
 

  

Lecture 9 
Fuel Cells at Finite Current 

Ahmed Ghoniem 

March 2, 2020 

Loss mechanisms in fuel cells 
Kinetics of electron transfer reactions, activation overpotential 
Transport Processes and transport overpotential 
Total losses and overall efficiency 
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Faraday's Law: I = neℑan! f , rate of fuel utilization is n! f ≤ (n! f )sup 

℘ IV I V ς VOC ηFU = = = (  ) Δĥ 
R, f (  ) Δĥ 

R, f (  ) VOC Δĥ 
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ΔGR 

ΔHR Max power (at lower efficiency), ~2.0 kW/m2 
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Finite-Current Performance of HTFC�s 

' ' →ν " 
p χ p ,ν fl χ fl +νox χox 

Δεact ( ) − σ ℜT * ⎛ p ⎞ ℜT ⎛ X fl Xox 
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po neℑa 

ℓn 
Xp 
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must calculate concentrations where chemisty occurs 

Δε = Δε o 

+η!a,act + η!a,conc + η!a,FU 

+ !ηel ,oh 

+η!c,act + η!c,conc + η!a,FU 

η! ≡ overpotential 
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An electrochemical cell at equilibrium (left) 
and one producing finite current (right). 

Notice the charge separation at the interface between the electrode and electrolyte (the electric 
double layer). The thickness of the layer is nanometer. At finite current, only the charge with 
higher free energy (overpotential) can overcome  the potential difference across the double layer. 
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 An (oversimplified) Introduction to Chemical kinetics 

Rate of chemical 
(thermochemical) 
reaction: 

Rate of 
electrochemical 
(charge transfer) 
reaction: 

Catalytic surfaces 
R ! P 

d[P] − 
Ef −

ℜ 
E
T
b d[R] = [R]k f 0e ℜT − [P]kb0e = − (Arrhenius expresion) 

dt dt 
Ej : the activation energy and [-] is the concentration H2 

molecules must have excess energy to react! 

R ± e ! P where either R or P is charged 
ℑaη f ℑaη!bd[P] − 
" 

− d[R] = [R]k" f 0e ℜT − [P]k!b0e ℜT = − =i
dt dt a 

nη! : the activation "overpotential", or the difference between the actual 
o

potential of the charge and the equilibrium value, that charged d 
Ea f e 
ℜTspecies must have to jump across the layer. k! f 0 = k f 0e 

− 
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Electrochemical Reaction Kinetics 

k f # 0 

Consider the reversible oxidation reaction at an electrode: R ⇔ P+ +e− 
k! f = A

⌢ 
f exp 

⎛
−
ΔGaf 

⎠⎟
⎞ 

exp ⎛ −α 
ℑaη! 

⎠⎟
⎞ = k0 exp ⎛ −α 

ℑaη! ⎞ 
kb ⎝⎜ ℜT ⎝⎜ ℜT ⎝⎜ ℜT ⎠⎟ 

The net current = current leaving a surface 
⌢ ⎛ # 0 ⎞ ! !ΔGab ⎛ ) ℑaη ⎞ ⎛ ) ℑaη ⎞ - current arriving (the reverse reaction) k!b = Ab exp − 

⎠⎟ 
exp⎝⎜ (1−α ⎠⎟ = k0 exp⎝⎜ (1−α ⎠⎟⎝⎜ ℜT ℜT ℜT 

⎛ ( )s ⎛ ℑaη! f ⎞ ⎞ ⎛ ( )s ⎛ ℑaη!b ⎞ ⎞ = ℑa k! fCR exp − - nℑa k!bCp exp − Define the exchange current density as: 
⎝⎜ ⎝⎜ ℜT ⎠⎟ ⎠⎟ ⎝⎜ ⎝⎜ ℜT ⎠⎟ ⎠⎟ ⌢ 

