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S1. Materials and Methods 

S1.1. Mathematical modeling of the oxygen reduction kinetics in cathodic biofilms 

The derivation of electrode kinetics follows the derivation of Butler-Volmer equation as 
described previously [1, 2]. Instead of using first order kinetics, we use Michaelis-Menten 
equation to describe biologically catalyzed oxygen reduction reaction.  

Forward reaction:    ox + n e- → red 

Reverse reaction:    red → ox + n e- 

The overall activation energy barrier for the cathodic reaction (𝛥𝛥𝐺𝐺𝑇𝑇𝑇𝑇) can be described as a 
summation reaction activation energy (ΔGc) and part of the electrical energy activation barrier 
(αnFΔE), where 𝛼𝛼 is the transfer coefficient, F is Faraday’s constant, n is the stoichiometric 
balance for the number of electrons transferred in the redox reaction, and ΔE is the electric 
potential barrier.  

𝛥𝛥𝐺𝐺𝑇𝑇𝑇𝑇 = 𝛥𝛥𝐺𝐺𝑐𝑐 +  𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼  

Because we set the electrode potential at 0.396 V below the standard reduction potential, the 
contribution of the anodic reaction to the current is ignored. The contribution of the anodic 
reaction to the current is less than 1% when the overpotential is less than -0.118 V [1].  
 

Arrhenius equation is used to describe the reaction rate constant (𝑘𝑘), where 𝐴𝐴′ is the Arrhenius 
frequency factor, R is the universal gas constant, and T is temperature.  

𝑘𝑘 = 𝐴𝐴′𝑒𝑒
−𝛥𝛥𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑅𝑅𝑅𝑅   

Michaelis-Menten reaction is used to describe the rate of cathodic reactions (𝑟𝑟𝑐𝑐).  

𝑟𝑟𝑐𝑐 = �−
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐 [𝑆𝑆]
𝐾𝐾𝑀𝑀,𝑐𝑐 + [𝑆𝑆]

� 𝑒𝑒
−𝛥𝛥𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑅𝑅𝑅𝑅 𝐴𝐴 

𝑟𝑟𝑐𝑐 = �−
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐 [𝑆𝑆]
𝐾𝐾𝑀𝑀,𝑐𝑐 + [𝑆𝑆]

� 𝑒𝑒
−(𝛥𝛥𝐺𝐺𝑐𝑐+ 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼)

𝑅𝑅𝑅𝑅 𝐴𝐴 

𝑟𝑟𝑐𝑐 = �−
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐 [𝑆𝑆]
𝐾𝐾𝑀𝑀,𝑐𝑐 + [𝑆𝑆]

� 𝑒𝑒
−𝛥𝛥𝐺𝐺𝑐𝑐
𝑅𝑅𝑅𝑅  𝑒𝑒

−𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼
𝑅𝑅𝑅𝑅 𝐴𝐴 

𝑟𝑟𝑐𝑐 = −𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐 𝑒𝑒
−𝛥𝛥𝐺𝐺𝑐𝑐
𝑅𝑅𝑅𝑅

 [𝑆𝑆]
𝐾𝐾𝑀𝑀,𝑐𝑐 + [𝑆𝑆]

 𝑒𝑒
−𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼

𝑅𝑅𝑅𝑅 𝐴𝐴 

Where rmax,c is the maximum cathodic reaction rate which includes the Arrhenius frequency 
factor (𝐴𝐴′), 𝐾𝐾𝑀𝑀,𝑐𝑐 is the Michaelis-Menten cathodic half-saturation constant, [S] is the 
concentration the electron acceptor and A is the electrode surface area.  

The cathodic current density (𝑗𝑗𝑐𝑐) is then calculated using Faraday’s constant 
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𝑗𝑗𝑐𝑐 =  
𝑟𝑟𝑐𝑐𝑛𝑛𝑛𝑛
𝐴𝐴

 

𝑗𝑗𝑐𝑐 =  − 𝑛𝑛𝑛𝑛𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐 𝑒𝑒
−𝛥𝛥𝐺𝐺𝑐𝑐
𝑅𝑅𝑅𝑅

[𝑆𝑆]
𝐾𝐾𝑀𝑀,𝑐𝑐 + [𝑆𝑆]

 𝑒𝑒
−𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼

𝑅𝑅𝑅𝑅  

 

The potential between the electrode and the solution ΔE is composed of the equilibrium potential 
(ΔEeq) and overpotential (η).  

