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𝐴 𝐵

𝑟௙ = 𝑘௙𝐶஺ and 𝑟௕ = 𝑘௕𝐶஻

𝑟 = 𝑘௙𝐶஺ − 𝑘௕𝐶஻

At equilibrium: 
௞೑

௞್
= 𝐾 =

஼ಳ

஼ಲ

Arrhenius: 𝑘௞ = 𝐴௞𝑒ିாಲ,ೖ/ோ்

Arrhenius: 𝑘௞ ≈ 𝐴௞
ᇱ 𝑒ି୼ீೖ

‡/ோ்



𝑂𝑥 + 𝑒ି 𝑅𝑒𝑑

𝑟 = 𝑘௙𝑎ை௫𝑎௘ − 𝑘௕𝑎ோ௘ௗ

Let 𝑎௘ష = 1 and 𝛾௜ = 1

𝑟 = 𝑘௙𝐶ை௫ − 𝑘௕𝐶ோ௘ௗ

𝑘௞ = 𝐴௞𝑒ିாಲ,ೖ/ோ்

𝐸஺ = ∆𝑈‡ = ∆𝐻‡ − Δ 𝑃𝑉

𝐸஺ ≈ ∆𝐻‡ = ∆𝐺‡ + T∆𝑆‡

𝐴𝑒ି
(∆ீ‡ା୘∆ௌ‡)

ோ் = 𝐴𝑒ି
∆ௌ‡

ோ 𝑒ି
∆ீ‡

ோ் = 𝐴∗𝑒ି
∆ீ‡

ோ்

𝑘௞ = 𝐴௞
∗ 𝑒ି

୼ீೖ
‡

ோ்



𝑂𝑥 + 𝑒ି = 𝑅𝑒𝑑

𝑘௜ = 𝐴௜
∗𝑒ି

୼ ೔ீ
‡

ோ்

Δ𝐺௔
‡ = Δ𝐺௔

‡଴ − 1 − 𝛼 𝐹 𝐸 − 𝐸଴ᇲ

Δ𝐺௖
‡ = Δ𝐺௖

‡଴ + 𝛼𝐹(𝐸 − 𝐸଴ᇲ
)

𝑘௙ = 𝐴௙
∗𝑒ି୼ீ೎

‡బ/ோ்𝑒ିఈி(ாିாబᇲ
)/ோ் 

𝑘௕ = 𝐴௕
∗ 𝑒ି୼ீೌ

‡బ/ோ்𝑒(ଵିఈ)ி(ாିாబᇲ
)/ோ் 

Let 𝑓 =
ி

ோ்

If 𝜂 = 0, 𝑘௙ = 𝑘௕

∴ 𝐴௙
∗𝑒ି୼ீ೎

‡బ/ோ் = 𝐴௕
∗ 𝑒ି୼ீೌ

‡బ/ோ் = 𝑘଴

𝑘௙ = 𝑘଴𝑒
ିఈ௙ ாିாబᇲ

𝑘௕ = 𝑘଴𝑒
ଵିఈ ௙ ாିாబᇲ





r =
𝑖

𝑛𝐹𝐴

𝑟 = 𝑘௙𝐶ை௫ − 𝑘௕𝐶ோ௘ௗ =
𝑖

𝐹𝐴

𝑖 = 𝐹𝐴 𝑘௙𝐶ை௫,௫ୀ଴ − 𝑘௕𝐶ோ௘ௗ,௫ୀ଴

𝒊 = 𝑭𝑨𝒌𝟎 𝑪𝑹𝒆𝒅,𝒙ୀ𝟎𝒆
𝟏ି𝜶 𝒇 𝑬ି𝑬𝟎ᇲ

− 𝑪𝑶𝒙,𝒙ୀ𝟎𝒆
ି𝜶𝒇 𝑬ି𝑬𝟎ᇲ



What assumptions are made in the derivation of
𝒊 = 𝑭𝑨𝒌𝟎 𝑪𝑹𝒆𝒅,𝒙ୀ𝟎𝒆

𝟏ି𝜶 𝒇 𝑬ି𝑬𝟎ᇲ

− 𝑪𝑶𝒙,𝒙ୀ𝟎𝒆
ି𝜶𝒇 𝑬ି𝑬𝟎ᇲ

What is the meaning of 𝛼?
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What is the meaning of 𝛼?