The" free"energy required to drive the reaction changes by ℑaη!. i0 = 
I0 = nℑak

0CO
( )s * = nℑaAf exp(−ΔGaf 

# 0 / ℜT )CO
( )s * 

Ae 
This energy is divided between the two layers Substitute in the net current equation we get: 

using a transfer coefficient, α : ⎧ ⎛ η! ⎞ ⎛ ) nℑaη! ⎞ ⎫ 
ΔGaf 

# = ΔGaf 
# 0 + αℑaη!, and ΔGab 

# = ΔGab 
# 0 − (1−α )ℑaη!, i = i0 

⎩
⎨exp⎝⎜α 

n 

ℜ
ℑ 

T
a 

⎠⎟ − exp⎝⎜ −(1−α 
ℜT ⎠⎟ ⎭

⎬, 

( )s ( )s 
* ⎧ CO ⎛ nℑaη! ⎞ CP ⎛ nℑaη! ⎞ ⎫i = i0 ⎨ ( )s * exp⎝⎜α a ⎠⎟ − ( )s * exp⎝⎜ −α c ⎠⎟ ⎬CO ℜT CP ℜT⎩ ⎭ 

This is the Butler Volmer Equation. An implicit relation between 

the overpotential (loss of potential) and the current form the electrode 
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( )s ( )s 
* ⎧ CO ⎛ nℑaη! ⎞ CP ⎛ nℑaη! ⎞ ⎫i = i0 ⎨ ( )s * exp⎝⎜α a ⎠⎟ − ( )s * exp⎝⎜ −α c ⎠⎟ ⎬CO ℜT CP ℜT⎩ ⎭ 

exchange current density 
I0 # 0 / ℜT ( )s * 

Ae 
= nℑaA

⌢ 
f exp(−ΔGf )CO 

© Source unknown. All rights reserved. This content is excluded from our Creative 
Commons license. For more information, see https://ocw.mit.edu/fairuse. 

High exchange current density is important for reducing activation overpotential by: 
1. Raising the cell temperature (see next figure) … opposite to T�s impact on OC potential. 
2. Using an active catalyst, and more of it. 
3. Using a rough surface (nanostructured). 
4. Increasing reactants concentrations 
5. Raising the pressure. 
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What are Fuel Cells? power 
Proton Exchange Membrane Fuel Cell (low temperature) 

Hydrogen
(H2 ) In 

Oxygen
(O2 ) In 

Water 
(H2 O) Out 

Flow Field Flow Field Membrane 

• Ideal for Transportation. 
• Uses H2 Only. 
• Uses Platinum as a catalyst. 
• Efficiency depends on power, ~ 40-50%, 

surface power density (IV) ~ 0.7 kW/m2. 

      

 

 

 
 

  

  

2H2+ O2

→

2H2O + electrical

→→
H2 +

1 O2 → H2O+(electrical energy+thermal energy) 
2→ 

Both images © Source unknown. All rights reserved. This content is excluded from our 
Creative Commons license. For more information, see https://ocw.mit.edu/fairuse. 
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1.2 

1.0 

Effect of Cell Temperature on activation overpotential 
Low T cells (left) suffer more from sluggish kinetics than high T cells (right) 

ℜT ⎛ i + in ⎞for small current and overpotential: ηact ≈ n in  is the "leakage".. 
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0.20.2 

0 200 400 600 800 1000 

No loss, voltage of 1.0 volts 

Fast drop due to 
several transport 
limitations 

Very small 
voltage loss 
at OC 

combined activation 
overpotential and early 
transport limitation 
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• The B-V equation applies to the anode and cathode.  Should add both overpotentials to determine the total. 
• Oxygen has sluggish kinetics, and higher overpotential, and dominates kinetic overpotential loss. 
• Exchange current density for O2 is O(10-9 A/cm2) for Pt-acid electrolyte, vs. O(10-3) for H2. 
• The concentration used in the B-V equation is at the electrode-electrolyte interface. 
• Use of air increases activation overpotential (lower oxygen concentration). 

