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Cooperative Research and Development Final Report 

Report Date: May 31, 2022 

In accordance with requirements set forth in the terms of the CRADA agreement, this document 

is the CRADA final report, including a list of subject inventions, to be forwarded to the DOE 

Office of Scientific and Technical Information as part of the commitment to the public to 

demonstrate results of federally funded research.  

Parties to the Agreement: Proton Energy Systems (Acquired by Nel ASA); UChicago 

Argonne, LLC; UT-Battelle, LLC 

CRADA Number: CRD-18-00780 (NFE-19-07593) 

CRADA Title: Roll to Roll (R2R) Manufacturing of Electrolysis Electrodes for Low Cost 

Hydrogen Production 

Responsible Technical Contact at Alliance/National Renewable Energy Laboratory (NREL): 

Scott Mauger | scott.mauger@nrel.gov 

Name and Email Address of POC at Company: 

Dr. Katherine Ayers | kayers@nelhydrogen.com 

Sponsoring DOE Program Office(s): 

• USDOE Office of Energy Efficiency and Renewable Energy (EERE), Advanced 

Manufacturing Office (AMO) 

• USDOE Office of Energy Efficiency and Renewable Energy (EERE), Hydrogen and Fuel 

Cell Technologies (HFCT) 

Joint Work Statement Funding Table showing DOE commitment: 

Estimated 

Costs 

NREL Shared 
Resources  

a/k/a Government  
In-Kind 

ANL Shared 
Resources  

a/k/a Government  
In-Kind 

ORNL Shared 
Resources  

a/k/a Government  
In-Kind 

Year 1 

Year 2 

Modification #1 

Modification #2 

$85,000.00 

$55,000.00 

$0.00 

$0.00 

$20,000.00 

$20,000.00 

$0.00 

$0.00 

$75,000.00 

$45,000.00 

$0.00 

$0.00 

TOTALS $140,000.00 $40,000.00 $120,000.00 

GRAND TOTAL = 
$300,000 
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Executive Summary of CRADA Work: 

NREL, Argonne National Laboratory (ANL) and Oak Ridge National Laboratory (ORNL), 

which are also referred to collectively herein as the “Contractors” will perform electrode ink 

development and characterization, focusing on 1) inks with appropriate properties for R2R 

(gravure and slot-die) coating onto PFSA membrane and 2) catalysts suitable for electrolysis. 

Participant will develop acceptance criteria and characterization methods for direct coating on 

the membrane. The purpose of this project is to show feasibility for cost reduction of the 

electrode through increased throughput and improved material utilization. Successful completion 

of this project will result in more affordable hydrogen production via proton exchange membrane 

(PEM) electrolysis by substantially reducing the anode precious metal content and catalyst-

coated membrane processing costs. 

VALUE TO DOE MISSION 

Assists laboratory in achieving programmatic scope, adds new capability to the laboratory’s core 

competencies. This project uses and enhances the laboratory’s core competencies, and enhances 

U.S. competitiveness by utilizing DOE developed intellectual property and/or capabilities.  

This project will benefit the Fuel Cell subprogram within the EERE Fuel Cell Technologies 

Office (FCTO) by actively developing materials, formulations, components, and processes for 

PEM electrolyzer stacks for overcoming critical technical barriers to widespread hydrogen 

production for zero-emission transportation applications. Through this JWS, NREL, ANL and 

ORNL are assisting a key domestic industry partner, Proton Energy Systems, Inc., in the area of 

low-cost electrolyzer electrode formulation and coating technology. After completion of this 

project, NREL, ANL and ORNL will be able to verify whether the direct deposit coating 

processes investigated are suitable for producing CCMs for PEM electrolyzers, which is of great 

interest and benefit to the DOE EERE Fuel Cell Technologies Office (FCTO) and H2@Scale 

missions. 