USEFUL KINETIC RELATIONS
Exchange Current, Current Overpotential, Butler-Volmer, Linear 
Characterization, Tafel Behavior



𝑖 = 𝐹𝐴𝑘଴ 𝐶ோ௘ௗ,௫ୀ଴𝑒
ଵିఈ ௙ ாିாబᇲ

− 𝐶ை௫,௫ୀ଴𝑒
ିఈ ாିாబᇲ

𝑖 = 0, 𝐸 = 𝐸௘௤, 𝐶ை௫,௫ୀ଴ = 𝐶ை௫
∗ , and 𝐶ோ௘ௗ,௫ୀ଴ = 𝐶ோ௘ௗ

∗

𝐶ை௫
∗

𝐶ோ௘ௗ
∗ = 𝑒

ଵିఈ ௙ ா೐೜ିாబᇲ
ାఈ௙ ா೐೜ିாబᇲ

= 𝑒௙(ா೐೜ିாబᇲ
)

𝐸௘௤ = 𝐸଴ᇲ
+

ோ்

ி
ln

஼ೀೣ
∗

஼ೃ೐೏
∗ 



At equilibrium: 𝑖௖ = 𝑖௔ = 𝑖଴ = 𝐹𝐴𝑘଴𝐶ை௫
∗ 𝑒

ିఈ௙ ா೐೜ିாబᇲ

Recall: 
஼ೀೣ

∗

஼ೃ೐೏
∗ = 𝑒௙(ா೐೜ିாబᇲ

) ∴
஼ೀೣ

∗

஼ೃ೐೏
∗ 

ିఈ

= 𝑒ିఈ௙(ா೐೜ିாబᇲ
)

