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1 Probing interfacial characteristics in proton exchange membrane water electrolyzers using x-ray 

computed tomography along with electrochemical techniques offers insight into the electrochemically 

active area. Engineering these interfaces increases the catalyst utilization and durability at low loadings and 

results in efficient gas transport leading to enhanced operation and subsequent reduction in costs.   
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Highlights  

• X-ray CT is used to study the nature of anodic interfaces in PEM electrolyzers  

• Catalyst utilization and gas transport are affected by the nature of the interface 

• Low loaded sintered CCM shows better triple phase contact area and gas removal  

• 80% gas saturation in channels found optimal for enhanced mass transport.  

Abstract 

Producing green hydrogen efficiently via proton exchange membrane water electrolysis (PEMWE) is the 

key for achieving decarbonization targets. Iridium catalyst is expensive, and it is important to minimize its 

use and to optimize interface between Ir and ionomer or water for higher utilization of catalyst in oxygen 

evolution reaction. In this paper, x-ray computed tomography along with electrochemical and modeling 

techniques are used to characterize the interface for two different porous transport layers (PTLs) and 

catalyst layers at various loadings. We show that low porosity sintered PTLs exhibit higher interfacial 

contact with the catalyst and the membrane that results in improved kinetics. Radiography and modeling 

results indicate that oxygen taking multiple transport pathways through the PTL results in slug flow through 

the channels that reduces mass transport overpotential. Based on the results, we suggest design guidelines 

for high efficiency and durable PEMWE and their components. 
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1. Introduction 

As the world transitions to renewable power generation, such as wind and solar to decarbonize the energy 

sector, energy storage becomes critical to accommodate intermittency of renewables [1][2]. For short-

duration energy storage (<10 hours) battery technologies are well fit. For multi-day and long-duration or 



seasonal storage alternative energy storage technologies are needed. Fuels and chemicals can store electric 

energy for long duration with minimal self-discharge. However, infrastructure is needed to enable energy 

storage into chemicals. Using existing natural gas infrastructure, hydrogen economy is possible, as 

hydrogen can be stored in natural gas pipelines, in underground caverns and transported in liquified or 

compressed form [3]–[5]. Producing and storing green hydrogen from the excess curtailed renewable 

energy by electrochemically splitting water is the cornerstone of the hydrogen economy [4], [6], [7]. Proton 

exchange membrane water electrolysis (PEMWE) is a promising technology that is gaining widespread 

popularity among the available electrolysis chemistries, due to its low temperature operation, low footprint, 

dynamic start up and response times, differential pressure operation and the ease of scalability [8][9]. Many 

countries are envisioning hydrogen-based economies, with the U.S. Department of Energy announcing $64 

million to support its H2@Scale initiative [10] in 2020 alone. The European Clean Hydrogen Alliance was 

launched by the European Union in 2020 and estimates investments of $503 billion until 2030 [11]. 

Hydrogen production is targeted at a cost of $2 per kgH2 [12] in order to be competitive with steam water 

reforming (SMR) that uses traditional fossil fuels.   

The electrochemical splitting of water by PEMWE involves the fast hydrogen evolution reaction 

(HER) on the cathode and the sluggish oxygen evolution reaction (OER) on the anode, as shown by Figure 

1a. The HER is facilitated by Pt-based electrocatalyst, whereas the OER is facilitated by the IrOx based 

electrocatalysts [13][14]. In acidic media, and under high applied potentials for anode, IrOx is one of the 

very few catalysts that is active and stable towards the OER. The use of these rare metals is a substantial 

cost driver specifically when MW scale deployment of PEMWE is envisioned to make the produced 

hydrogen cost competitive [15]. The availability of Ir is a growing concern since it is one of the rarest 

elements found in the earth’s crust, mostly through meteorites with an estimated production of only ~ 7.25 

tons annually [16]. To enable wide-adoption of PEMWE to achieve 100 % decarbonization of the energy 

sector, it is imperative to reduce catalyst loadings and improve the Ir-specific power of PEMWE, which is 

a measure of the potentiality of the catalyst. Current commercially available PEMWE systems have an Ir-

specific power of ~ 2 MW/kgIr [17], when the current density is measured at a higher heating value (HHV) 



based efficiency of 88% (corresponds to Ir loading of 2-3 mg cm-2). However, this translates to a 

deployment of only 7.2 GW per year even if 50 % of the annual production of Ir were to be used for 

PEMWE. Considering the combined energy required by the transportation sector, natural gas and electricity 

storage and assuming that this demand would be supplied by H2, a ~ 50-fold increase in the Ir-specific 

power to 100 MW/kgIr [18] (corresponds to Ir loadings <0.01 mg cm-2 operated at commercial current 

densities) is needed.  

The Ir-specific power density can be increased by either decreasing the Ir loading or increasing the 

operating current density and these strategies have been widely explored in literature [19]–[21]. Taie et.al 

[16] in their recent work investigated ultra-low loaded anodes up to 0.0035 mg cm-2 for PEMWE 

considering the available Ir resources and the target of complete decarbonization of the energy sector by 

2050. Developing stable and uniform catalyst layers at such low loadings requires significant effort, 

advanced manufacturing techniques, such as ultrasonic spray coating and optimization strategies. 

Moreover, extremely low catalyst loadings pose significant durability challenges and the maximum current 

density achieved may be insufficient for practical applications. Other ways to reduce Ir loadings are to 

create even dispersions of Ir on high surface area materials or thin films, such as TiC [21], TiO2 [22] or 

nano structured thin films (NSTF) [23]. Usage of non-PGM [24] and advanced core shell catalysts [15] for 

OER are also being studied to reduce or eliminate the technology’s dependance on noble metals. However, 

these material development strategies are still at the experimental stage and need more technical maturity 

to be commercialized. While these technical strides are important for reducing the future capital cost 

(CAPEX), the need of the hour is to minimize the operating costs (OPEX) of PEMWE by investigating the 

kinetic and mass transport losses [25] that are the major contributors to the cell overpotential and improving 

the durability of the existing systems. According to a recent analysis of PEMWE systems [26],  optimizing 

the economics of the stack with respect to catalyst loading rates should minimize the loading as much as 

possible while retaining system performance and durability. Hence, optimizing performance of electrodes 

with catalyst loadings showing reasonable durability is the need of the hour.  



Currently, there are limited studies dedicated to understanding the complex two-phase transport 

phenomenon through the anodic porous transport layer (PTL) and its effect on the PEMWE performance 

[27]–[30]. While it has been well established that the understanding and improving interfaces between the 

catalyst layer and the PTL is the key to improving PEMWE performance [31], the underlying processes 

that limit and affect catalyst utilization are still ambiguous. Several studies used neutron imaging to study 

the oxygen flow in the PEMWE channels [32]–[34] but neutron imaging is limited by spatial and temporal 

resolution. Leonard et al. [30] used x-ray computed tomography (CT) to investigate the morphology of two 

types of commercially used PTLs, sintered titanium and fiber titanium and analyzed their effect on oxygen 

transport in the channels. Both types of PTLs had a nominal thickness of 250±5 µm. Fiber PTLs were found 

to have a higher porosity, larger pore sizes, and lower tortuosities than sintered PTLs, which translated into 

slightly lower overpotentials at 1 A cm-2. Furthermore, they studied two types of electrodes: catalyst coated 

membrane (CCM) and porous transport electrode (PTE) or gas diffusion electrode (GDE). Their modeling 

study predicted ionic conductivity limitations for GDEs which may cause the observed performance loss. 

To further understand the behavior of oxygen transport, Satjaritanun et.al [35] found evidence of oxygen 

taking preferential pathways on a pore-scale through the PTL at current densities up to 4 A cm-2. Most of 

the studies mentioned here focused on understanding interfaces and gas transport under constant anodic 

catalyst loading.   

In this study, we present detailed investigation of the of the effect of loadings on the performance 

of PEMWE with two different electrode configurations: catalyst coated membrane (CCM) and gas diffusion 

electrodes (GDE) using commercial IrOx electrocatalyst. We used x-ray CT to quantify the interfaces and 

observe oxygen transport in the channels. We then correlate the triple phase contact area (TPCA) with the 

double layer capacities and identify proton and electron transport limitations with the help of Tafel analysis. 