Summary of Research Results: 

Task 1: Electrode Ink Development 

Studies were carried out on IrO2 catalyst inks to understand ionomer-catalyst interactions and 

develop formulations to improve ink stability (i.e., reduce particle sedimentation). Zeta potential 

measurements (Figure 1) of catalyst inks using the down selected IrO2 catalyst material showed a 

decrease in the zeta potential of the particles with the addition of Nafion ionomer to the particle 

dispersion, indicating adsorption of ionomer to the IrO2 particle surface. This also corresponded 

with a decrease in the hydrodynamic particle radius measured by dynamic light scattering (DLS). 

These two measurements show that ionomer adsorption is leading to electrostatic and/or steric 

stabilization of IrO2 particles and a reduction of agglomeration. However, these measurements 

were conducted at very dilute concentrations. Rheological measurements conducted on baseline 

inks with concentrations appropriate for R2R coating were inconclusive in determining if these 

stabilizing effects were present at high concentrations. 

http://www.nrel.gov/publications.
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Figure 1. (Left) Zeta potential measurements of dispersions of IrO2 particles without 
ionomer (0 I/C) and with ionomer (0.1 and 0.3 I/C). (right) Z-average hydrodynamic diameter 

of the same dispersions. 

Catalyst ink stability and the effect of different additives was explored. Analysis of the original 

inks stability using dynamic light scattering and zeta potential showed that ionomer in the ink 

formulation reduced ink agglomeration. However, visualization of the catalyst ink film/droplet 

using optimal microscopy revealed the presence of large aggregates/agglomerates (> 10 µm), not 

detectable in DLS measurements. 

Additional studies were conducted to determine if the addition of polymer additives (besides 

Nafion) could modify the ink rheology and improve stability. Rheological measurements showed 

that high molecular weight polymer additives (polyethylene oxide (PEO) and polyacrylic acid 

(PAA)) resulted in modest increases in steady-shear viscosity but did not significantly alter 

rheological behavior. Bench-top studies of particle sedimentation by visual inspection of ink 

opacity did not indicate the polymer additives resulted in any changes in sedimentation. The 

addition of a non-ionic associative polymer showed more significant increases in viscosity than 

PEO or PAA. It was also found that the viscosity increase due to this polymer was sensitive to 

the ratio of water/1-propanol ratio in the ink. 

In an effort to reduce agglomeration and further improve ink stability different polymer additives 

were explored such as polyethylene oxide, polyacrylic acid, and commercial anionic surfactants 

(Hypermer KD73-LQ, and Hypermer KD77-LQ, Croda Meterials). However, visualization of 

Nel catalyst inks (Figure 2a) and the comparison with Alfa Aesar IrOx catalyst inks (Figure 2b) 

showed no clear reduction or elimination of the large agglomerates/aggregates. This indicated 

that the populations of large particles are likely primary aggregates suggesting that optimized 

mechanical breakdown of these large particles may be necessary for reducing the particle sizes 

hindering ink settling. 

 

 

(a) (b) 

Figure 2. Snap shots of IrOx ink film of a) Nel b) Alfa Aesar catalysts. 

http://www.nrel.gov/publications.
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Alternate to stabilizers, various polymer rheology modifiers have also been explored in order to 

reduce particle/ink settling. The rheology of the inks with the tested modifiers are shown in 

Figure 3. The addition of 5 wt% PU1191 (hydrophobically-modified polyurethane) resulted in 

some increase in the ink’s viscosity (by ~ 3x). To further enhance the viscoelasticity of the ink, 

hydrophobically-modified alkali swellable polymer (HASE, Rheoptima B32) has also been 

explored. The ink viscosity increased significantly (by ~ 103 or more) for just 1.5 wt% of 

additive in an ink with a high H2O concentration dispersion media and high concentrations of 

base (0.5 M NaOH). Further investigation of the additive – ink component interactions showed 

that Nafion and nPA suppressed the HASE association requiring high H2O content in solvent and 

high pH (or high concentration of NaOH) to enhance solution viscosities/induce polymer 

association. While such enhancement in ink viscosities by HASE is expected to significantly 

retard ink settling, the high concentrations of NaOH may be detrimental to performance due to 

Na-ion poisoning of the ionomer and needs further study. 

