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High Temperature PEM Fuel Cells

EIS as an experimental tool for Electrochemical Interfaces

Physical Model for EIS simulation

Fitting results of the EIS

ORR Kinetic Constants and reaction energetics
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Polymer Membrane : TPS & H3PO4 (PA)

Tcell = 140 – 200oC

 Increased Kinetics

 Increased CO tolerance

 Simplified water and heat 

management

 H3PO4 network provides H+ pathways 

 Membrane

 CLs 

 Dry reactants, self humidified 
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 Holistic approach

 Very difficult to deconvolute 

individual potential contributions

𝑍 𝜔 =
𝐹 𝛥𝐸 𝑡

𝐹 𝛥𝐼𝑂𝑅𝑅 𝑡
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X Main Draw Back : 

Equivalent Electrical Circuits (EQC) 

Representation: 

1. Not Unique! 

2. Limited physicochemical insights
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We developed a physical model 

to simulate EIS and study ORR 

kinetics
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Experimental Tafel & Limiting Current Plots
(Differential conditions- single 4cm2 HTPEMFC)
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 The ILIM depends on 𝑃𝑂2
0.5 indicating kinetic limitation due to O2 dissociative adsorption
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HT-ORR Mechanism & Physical macrokinetic Model
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Regression Algorithm 
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 For the determination of the kinetic parameters:
13 experimental EIS and 13 I-V points were fitted simultaneously (2309pts in total)
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4. Repeat steps 1-3  10  times
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Experimental-Modeled Fitting Results (IV-EIS-Coverages)
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Contributing components of the EIS
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The EIS are composed of three types of contributions:

1. The effective proton resistance (RH+) within the catalytic layer modeled by the use of TLM

2. The Charge transfer resistance (RCT) representing the electrochemical reactions across the interface

3. The relaxation arc (RRelax) related to hysteresis of the coverages on the catalytic surface –”Intrinsic Kinetic Inertia”
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Transmission Line Model (TLM)
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RPol Deconvolution : RCT - RRelax
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Determined Kinetics  & Degree of Rate Control

12Laboratory of Electrochemical Processes

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

b)

Σ
D

R
C

i 
(1

)
Vcell (V)

 kads+kdes

 k2f+k2b

 k3f+k3b

Experimental

     Window

j i i j i i

i
i

i ik k ,K k k ,K

k r ln r
DRC

r k ln k
 

    
    

    



List of the determined energetics FORTH / ICE-HT
www.iceht.forth.gr

07/12/2021 P.I. Giotakos −  Laboratory of Electrochemical Processes 13Laboratory of Electrochemical Processes

Kinetic constants according to Transition State Theory (TST)

Gibbs Free Energies (energy states) and activation energies 

of ORR intermediate species 
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ORR Energetics @ Unit Activities and T=180oC 
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@ U=1.147V (Open Circuit) the activation overpotential is mainly related to the electrochemical energy spent to 
overcome the positive free energy change (uphill) of the two electrochemical reaction steps (2 and 3)



A small high frequency linear contribution due to H+ ionic resistance of the catalytic layer

A high frequency arc due to Charge Transfer Resistance of both electrochemical steps

A large low frequency arc due to the intrinsic KINETIC INERTIA - RELAXATION of the accumulated
adsorbed species (Oads, OHads) on catalyst surface, caused by the hysteresis between the competing
ORR reaction steps
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 The ORR Spectrum In the activation region & under Differential Conditions consists of: 
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 Regarding the Kinetics & Energetics of ORR: 

The limiting step of the whole process is the dissociative adsorption of O2 (DRC)

The energetics of the reaction steps can be estimated according to the Transition State

Theory

The activation overpotential is the electrochemical energy spent to overcome:

i) the positive free energy change of the two electrochemical steps (thermodynamics)

ii) the high activation energy of the O2 adsorption step (kinetics)
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Regression Results 
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Name Value Units Description 

MSE 1.950 x10-4 - 
Regression Mean Squared Error for 

2309pts 

kads 2.965x10-4 
2 1 1/2

Ptmol m  s  atm  

 
Step 1: Forward chemical kinetic constant 

kdes 4.251x10-12 
2 1

Ptmol m  s 

 
Step 1: Backward chemical kinetic constant 

k2f 1.614 x101 
2 1

Ptmol m  s 

 
Step 2: Forward chemical kinetic constant 

k2b 5.909 x10-11 
2 1

Ptmol m  s 

 
Step 2: Backward chemical kinetic constant 

k3f 4.680 x10-1 
2 1

Ptmol m  s 

 
Step 3: Forward chemical kinetic constant 

k3b 2.720 x10-7
 

2 1 1

Ptmol m  s  atm  

 
Step 3: Backward chemical kinetic constant 

CDLPt 1.107 x10-5 
2

PtF cm

 

Avg. Pt Double Layer Capacitance, (min, 

max)= (10.5,12.3) 
2

PtF cm
 

σCL 5.541 1S m

 

Avg. effective CL ionic conductivity, (min, 

max)= (5.1,5.9) 
1S m

 

ΔVi 1.374 x10-3 V 
Avg. potential deviation, (min, max)= (0.14, 

2.48) mV 

Nerst

OCVE
 

1.1899 V 
Calculated OCV Potential for PH2=1 atm, 

PO2=0.2 atm, PH2O=0.05 atm 
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Experimentally measured OCV Potential 
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1.1471 V 
Standard thermodynamic potential at 180oC 

and unit activities for reactants and products 
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