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Supplementary Information 

 

Derivation of Eq. (6) and (7) 

 

We begin with the general equation describing current density derived from transition state theory as the ratio 

between the rate of the forward and backward reactions: 

 j = ne�k�⃑ 0e−
�μTS
ex−μr �
kBT − k⃐�0e−

�μTS
ex−μp �
kBT � 

(A 1) 

 

The free energy of the transition state is given as:  

 μTSex = μTS° + kBT ln γTS + (1 − β)neϕr + βneϕp 
(A 2) 

 

By substituting (A 2) into the exponent of (A 1) yields the exponents:  

 μTSex−μr = μTS° − μr° + kBT ln γTS − kBT ln�(ar )vr
 

r

+ βne�ϕp − ϕr� (A 3) 

And  

μTSex−μp = μTS° − μp° + kBT ln γTS − kBT ln�(ap )vp
 

p

+ (1 − β)ne�ϕ𝑟𝑟 − ϕ𝑝𝑝� (A 4) 

where vi is the stoichiometric coefficient of species i, ai  is the activity of species i, and the exponential term μi° 

is the standard chemical potential of species i. (A 1) can then be expanded by removing the activity coefficient, 

activity and standard chemical potential terms from the exponential. We also assume that the attempt 

frequency for the forward and backward reactions are equivalent, such that k�⃑ 0 = k⃐�0 = k0:21 
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j =
nek0
γTS

�e
(1−β)μr°+βμp° −μTS

°

kBT � ��(ar )vr
 

r

e−
β�−μp° +μr°+neϕp−neϕr�

kBT

−�(ap )vp
 

p

e−
(1−β)(−μr°+μp° +neϕr−neϕp)

kBT � 

(A 5) 

 

 

The equilibrium chemical potentials for the reactant and product states are given as:  

 μr
eq = μr° + kBT ln�(ar

eq)vr
 

r

+ neϕr
eq 

(A 6) 

 

 μr
eq = μp° + kBT ln�(ap

eq)vp
 

p

+ neϕp
eq 

(A 7) 

 

At equilibrium μr
eq = μr

eq, expansion yields:  

 μp° − μr° = kBT ln�(ar
eq)vr

 

r

− kBT ln�(ap
eq)vp

 

p

+ ne�ϕr
eq − ϕp

eq� 
(A 8) 

 

 As such, the standard chemical potentials can be eliminated from inside the squared brackets of eq. (A 5):  

 

j =
nek0
γTS

�e
(1−β)μr°+βμp° −μTS

°

kBT � ��(ar )vr
 

r

�
∏ (ap

eq)vp 
p

∏ (ar )vr 
r

�
β

e−
βne�∆ϕr−∆ϕp�

kBT

−�(ap )vp
 

p

�
∏ (ar

eq)vr 
r

∏ (ap )vp 
p

�
1−β

e−
(1−β)ne�∆ϕp−∆ϕr�)

kBT � 

(A 9) 

 

where we have made the simplification  ∆ϕi = ϕi − ϕi
eq. Finally, (A 8) and (A 9) can be simplified as: 
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 �
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��(ap
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(A 10) 

 

The exchange current density is therefore given as:  

 j0 =
nek0
γTS

��(ar
eq)vr

 

r

 �
1−β

��(ap
eq)vp

 

p

�

β

 e
(1−β)μr°+βμp° −μTS

°

kBT  
(A 11) 

 

Thus, the current density is given as its standard form given in eq. (7): 



 j = j0 ���
ar 

ar
eq�

vr

e
βne�∆ϕr−∆ϕp�

kBT

 

r

−��
ap 

ap
eq�

vp

e
−(1−β)ne�∆ϕr−∆ϕp�

kBT

 

p

� 
(A 12) 

 

 

Derivation of Eq. (11) 

 