 

Figure 3. Steady shear rheology of Nel catalyst inks with different polymer additives. 
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Task 2: Roll-to-Roll Electrode Coating 

One of the challenges with developing a process for direct coating onto a membrane is that the 

membrane swells in the liquids used as the dispersion media in the catalyst ink. It has been 

shown in the literature that small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering 

(WAXS) can be used to detect changes in the polymer structure of the membrane due to liquid 

uptake and swelling. Normally these swelling experiments are done by submerging the 

membrane in a liquid for several hours to fully swell the membrane. We were interested to know 

if similar SAXS/WAXS measurements could be used to study swelling when coating catalyst 

inks directly onto the membrane. This was an initial scoping study to determine if this 

methodology is applicable here. NREL prepared three samples using commercially available 

membranes. The first sample (MEM1) was the membrane as received from the manufacturer. 

For the second sample (MEM2) we performed as simulated catalyst layer coating on membrane 

by coating it with a layer of water and 1-propanol using an automatic film applicator. Following 

coating the membrane was dried. The third sample (MEM3) was a membrane that had been 

soaked in a water/1-propanol mixture for several hours. These samples were sent to ANL for 

testing. The SAXS-WAXS scattering patterns are shown in Figure 4. The soaked membrane 

(MEM3) has a different scattering pattern than the as-received membrane (MEM1) due to 

changes in the membrane structure due to swelling in the water/1-propanol mixture, as expected. 

Now, comparing the coated membrane (MEM2) we do not see significant differences from the 

as-received membrane. This indicates that coating the membrane with a thin liquid film of 

solvent does not significantly alter the membrane structure. Therefore, we do not expect that 

coatings of real catalyst inks will substantially alter membrane structure. 

 

Figure 4. SAXS-WAXS measurements of as-received PFSA membrane (MEM1), a membrane that 
was coated with a film of water and 1-propanol (MEM2), and a membrane soaked in water and 1-

propanol (MEM3). 

http://www.nrel.gov/publications.
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NREL also developed a technique using a force tensiometer to measure liquid uptake into 

ionomer membranes. This allows us to understand how different catalyst inks will be absorbed 

by the membrane during catalyst layer coating. It is shown in Figure 5a the uptake measurements 

for an Aquivion membrane with a series of water and 1-propanol (nPA) mixtures. A lower slope 

indicates a slower uptake rate. Figure 5b shows the uptake rates for two different membranes, 

Nafion and Aquivion. It can be seen pure water and pure 1-propanol have the slowest uptake 

rates, whereas more equal mixtures have the most rapid uptake rates. Figure 5c shows time it 

takes for the membrane to distort. These results are consistent with the uptake measurements and 

show that as the uptake rate increase the distortion time decreases. 

 

Figure 5. (a) Measurements of uptake of water/1-propanol (nPA) mixtures with an Aquivion 
membrane. (b) Calculated uptake rates for Nafion and Aquivion membranes. (c) Measured 

distortion time from uptake measurements. 

NREL prepared catalyst inks and catalyst layer samples for X-ray experiments at ANL at the 

Advanced Photon Source. The catalyst inks were prepared with mixtures of water and 1-

propanol or water and ethanol. Several ratios of water/alcohol were prepared. These inks were 

also used to prepare the catalyst layers. The inks were measured with ultra-small-angle and 

small-angle X-ray scattering (USAXS, SAXS). The catalyst layers were measured with 

USAXS/SAXS and nano-X-ray computed tomography (XCT). Shown in Figure 6 is a nano-XCT 

reconstruction of one of the catalyst layers. 