DOE Fuel Cell Handbook 

Image courtesy of DOE. 
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Electrochemical Cell Transport Catalytic surfaces 

dCiFick's Law of mass diffusion: ji = −Di dx 
Diffusion is associated with the presence of a species gradient! 

dTvery similar to heat diffusion (condution) where q = −λ 
dx H2 
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Overpotentials occur due to concentration drop across several layers, 

ℜT ⎛ 1 ⎞ ℜT ⎛ 1 ⎞Δε (T , pi ) = Δε o (T ) + ℓn p⎟ + ℓnXH2 
+ ℓnXO2 

− ℓnXH2O⎜ ⎜ ⎟2ℑa 
⎝ 2 ⎠ 2ℑ ⎝ 2 ⎠ 

Concentrations  should be evaluated at the reactive surfaces of the electrodes, 
The drop of concentrations is due to transport.  
The difference in concentrations across each layer creates an overpotential.   

ℜT (act )Take one concentration: based on concentrations at interface: Δεact = Δε o + 
neℑa 

ℓnCi , 

ℜT (sup)But based on concentration in the supply channel: Δε sup 
= ε o + ℓnCineℑa 

(act )ℜT Cidifference is concentration overpotential: η!conc − Δε = ℓn (sup) = Δεact sup neℑa Ci 

or: Δεact = Δε + η!conc sup 
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Transport Overpotentials across an electrode in terms of limiting current density 

ℜT ⎛ ⎞Cis ! = ℓnηconc {Cis <Cib neℑa ⎝⎜ Cib ⎠⎟ 

dCiFick's law of diffusion: ji = −Di dx 
, 

δ electrode and  Cib − Cis = jiDelectrode 

δ electrode At limiting conditions Cis = 0: Cib = ji,lim Di,electrode 

Delectrode this is limiting current: ilim = neℑa ji,lim = neℑa Cib δ electrode 

Cis iThus the conncentration ratio for any current is = 1−
Cib ilim 

ℜT ⎛ i ⎞the electrode diffusion overpotential: η!el ,conc = ℓn 1− 
⎝⎜ ⎠⎟neℑa ilim 
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Most cell designs have . Why: 
• , 
• , 
• , 
•  (for oxygen in air at SAP), 
• . 

The limiting current density can be raised by: 
• Increasing the effective diffusivity of the reactants through the electrodes; 
• Increasing the reactants concentrations in the supply channels; and, 
• Decreasing the thickness of the electrodes. 
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Expression must be corrected for concentration drop 

across the bounday layer in the gas channel 
(in case a carrier gas is used) 

Ci∞ − Cib ji = hconc (Ci∞ − Cib ) = −Del δ electrode 

hconcdhSherwood number for mass transfer: Sh = = O(3 − 5)
Dgas 

Eliminate Cib  and use Faraday's law: 
Ci∞ − Cis i = neℑa ji = neℑa ⎛ 1 ⎞δ el 

⎝⎜ ⎠⎟Del 

+ 
hconv 

Ci∞ilim = neℑa ⎛ 1 ⎞δ el 

⎝⎜ ⎠⎟Del 

+ 
hconv 

ℜT ⎛ i ⎞the total electrode transport overpotential: η!el ,transpot = ℓn 1− 
⎝⎜ ⎠⎟neℑa ilim 

© Ahmed F. Ghoniem 15 



 

  

    

    

Recall that the kinetic overpotential depends on the concentration 

ℜT ⎛ 1 ⎞ ⎛ i ⎞
at the electrode surface, hence: ηel ,conc,tot = 

⎝⎜
1 + 

⎠⎟ 
n 1 − 

neℑ α ⎝⎜ ilim ⎠⎟ 

Δ
εo

 +
 η

e
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n
c
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In a porous electrode: Dij 
eff ≈ Dij 

ε 
τ 

pore volume ε :  porosity= 
total volume 

pore length τ :  tortuosity = 
thickness 

Ohmic Overpotetial: 
Voltage drop due to resistance to charged species flow 

Within electrolyte, resistance to ion flow 

Within electrodes, resistance to electron flow: 

η!oh = −(Relectrodes + Relectrolyte ) I 
and I = iAelectrolyte 

telectrolyte Relectrolyte = 
Aelectrolyteσ electrolyte 

, 

where the conductivity is: σ = zi ℑaCiu!i 
and the charge mobility is 

zi ℑaDiu!i =  and Di  the Diffusivity. 
ℜT 

Diffusivity depends on electrolyte material, 
water content (in polymer electrolytes), 
temperature and concentration. 
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Finite-Current Performance of HTFC�s 

Fuel cells suffer significant irreversibility due
to finite-rate processes. 