Finally, we investigate the durability of these electrodes by applying steady state current holds and address 

the question on how to improve interfaces in existing PEMWE to elicit maximum performance for low 

catalyst loadings and how PTL morphologies can be tuned with respect to Ir loadings to utilize maximum 

gas transport pathways at high current densities.  



 

2. Materials and methods 

2.1.  Electrolyzer Materials 

Electrolyzer configurations with varying loadings were prepared for x-ray imaging, as well as 

electrochemical characterization.  

Table 1 lists the cell names and the type of PTL used, electrode configurations (CCM or GDE) and their 

respective catalyst loadings. Based on the loadings, the cells are segregated into three categories: i) high 

loadings of 1.75 mg cm-2 – 2.20 mg cm-2, ii) medium loadings of 1 mg cm-2 – 1.26 mg cm-2, iii) low loadings 

of 0.5 mg cm-2 – 0.65 mg cm-2. Sintered and fiber Ti PTLs were provided by NEL (Wallingford, CT). For 

CCM configuration the PTLs were not coated by the catalyst, whereas for the GDE configuration the PTLs 

were coated by iridium based (IrOx) ink in a proprietary procedure by NEL with the loading indicated in 

the table. For both anode and cathode inks Nafion ionomer solution (1100 EW, 5 wt% ionomer; D521 from 

Ion Power, USA) was used. The CCMs were fabricated with a single pass screen printing technique to 

deposit the catalyst ink directly on the membrane surface and the GDEs were coated using an ultrasonic 

spray coater. GDEs used an I:C weight ratio of 1.0 and CCMs used a weight ratio of 0.5. For all the GDE 

configurations, Toray TGP-H-120 carbon paper was used on the cathode side. Toray paper was coated by 

catalyst loading of 2 mg cm-2 of ink containing Pt/C. Nafion 117 from Fuel Cell Store (College Station, 

TX) was used in all the experiments as a membrane.  

Six distinct x-ray operando cells with 1 cm2 active area were built for x-ray characterization and 

were used at 3 different beamtimes for ease of experimentation as well as swiftness in testing. Our previous 

work describes the design and development of these high-performance operando cells in detail [36]. All 

the cells were preconditioned by break-in procedure including five linear sweep voltammetries from 0 to 5 

A cm-2 and then holding the cells at 1 A cm-2 for 30 minutes at 60 oC prior to imaging. The polarization 

curves collected at the beamline are reported in Figure S1. Figure S2 indicates the EIS spectra of the 

conditioned cells as tested at the beginning of life. The HFR of the preconditioned cells was ensured to be 

0.2- 0.35 Ohm cm2 during lab testing, but additional wiring during beamtimes can induce slight electrical 



resistance. However, this does not affect oxygen saturation in the channels at an applied current density. 

Additionally, there is no beam damage during the scan time which is previously reported in literature [30] 

and the before and after polarization curves were the same. 

Table 1 

Electrolyzer configurations for x-ray CT and electrochemical characterization 

  

Sample # Cell name Fiber PTL 
Sintered 

PTL CCM GDE Loading (mg cm-2) 

1 Fiber CCM 0.5 mg cm-2 ✓  ✓  0.5 

2 Fiber CCM 1 mg cm-2 ✓  ✓  1 

3 Fiber CCM 2 mg cm-2 ✓  ✓  2 

4 Sintered CCM 0.5 mg cm-2  ✓ ✓  0.5 

5 Sintered CCM 1 mg cm-2  ✓ ✓  1 

6 Sintered CCM 2 mg cm-2  ✓ ✓  2 

7 Fiber GDE 0.65 mg cm-2 ✓   ✓ 0.65 

8 Fiber GDE 1.1 mg cm-2 ✓   ✓ 1.1 

9 Fiber GDE 1.75 mg cm-2 ✓   ✓ 1.75 

10 Sintered GDE 0.65 mg cm-2  ✓  ✓ 0.65 

11 Sintered GDE 1.1 mg cm-2  ✓  ✓ 1.1 

12 Sintered GDE 1.75 mg cm-2   ✓   ✓ 1.75 
 

2.2.  Electrochemical Characterization 

Electrochemical testing was performed at NEL Hydrogen using multi cell stacks at 50 0C 

temperature.  Catalyst used for the fabrication of both the CCMs and GDEs were iridium oxide and platinum 

black for the anode and cathode electrodes, respectively. For MEAs fabricated as CCMs, the anodes were 

coated using an electrode transfer process after being deposited onto a Teflon substrate.  GDEs were 

sprayed onto the PTL, using an ultrasonic coater.  To isolate the changes associated with the PTL 

construction and loading of the anode, all cathodes were processed as GDEs and spray coated onto a single 

sheet of carbon paper, in which the smaller test parts were cut from.  Test parts were assembled into one of 

Nel’s commercial cell hardware containing 3 cells with a total 28 cm2 active area (Figure S3).  Loading for 

the cathode was 2.0 mg cm-2.  These were selected to leverage proven stable cell design and because of the 

cell stack ability to handle multi-cell testing. Using this hardware, multiple cells could be tested at the same 



time, under the exact same conditions, making data more easily compared.  Tests were conducted on one 

Nel’s R&D test stands, with the same location used for all operational tests.  The test stands are designed 

as a subscale version of Nel’s commercial systems to simulate what would be expected in a fielded 

electrolyzer.  All tests were allowed to reach the steady-state operating temperature of 50°C and 30 bar H2 

pressure before collecting data. Polarization curves at 30 bar differential H2 pressure were collected up to 

2 A cm-2 for beginning and end of life. All polarization curves were measured twice to ensure repeatability 

of the data. All samples processed and fabricated for the before mentioned operational tests were made in 

duplicate, with the second set of samples sent to University of California, Irvine for further characterization 

 

2.3. Tafel analysis 

The Tafel analysis and the double layer capacitance measurements were conducted using a Gamry 5000 

potentiostat. The test station used was an in-house made test rig comprising of a DI water heating and water 

recirculation system, and a repurposed Scribner fuel cell holder. The cathode bipolar plate was a standard 

graphite triple serpentine flow field, and the anode bipolar plate was a custom-made parallel channel (0.5 

mm land and channel dimensions) titanium flow filed with a platinized surface to reduce ohmic losses due 

to Ti passivation.  

A 5 cm2 active area was used for electrochemical measurements. Before any electrochemical 

testing, the cell was heated to 80 oC using cartridge heaters. DI water at 80 oC was circulated through the 

anode at 5 mlpm for 30 minutes for the cell to heat up and the membrane to achieve adequate hydration. 

The cell temperature was maintained by using a k-type thermocouple and a PID temperature controller. The 

cell was then conditioned by applying chrono potentiometric hold of 1 A cm-2 for 30 minutes for the cell 

operation to be reproducible during the testing interval.  

The Tafel slopes were recorded by chronoamperometric holds from 1.3 V to 1.65 V (iR free) with 

an increment of 10 mV. Each hold had a duration of 5 minutes to ensure a stable current draw. The slopes 

were then plotted by taking the average of the points recorded in the last one minute in the potential hold 

interval and on a semi log current density on the x-axis.  



 

2.4. Measuring double Layer Capacities 

For the double layer capacity calculations, the cell was purged with 5 % dry H2 on the cathode at 50 mlpm 

at ambient pressure to ensure a pseudo-steady reference electrode for electrolyzer operation. The cell was 

maintained at 80 oC and heated DI water at 5 mlpm was fed on the anode side. iR free cyclic voltammetry 

scans were performed via voltage sweep from 0.3 V to 1.5 V. For each cell, 5 different scan rates were used 

between 20 mVsec-1 and 150 mVsec-1 (Figure S13 c depicts an example of CVs with different scan rates).   

The current densities at 1 V – 1.2 V (potential at which the CVs have the least slope and no Faradaic 

reactions) were plotted vs. scan-rates and the slope of the fitted line in this plot gives us the double layer 

capacity (Figure S4 – S5).  