 

Figure 6. (a) 3D reconstruction of an IrO2 catalyst layer. (b) Solid particle and pore size 
distributions calculated from 3D reconstruction. 

http://www.nrel.gov/publications.
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NREL prepared R2R gravure coatings to create IrO2 catalyst layers. First, coatings were 

performed using PTFE substrate using the baseline catalyst material to tune the loading. The 

coatings on PTFE were much better than the coatings on PET that were trialed in the previous 

quarter. The average loading was around 0.3 mgIr/cm2, which was lower than targeted, but we 

were able to use this a guidance for subsequent coating experiments. We successfully coated the 

two different IrO2 catalysts on the polyfluorsufonic acid membrane to make catalyst-coated 

membranes (CCMs). We were able to hit the target loading with the baseline material. The 

second catalyst resulted in a lower loading, which is likely due to the catalyst ink having 

different properties. We will be performing rheology and surface tension measurements to 

determine the cause of the differences. Overall, the coatings were very uniform, as shown in 

Figure 7. These samples were sent to Nel for in situ electrochemical testing. 

 

Figure 7. Photographs of IrO2 catalyst layer coatings performed at NREL. Left – Gravure coating 
station showing slight wrinkling of membrane due to solvent absorption. Center – coated 

membrane entering drying oven. Right – sample piece of dried CCM. These images show uniform 
coatings and that the membrane is no longer deformed after drying. 

In Q4 we prepared anode catalyst layers using IrO2 catalysts from two different suppliers, 

referred to henceforth as Cat1 and Cat2. Using the same gravure coating conditions, the Cat2-

based ink resulted in a lower loading. The Cat2 material is known to have a higher surface area 

than the Cat1 material. We suspected that the difference in coated catalyst layer loading could be 

due to the higher surface area of the Cat2 increasing the viscosity of the catalyst ink. This would 

likely lead to less liquid transferred from the gravure cylinder pattern to the substrate. The 

rheological properties of the catalyst inks were measured with steady shear rheometry, with results 

shown in Figure 8. As suspected the Cat2 ink had a higher viscosity than the Cat1 catalyst ink. 

NREL    |    3

Coating Photos
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Figure 8. Steady-shear rheology of IrO2 catalyst inks with either Cat1 or Cat2. 

At the direction of Nel, NREL put together a cost estimate of the project funds that would be 

required to modify NREL’s existing R2R coating equipment to allow for gravure printing. 

Printing electrode patches will improve materials utilization as the catalyst will be printed in only 

the active area of the electrolyzer cell. Up to this point in the project, gravure coating has been 

used to coat the membrane is a single, large stripe, as shown in the top of Figure 9. The current 

coating process results in a wide strip of electrode material with catalyst coated outside the cell 

active area (red circle shown in the upper right), leading to much of the coated catalyst material 

not being utilized for electrochemical reactions. This coating process was useful for proving out 

the direct coating processes but is less desirable for manufacturing due to the low material 

utilization of the expensive IrO2 catalyst. Printing electrode patches that match the cell active 

area, as shown in the bottom of Figure 9, will result in 100% of the coated catalyst material being 

utilized for electrochemical reaction. Limiting the catalyst to the active area will also improve 

sealing of the cells for operation at high differential pressure. The printed cell active area will be 

28 cm2. NREL pursued acquisition of gravure cylinders for printing of circular electrode patches. 

Several possible vendors were identified and contacted. Only one of the identified vendors 

indicated they would be able to supply a cylinder with dimensions appropriate for NREL’s R2R 

coating equipment. NREL requested a quote for cylinders. Unfortunately, a quote was never 

provided. NREL and Nel discussed the lack of progress in this area, and it was decided that with 

the time remaining in the project it was best to abandon this effort and shift our focus to other 

matters. 

http://www.nrel.gov/publications.
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Figure 9. Diagram comparing full-width catalyst layer coating (top) with gravure printing of 
circular patches of catalyst (bottom). The red circle indicates the MEA active area. 

Task 3: MEA Testing 

The catalyst layers that were coated in the previous quarter were tested in 3-cell electrolyzer 

stack at Nel. The results of the stack testing are shown in Figure 10. All cells showed stable 

performance, even after unplanned interruptions to operation at 122 hrs and 357 hrs.  

