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Project Goal 

• Develop scalable method for synthesis and manufacturing of PGM-free (Fe-N-C 

types) electrocatalysts for Oxygen Reduction Reaction for PEMFC application. 

• Increase activity and durability of Fe-N-C catalysts to required by ElectroCat 

consortium values. 

• Integrate PGM-free ORR catalysts into industrial quality Membrane Electrode 

Assemblies through design of cathodic catalyst layer (optimization of ionomer type 

and loading, deposition method, additives type and concentration). 

• Using electrochemical techniques and modeling estimate proton conductivity, 

oxygen permeability and ORR mechanism in thick cathodic layers. 
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Overview 

Timeline and Budget 
Timeline 

• Project Start Date: 01/02/2019 

• Project End Date: 12/31/2020* 

Budget 

• Total Project Budget: $1,251,209 

• Total DOE Share: $999,814 

• Total Cost Share: $251,395 

• Total DOE Funds Spent**: 

$744,239.00 

• Total Cost Share Funds 

Spent**: $194,676.03 

* No cost extension: 12/31/2021 

** As of 01/31/2021 

Barriers 

• Activity of PGM-free ORR 

catalysts should be increased 

• Decrease a cost of PGM-free 

catalysts manufacturing 

• Increase the durability PGM-free 

catalysts 

Partners 

• IRD Fuel Cells, Madeleine 

Odgaard 

• University of Hawaii, Hawaii 

Natural Energy Institute (HNEI), Dr. 

Tatyana Reshetenko 
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Relevance 

➢ Objectives: Development of PGM-free electrocatalysts for ORR; the catalysts will be scaled 

up to 50g batches (PP); PGM-free catalysts will be integrated into the industrial state-of-the-

art MEAs (IRD) and comprehensively evaluated by electrochemical methods (HNEI). 

➢ Relevance to DOE Mission: Inexpensive, highly active and stable PGM-free ORR catalysts 

commercially manufactured by US catalyst company will demonstrate required by DOE 

performance level due to understanding the electrochemical processes relevant to PGM-free 

materials in mass-produced MEAs. 

➢ Targets and Go-No-Go 

• ElectroCat target: demonstrate 0.044 A/cm2 at 0.9V (iR-free, H2/O2 configuration, 1bar O2, 

80ºC, 100%RH) 

• Project Go-no-Go: demonstrate 0.025 A/cm2 at 0.9V (iR-free, H2/O2 configuration, 1bar 

O2, 80ºC, 100%RH) 
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Approach: Catalysts, MEAs and Electrochemistry 

Electrochemical evaluation using 25cm2 MEAs by CV, 

full pol curve, EIS and EIS modelling. 
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Approach: Milestones and Go-no-Go 

 

Milestone Schedule 

Milestone # Project Milestones Type 

Task Completion Date (Project Quarter) 

Progress Notes Original 

Planned 

Revised 

Planned 
Actual 

Percent  

Complete 

2.3 Recommendation to improve catalyst Milestone 1/31/2020   100% 

Surface area of 

catalysts should be 

higher than 560 m2 g-1. 

Go/No-Go #1 

MEA that produces 0.025 A/cm2 at 0.90 V 

(iR-free), with H2/O2 at 1.0 bar O2, 

100%RH, 80 °C 

Go/No-Go 1/31/2020   100% 

Post-treatment of 

catalyst in ammonia 

improved activity. 

3.1 
Deliver Gen-2a catalysts (Activity Target in 

3.3) 
Milestone 4/30/2020   100% 

MEAs are under tests at 

PP and HNEI. 

3.1 
Deliver Gen-3 catalysts (Activity Target in 

3.3) 
Milestone 10/31/2020   100% Accomplished 

3.3 
Deliver MEAs with Gen-3 catalyst. Activity 

target: 0.044 A/cm2 at 0. 85 V 
Milestone 1/31/2021   100% Met 

3.4 Estimate mass transfer losses Milestone 1/31/2021   60% In progress 

3.5 

Degradation in performance BoL/EoL 

MEAs to ElectroCat. Potential hold will be 

done at 0.65V for 500h (with H2 /Air at 1.0 

bar Air, 100%RH, 80 °C) and degradation 

rates will be reported. Deliver 10 MEAs 

50cm2 to ElectroCat consortium partners. 

