
0.95 

0.80 

0.65 

0.60 

0.55 

Platinum Group Metal-Free Catalysts for Proton Exchange Membrane Fuel Cells 
– Electrode Diagnostics for Performance and Durability –

a National Renewable Energy Laboratory, Golden COLuigi Osmieri a,b b Currently at: Los Alamos National Laboratory, Los Alamos NM 

2.9 0.9 Understanding ORR Kinetics on PGM-free Catalyst at MEA Level 20 
𝒏𝒏𝑹𝑹 validated by XANES ADFe-N-C P(O2) MODEL APPLICATION 15 MODEL VALIDATION 2.8 Cat #: 01182017 0.5 atm 

0.8 CHALLENGES: Kinetic equation includes the potential Very good fitting of Am: 7.2 cm210 1.0 atm Target 
1.5 atm 

2.7 Low Fe No previous studies of ORR kinetics on PGM-free catalysts at dependent active sites number θ: Q: 500 sccmthe experimental T: 80⁰C 
5 

oxidation state High Fe 
oxidation 2.6 MEA level (only RDE) 𝑖𝑖 2.5 atm data Φ: 100% 0 0.7 
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𝜃𝜃 = 𝑬𝑬𝑹𝑹𝟎𝟎 validated by CV state 𝛾𝛾Difficult to measure accurate in-situ/operando kinetics data -5𝛼𝛼C𝐹𝐹(𝐸𝐸 𝑝𝑝O2 
2.5 

𝑖𝑖0∗ � revexp∗𝑝𝑝O2 𝑅𝑅𝑅𝑅 Refine previous models that used integer Fe oxidation states -10
2.4 

-15(e.g. Fe3+/Fe2+, nR = 1) 
2.3 State-of-the-art -20 0.5 pO2 = 0.5 atm catalyst activity  MEA1 -25 2.2 Catalyst stability and MEA reproducibility

0.0 0.2 0.4 0.6 0.8 1.0  MEA2 0.90 Measure polarization curves at different T, P  MEA3 E0
C (V) 0.4 

0.0 0.5 1.0 1.5 2.0 pO2 = 1.0 atm 1.6 0.85 Calculation of Reaction Order and Current Density, A.cm-2 MEA1 
References 𝑬𝑬𝑹𝑹𝟎𝟎 and 𝒏𝒏𝑹𝑹MEA2 1.4 Activation Energy for ORR from MEA data  Fe(III) Pc High Fe MEA3
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 MEA1 

E C
 (V

) 1.2 oxidation state 0.75 state AD(Fe)-N-C improvements needed to  1000 mV  MEA2 
0.70  MEA3 

1.0 
 850 mV
 800 mV meet targets  = 2.5 atm pO2 0.8  750 mV  MEA1 
 700 mV High Fe  MEA2 

 MEA3 
pO2 = 3.5 atm 

Improvements needed in: 0.6  650 mV oxidation state Low Fe  600 mV 
 500 mV 0.4 oxidation state Catalyst activity 400 mV  MEA1 

Effective change in Fe oxidation state  MEA2 H2/O2, 80°C, 100% RH  250 mV 
0.2 Electrode structure design: 100 mV  MEA3 Redox potential

𝟏𝟏 
Best fitting values: 0.50 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 H+ conductivity and O2𝒏𝒏𝐑𝐑 = 𝟎𝟎. 𝟕𝟕𝟏𝟏 0.0 Experimental 𝜽𝜽 = R.K. Ahluwalia, X. Wang, L. Osmieri et al., J. i (A cm-2) 7100 7110 7120 7130 7140𝒏𝒏𝑹𝑹𝑭𝑭 𝟎𝟎 𝟎𝟎 𝑬𝑬𝒄𝒄𝟎𝟎−𝑬𝑬𝑹𝑹 𝑬𝑬𝑹𝑹 = 𝟎𝟎. 𝟕𝟕𝟕𝟕𝟕𝟕 𝐕𝐕 transport results Electrochem. Soc., 166 (14) F1096-F1104 (2019) L. Osmieri et al., Appl. Catalysis B: Environ. 257 (2019) 117929 𝟏𝟏 + 𝒆𝒆 𝑹𝑹𝑹𝑹 Energy (eV) 

