the current density range of 0 ~ 2 A cm−2. 
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Figure 5 Performances of CCLGDLs with the same Ir thickness 75 nm but different pattern 

morphologies: (a) polarization curves and corresponding HFR plots in the current density range 

of 0 ~ 2 A cm−2; (b) whole-cell Tafel plots; (c) Ir mass activities of different CCLGDLs at the 

HFR-free voltage of 1.65 V. 
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Figure 6 (a) Equivalent circuit for analysis of the EIS; (b) example of a typical CCLGDL EIS 

Nyquist arc and its fitting result with the circuit model. Raw CCLGDL EIS results are shown 

in Figure S5. 

 

Figure 7 HFR-free EIS results of different patterned CCLGDLs at (a) 0.2 A cm−2 and (b) 1 A 

cm−2. In the top row, CCLGDLs share the same pore size of 300 µm but different porosities of 
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20%, 40%, and 60%, in the bottom row, CCLGDLs share the same porosity of 40% but different 

pore sizes of 100, 200, and 300 µm. 

 

Figure 8 (a) HFR values at 0.2 and 1.0 A·cm−2 with respect to the PEM/CCLGDL contact area. 

(b) Total pore edge lengths of different CCLGDLs and their relationship with the HFR 

difference between 0.2 and 1.0 A cm−2. 
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Figure 9 (a) Polarization curves of CCLGDL Ø100P40-35, Ø100P40-75, and Ø200P40-98 and 

their corresponding HFR plots in the current density range of 0 ~ 2 A cm−2. (b) Mass-specific 

current comparison of different patterned CCLGDLs. 

Table 1 The fitting parameters of the EIS of the CCLGDLs (75-nm Ir) at 0.2 A cm−2. 

Sample 

Pattern 

Rohm 

[mΩ·cm2] 

Qhf 

[F·sa-1 cm−2] 
ahf 

Rhf 

[mΩ·cm2] 

Cdl,hf 

[F cm−2] 

Qlf 

[F·sa-1 cm−2] 
alf 

Rlf 

[mΩ·cm2] 

Cdl,lf 

[F cm−2] 

Ø100P40 111.4 0.0053 1.00 87.9 0.0052 0.7772 0.64 117.4 0.2031 

Ø200P40 119.7 0.0105 0.95 96.0 0.0075 1.1856 0.61 131.4 0.3647 

Ø300P20 117.8 0.0130 0.92 108.7 0.0071 2.0740 0.53 174.6 0.8529 

Ø300P40 120.5 0.0042 1.00 99.0 0.0042 1.4642 0.55 169.2 0.4675 

Ø300P60 128.8 0.0080 0.93 109.4 0.0048 0.6368 0.65 100.9 0.1465 

 

Table 2 Parameters and HFR values (experimental data) of CCLGDLs with 75-nm Ir. 
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Sample 

Pattern 

PEM/CCLGDL Contact Area 

[cm2]a) 

Total Pore Edge Length 

[cm] 

HFR1 @ 0.2 A cm−2 

[mΩ·cm2] 

HFR2 @ 1.0 A cm−2 

[mΩ·cm2] 

HFR1&2 Difference 

[mΩ·cm2] 

Ø100P40 4.02 786 111.2 113.8 1.8 

Ø200P40 3.40 406 119.7 123.1 3.4 

Ø300P20 4.13 131 119.1 142.6 23.5 

Ø300P40 3.25 270 121.0 127.7 6.7 

Ø300P60 2.43 391 130.6 134.9 4.3 

a)The contact area is calculated based on the pattern porosity and the PEM deformation as 

illustrated in Figure S4. 
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3. Conclusion 

In this study, a set of catalyst-coated liquid/gas diffusion layers (CCLGDLs) with different 

patterns and catalyst loadings were developed as anode electrodes in PEMECs with a facile Ir 

electroplating process. First, the best-performing CCLGDL with 0.17 mgIr cm−2 (saving ~94% 