Milestone 1/31/2021   25% In progress 

• Team was insignificantly 

affected by pandemic situation 

• All major Milestones are 

achieved 

• Team met Go-no-Go design 

point 

•HNEI moved to new location: 

installation of FC testing 

facilities is ongoing. Planning 

to continue in June 2021. 
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Accomplishments: Catalysts Development 

•EDX shows

less oxygen in

sample. Both 

samples does 

not have Zn 

remained. 

•NCB has

higher surface

area and

smaller

pore/particles

distribution

In order to decrease particle size Zn and 2 proprietary 

pore formers (PF-1 and PF-2) were used 
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Accomplishments: Catalysts Development (PMF) 

Microscopy by Dr. David Cullen (ORNL) 

Primary catalysts particles are still large. Atomically 

dispersed Fe-Nx centers populated the carbon matrix. 
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Accomplishments: Catalysts Development (NCB) 

Microscopy by Dr. David Cullen (ORNL) 

Addition of PF-1 and PF-2 increased porosity and 

surface area. Very large pores can be seen in material. 
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Accomplishments: Electrodes Development 

Membrane Thickness Study (15µm) 

• OCV ~ 0.927 V

• HFR ~ 45-60 mOhm cm2

• I=21 mA cm-2 @ 0.85 V (iR-corr)

• I=671 mA cm-2 @ 0.6 V
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Electrode layer thickness (@2.5 mg loading) is ~150µm. 

Issues to be solved: O2 and H+ transport, flooding. 

June 8, 2021 ©2021 Pajarito Powder, LLC 10 



 

 

Accomplishments: Electrodes Development 

Membrane Thickness Study (15, 25, 125 and 175µm) 
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The membrane with thickness of 15µm was 

downselected for further electrode optimization. 
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Accomplishments: Electrodes Development 

Low EW=720 and Electrode Additives Study 
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Accomplishments: MEAs Durability 
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Accomplishments: Machine Learning 

Latin Hypercube Predictions 
Principal Component Analysis Polynomial Coefficient Fitting 
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Accomplishments: Overall Project Progress 
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V, mV Cdl D ox 2e vs 4e 

N2KYZ 

50 10.6982 3.108733 7.63E-07 

100 9.42928 6.392552 4.29E-07 

200 9.39129 10.941709 1.04E-05 

400 9.41978 15.988991 0.00013311 

800 13.45351 4063.99204 0.02162464 

Cdl – double layer capacitance; Dox – oxygen diffusivity (CL); 2e vs 4e – 2e-

Fe-N-C catalysts selective 

towards 4e- ORR 

mechanism. 0.8 A/cm2 at 

0.675V (H2/O2) 

contribution 
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Responses to Reviewers’ Comments 

➢ The critical Reviewers’ comments project obtained in 2019 were fully addressed in AMR 

presentation 2020 (https://www.hydrogen.energy.gov/pdfs/review20/fc305_serov_2020_o.pdf) 

➢ Project was not reviewed in 2020 
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Collaboration and Coordination 

• ANL (ElectroCat) 
- High Throughput Synthesis 

- Characterization (USAXS, XAFS) 

- Machine Learning 

• NREL (ElectroCat) 
- Durability Studies 

• ORNL (ElectroCat) 
- Microscopy 

• LANL (ElectroCat) 
- Evaluation the Density of Active Sites 

• Juelich Research Center 

(Germany) 
- EIS modelling (Dr. Kulikovsky) 

- Benchmark PGM-free catalysts (Dr. Cherevko) 