𝒊𝟎 = 𝑭𝑨𝒌𝟎𝑪𝑶𝒙
∗ 𝟏ି𝜶

𝑪𝑹𝒆𝒅
∗ 𝜶



𝑖 = 𝐹𝐴𝑘଴ 𝐶ோ௘ௗ,௫ୀ଴𝑒
ଵିఈ ௙ ாିாబᇲ

− 𝐶ை௫,௫ୀ଴𝑒
ିఈ ாିாబᇲ

𝑖଴ = 𝐹𝐴𝑘଴𝐶ை௫
∗ ଵିఈ

𝐶ோ௘ௗ
∗ ఈ

𝑖

𝑖଴
=

𝐶ோ௘ௗ,௫ୀ଴

𝐶ை௫
∗ ଵିఈ 𝐶ோ௘ௗ

∗ ఈ
𝑒

ଵିఈ ௙ ாିாబᇲ

−
𝐶ை௫,௫ୀ଴

𝐶ை௫
∗ ଵିఈ 𝐶ோ௘ௗ

∗ ఈ
𝑒

ିఈ௙ ாିாబᇲ



𝑖

𝑖଴
=

𝐶ோ௘ௗ,௫ୀ଴

𝐶ோ௘ௗ
∗ 𝑒

ଵିఈ ௙ ாିாబᇲ 𝐶ை௫
∗

𝐶ோ௘ௗ
∗

ି ଵିఈ

−
𝐶ை௫,௫ୀ଴

𝐶ை௫
∗ 𝑒

ିఈ௙ ாିாబᇲ 𝐶ை௫
∗

𝐶ோ௘ௗ
∗

ఈ

Recall: 
஼ೀೣ

∗

஼ೃ೐೏
∗

ఈ

= e
ఈ௙ ா೐೜ିாబᇲ

and 
஼ೀೣ

∗

஼ೃ೐೏
∗

ି ଵିఈ

= e
ି(ଵିఈ)௙ ா೐೜ିாబᇲ

𝑖

𝑖଴
=

𝐶ோ௘ௗ,௫ୀ଴

𝐶ோ௘ௗ
∗ 𝑒

ଵିఈ ௙ ாିாబᇲ
ିா೐೜ାாబᇲ

−
𝐶ை௫,௫ୀ଴

𝐶ை௫
∗ 𝑒

ିఈ௙ ாିாబᇲ
ିா೐೜ାாబᇲ

𝒊

𝒊𝟎
=

𝑪𝑹𝒆𝒅,𝒙ୀ𝟎

𝑪𝑹𝒆𝒅
∗ 𝒆 𝟏ି𝜶 𝒇𝜼 −

𝑪𝑶𝒙,𝒙ୀ𝟎

𝑪𝑶𝒙
∗ 𝒆ି𝜶𝒇𝜼



If solution is well mixed or currents are low so that: 
𝐶௜

∗ = 𝐶௜,௫ୀ଴

𝑖

𝑖଴
=

𝐶ோ௘ௗ,௫ୀ଴

𝐶ோ௘ௗ
∗ 𝑒 ଵିఈ ௙ఎ −

𝐶ை௫,௫ୀ଴

𝐶ை௫
∗ 𝑒ିఈ௙ఎ

𝒊 = 𝒊𝟎 𝒆 𝟏ି𝜶 𝒇𝜼 − 𝒆ି𝜶𝒇𝜼

*Good approximation when 𝑖 <
௜೗

ଵ଴



If 𝜂 is small, so will 𝑖 because 𝑖 ∝ 𝑒ఎ

𝑖 = 𝑖଴(𝑒 ଵିఈ ௙ఎ − 𝑒ିఈ௙ఎ)

lim
௫→଴

𝑒௫ = 1 + 𝑥

𝑖 = 𝑖଴(1 + 𝑓𝜂 − 𝛼𝑓𝜂 − 1 + 𝛼𝑓𝜂)

𝒊 = 𝒊𝟎𝒇𝜼

𝜼

𝒊
= 𝑹𝒄𝒕 =

𝑹𝑻

𝑭𝒊𝟎



If 𝜂 is large, either the forward or backward reaction will dominate (i.e., irreversible kinetics).

𝑖 = 𝑖଴ 𝑒 ଵିఈ ௙ఎ − 𝑒ିఈ௙ఎ → 𝑖 = −𝑖଴𝑒ିఈ௙ఎ

ln
−𝑖

𝑖଴
= −𝛼𝑓𝜂

𝜂(𝑖) =
1

𝛼𝑓
ln

𝑖଴

−𝑖

𝜼(𝒊) =
𝑹𝑻

𝜶𝑭
𝐥𝐧 𝒊𝟎 −

𝑹𝑻

𝜶𝑭
𝐥𝐧 (−𝒊)



Try writing the Butler-Volmer equation from memory.

What conditions are required for the Butler-Volmer equation 
to hold?



Try writing the Butler-Volmer equation from memory.

What conditions are required for the Butler-Volmer equation 
to hold?



STATISTICS AND CURVE FITTING



COMMON METHOD

𝜂 𝑖 =
𝑅𝑇

𝛼𝐹
ln 𝑖଴ −

𝑅𝑇

𝛼𝐹
ln −𝑖

Linearize by plotting 𝜂 vs ln −𝑖 and fit a 
straight line to the extremes on the curve

𝑠𝑙𝑜𝑝𝑒 = 𝑚 = −
ோ்

ఈி

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 𝑏 =
𝑅𝑇

𝛼𝐹
ln 𝑖଴

𝛼 = −
ோ்

௠ி
and  𝑖଴ = 𝑒

್ഀಷ

ೃ೅ = 𝑒
್ಷ

ೃ೅
ି

ೃ೅

೘ಷ = eି
್

೘

SUGGESTED METHODS

1. Use the full, non-linearized expression, fit 
with SSE minimization:

𝑖 = 𝑖଴ 𝑒 ଵିఈ ௙ఎ − eିఈ௙ఎ

2. Fit the simplified, but non-linearized forms to 
the extremes of the curve with SSE 

minimization:

𝑖 = −𝑖଴𝑒ିఈ௙ఎ

or
𝑖 = 𝑖଴𝑒 ଵିఈ ௙ఎ



଴



଴



଴



• Linearization was very handy prior to broad access to 
digital computing.

• Process of linearization changes the variance, and not 
uniformly. Homogeneous variances are fundamental to 
statistical analysis.

• Parameters fit through linearization are always more likely 
to be incorrect. 