 

2.5. X-ray CT imaging 

X-ray micro-tomography and radiography experiments were conducted at Beamline 8.3.2 at the 

Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory and Beamline 2-BM-A at 

Advanced Photon Source (APS) at Argonne National Laboratory. At ALS, the image acquisition was 

performed at a beam energy of 25 keV selected using a double multilayer monochromator. Using a 20 µm 

LuAgB scintillator, an optical magnification of 4X, the images were captured by a sCMOS PCO Edge 

camera. This resulted in a spatial resolution of 1.16 µm pixel-1. The tomography scans were conducted at 

an exposure time of 300 ms per projection. An average of 1500 projections were collected for 180 degrees 

of sample rotation resulting in a total scan time of 9 minutes (including bright field background acquisition 

and optical adjustments) for tomography. 

At APS, the image acquisition was performed at a beam energy of 27 keV selected using a double 

multilayer monochromator. Using a 20 µm LuAgB scintillator, an optical magnification of 5X, the images 

were captured by a sCMOS PCO Edge camera. This resulted in a spatial resolution of 1.73 µm pixel-1. The 

tomography scans were conducted at an exposure time of 150 ms per projection. An average of 1500 

projections were collected for 180 degrees of sample rotation. 



For X-ray radiography imaging, chronopotentiometric holds were applied for different current 

densities on the operando cell and the projections were acquired at an exposure time of 5 ms in both cell 

in-plane and through-plane directions. In this case, in-pane is defined when the x-rays pass parallel to the 

MEA and through plane is defined, as when they pass perpendicular to the MEA. Smaller exposure time 

allows observation of the oxygen transport in the channel especially at high current densities when gas 

formation and transport is very rapid. However, smaller exposure time also resulted in low signal-to-noise 

ratio making it difficult to segment oxygen from water while image processing. For this experiment, 5 ms 

acquisition time per projection was ideal to achieve a reasonable signal-to-noise ratio, while also capturing 

the rapid oxygen transport.   

 

2.6. Image Processing and Visualization 

The tomography image datasets were reconstructed using TomoPy [37] and Gridrec algorithm. Our earlier 

works report parameters and details of the reconstructions [38][39]. The reconstructed images were further 

processed using Fiji ImageJ. The images were converted to 8- bit, cropped and thresholded manually. The 

thresholded catalyst, PTL and other parts were visualized in 3D using ORS Dragonfly. The PTL porosity 

and pore size distribution were calculated by using MATLAB’s TauFactor application. Subsequently, we 

attempted to calculate the catalyst loadings for all the cells by using the thresholded catalyst images as 

depicted in Figure S6. The total volume of the catalyst was calculated using the ImageJ plugin BoneJ. This 

volume was then multiplied with catalyst density to obtain the total mass which was then divided by the 

area to give the loadings in mg cm-2. It is important to note that the loadings obtained by this method may 

not be completely accurate since catalyst particles smaller than the limit of resolution of micro x-ray CT 

may not be captured and human error contributes to overall thresholding error. Nevertheless, the obtained 

values can give us a rough estimate of the true loading and hence help validate the ensuing data.  

 

2.7. Interface Analysis and Oxygen Content Calculations 



Our previous work details the interfacial analysis of the two types of electrolyzer configurations [30]. That 

is, the GDE vs CCM for sintered and fiber titanium PTL. The purpose of interfacial analysis is to quantify 

the triple phase contact area (%TPCA) at the anode side. Since the catalyst materials attenuate x-rays highly 

due to their higher atomic weight and density, they appear perceptively bright in absorption contrast x-ray 

imaging. For each sample, 1 mm x 1 mm representative areas were selected and the catalyst and PTL were 

thresholded manually. It is crucial to capture all the catalyst pixels and segment them from the remaining 

greyscale to report the %TPCA values accurately. Hence during the thresholding process, only the areas 

having greyscale values between 250-255 (255 being the brightest feature) were selected and everything 

else was ‘0’. The reason for choosing an interval over a single value was to capture all the catalyst pixels 

that lie within the statistical limit of imaging process and hence this scheme was kept consistent across the 

entire sample pool.  

Once the phases were thresholded, a 2D interfacial projection was generated by summing all slices 

within ~ 5 µm of the interface in the through-plane direction. This ensures that the surface roughness is 

captured, as well as swelling of the membrane into the PTL during PEMWE operation [9]. For this 

investigation, we assume that the ion conduction media, that is, the membrane or the ionomer is present at 

all places surrounding the PTL and the catalyst. Here, we define the equation of %TPCA as: 

 

%𝑇𝑃𝐶𝐴 =  
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝ℎ𝑎𝑠𝑒

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 𝑎𝑟𝑒𝑎  𝑜𝑓 𝑡𝑤𝑜 𝑝ℎ𝑎𝑠𝑒𝑠 (𝑃𝑇𝐿 + 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒)
× 100% 

(1) 

 

where %TPCA is the triple phase contact area. The areas of the different phases are calculated by ImageJ 

using the corresponding 2-D projections.  The following assumptions are made during the calculations: 

i) the ion exchange media (ionomer) is present everywhere at the interfacial region and is considered as a 

3D entity; ii) the membrane and catalyst layer are considered as 2D entities within the interfacial region.  

               For the oxygen content calculations, we used the radiography data with experimental conditions 

as detailed in the x-ray CT imaging section above.  For consistency, we selected only the through-plane 



images for all the cells and normalized each image stack with the corresponding OCV image since no 

oxygen is produced at OCV. The OCV image was obtained by averaging 20 image slices at OCV 

conditions. This helps to remove most of the background and thus improves the contrast of oxygen. A 

representative region of interest (ROI) in the resulting image stack was selected in such a way that it 

encompassed maximum region of the channel at a selected location where the distortions are minimal. (as 

shown in Figure 7c,f). Distortions may occur because of gaskets, leaking water, or other parts coming in 

the way of incident x-rays. The length of the ROI was kept as close to the channel depth as possible (~1000 

µm) and the breadth was kept anywhere between 200-300 µm depending on image quality and noise. 

Subsequently, an ImageJ macro computed the average grayscale values in the ROI over the entire image 

stack consisting of about 3000 projections. The grayscale values corresponding to oxygen were determined 

manually by selecting an oxygen bubble in the image stack and measuring the average grayscale value over 

its length. At least 5 oxygen bubbles were selected and measured for grayscale values at random throughout 

the image stack and the obtained numbers were averaged to get a single threshold value for oxygen. The 

ratio of the number of average values above this threshold to the number of total number of projections 

gives us the oxygen content at a given current density. The error bars were obtained by using the upper and 

lower oxygen grayscale value thresholds and calculating the corresponding oxygen contents.   

 

2.8. Modeling  

Direct modeling-based Lattice Boltzmann method (LBM) was used to simulate the oxygen transport 

through the PTL samples of sintered and fiber PTLs. LBM is a particles-based approach, which is 

appropriate for fluid flow simulations in the complex geometries such as porous structure of the PTLs and 

GDLs [40]–[42]. The Boltzmann transport equation was used to solve the mass transport in the 

computational domain. More details concerning the Boltzmann transport equation and the concept of LBM 

related to this model are discussed in the SM. In this work, commercial software XFlow 2020 (Refresh 1 

Beta, build 108.07) was used to perform the numerical simulations. A 3D multiphase flow model combined 

with a time-dependent simulation was used to mimic the oxygen transport inside the PTL samples for 



PEMWE. The lattice size (i.e., grid or particle size) of these simulations was set at 1.00 µm. The volume 

of the computational domain depended on the PTLs, as shown in SM Figure S7. The time step of all 

simulations was set to 10 nanoseconds per time step. The simulation was calculated until the predictions 

reached steady-state or expected times. 