Ir from conventional CCMs) exhibited a cell performance of 1.90 V at 2 A cm−2 with N117 

membrane at 80 °C. Moreover, a CCLGDL with an ultralow loading of 0.08 mgIr cm−2 achieved 

a low cell voltage of 1.97 V at 2 A cm−2, saving ~97% Ir and exhibiting ~24 times higher 

catalyst utilization at 1.7 V compared to conventional commercial CCM/PTL design. The 

ionomer-free electrode design contributes to a low ohmic loss. Second, a threshold thickness 

exists. In this study, exceeding a Ir thickness of 75 nm would not further enhance the CCLGDL 

performance. Third, the whole-cell Tafel results of different CCLGDLs with the same Ir 

thickness unveil that the CCLGDL pattern morphology impacts the reaction kinetics. Thus, for 

the first time, a special two-side transparent cell was designed for the visualization of the anode 

in-situ reaction interface in an operating cell. A high-speed camera would film the anode 

PEM/CCLGDL interface through the membrane from the cathode side with the benefits of 

using CCLGDLs on both anode and cathode. A gas accumulation and release phenomenon was 

captured beneath the CCLGDL at the reaction interface. Fourth, the EIS results reveal that 

pattern morphology would impact both the activation and diffusion losses in the cell, which is 

believed to be related with the gas accumulation observed by the visualization system. 

Consequently, a CCLGDL with a large land width (>150 µm) would suffer from significantly 

increased diffusion loss, which would in turn undermine the process of catalyst activation. Fifth, 

the high-frequency resistance (HFR) increases along with the current density. The gas 

accumulation and release at the PEM/CCLGDL interface is believed to result in the HFR 

increase. Sixth, a larger total pore edge length would help reduce the HFR increase by 

facilitating the gas release at the PEM/CCLGDL interface. 
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The understanding of the CCLGDL pattern morphology's impact on cell performances 

would help contribute to future electrode designs for PEMECs and other energy conversion 

devices. With on-going research of optimization, the concept of CCLGDL exhibits great 

potential for large-scale application and boosting the commercialization of PEMECs. Last but 

not least, CCLGDL itself can not only serve as an electrode design with vast potential but also 

as a promising tool for the research of in-situ reaction interfaces in SPE devices. 

 

 

Nomenclature, symbols, and abbreviations 

Nomenclatures  

a Phase exponent for constant phase element 

Cdl,hf, Cdl,lf High, low frequency double layer capacitance, F cm−2 

Rohm Ohmic resistance, mΩ·cm2 

Rhf, Rlf High, low frequency kinetic resistance, mΩ·cm2  

Qhf, Qlf High, low frequency constant phase element, F·sa-1 cm−2 

Zw Warburg impedance, mΩ·cm2 

  

Abbreviations  

BPP Bipolar Plate 

CCLGDL Catalyst-Coated Liquid/Gas Diffusion Layer 

CCM  Catalyst-Coated Membrane  

CL Catalyst Layer 

CPE  Constant Phase Element  

EDS Energy-Dispersive X-Ray Spectroscopy 
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EIS  Electrochemical Impedance Spectroscopy  

GDE Gas Diffusion Electrode 

HER Hydrogen Evolution Reaction 

HFR High Frequency Resistance 

LGDL Liquid/Gas Diffusion Layer 

MEA Membrane Electrode Assembly 

OA Oxalic Acid 

OER  Oxygen Evolution Reaction  

PEM  Proton Exchange Membrane  

PEMEC Proton Exchange Membrane Electrolyzer Cell 

PGM  Platinum Group Metal  

PTL  Porous Transport Layer  

SEM  Scanning Electron Microscopy  

STEM Scanning Transmission Electron Microscopy 

TEM Transmission Electron Microscopy 

TT-LGDL Thin Tunable Liquid/Gas Diffusion Layer 

TPB Triple Phase Boundary 

 

4. Experimental Section 

TT-LGDL substrates: A set of TT-LGDLs fabricated through photolithography and 

chemical wet-etching method with different pore sizes and porosities were employed as 

substrates for CCLGDL fabrication. The patterns of the chosen circular-pore-shaped TT-

LGDLs, with pore diameters varying from 100 to 300 µm and porosity varying from 

20% to 60%, are shown in Figure S6. For the pattern related notations, “Ø” refers to the 
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diameter in µm and the letter “P” refers to the porosity as a percentage. The detailed 

fabrication method can be found in our previous work. As displayed in Figure S6, the 

top view and cross section view images show that TT-LGDLs have planar surfaces and 

straight-through pores with a tapered angle of ~50°. 