Will you ever linearize your data to fit parameters again? 

What if it’s not in an electrochemical context?



Will you ever linearize your data to fit parameters again? 

What if it’s not in an electrochemical context?



OTHER KINETIC CONCEPTS



• Inner Sphere
• Reactants and/or products 

interact with the electrode 
surface 

• Outer Sphere
• Reactants and/or products 

remain at least one solvent 
layer removed from 
electrode surface



Upgrade free energy surfaces from linear to 
quadratic:

𝐺ை௫
଴ 𝑞 =

𝑘

2
𝑞 − 𝑞ை௫

ଶ

𝐺ோ௘ௗ
଴ 𝑞 =

𝑘

2
𝑞 − 𝑞ோ௘ௗ

ଶ + Δ𝐺଴

𝜆 =
𝑘

2
𝑞ோ௘ௗ − 𝑞ை௫

ଶ

Δ𝐺௙
‡ =

𝜆

4
+

Δ𝑤

2
+

Δ𝑤ଶ

4𝜆
+ 𝛼𝐹 𝐸 − 𝐸଴ᇲ

Δ𝐺௕
‡ =

𝜆

4
−

Δ𝑤

2
+

Δ𝑤ଶ

4𝜆
− 1 − 𝛼 𝐹 𝐸 − 𝐸଴ᇲ

𝛼 =
1

2
+

𝐹 𝐸 − 𝐸଴ᇲ

4𝜆
+

Δ𝑤

2𝜆



• In single redox couple systems:

𝐸ை஼௉ = 𝐸ெ/ெశ೙
଴ᇲ

+
𝑅𝑇

𝑛𝐹
ln

𝑎ெశ೙

𝑎ெ

• In multiple redox couple systems:

0 = ෍ 𝑖௝ 𝐸ை஼௉, 𝑡

௝

where 𝑖௝ = 𝑖଴,௝ 𝑒 ଵିఈೕ ௙ఎೕ − 𝑒ିఈೕ௙ఎೕ



• Rate Determining Step (RDS), Outer-Sphere Reaction, 
Irreversible First Step:

𝑂𝑥 + 𝑒ି 𝑅𝑒𝑑′
𝑅𝑒𝑑ᇱ + 𝑛"𝑒ି 𝑅𝑒𝑑

𝑂𝑥 + 𝑛𝑒ି 𝑅𝑒𝑑

𝐼 = −𝑛𝐹𝐴𝑘ோ஽ௌ
௢ 𝐶ை௫𝑒ି

ఈೃವೄி ாିா೚

ோ்

𝑛 = 𝑛" +  1



• Rate Determining Step (RDS), Quasi-reversible
𝑂𝑥 + 𝑛′𝑒ି 𝑂𝑥′
𝑂𝑥′ + 𝑒ି 𝑅𝑒𝑑′

𝑅𝑒𝑑ᇱ + 𝑛"𝑒ି 𝑅𝑒𝑑
𝑂𝑥 + 𝑛𝑒ି 𝑅𝑒𝑑

𝐼 = −𝑛𝐹𝐴 𝑘௙𝐶ை௫ − 𝑘௕𝐶ோ௘

𝑛 = 𝑛ᇱ + 𝑛" +  1

𝐸௣௥௘
଴ᇱ

𝐸ோ஽ௌ
଴ᇱ

𝐸௣௢௦௧
଴ᇱ



𝐼 = −𝑛𝐹𝐴௘ 𝑘௙𝐶ை௫ − 𝑘௕𝐶ோ௘

𝑘௙ =  𝑘௢𝑒
ி

ோ்
௡ᇲா೛ೝ೐

బᇲ ାఈாೃವೄ
బᇲ

𝑒
ି

ி
ோ்

௡ᇲାఈ ா

𝑘௕ =  𝑘௢𝑒
ି

ி
ோ்

௡"ா೛೚ೞ೟
బᇲ ା ଵିఈ ாೃವೄ

బᇲ

𝑒
ி

ோ்
௡"ାଵିఈ ா



• How does Marcus theory upgrade the typical free-energy 
surface diagrams?

• How can you tell if something is an inner or outer sphere 
reaction?
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