 In this work, the oxygen flux from the OER was assumed to be constant at the catalyst layer 

corresponding to the constant current density. The cell operating condition was set at 1 A cm-2 with the 

water flowrate of 2 sccm. The surface wettability of the PTL was assumed to be constant across the entire 

geometry surface at 50 degrees. The isothermal model was used in the simulations. The oxygen gas was 

fed into the computational domain from the top of the PTL where the catalyst layer is located. This oxygen 

inlet boundary condition was defined with a variety of configurations based on the model assumptions. To 

study the effect of the catalyst loading on the oxygen transport in the PTLs, the simulation was defined as 

three different model assumptions based on catalyst loading. For the high catalyst loading, the uniform 

catalyst coating was assumed. Therefore, the void area on the top of the PTL was determined to be the inlet 

surface boundary for oxygen. In the medium catalyst loading scenario, we assumed the catalyst coating is 

nearly uniform. 75% of the top void area was specified to be the inlet in this case. For low catalyst loading, 

we assumed that the catalyst coating is non uniform. Consequently, 50% of the void area at the top PTL 

area was chosen to be the inlet boundary of this model assumption. Note, that these selected percentages 

are not quantitative, but the simulations are used more in qualitative way to investigate whether catalyst 

uniformity impacts oxygen transport in the PTLs. For all three scenarios current was the same, therefore 

for the least uniform case the current density per catalyst site was higher than for the uniformly distributed 

catalyst. To observe the prediction of oxygen transport clearly in the PTL, the Z-Project plugin in the ImageJ 

program was used to create an average amount of oxygen content in the in-plane direction. 

 

3. Results and discussion  

3.1 Tomography data visualization  

        To study and quantify the interfaces within the PEMWE system, it is essential to first establish an 



understanding of the x-ray images and the representative areas. Figure 1 shows the complete 3D volume 

rendering of the PEMWE cell and the representative cross sections required for this study. As shown in 

Figure 1, the cell consists of a proton conducting membrane (Nafion 117) sandwiched between a Ti PTL 

anode and a carbon based GDL. The PTL carries liquid water to the anode catalyst layer from the 

underlaying channels and draws out the product oxygen gas. Oxygen evolution reaction (OER) occurs at 

the anode catalyst layer driven by the high applied potential vs. cathode. At the same time, HER occurs at 

the catalyst layer and the evolved hydrogen gas is drawn out through the GDL into the gas channel. The 

PTL and the catalyst layer interface play a crucial role in the overall PEMWE performance and hence will 

be the primary focus of this work. Figure 1 b shows the 3D volume rendering of the interfacial region 

(dotted region in Figure 1 a) and the PTL as seen from the x-z plane. All analysis was conducted on these 

representative 1 mm x 1 mm areas. The histogram, thresholded catalyst image and overlay between the 

thresholded and original image is shown in Figure S8 in SM. The yellow portions in Figure 1b represent 

the catalyst layer, and the grey areas represent the adjacent PTL. As discussed earlier, the catalyst shows 

up brighter than the PTL in the x-ray CT images as shown in the blown out 2D tomographs. The x-z plane 

was used for interfacial analysis and the y-z plane was used for radiography imaging to quantify the oxygen 

content in the water channels.  

 



  

Figure 1. a) Complete 3D volume rendering of a PEMWE obtained from x-ray CT showing all the 

components and the transport processes, b) 3D rendering of the representative cross section of the anode 

used for the purpose of this investigation. The blown-out regions show the 2D tomographs of the catalyst 

layer and the PTL as seen from the x-z plane. The catalyst shows up bright from the surrounded grayscale 

and hence can be segmented easily.  

3.2. Visualizing electrodes with various catalyst loadings  

The 2D reconstructed tomography slices at the interfacial region and the corresponding 3D volume 

rendering of the total catalyst were compared to better understand the effect of loadings and electrode 

configurations as shown in Figure 2. The in-plane images (x-y plane) highlighting the selected 

representative areas are shown in Figure S9. The overlay between the thresholded catalyst outlines and the 

original grayscale images for all representative cross sections is shown in Figure S10.  For the fiber CCM 

configuration (Figure 2a), the catalyst distribution is sparse for the low loaded 0.5 mg cm-2 sample and gets 

denser as the loading is increased. For medium and high loaded samples, the degree of clustering and 

agglomeration is seen to increase with loading. Similar behavior was observed for sintered CCM samples 

(Figure 2c). Although x-ray micro CT cannot capture catalyst particles under 1 µm, which is the limit of 



resolution [36], it can map localized particle agglomeration and portions of sparse loading. These 

heterogeneities limit geometric area and cause discontinuities in electrical percolation networks especially 

in loadings at or below 0.5 mg cm-2.  

These heterogeneities on the anode have a greater detrimental consequence as compared to the 

cathode because of two concurrent reasons: the fast kinetics of HER on Pt/C and the possibility to use high 

surface area carbon as a support, leading to well-dispersed and electrically stable electrodes. Hence it is 

important to tune the interface and improve the anode catalyst layer homogeneity to ensure maximum 

utilization of the available catalyst. Although ball milling, sonicating and other chemo-mechanical 

processes can reduce particle size and improve the stability and dispersion of ink, the coating and drying 

process can greatly influence the catalyst layer homogeneity for CCMs.  

 For GDEs, the catalyst was directly coated on the PTL. As shown in the Figure 2b, the catalyst 

conformed to the fiber PTL surface morphology and the packing density increased with loading. For low 

loaded samples, discrete patches of catalyst were observed to accumulate on the top portion of the ~ 20 µm 

fiber strands and the catalyst coating within the remaining curved surface area of the fibers was minimum. 

These discontinuities were reduced for the medium loaded samples as the catalyst occupied almost the 

entire top area and some of the curved surface area of the fibers. For high loaded samples, dense catalyst 

was seen throughout the surface area of the fibers and the catalyst also deposits coarsely on the adjacent 

layer of fibers. Similarly, for sintered GDEs, (Figure 2 e) the catalyst packing density increased with 

loading. However, as opposed to fiber PTL, sintered PTLs were made of interconnected Ti particles and 

the end surfaces were flat for smooth connectivity with the membrane and current collector. Hence, most 

of the catalyst was deposited on the flat surfaces during coating process and there was less catalyst 

penetration within the PTL.  

 



 

Figure 2. 2D reconstruction and 3D renderings of catalyst and PTLs in different cells obtained from x-ray 

tomography a) Fiber CCM 0.5 mg cm-2, 1 mg cm-2 and 2 mg cm-2 b) Fiber GDE 0.65 mg cm-2 and 1.1 mg 

cm-2 and 1.75 mg cm-2 c) sintered CCM 0.5 mg cm-2 and 2 mg cm-2 d) sintered GDE 0.65 mg cm-2 and 1.1 

mg cm-2 and 1.75 mg cm-2 e) 3D renderings of fiber and sintered PTLs.  

 

Although it is apparent that CCMs showed a higher degree of catalyst clustering than GDEs, the 

catalyst layer homogeneity can be tuned by improving the water to solvents ratio in the ink, ink drying 

properties, or the coating process of the ink [43]. This degree of freedom cannot be as well achieved when 

fabricating GDEs since the catalyst layer properties are also dictated by the surface morphology of the PTL. 

The catalyst layer homogeneity becomes increasingly important for reduced catalyst loadings for the 

following reasons: i) higher loadings can circumvent poor in-plane electrical percolation networks [44]–

[46], ii) higher catalyst contact area with PTL and membrane leads to better % TPCA and reduces interfacial 

contact and catalyst layer electron transport resistances.  



 While the electrochemically active surface area (ECSA) can be easily calculated for Pt-based 

electrodes because of the hydrogen underpotential deposition fingerprint [47], [48], it is ineffective for IrOx 

based electrodes. Hence, ECSA for IrOx based electrodes is determined either from known specifications 

or experimentally using mercury underpotential deposition [49] or zinc adsorption [50]. These techniques 

present challenges in application for working PEMWE cells. ECSA is measured at low current densities, 

whereas many of the sites calculated to be active under ECSA measurements can become inactive under 

higher current densities, where transport cannot be neglected. The % TPCA in PEMWE is dictated by the 

localized hydration-based swelling of the membrane into the PTL and the irregularities in compression due 

to surface roughness of the PTL-catalyst layer interface. X-ray CT provides unfettered access into the 

operating PEMWE cell interfaces and provides an alternative measure of the ECSA, relying on geometry. 

The values of the %TPCA obtained for all the cell configurations from Table 1 were reported in Figure 

S11. The nature of the interfaces in different electrode configurations can be better understood by 

calculating the anodic double layer capacities.  