Oxalic acid treatment: 0.1 N oxalic acid (OA) aqueous solution was used to treat the Ti 

surface. OA (HO2CCO2H·2H2O, crystalline 99.5% ~ 102.5%, Alfa Aesar) was weighed 

and dissolved into DI water to make the solution. The solution was first heated to 90 ℃. 

Then, TT-LGDLs were immersed into the acid solution and treated for 20 min. Scanning 

electron microscopy (SEM) images were captured to check the TT-LGDL pattern 

morphology variance before and after the acid treatment. As shown in Figure S7, the 

morphological parameters of a TT-LGDL Ø100P40 before and after the oxalic acid 

treatment were similar. As measured, the pore diameters before and after treatment were 

both 97~110 µm. Based on the pitch distance of 150 µm, the porosities before and after 

the treatment were both around 40%. Therefore, the effects of OA treatment process on 

the pore size/porosity of TT-LGDLs/CCLGDLs will be neglected in this research. 

Electroplating: Ir electroplating was adopted to fabricate the Ir CCLGDLs. The 

electroplating solution (IRIDEX 300 B, 15 gIr L
−1, Electroplating Engineers of Japan 

Ltd) was heated to 85 °C and stirred at 150 rpm. The TT-LGDLs were soaked in the 

solution for 5 mins before electroplating. The electroplating current density was set to 5 

mA cm⁻2 with approximately 0.4 nm sec⁻1 deposition rate. The current was controlled 

by a potentiostat (VSP, Bio-Logic). The detailed parameters of the CCLGDLs are listed 

in Table S1. The geometric loading of the Ir was then calculated by weighing the mass 

difference of the CCLGDLs with a semi-micro balance (Secura125-1S, 120g ×0.01 mg, 

Sartorius). The EDS mapping of a CCLGDL is presented in Figure S8, confirming the 
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uniformity of the Ir deposition. Figure S9 shows the EDS information collected in the 

area of the catalyst layer, and the catalyst layer is confirmed to be pure Ir with rare 

oxidization. The Ir thickness is calculated based on the pure Ir density, mass difference 

before and after the electroplating, and the total wetted surface area during the 

electroplating process. 

SEM and EDS characterizations: SEM was used to characterize the surface 

morphologies of fresh TT-LGDLs, OA treated TT-LGDLs, and CCLGDLs with 

different Ir loadings. EDS was used to confirm the chemical composition of the Ir layer. 

The SEM images were mainly captured on a Hitachi S4800 SEM with a cold field 

emission gun. Transmission electron microscopy (TEM) and scanning transmission 

electron microscopy with energy dispersive X-ray spectroscopy (STEM-EDS) mapping 

were performed with Hitachi HF3300 at Oak Ridge National Laboratory.  

Cell assembly: For each CCLGDL test, a cathode-only single-sided CCM (3.0 mgPt 

cm−2, N117) from Nel Hydrogen (Wallingford, CT) with a 5 cm2 active area was 

employed. A carbon paper (Toray 090) with 280 µm thickness and 78% porosity was 

used as the cathode LGDL. Two graphite plates with parallel flow channels were used 

as the anode and cathode Bipolar Plates (BPPs). The CCLGDL, single-sided CCM, and 

carbon paper, together with the gaskets and the BPPs were sandwiched by two stainless 

steel end-plates to assemble a PEMEC. The whole cell was then compressed by eight 

evenly distributed 1/4 20 bolts, which were tightened to 4.52 N·m of torque (40 in·lb). 

The PEMEC was connected to a potentiostat with a booster (VSP/VMP-100, Bio-Logic). 