• U South Carolina 
- Study Fe-N-C in AEMFC 

• Tartu University (Estonia) 
- Study Fe-N-C in AEMFC 

• Technion (Israel) 
- Benchmark PGM-free catalysts 

• CNR (Italy) 
- Study Fe-N-C in DMFC 

• PEGASUS (EU) 
- Benchmark PGM-free catalysts 

• CRESCENDO (EU) 
- Benchmark PGM-free catalysts 

• U Szeged (Hungary) 
- Evaluation of Fe-N-C in CO2RR 

• INL (Portugal) 
- Study PGM-free in HER 

• Kyushu University (Japan) 
- Study Fe-N-C in AEMFC 

• New Mexico Tech 
- Alternative usage of PGM-free materials 
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Remaining Challenges and Barriers 

• Increase the density of active sites in final catalyst. 

• Understand and resolve the issue with shelf stability. 

• Improve catalyst stability and MEA durability in FC tests. 

• Increase size of dataset for the usage in Machine Learning applications. 
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Proposed Future Work 

• Synthesis: optimize Fe content (tune amount of Fe precursors initially added 

to N-C compound). 

• Electrodes: “half-MEAs” – partially Catalyst Coated Membrane (CCM) and 

partially Catalyst Coated Substrate (CCS). 

• Electrochemical: durability of new Fe-N-C:MEA configurations. 

• Characterization: post-AST XPS, EDX and microscopy. 

• Machine Learning: evaluate new Catalyst/MEA combinations, based on ML 

predictions/prescriptions (Active Machine Learning – ANL Group). 
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Summary 

• During the project Team synthesized and characterized more than 30 different PGM-free 

catalysts. Batch size was increased from 25 to ~50g. 

• The electrode optimization (IRD Fuel Cells) resulted in improvement of performance from 

150 to 950 mA/cm2 @ 0.65V (H2/O2 ElectroCat conditions, Differential Cell). MEAs were 

reproducibly manufactured in 25cm2 form-factor (>300 CCMs total, during the project). 

• HNEI’s thorough electrochemical analysis allowed to understand main drawbacks in 

catalysts (too large primary particles and insufficient number of pores >50nm) and mitigate 

them. 

• Team accumulated a dataset sufficiently large enough for using in ML/AI and performed 

first modelling of full polarization curves. 

• Team published for less than 2 years 7 peer-reviewed articles (one is in an advanced 

draft stage). 
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• Technical Backup and Additional Information 
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Technology Transfer Activity 

• Pajarito Powder launched new generation of commercial PGM-free 

catalysts (will substitute previous PMF-011904) based on the results of 

this project. 

• Pajarito and IRD Fuel Cells, LLC looking for enhancing joint provisional 

application with novel electrode structure (USPTO examination stage). 

• Pajarito exploring possibilities for alternative commercial application of Fe-

N-C catalysts (several companies are approached). 
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Progress toward DOE Targets or Milestones 

Characteristic Units DOE 2020 Electrocatalyst Project Status 

and MEA Targets (50 cm2 cell, differential conditions) 

MEA performance mA/cm² @ 900 mV (H2/O2; iR-free) 30 27 

MEA degradation Potential (V) @0.80A/cm2 <30 60 
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Special Recognitions and Awards 

• PI Alexey Serov is in the list of Top 2% Most Cited Scientists by Stanford 

research: “Updated science-wide author databases of standardized 

citation indicators” (https://doi.org/10.1371/journal.pbio.3000918) 
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Machine Learning: Workflow 

• Dataset of 64 full 

polarization curves 

• 9 parameters (ionomer 

EW, ionomer loading, 

surface area etc) 
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Machine Learning: Polynomial Fitting 

June 8, 2021 ©2021 Pajarito Powder, LLC 27 



  

 

Machine Learning: PCA Analysis 

June 8, 2021 ©2021 Pajarito Powder, LLC 28 



 

Machine Learning: Random Forest Regressor 
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Machine Learning: Latin Hypercube 
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