 Figure 3 shows the double layer capacities (Cdl) obtained for all four electrode configurations with 

varying loadings. It also correlates the double layer capacitance with the %TPCA. Primarily, Cdl represents 

interface between IrOx and water and is an indirect measure of electrocatalyst surface area. Generally, for 

CCMs (Figure 3 a) one observes the trend of specific double layer capacity decrease with decrease in IrOx 

loading. This is expected, as with lower loading lower surface area of catalyst translates into lower double 

layer capacitance. We also report mass-normalized double layer capacitances in SM, Figure S12. For the 

high loaded CCMs (Figure 3 a), sintered CCMs show about 0.3 F cm-2 higher average Cdl value than their 

fiber counterpart. This is substantiated by the fact that high loaded sintered CCM showed almost 20 % 

higher TPCA. Fiber CCMs showed large standard deviation in double layer capacity values. The difference 

between Cdl of sinter and fiber CCM is due to porosity of PTLs near the interface with the catalyst layer but 

also catalyst agglomeration observed for fiber PTL. In contrast, we observed a 20 % higher TPCA for 

sintered PTL owing to its low porosity (47 %) (Figure S16) and good contact with the catalyst layer. The 

values for Cdl are almost identical between the sintered and fiber PTLs for medium and low loaded CCMs. 



At 1 mg cm-2, sintered CCMs still show about 10 % higher TPCA than their fiber counterpart. However, at 

low loadings, sintered CCMs show only ~ 3% higher TPCA. The Cdl as a function of %TPCA for CCMs 

was plotted in Figure 3c. Generally, a linear trend was observed between the %TPCA and double layer 

capacitance, indicating that both methods show similar type of information.  

Figure 3b shows the Cdl values for GDEs. Again, generally, with the decrease in loading the double 

layer capacity values also decrease, except for 1.75 mg cm-2 having lower average Cdl compared to 1.1 mg 

cm-2 for sinter GDE. For high loaded 1.75 mg cm-2 samples, fiber GDE shows about 12 mF/cm2 higher Cdl 

value than its sintered counterpart. This can again be explained by the fact that fiber GDE shows about 20 

% higher TPCA than its sintered counterpart. For medium and low loaded GDEs, the difference in Cdl 

between fiber and sinter GDEs is within the 2 mF cm-2 range as shown in Figure 3d. The substantially 

higher %TPCA and Cdl for fiber GDE at high loadings can be due to the increased coverage of the catalyst 

over the curved surface area of the fibers as opposed to only the flat surfaces in sintered GDE. However, as 

the loading reduces to 1.1 mg cm-2 we observed a slight increase in Cdl for sintered GDE. Although this 

could be due to a nucleating oxygen bubble or residual gas in the PTL masking the catalytic site, the local 

heterogeneities in the catalyst layer could also affect the measurements. GDEs at low loadings of 0.65 mg 

cm-2 show almost identical Cdl, although sintered GDE shows a 2 % higher TPCA, it is inadequate to affect 

the Cdl substantially. Again, almost linear trend is observed for double layer capacitance vs. %TPCA for 

fiber and sintered GDEs, with 1.1 mg cm-2 sample being outlier.  



 

 

Comparing the high loaded fiber CCMs and GDEs, fiber GDE show over 10 mF cm-2 higher Cdl 

and concomitantly ~ 10 % higher TPCA than fiber CCM. A reasonable explanation for these observations 

could be that in fiber GDE compared to fiber CCM, the catalyst has a greater surface area due to the surface 

roughness of the PTL. Another reason could be that imaging results is an underestimation of the TPCA 

especially for high loadings due to resolution limits. However, in case of high loaded sintered electrodes, 

sintered CCM show a substantial 30 mF cm-2 higher Cdl and concomitantly ~ 30% higher TPCA than 

sintered GDE. In this case, because of the low porosity of the PTL, the catalyst is deposited mostly on the 

surface of the sintered PTL causing agglomeration. Hence, the exposed area of the catalyst was lower as 

compared to CCM resulting in smaller Cdl. 

Figure 3. a) Double layer capacities of fiber and sintered CCMs for high, medium and low loadings, b) 

double layer capacities of fiber and sintered GDEs for high, medium and low loadings Average double 

layer capacitance plotted against % TPCA for c) CCMs and d) GDEs, respectively. 
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3.3. PEMWE Performance 

Figure 4 shows the measured beginning of life (BOL) polarization curves for all the samples. Cell 

performance for fiber and sintered CCM at low, medium, and high loadings are shown (Figure 4a). 

Similarly, cell performance for fiber and sintered GDE at low, medium, and high loadings is plotted (Figure 

4b). There is a slight difference in loadings that were used for x-ray characterization and electrochemical 

testing since the experiments were conducted separately by UCI and Nel Hydrogen.   

  The polarization performance at current densities up to 1.5 A cm-2 can be related to the Cdl vs 

TPCA parameter space. The most notable detail of the CCM polarization curves is the better performance 

because of high TPCA and Cdl for high loaded sintered electrodes followed by medium loaded sintered 

electrodes. In comparison, high loaded fiber CCM show over 100 mV higher overpotential compared to 

sintered CCM at current densities below 0.5 A cm-2 suggesting limitations in OER kinetics stemming from 

anodic interfacial area. No significant performance drop was observed for medium loaded sintered CCM 

although there is significant decrease in %TPCA and Cdl compared to high loaded CCM configuration. At 

low loadings, fiber CCM shows an 800 mV improvement compared to its sintered CCM counterpart which 

is surprising, since there is no significant difference in TPCA and Cdl between these two configurations.  

The poor performance of these sintered CCMs can arise from low %TPCA, but we cannot rule out the 

possibility of some other factors at play here. One of them can be the inhomogeneity of the catalyst layer 

revealed by XRF mapping pictured in Figure S19. Another reason could be the hydrogen crossover because 

of 30 bar differential operation. The crossed over hydrogen renders some catalytic sites inactive and 

possibly PTL cohesion issues that may be overcome with the use of an MPL.  

The performance of all sintered GDEs was apparently similar until 1.5 A cm-2, which is surprising, 

since we expected performance loss in lower loaded samples due to lower available double layer capacity 

of about 30 mF cm-2 than medium and high loaded samples. However, there was only 5-10 % difference in 

the TPCA between the medium and low loaded samples, which suggests that contact areas between PTL, 

catalyst layer and membrane were similar. The performance of fiber GDEs was also similar to sintered 

GDEs for high and medium loadings as seen in Figure 4 b. However, low loaded fiber GDEs show a 100 



mV increase in overpotential than high and medium loadings due to increasing contribution of mass 

transport overpotential at 2 A cm-2.  

We found that GDEs typically have a poorer performance than their CCM counterparts at similar 

loadings, which is consistent with our earlier work [30]. At low current densities of 10 mA cm-2, where the 

overpotential is described by kinetics, higher loaded sintered CCMs show approximately 200 mV 

improvement than their corresponding GDEs. This is a substantial potential difference since kinetic 

overpotential contributes significant two thirds to the total overpotential until 2 A cm-2 [51]. This suggests 

possible proton or electron transport limitations at the interface.  

 

Figure 4 BOL polarization curves for a) fiber and sintered CCMs, b) fiber and sintered GDEs. The tests were 

conducted at 50 oC in a 28 cm2 active area cell using a Nafion 117 membrane. Cathode Pt loadings were kept 

at 0.2 mg cm-2 for all tests. The filled symbols represent fiber PTLs, and hollow symbols represent sintered 

PTLs.  