Understanding Mass Transport in PGM-free Electrodes APPLICATION: Electrodes with different catalyst ink solvent composition (Isopropanol & Water) Understand the relative impact of 
100 X-ray computed tomographyChallenges: 1.0 variables and their interrelations 0% H2O Gas mass transport resistanceH2/air, 80°C, 100% RH  0% H2O 
90 0% H2ODevelop a technique to quantify mass transport resistance in thick PGM-free electrodes 0.9  50% H2O 50% H2O From HOR limiting current 

100% RH80  82% H2O 82% H2OExplain relations between electrode performance – structure – properties 0.8 
75% RH 1.0 I/C 0.82 0.7 70 30wt% APPLICATION: Varying Membrane 0.9  35wt% 
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600.8 Electrodes with  40wt% content From Nano-CT • Smaller poresPt black 
• No water • Smaller agglomeratesAnode 0.7 50 45wt% different sensor 

i @
 0

.3
V 

(m
A/

cm
2 ) 

E H
FR

-fr
ee

 (V
) Varying • No ionomer • Less accessible structureGDE 0.6 40 ink solvent ionomer swelling 

composition 0.5 0.3 I/C 0.67 30Better performance for electrodes with contents 0% H2O50% H2O0.4 0.2 20higher ink H2O content 
Spray 0.3 0.1 coating 100.2 GDL 0.0 I/C 0.54 00.1 50% H2O0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 PGM-free 

catalyst layer 
PGM-free CCL is not reactive to HOR: H2
passes through the whole CCL thickness 

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡 = 
2𝐹𝐹𝐶𝐶H2,ch

𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙
Rtot = total gas mass transport resistance 
CH2,ch = concentration of H2 in the flow 
field channel 

0 25 50 75 100 Varying Brush
0.0 i (A cm-2) paintingfabrication RH (%) I/C 0.43 10000.0 0.3 0.6 0.9 1.2 method H+ resistance in  0% H2O 

Electrode with Electrode with Electrospinning 82% H2O 50% H2Ocatalyst layeri (A cm-2) 800  82% H2O(by H2/N2 EIS) low H2O content ink high H2O content ink Higher H+ transport 0.7 
Trade-off between gas 82% H2Oresistance for 600transport resistance and 
H+ resistance for 

0.6 electrodes with Optimum 
Electrode 35wt% electrode higher H2O content 400 performance 

0.5 30wt% optimum performance L. Osmieri et al., Curr. Opin. Elecrtochem., 2021, 25:10062740wt% 
200 • Larger pores0.4 Systematic approach for PGM-free 45wt% L. Osmieri et al.,G Wang, L. Osmieri et al., • Bigger agglomerates

0 Nano Energy 75 • More open structure electrode engineering to improve 0.3 J. Electrochem Soc. 167 50 60 70 80 90 100ilim = measured HOR limiting current 0 20 40 60 80 100 120 
(2020) 044519 RH (%) (2020) 104943 performance and robust operation Rtotal (s m-1)F = Faraday constant 

Challenge: Largely unexplored area. Need to define a testing method for PGM-free catalyst Loss of Fe sites 
,effUnderstanding Durability during MEA Operation 𝜂𝜂C = 𝐸𝐸rev − 𝐸𝐸cell − 𝑖𝑖 𝑅𝑅HFR + 𝑅𝑅H+ 

durability in MEA 
Three different accelerated stress tests (AST)  Each AST provided considerably different degradation after 30k cycles. Reasons?

Clear correlation between: 
1) AST-N2: 30k cycles 2) AST-N2+PC: 30k cycles

3) AST-air: 30k cycles Fe-Nx active sites loss
0.95 – 0.60 V, inert 0.95 – 0.60 V, inert (N2) +

0.95 – 0.60 V, air Fresh MEA Capacitance increase
(N2) polarization cycles in air* (catalyst oxidation)

Cathode kinetic
overpotential increase

H2/air, 80°C, 100% RH Higher degradation 
H2/air, 80°C, 100% RH 30k AST cycles caused by cathode H2/air, 80°C, 100% RH 

in air operation in 
presence of O2

Fresh AST-N2 AST-N2+PC AST-Air Frm EIS: No change in 𝑅𝑅HFR and MEA ORR generates H2O2  HO⦁ and 
X-ray computed tomography 𝑅𝑅H+ ,eff  No damage to HOO⦁ radicals by Fenton reaction Sign of L. Osmieri et al., Nano Energy,

corrosion membrane and ionomer in CCL with Fe which damage the catalysts 
78 (2020) 105209
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