Additionally, a diaphragm liquid pump (SIMDOS 10, KNF Neuberger) was used to 

supply DI water at a constant volumetric flow rate of 4 ml min−1 cm−2 to the anode. The 

resistivity of the deionized water was guaranteed with a resistivity meter (>18.2 

MΩ·cm). The DI water was preheated to the desired temperature in a water bath (WB10, 
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PolyScience) before being pumped into the PEMEC. Next, two rod heaters controlled 

by a temperature PID control system (Multi-Zone controller from OMEGA) were 

inserted into two end-plates and coupled with two thermocouples inserted into the BPPs. 

The PID controller was tuned to maintain the desired cell temperatures. For the Ti felt 

and TT-LGDL tests, two-sided CCMs (3.0 mgIr cm−2, 3.0 mgPt cm−2, N117 membrane) 

were supplied by Nel. The CCMs were fabricated through a transfer process after 

electrodes were deposited onto a Teflon substrate using a screen-printing technique. Ti 

felt was chosen as a typical conventional PTL because it is widely used in commercial 

stacks. 

Electrochemical test: A potentiostat with a booster (VSP/VMP100, Bio-Logic) was used 

to record the test results. For each sample, the polarization curve was recorded from 0 to 

2 A cm−2. High frequency resistance (HFR) was recorded at a frequency of 5 kHz. 

Galvanostatic electrochemical impedance spectroscopies (GEIS), measured in a 

frequency range of 10 kHz ~ 100 mHz at multiple current densities, were used to 

characterize the impedance of the PEMEC. For each CCLGDL test, the cell was 

activated and conditioned to achieve a stabilized performance. 

Visualization system: A high-speed micro-scale visualization system with long working 

distance was used for high-speed video filming. Firstly, a cell with an open window on the 

anode endplate was used for the visualization of O2 bubble dynamics of three MEA designs: 

CCM/Ti felt, CCM/TT-LGDL, and PEM/CCLGDL. This system was reported in our previous 

research.[36] Corresponding high-speed videos (filmed at 6000 fps) are attached in 

supplementary as Movie S1, Movie S2, and Movie S3 (play speed is 1/200 to real time). 

Secondly, in this work, a specially designed two-sided transparent and reaction-visible cell was 

used (Figure S2). This cell was designed for observing the anode in-situ reaction interface from 

the cathode through the membrane, and a corresponding high-speed video (filmed at 100 fps) 
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is attached as Movie S4 (play speed is 1/4 to real time). To illustrate the edge of the 

PEM/CCLGDL interface, Movie S5 (play speed is 1/20 to real time) was filmed (500 fps) at 

50 mA cm−2. It is noted that we used N117 membrane in typical PEMECs for all tests to study 

the cell performances of different CCLGDLs. To visualize the OER reaction interface of 

PEM/Ir-CCLGDL, we used a thinner N115 membrane in a two-side transparent cell with a 

special design of Pt-CCLGDL/PEM/Ir-CCLGDL for better visualization through the cathode 

electrode and membrane. 
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utilization, and as a powerful tool, it enables visualization of in-situ oxygen evolution reaction 

at electrode/membrane interface in PEMECs for the first time. 
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Table S1 Parameters of CCLGDLs and baseline samples in this work 

Sample 
Geometric Loading 

[mgIr cm−2] 

Estimated Ir CL Thickness/ 

PTL thickness 

[nm]/[µm] 

Pore Diameter 

[µm] 

Land Width 

[µm] 

CCLGDLØ100P40-125 0.28 125/50 100 50 

CCLGDLØ100P40-75 0.17 75/50 100 50 

CCLGDLØ100P40-35 0.08 35/50 100 50 

CCLGDLØ200P40-98 0.17 98/50 200 100 

CCLGDLØ200P40-75 0.14 75/50 200 100 

CCLGDLØ300P20-75 0.15 75/50 300 350 

CCLGDLØ300P40-75 0.12 75/50 300 150 

CCLGDLØ300P60-75 0.10 75/50 300 75 

CCM/TT-LGDLØ100P40 3 20000/50 − − 

CCM/Ti felt 3 20000/350 − − 

 