To derive Eq. (11) we begin with Eq. (10) which introduces the activation overpotential term:  

eηact = ∆μCeCex − ∆μCeCe′ + ∆μOOx − ∆μOHO• = kBT ln�
aCeCe′
eq aOHO•

eq

aCeCe′ aOHO•
aCeCex aOOx

aCeCex
eq aOOx

eq � + e∆χOHO•  (A 13) 
 

With the knowledge that R2
2PB is slow relative to all other reactions, we can state that R1

2PB is in a state of quasi-

equilibrium, such that:  

∆μH2O(g) + ∆μOOx + ∆μVO•• = 2∆μOHO•  (A 14) 
 

(A 14) can be expanded as:  

kBT ln�
aOOx aVO••

aOOx
eq aVO••

eq � + 2e∆ϕCGO = 2kBT ln�
aOHO•

 

aOHO•
eq � + 2e∆ϕOHO

•  (A 15) 
 

where ϕVO
•• = ϕCGO. The activity and electric potential terms can be separated:  

2e∆ϕCGO − 2e∆ϕOHO
• = 2kBT ln�

aOHO•
 

aOHO•
eq �

aOOx
eq aVO••

eq

aOOx aVO••
� (A 16) 

 

Using eq. (9) we find an expression for the shift in electrostatic surface potential:  

2e∆χOHO• = 2kBT ln�
aOHO•

 

aOHO•
eq �

aOOx
eq aVO••

eq

aOOx aVO••
� (A 17) 

 

Substituting (A 17) into (A 13) eliminates the electrostatic surface potential: 

eηact = kBT ln�
aCeCe′
eq aOHO•

eq

aCeCe′ aOHO•
aCeCex aOOx

aCeCex
eq aOOx

eq � + kBT ln�
aOHO•

 

aOHO•
eq �

aOOx
eq aVO••

eq

aOOx aVO••
� (A 18) 

 

(A 18) can be simplified to yield eq. (11): 

eηact = kBT ln�
aCeCex

 

aCeCex
eq

aCeCe′
eq

aCeCe′
 �

aOOx
 

aOOx
eq

aVO••
eq

aVO••
 � (A 19) 

 

 

Derivation of Eq. (16) 

 



Following eq. (7), the exchange current density j2PB0  is given as a function of equilibrium activity of the products 

and reactants: 

 j2PB0 = 2ek0 �aCeCe′
eq aOHO•

eq �
2(1−β) 

�aCeCex
eq aOOx

eq
�aH2,ads

 
eq �

2β 

  (A 20) 

The equilibrium chemical potentials of R2
2PB can be expressed as: 

 2μCeCe′
eq + 2μOHO•

eq = 2μCeCex
eq + 2μOOx

eq + μH2,ads
 

eq   (A 21) 

Upon expanding (A 21):  

 2μCeCe′
° + 2μOHO•

° − 2μCeCex
° − 2μOOx

° − μH2,ads
 ° = kBT ln

⎝

⎛
aCeCex
eq aOOx

eq
�aH2,ads

 
eq

aCeCe′
eq aOHO•

eq

⎠

⎞ + 2eχOHO•
𝑒𝑒𝑒𝑒  (A 22) 

Rearranging (A 22) gives the equilibrium activity of the products:  

 aCeCe′
eq aOHO•

eq
�aH2,ads

 
eq = �aCeCex

eq aOOx
eq � e

−2�∆rμ °+eχeq�
kBT  (A 23) 

where 2∆rμ 
° = 2μCeCex

° + 2μOOx
° + μH2,ads

 ° − 2μCeCe′
° − 2μOHO•

°  is the change in standard chemical potential 

between the initial and the final states. Substituting (A 23) into (A 20) introduces the electrostatic surface 

potential at equilibrium to the exchange current density:  

 j2PB0 = 2ek0 �aCeCe′
eq aOHO•

eq �
2 

e
−β2e(∆μ 

°+χeq) 
kBT = 2ek0∗ �aCeCe′

eq aOHO•
eq �

2 
e
−2βeχeq
kBT    (A 24) 

where k0∗ = k0e−�μTS
° −μr° �/kBT. 
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