Δε = Δε o 

+  + ηa,act + ηa,conc ηa,FU 

+ ηel ,oh 

+  + ηc,act + ηc,conc ηa,FU 
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Power Out I iVη = = o = ηOC i η!rel i η!Far Rate of Chemical Enthalpy n! f ΔHR V I 
VOC neℑn! fuel 
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   Finite-Current Performance of SOFC� 

Different voltage losses in a typical SOFC running on 
Polarization curve for an SOFC running on syngas with hydrogen, losses are shown cumulatively starting with different concentration of H2 to CO. CO  electrochemistry cathodic concentration overpotential, cathodic activation 
is more sluggish and hence the fast drop. Ong and Ghoniem, overpotential, etc. (Hanna, Shi and Ghoniem, PECS, 40 (2014) IJHE, 41(2016) 

© PECS. All rights reserved. This content is excluded from our Creative Commons © UHE. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/fairuse. license. For more information, see https://ocw.mit.edu/fairuse. 
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Catalytic surfaces 

Electrochemical Cell Kinetics 
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One electrochemical (electron transfer) 
reaction on each side 
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Overall cathodic (charge transfer) reaction n 
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Electrochemical Reaction Kinetics 

• The electrochemical reaction on each 
electrode separates the charge, forming an 
electric double layer. 

• The chemical free energy of the reaction 
is stored in the electric field. 

At Equilibrium, on the electrode surface, 
• the chemical free energy and the electrical 

energy are equal. 
• the charge concentrations are equal at the 

surface and outer plane. 
• the net current out of the surface is zero. 

The free energy associated with the 
forward reaction equals the work done 
to separate the charge 
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Electrochemical Reaction Kinetics 

consider the oxidation reaction:  R ⇔ 
k f 

P+e 
kb 

the current leaving a surface is ia = ℑa ( s( ) k f CR ) 
( )son the outer plan, the reverse reaction occurs; ic = ℑa (kbCp ) 

the net current is the balance of the two reactions; i = ia − ic 

The reaction rate constant depends on the free energy available to drive the reaction 

 ⎛ ΔG# 
f /b ⎞k f /b = Af /b exp − 

⎝⎜ ℜT ⎠⎟ 

In electrochemistry,  we should use total available Gibbs free energy 

ΔĜ # = ΔĜ + neℑa Δε where Δε   is the local electric potential. 
the second term is energy consumed in moving the charge through the potential.   
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Under finite current, nonequilibrium conditions, the net current
     between the two layers is associated with a potential η,  the "overpotential" 

And the" free"energy available to drive the reactionchangesby ℑaη. 
The change of energy is divided between the two layers
        according to the transfer coefficient, α, 0 ≥ α ≥ 1 : 

# # 0 + αℑa 
ΔGaf = ΔGaf η, 

# # 0 − (1 −α )ℑaΔGab = ΔGab η, 

 ⎛ ΔGaf 
# 0 ⎞ ⎛ ℑaη ⎞ ⎛ ℑaη ⎞k f = Af exp − 
⎠⎟ 

exp −α = k0 exp −α 
⎝⎜ ℜT ⎝⎜ ℜT ⎠⎟ ⎝⎜ ℜT ⎠⎟ 

 ⎛ # 0 ⎞ ⎛ η ⎞ ⎛ η ⎞kb = Ab exp −
ΔGab 

⎠⎟ 
exp

⎝⎜ (1 −α ) ℑa 

⎠⎟ 
= k0 exp

⎝⎜ (1 −α ) ℑa 

⎠⎟⎝⎜ ℜT ℜT ℜT 
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