In-cell performance comparison between different electrode designs 
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Figure S1 Polarization curves and HFR plots of three electrode designs: CCM/Ti felt, 

CCM/TT-LGDL Ø100P40, PEM/CCLGDL Ø100P40-75. HFR-free polarization curves based 

on the HFR plots. 
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Visualization system 

 

Figure S2 Schematic of specially designed two-side open-window cell. With the employment 

of CCLGDLs on both anode and cathode sides, the visualization system can capture the 

phenomena at the anode PEM/CCLGDL interface by observing from the cathode through a 

N115 membrane (thin thickness would grant better imaging). The system could provide in-situ 

reaction information at the interface. The Pt CCLGDL is fabricated from electroplating Pt on 

Ø400P40 TT-LGDL.  
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Normalized HFR-free EIS plots 

 

Figure S3 Normalized HFR-free EIS plots of CCLGDL Ø200P40-75 and Ø300P20-75. 
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Tapered pore structure impact on PEM/CCLGDL contact area 

Since the pore structure is tapered, an active area on pore wall is also recognized with the help 

of high-speed visualization system. As shown in Figure S4a-S4c, from the oxygen bubble 

generation site location (marked in red) we could measure a general width of the active pore 

wall area to be ~12 µm. The PEM itself will deform when compressed and extend into the pore 

as illustrated in Figure S4d, where a certain area on the pore wall would also be active because 

of the deformation and extension of the PEM, where would also be considered as 

PEM/CCLGDL contact area. 

 

Figure S4 (a-c) High-speed video snapshots with time intervals showing that deformed PEM 

would extend into the pore from the pore edge. Catalyst on such area becomes active. The PEM 

extension area width is measured from the distance between the oxygen bubble generation site 

to the edge of the pore. (d) illustration of the PEM deformation. The detailed information can 

be checked through Movie S5. Scale bar: 100 µm. 
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Raw EIS data of 75 nm Ir coated CCLGDLs with different patterns 

 

Figure S5 EIS results of different patterned CCLGDLs at (a) 0.2 A cm−2 and (b) 1 A cm−2. In 

the top row, CCLGDLs share the same pore size of 300 µm but different porosities of 20%, 

40%, and 60%. In the bottom row, CCLGDLs share the same porosity of 40% but different 

pore sizes of 100, 200, and 300 µm. 
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TT-LGDL substrates 

 

Figure S6. SEM images of TT-LGDLs chosen as the substrates of thin CCLGDLs. “Ø” refers 

to the diameter in the unit of “µm” and letter “P” refers to “porosity” in the unit of “%”. The 

cross-section image is from Ø200P40. All the TT-LGDLs share the same thickness of 50 µm. 

  

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



50 

 

Surface treatment 

 

Figure S7. Oxalic acid treatment would not affect the porosities and pore sizes of the LGDLs 

as substrates confirmed by SEM images. (a, b) fresh TT-LGDL Ø100P40, and (c, d) TT-LGDL 

Ø100P40 after acid treatment. Acid treatment: 0.1 N oxalic acid treated at 90 °C for 20 min. 
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CCLGDL EDS characterizations 

 

Figure S8 (a) EDS mapping images of CCLGDL Ø100P40-75. Scale bar: 100 µm. (b) EDS 

spectrum and the corresponding SEM image of selected area. Scale bar: 100 µm. 
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Figure S9. (a) TEM image showing the cross-section of a CCLGDL.  (b) EDS spectrum from 

the Ir catalyst layer; quantification showed that the catalyst layer contains 99.4 atom% Ir 

balanced with oxygen. 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.


	Abstract
	1. Introduction
	2. Results and discussion
	2.1 Comparison of PEM/CCLGDL with conventional CCM/PTL
	2.2 Impact of CCLGDL catalyst loadings on cell performances
	2.3 Impact of pattern morphology on catalyst activation
	2.4 Impact of pattern morphology on cell activation loss and diffusion loss
	2.5 Impact of pattern morphology on ohmic loss
	2.6 CCLGDL catalyst utilization

	3. Conclusion
	4. Experimental Section
	Acknowledgements
	References
	Supporting Information