 

3.4. Tafel analysis 

To better understand the reaction mechanisms at low current densities, the Tafel plots for fiber CCM and 

GDE (Figure 5a,c), sintered CCM and GDE (Figure 5b,d) are presented and slopes were displayed (Figure 
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5e). The associated CVs and slopes are reported in Figure S4 and Figure S5 for GDEs and CCMs, 

respectively. The Tafel slopes were obtained by a linear regression on the semi-logarithmic plot of iR-free 

cell voltage. The regression lines were plotted for points below 100 mA cm-2 assuming this as the kinetically 

dominated region for all cells. The Tafel slopes obtained for CCMs are within the range of 57.6 mV dec-1 

to 64.3 mV dec-1, which are in good agreement with the values reported in literature for unsupported IrOx 

based catalysts in acidic medium up to 70 oC [46], [51]–[53]. The Tafel slope b is empirically defined as 

2.303 𝑅𝑇/𝛼𝐹 and the total kinetic overpotential 𝜂𝑘  as a function of the Tafel slope is given by 𝜂𝑘 =

𝑏 log(𝑗 𝑗0⁄ ). Here R is the universal gas constant, T is the absolute temperature, 𝛼 is the electron transfer 

coefficient, F is the Faraday’s constant, j is the current density and j0 represents the exchange current 

density. Hence the Tafel slope was directly proportional to the absolute temperature, and the total kinetic 

overpotential is dependent on the exchange current density. However, this is a simplified theoretical 

derivation of the Tafel slope, which assumes the coverage of the intermittent species in the reaction progress 

as constant at either 𝜃 ≈ 1 𝑜𝑟 𝜃 ≈ 0. When the actual surface kinetics are considered, the Tafel slope also 

depends on the surface oxides coverage [54], the nature of the electrode and the interface leading to dynamic 

utilization of the catalyst, which has been previously reported and substantiated in literature [28].  

For fiber GDEs the Tafel slope show a decreasing trend with increase in loading. The recorded 

Tafel slope for low loaded sample was 76.8 mV dec-1 and it steadily decreased to 74.7 mV dec-1 for medium 

loaded sample and finally the high loaded sample show the lowest slope of 62.9 mVdec-1 as reported in 

Figure 5 c and e. This trend is consistent with that reported in literature [28], [29] since higher loadings 

facilitate better kinetics. However, this trend was not followed by the CCMs, since we observed a dip in 

the in Tafel slope from 61.5 mV dec-1 for low loaded sintered CCM to 57.6 mV dec-1 for medium loading 

and an apparent rise to 63 mV dec-1 for high loaded sample. The same trend was observed for fiber CCMs. 

Sintered GDEs show an increase in Tafel slope from 63.6 mV dec-1 to a fairly constant 73 mV dec-1 for 

medium and high loaded samples. While the TPCA shows a consistent rise with loading for all CCMs and 

GDEs, the discrepancy in Tafel slopes between different loadings is unlikely to be due change in the 



reaction mechanisms, but likely due to factors like nature of the electrode, the catalyst layer homogeneity, 

catalyst layer utilization and increased mass transport resistance [25][55] 

It is important to note that for similar loadings, GDEs consistently show a higher Tafel slope than 

their CCMs counterpart. Low loaded fiber CCM and fiber GDE have a Tafel slope difference of nearly 18 

mV dec-1. However, this difference reduces as the loadings increase suggesting that the underlying mass 

transport losses or conductivity limitations negatively affect the reaction kinetics, as the loadings are 

reduced below 0.5 mg cm-2. Between similar loaded CCMs, the Tafel slope difference remained within ± 2 

mV dec-1 even though the TPCA difference between high loaded fiber and sintered CCM was ~20 %. For 

GDEs, we observed Tafel slope difference of nearly 13 mV dec-1 between the lowest loaded samples but a 

TPCA difference of only ~3 %.  

 

 

Figure 5 Experimentally obtained Tafel plots for a, b) fiber and sintered CCMs respectively c, d) fiber 

and sintered GDEs respectively e) tabulated Tafel slopes for all configurations and loadings. All Tafel 

slopes were collected at 80 oC in a 5 cm2 active area cell.  

3.5. Overpotential breakdown 
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To further understand the contributions of different overpotentials to the total cell potential, the BOL 

polarization curves were fitted using a 0D model. The parameters and equations used to fit the curves can 

be found in the Table S1 in the SM. The total cell voltage, Ecell is the sum of the thermoneutral voltage and 

associated voltage losses: 

 

 
(2) 

where Erev is the thermoneutral voltage, 𝜂𝑘𝑖𝑛 is the kinetic overpotential for OER, 𝜂Ω is the Ohmic 

overpotential and 𝜂𝑚𝑡 is the mass transport overpotential. Equations S1-S5 show the calculations to obtain 

each of these potentials. The mass transport overpotential is the remainder. The cathode kinetic 

overpotential is neglected in this analysis. Figure 6 presents the overpotential breakdown for high and low 

loaded electrode configurations. The kinetic overpotential was calculated by using the Tafel slopes and the 

TPCA values obtained from electrochemical characterization and imaging, respectively (Equation S5). 

Figure S13 in SM depicts the bar plot of overpotentials breakdown at 1.5 A cm-2 for all the cells. The 

kinetic overpotential is the major contributor especially at current densities below 1 A cm-2 and its total 

share was observed to increase monotonically across the full current density range with decrease in catalyst 

loading. An increase in the TPCA and decrease in Tafel slope was inversely proportional to the kinetic 

overpotential. Peng et al [31] show the variation of kinetic overpotential with interfacial contact area for 

low loaded electrodes and attribute the trends to two main limiting factors: in-plane electron transport and 

catalyst accessibility.  

It is worth mentioning that the ohmic share in this set of computations was obtained by using the membrane 

conductivity since the HFR values were unavailable. However, it is safe to assume that the electrical 

contribution to the HFR was constant since all the tests were conducted in similar cell hardware on the same 

test stand. Since mass transport overpotential was the remining overpotential, after calculating kinetic and 

ohmic transport overpotentials it also might include additional overpotentials that are not accounted by 

ohmic and kinetic losses.  

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑟𝑒𝑣 + 𝜂𝑘𝑖𝑛 + 𝜂𝛺 + 𝜂𝑀𝑇 



For fiber CCMs (Figure 6 a-b) kinetics occupied over 40% of the total overpotential at 1.5 A cm-

2, however, mass transport starts to dominate as the IrOx loading decreased, and we see an apparent decrease 

in the percentage of kinetic share with decrease in loading. Low loaded sintered CCMs had a significant 

increase in mass transport, as compared to their high and medium loaded counterparts (Figure 6 c-d). This 

is rooted in the gas transport through the PTL and the channel discussed in the following sections. Low 

loaded GDEs had a higher kinetic overpotential at any given current density than their CCM counterparts. 

For example, at 1.5 A cm-2 and low loadings, fiber GDE had a 45 mV higher kinetic overpotential than its 

CCM counterpart, whereas sintered GDE had a ~5 mV higher kinetic overpotential than its CCM 

counterpart.  In terms of the mass transport and additional overpotentials, the values depend on several 

factors, but we will be confining ourselves to their dependance on TPCA and PTL morphology, since we 

believe that these are the most significant contributors. The mass transport and other overpotentials 

increased with decrease in catalyst loading. In terms of the absolute potentials, we observed a higher mass 

transport loss in GDEs compared to their CCM counterparts (Figure 6 e-h), except for low loaded sintered 

electrodes.  

 



 

Figure 6. Overpotential breakdown of polarization curves into thermodynamic, kinetic, ohmic and mass 

transport and other contributions for a) fiber CCM 2.2 mg cm-2, b) fiber CCM 0.45 mg cm-2, c) sintered 

CCM 2.2 mg cm-2, d) sintered CCM 0.45 mg cm-2, e) fiber GDE 1.68 mg cm-2, f) fiber GDE 0.63 mg cm-
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2, g) sintered GDE 1.82 mg cm-2, h) sintered GDE 0.63 mg cm-2. Inset pie charts show the percentage 

overpotential share at 1.5 A cm-2. 