 

Figure 10. Electrolyzer testing of a 3-cell stack at 1.8 A/cm2. Anodes were prepared by NREL and 
assembled into full MEAs and tested at Nel. 

http://www.nrel.gov/publications.
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Task 4: QC Technique Development 

IrO2 catalyst layers on membrane created at Nel and NREL were imaged using a desk top 

scanner to measure light transmission. The same catalyst layers were also measured using X-ray 

fluorescence (XRF) spectroscopy. The average loading of the whole catalyst layer area was 

compared to the average transmission of the same area. These results are shown in Figure 11. It 

was observed that there is a strong correlation between XRF-measured loading and optical 

transmission. 

 

Figure 11. Correlation plot of XRF-measured catalyst loading and optical transmission. 

The next step was to create high resolution images providing a loading map of the two catalyst 

layers. 80 local XRF loading measurements were obtained along two lines on each sample, as 

shown in Figure 12a. XRF measurement spots were then aligned spatially with the corresponding 

transmission images to obtain the transmission-to-loading correlation parameters (Figure 12b). 

Finally, the high-resolution loading maps of the two anodes were obtained (Figure 12c). Good 

correlation exists between Ir oxide loading and transmission values. This method has a potential 

to become a valuable loading characterization technique for in-line monitoring of fabrication 

processes of PEMWE anodes. 

http://www.nrel.gov/publications.
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Figure 12. (a) Optical transmission image of half CCM. (b) Comparison of transmission and XRF-
measured loading along line 1in (a). (c) High resolution spatial map of loading based on 

transmission-to-loading correlation generated from line scans. 

Activities for Q4 included work developing optical scanning methodologies for IrO2 anode 

decals. Four anode decals produced by Nel at a R2R pilot coating run at Kodak were scanned. 

The samples were with IrO2 catalyst on PTFE substrates coated with different wet thickness. 

These scanning measurements were conducted as an initial evaluation of correlation between a 

high-resolution optical signal and catalyst areal loading. The anode materials were free of known 

defects and were scanned in transmission-mode only. Some initial images are shown in Figure 

13. Features of high-transmission points, variations on the scale of ~ 1 cm, vertical (coating 

machine direction) lines, and varying uniformity were observed. The observations in 

transmittance were consistent with XRF-measured loading values with lower transmittance 

corresponding to higher Ir loading. While this method proved useful in detecting loading 

variations in lower loaded catalyst layers (50% and 75% of the baseline wet film thickness) a more 

sensitive camera and/or brighter light source is likely needed to successfully image the higher 

loadings in the range of interest for likely future Nel products (83% and 100% of the baseline wet 

film thickness). 

 

Figure 13. Transmission-mode optical scanning images of anode decal materials, with increasing 
catalyst coating wet thickness. In the cross-web direction, samples with IDs ending in 2 and 3 

show a trend of decreased signal in the central region of the coating, likely corresponding to the 
slight increase in loading in the same region seen in XRF measurements. 

http://www.nrel.gov/publications.


12 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

QC activities were carried out for anode decals, with loadings near the target value. These were 

scanned using webline optical scanning, and a viable optical signal for correlation to loading was 

acquired, using the brighter light sources and high-sensitivity line camera. utilizing both brighter 

light sources, and greater imaging camera sensitivity, equipment available on NREL’s webline 

conveyance, to successfully image materials with high catalyst loadings and PTFE substrates 

which proved too opaque for the desktop scanning method used in Q4 FY21. Figure 14 shows 

some of the acquired images of the samples detailed in Table 1. The Figure 14 images are shown 

using a common intensity scale for comparison. Features will emerge in the coatings with 

heavier loadings if contrast is increased for individual images  

Table 1. Details of anode decal samples scanned. 

Sample Number Description Substrate XRF Ir Loading 
(relative to baseline) 

Desktop Scan 

PN2109S1 Kodak anode 
decal 

PTFE 50% Good 

PN2109S2 Kodak anode 
decal 

PTFE 67% Good 

PN2109S3 Kodak anode 
decal 

PTFE 83% Bad 

PN2109S4 Kodak anode 
decal 

PTFE 100% Bad 

 

Figure 14. Webline optical scanning images of anode decal materials. Catalyst loading increases 
from left to right. 

Subject Inventions Listing: None 

ROI #: None 
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