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝐸𝐸𝑞𝑞 +  𝜂𝜂 

 

𝑗𝑗𝑐𝑐 =  − 𝑛𝑛𝑛𝑛𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐 𝑒𝑒
−𝛥𝛥𝐺𝐺𝑐𝑐
𝑅𝑅𝑅𝑅

[𝑆𝑆]
𝐾𝐾𝑀𝑀,𝑐𝑐 + [𝑆𝑆]

 𝑒𝑒
−𝛼𝛼𝛼𝛼𝛼𝛼(𝛥𝛥𝐸𝐸𝑞𝑞+ 𝜂𝜂)

𝑅𝑅𝑅𝑅  

𝑗𝑗𝑐𝑐 =  − 𝑛𝑛𝑛𝑛𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑐𝑐 𝑒𝑒
−𝛥𝛥𝐺𝐺𝑐𝑐
𝑅𝑅𝑅𝑅  𝑒𝑒

−𝛼𝛼𝛼𝛼𝛼𝛼𝛥𝛥𝐸𝐸𝑞𝑞
𝑅𝑅𝑅𝑅

[𝑆𝑆]
𝐾𝐾𝑀𝑀,𝑐𝑐 + [𝑆𝑆]

 𝑒𝑒
−𝛼𝛼𝛼𝛼𝛼𝛼𝜂𝜂
𝑅𝑅𝑅𝑅  

 

𝑗𝑗𝑐𝑐 =  − 𝑗𝑗𝑜𝑜𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚

[𝑆𝑆]
𝐾𝐾𝑀𝑀,𝑐𝑐 + [𝑆𝑆]

 𝑒𝑒
−𝛼𝛼𝛼𝛼𝛼𝛼𝜂𝜂
𝑅𝑅𝑅𝑅  

 

The overpotential is defined as the difference between working electrode potential (𝜀𝜀) subtracted 
from the standard reduction potential. Significant losses could happen in oxygen reduction 
reaction in bioelectrochemical systems. We use two terms to describe these losses as described 
previously: 1) a lumped constant potential term (EL) and 2) an ohmic loss term characterized by a 
constant ohmic resistance (RL) [3]. 

𝜂𝜂 =  𝜀𝜀 −  𝐸𝐸 −  𝐸𝐸𝐿𝐿 +  𝑗𝑗𝑐𝑐𝐴𝐴𝑅𝑅𝐿𝐿 

 

𝑗𝑗𝑐𝑐 =  − 𝑗𝑗𝑜𝑜𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚

[𝑆𝑆]
𝐾𝐾𝑀𝑀,𝑐𝑐 + [𝑆𝑆]

 𝑒𝑒
−𝛼𝛼𝛼𝛼𝛼𝛼(𝜀𝜀− 𝐸𝐸− 𝐸𝐸𝐿𝐿+ 𝑗𝑗𝑐𝑐𝐴𝐴𝑅𝑅𝐿𝐿)

𝑅𝑅𝑅𝑅  
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S1.2. Schematic of the electrochemical cell used to grow and study cathodic biofilms 

 
Figure S1. A) Schematic diagram of the electrochemical cell, including working electrode (WE), counter 
electrode (CE), reference electrode (RE), potentiostat, and air inlet and outlet. B) The experimental setup 

used to test the effect of electrode size on cathodic current density. Schematics are not drawn to scale. 
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S2. Results. 
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Figure S2. Class-level 16S rRNA gene microbial community analysis of A) four oxygen-

reducing cathodic biofilms (surface areas = 14.5 cm2, 40.3 cm2, 131 cm2 and 466 cm2), and B) a 
466 cm2 cathodic biofilm sampled at four different locations. The data show that the microbial 

community structure is independent of cathode size, and of the location within the cathode.  
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