3.6. Investigating mass transport losses 

Mass transport losses are the major contributor to the PEMWE overpotential at high current densities, 

especially at low IrOx loadings and are greatly influenced by the interfacial characteristics and the PTL 

morphology. High and medium loaded CCMs show an average 100 mV lower overpotential than their GDE 

counterparts at 1.5 A cm-2. In general, we saw substantial mass transport limitations for low loaded samples 

especially at the EOL, as will be discussed later. Hence interfaces and the PTL morphology have a greater 

significance at reduced loadings. Figure S14 in SM represents mass transport and kinetic overpotentials as 

a function of TPCA at 1.5 A cm-2 for CCMs and GDEs. The TPCA calculated earlier (Figure 3) is in direct 

relation to the mass transport characteristics since a higher TPCA relates to larger number of reaction sites 

and concomitantly higher number of bubble nucleation sites for oxygen. This also results in reduced kinetic 

overpotentials. For sintered CCMs, the kinetic overpotential reduces by over 50 mV when the TPCA 

increases from 12% to 60%. Similar trends are observed for GDEs. At higher TPCAs both CCM 

configurations showed reduction in mass transport overpotential, whereas no clear correlation was observed 

between the TPCA and mass transport overpotential for GDE configurations (Figure S14). The nature of 

the electrode structure and its hydrophobicity also influences the gas transport [56]. Kadyk et al. [57] 

developed a structure based model to optimize gas evolution in electrolyzers and concluded that having 

preferential nucleation sites on the surface of the electrode leads to easier gas removal into the surrounding 

electrolyte (water) and reduces the mechanical stress leading to catalyst degradation or destruction.  

In terms of the PTL morphologies, sintered PTL had a lower porosity (44.7 %) than fiber PTL (56.5 

%). The porosity profiles of both samples were shown in Figure S15. The pore-size distribution of these 

samples were reported in Figure S16 showing significantly lower average pore size for sintered PTL of 8.1 

µm compared to fiber PTL of 13.3 µm. The in-plane and through plane tortuosity factors for both PTLs can 

be found in the SM Figure S17. The in-plane tortuosity factors were higher in general than through plane 



values and the void pathways were more tortuous than the solid pathways for both PTLs as reported earlier 

[30]. For fiber PTLs, the in-plane tortuosity was found to be higher (2.7) than sintered PTLs (2.56). 

However, the through plane tortuosity for sintered PTLs was slightly higher than fiber PTL but still within 

the statistical limit of measurement. The through-plane tortuosity is a critical morphological parameter as 

it dictates oxygen removal from the catalyst layer into the flow channel.  

To quantify the gas transport in these configurations and understand its impact on PEMWE 

performance, we analyzed x-ray radiography images at different current densities at several locations at the 

anode channel. Figure 7 indicates the oxygen content in the channels at various current densities for all 

samples at constant water flow rate of 3 mlpm. Figure S18 shows the effect of different water flow rates 

on the oxygen residence in channel, as well as cell performance. The image processing for extracting 

oxygen content considers the average grayscale values that pass through the ROI. The correction factor f 

quantifies the extent to which the removal of oxygen occurs as discrete bubbles or slugs. A higher f signifies 

a higher slug flow regime and vice versa as shown in Figure 7 c and Figure 7 f, respectively. Oxygen 

content x f was measured through x-ray radiography and f cannot be decoupled from oxygen content. When 

the channel is fully filled by oxygen then oxygen content x f will be equal to 1, however, when the channel 

is filled by water this value will be 0. For CCMs generally oxygen percentage in the channel increased with 

increase in current density. This is expected, as with more oxygen generated and the same water flow-rate 

oxygen content in the channel should increase. For fiber CCMs, we observed a slower increase in oxygen 

percentage in the channel compared to the sinter CCMs, as seen in Figure 7 a and b. Slower increase in 

oxygen content in the channel suggests that either oxygen accumulates within the PTL, the catalyst layer,    

or the f factor is smaller, indicating removal of oxygen as bubbles and not slugs. The last explanation is 

very likely, as with fiber PTL the fibers are smooth and there is lower number of sites for bubble nucleation 

compared to sintered PTL. With higher number of nucleation sites, the bubbles coalesce and are removed 

in the slug form. In case of sintered CCMs, a clear trend was evident, for the same current density a CCM 

with higher loading show higher content of oxygen in the channel (Figure 7 b). This is indicative that at 

higher loadings oxygen travels through more pathways within the PTL and then nucleates on more sites 



after which bubbles coalesce into slugs, showing higher f factor. For high loadings, the oxygen content 

plateaus as the current density nears 4 A cm-2. As the oxygen content in the channel nears 80 %, we observed 

a sharp increase in the potential since most of the transport pathways were occupied leading to insufficient 

flow of water to the active sites. Hence, we can safely assume 80 % as the upper oxygen saturation limit in 

the channels beyond which unstable PEMWE performance at high current densities will occur.  

For high loaded GDEs, the oxygen content increased to about 80 % and plateaued at 2 A cm-2. As 

the current density increased further to 3 A cm-2, there was an apparent drop in the oxygen content as seen 

in Figure 7 d, e. This may be due to variation in the correction factor f due to varying flow regimes. The 

low loaded GDEs also show a drop in oxygen content as current density nears 2 A cm-2. During x-ray CT 

beamtime GDEs were not able to support current densities higher than 2 A cm-2, hence the radiography data 

is missing for higher current densities. Generally, well-functioning PTLs and CCMs or GDEs should show 

increase in oxygen content in the channel with increase in current density, as shown by Figure 7 b. 

However, above 80 % oxygen content in the channel will result in mass transport limitations.  

 



 

Figure 7 Oxygen content in channels as a function of current density for a, b) fiber and sintered CCMs d, 

e) fiber and sintered GDEs obtained from X-ray radiography c, f) through-plane radiography images of two 

cells showing the ROI (yellow rectangle) and oxygen bubbles (dotted circles). The oxygen content detected 

is a function of current density as well as the correction factor f. The correction factor f depends on the size 

of the bubble flowing through the ROI. The magnitude of f is considered large for a slug flow regime as 

indicated in f and small for discretized bubble flow as indicated in c.  

3.7. The effect of catalyst loading on the oxygen transport in the porous transport layer 

Figure 8 shows the model prediction and comparison of oxygen content and velocity distributions in the 

different PTLs with varied catalyst loading. Figure 8 a shows the oxygen content (left) and velocity 

distribution (right) for the fiber PTL at high catalyst loading. Figures S20 – S22 show the 3D volume 

rendering of the oxygen concentration for high, medium, and low loaded fiber PTL, sintered PTL and 

associated velocity profiles, respectively. The oxygen bubbles were generated at the top of the PTL at the 

catalyst layer and they transported through the PTL via preferential pathways. The oxygen tended to merge 

at the PTL mid portion where the higher porosity band is located. The average oxygen velocity in the PTL 

was about 0.056 m s-1 for current density of 1 A cm -2 At low catalyst loading for fiber PTL, there was lower 
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oxygen content existing in the PTL because oxygen did not take some of the possible transport pathways, 

as shown in Figure 8 b. This is because of a smaller inlet area for oxygen corresponding to less 

homogeneous catalyst distribution based on our assumptions, which resulted in a low active number of 

catalytic sites. The average velocity in this case was about 0.068 m s-1, which was higher than the high 

catalyst loading case because of lower number of pathways that oxygen was taking (lower cross-section 

area that the flux crosses). Importantly, for low loaded sample (Figure 8 b) there were locations where 

velocity magnitude was as high as 0.1 m s-1. It is undesirable to have local high flux locations within the 

PTL, as if these pathways were to be blocked, significant mass-transport losses are expected.  

Figure 8 c and  Figure 8 d show oxygen transport through the sintered PTL with the high and low 

catalyst loading, respectively. At high catalyst loading, oxygen was taking all the possible transport 

pathways with a high amount of oxygen content within the PTL. Oxygen concentration in sintered PTL 

was very different than in fiber PTL. This is mainly due to pore sizes of the PTLs. Sintered PTLs have very 

uniform pore-size distribution with a mean radius of 8.1 µm, as shown in Figure S16. The cumulative 

oxygen content in the PTLs is reported in Figure S23. Oxygen will be transported as a front within the first 

100 µm, as shown by Figure 8 c and Figure S23 for high catalyst loading. After that, the oxygen saturation 

gradients through the rest of the PTL until it reaches the channel. These results are consistent with 

experimental findings from De Angelis et al [58].  Since most of the pores were of the same size there were 

no preferential pathways for oxygen to take, and there was no higher porosity in the middle of the PTL, as 

shown for fiber PTLs. There are more pathways for transport existing in this case, which shows a large 

amount of oxygen content distribution in the PTL. The velocity vectors were very uniform, showing that 

all the pores within the PTL were utilized for oxygen transport. At low catalyst loading, oxygen front was 

suppressed, and velocity profile show several bottlenecks with 0.1 m s-1 maximum velocities. The LBM 

suggests that preferential transport through the PTL occurred when PSD was non-uniform, such as for fiber 

PTLs (Figure S16). The advantage of fiber PTLs is that water delivery can be efficient, as oxygen does not 

occupy all the pores, however, it can also result in blockage of oxygen transport pathways. For the sintered 



PTLs very uniform oxygen transport through the PTLs was observed, even for low loaded PTLs, which is 

desirable.   

 

 

Figure 8 Modeling prediction of oxygen flow and corresponding velocity profiles in a) High loaded fiber 

PTL, b) Low loaded fiber PTL, c) high loaded sintered PTL, and d) low loaded sintered PTL. Left of each 

figure show the volume profiles and right of each figure show the corresponding velocity profiles. The top 

part of each image is the catalyst layer. The model assumes uniform distribution of catalyst for high loaded 

samples and non-uniform distribution for low loaded sample. The model was operated at the current density 

of 1 A cm-2 with the flow rate of 2 mlpm. 

3.8. Durability analysis  

The cell durability was probed after steady state electrolyzer operation for 90 hours. The cells were allowed 

to reach a steady state at 50 0C temperature and 30 bar H2 pressure before collecting BOL polarization 

curves. The cells were then held at a constant current density of 1.8 A cm-2 for 90 hours (Figure S24) at a 

constant water flow rate on the anode, and the same operating conditions of temperature and pressure. 

Subsequently, the EOL polarization curves were collected. The testing focused on the influence of 



interfaces and PTLs on the steady operation, while the other cell components, such as the membrane, current 

collectors, back pressure etc. were kept constant. The steady-state analysis was conducted as opposed to 

the established triangle and square wave potential perturbation as accelerated stress tests [59], [60] to 

maintain focus on the effect of electrode configurations on the potential response and establish a baseline 

in the interface engineering efforts for existing systems.  

The measured BOL and EOL polarization curves (Figure 9 a-d) and the corresponding potentials 

at 1.5 A cm-2 (Figure 9 e) are shown for all samples. High loaded fiber CCMs show a similar activation 

potential at low current densities of 0.1 A cm-2 but show about 100 mV increase in overpotential at 1.5 A 

cm-2 at the EOL, as shown in Figure 9 a. However, for low loadings, fiber CCMs showed a substantial 570 

mV rise at 1.5 A cm-2 and over 200 mV rise in activation potential at low current densities at the EOL. As 

can be seen from Figure 9 b, for high and medium loaded sintered CCMs, the EOL voltage followed 

approximately a constant 100 mV rise in overpotential until 2 A cm-2. For low loaded sintered CCM, the 

EOL polarization curves showed a 100 mV decrease in overpotential at 1.5 A cm-2. Although the BOL 

polarization curve stood at a substantially higher 800 mV than the high and medium loaded sample, a 

decrease in overpotential suggests possible conditioning even after 90 hours of steady state operation.  
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Figure 9 BOL and EOL polarization curves for a, b) fiber and sintered CCMs respectively c, d) fiber and 

sintered GDEs respectively e) Initial and final potential for all configurations at 1.5 A cm-2. The tests were 

conducted at 50 oC in a 28 cm2 active area cell. The final polarization curves were obtained after holding 

each cell at a current density of 1 A cm-2 for 90 hours. The filled symbols represent fiber PTLs, and hollow 

symbols represent sintered PTLs.  

 

 

4. Conclusions 

A systematic matrix of twelve PEMWE configurations with two different types of PTLs, two types of 

electrode configurations namely CCM and GDE and three levels of catalyst loadings were characterized 

using x-ray micro-CT to quantify the interfaces and elucidate its effect on electrochemical performance and 

gas transport in flow-field channels. Moreover, steady-state durability testing of all the samples was 

conducted and a Lattice Boltzmann Method model was constructed based on the tomography results to 

simulate gas transport in the two types of PTLs for varied catalyst loadings. From the tomography images, 

it was clear that the catalyst agglomeration and clustering increases with loadings for the CCMs and the 

catalyst conforms to the PTL surface during coating for the GDEs. The calculated TPCA was correlated 

with the double layer capacities obtained by electrochemical testing. In general, the TPCA increases with 

increase in catalyst loadings and Cdl scales proportionally. The conjunction of the TPCA along with Cdl 

gives us a measure of the electrochemically active surface area. The PTL surface morphology plays a vital 

role in affecting the TPCA. High loaded sintered CCM showed the highest TPCA and concomitantly 

highest Cdl among all other samples.   

The general order of Cdl vs TPCA on the parameter space for CCMs is sintered CCM 0.5 mg cm-2 

< fiber CCM 0.5 mg cm-2 < fiber CCM 1 mg cm-2 < sintered CCM 1 mg cm-2 < fiber CCM 2 mg cm-2 < 

sintered CCM 2 mg cm-2. This directly relates to the BOL potential measured at 1.5 A cm-2, where the cell 

overpotentials follow the same exact trend. Similarly, the general order of Cdl vs TPCA on the parameter 



space for GDEs is sintered GDE 0.65 mgcm-2 < fiber GDE 0.65 mgcm-2 < fiber GDE 1.1 mgcm-2 < sintered 

GDE 1.1 mgcm-2 < fiber GDE 1.75 mgcm-2 < sintered GDE 1.75 mgcm-2. This trend relates directly with 

the measured improvement in overpotential until medium loadings, but high loaded fiber GDE shows a ~ 

30 mV rise than sintered GDE. The discrepancies associated with such performance loss especially in GDEs 

is attributed to influence of undesirable overpotentials that affect the kinetics as shown by the Tafel analysis. 

The Tafel analysis shows that on average GDE configurations had higher Tafel slopes compared to CCM 

configurations, indicating that there are some other non-kinetic losses are present. Low loaded GDEs show 

the most performance loss after steady state current density holds possibly due to mechanical degradation 

of the catalyst. The investigation of oxygen content in the channels sheds light on the mass transport 

overpotentials. We determine 80 % oxygen in the channel to be the maximum to avoid water depletion in 

the catalyst layer. CCM configurations showed increase in oxygen content in the channel with increase in 

current density, as at higher current density more oxygen is produced and removed in the channel. The 3-

D modeling suggests that for low-loaded catalyst layers the pathways for oxygen transport through the 

PTLs are limited, as oxygen is transported through a few preferential pathways. Fiber PTL has larger pores 

and more inhomogeneous pore size distribution leading to preferential oxygen transport pathways even at 

high catalyst loading. Sintered PTLs have more uniform and smaller pores, resulting in more uniform 

oxygen distribution in the PTL.  

These findings add in-depth experimental and modeling insight into the nature of the PTL-catalyst layer 

interface and contribute to the understanding of impact of PTL bulk properties on gas and water transport. 

From these findings the following design guidelines for PEMWE can be proposed: 

 

o Sintered CCMs with 44.7 % porosity can be used to obtain a high triple phase contact area between 

the catalyst layer and PTL and better gas removal at loadings above 0.5 mg cm-2.  

o Uniform gas removal through the PTL results in the slug flow regime and the optimal oxygen 

saturation in the channels should be 80 % or below to ensure stable performance at high current 

densities. 



o The catalyst utilization is affected by the nature of the catalyst layer and morphology of the PTL, 

since GDEs can be limited by proton transport and CCMs can be limited by electron transport. To 

have highly active TPCA the PTL surface can be tailored to have larger area of deposited catalyst 

contacting the membrane.  

o For commercial electrolyzers with immediate demand, we recommend using sintered CCMs with 

0.5- 1 mg cm-2 loadings of unsupported IrOx for reasonable overpotentials at high current densities 

and since any higher loading does not result in significant durability or overpotential improvement. 

Although, for low loaded CCMs to be operated with differential pressure operation, we suggest 

using MPLs in to retain catalyst layer cohesion and maintain high interfacial contact. We suggest 

investigating interface behaviour during differential pressure operation as a future direction of 

research.  
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