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Electrochemical Reaction 

𝑶𝟐 + 𝟐𝑯𝟐𝑶+ 𝟒𝒆− → 𝟒𝑶𝑯− 

• Faradaic current density 

𝒊𝑭 = 𝒏𝑶𝟐
𝑭𝒌𝑶𝟐

𝒄𝑶𝟐
𝒆𝒙𝒑

𝜶𝑶𝟐
𝑭

𝑹𝑻
𝑬 − 𝑬𝟎  

• Non-faradic current density 

𝒊𝒏𝒐𝒏−𝑭 = 𝑪𝒅
𝒅𝑬

𝒅𝒕
 

• Total current density = Faradaic + Non-faradaic 
𝒊𝒕𝒐𝒕𝒂𝒍 = 𝒊𝑭 + 𝒊𝒏𝒐𝒏−𝑭 

• Cell potential = Electrode potential + iR drop 
𝑼 = 𝑬 + 𝒊𝑹𝒔 
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DC Technique 

R = Rmt + Rct + Rs + … 

I = IF + Inon-F 

[1] A.J. Bard, L.R. Faulkner, Electrochemical methods : fundamentals and applications, Wiley, New York, 2001. 

Direct current: 𝑬 = 𝑰 × 𝑹 

E 
EC 

instrument 
I 

Rmt 

Rs 



DC Method: Linear Sweep 
Voltammetry 
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How to get each parameter in a simply way? 

[1] A.J. Bard, L.R. Faulkner, Electrochemical methods : fundamentals and applications, Wiley, New York, 2001. 

𝒊𝒄 = 𝑨𝑪𝒅𝒗 

𝒊𝒑 = 𝟎. 𝟒𝟒𝟔𝟑
𝑭𝟑

𝑹𝑻

𝟎.𝟓

𝒏
𝟑
𝟐𝑨𝑫𝑶

𝟎.𝟓𝒄𝒗𝟎.𝟓 



Electrochemical Features and 
Electrical Elements 

• Resistor, R: Electron-transfer resistance, 
solution resistance…  

• Capacitor, C  Double layer capacitance 

 
Double layer between 
electrode and solution.  
IHP: inner Helmholtz plane 
OHP: outer Helmholtz plane 

[1] J. Wang, Analytical electrochemistry, Wiley-VCH, Hoboken, N.J., 2006. 

+𝑸 −𝑸 

Electric field: 𝜺 



AC Technique 
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Alternating current: 𝒆 = 𝒊 × 𝒛 

𝒆 = 𝑬𝒔𝒊𝒏𝝎𝒕 EC instrument 𝒊 = 𝑰𝒔𝒊𝒏(𝝎𝒕 + 𝝓) 

Impedance: 𝒛 =
𝒆

𝒊
=

𝑬𝒔𝒊𝒏𝝎𝒕

𝑰𝒔𝒊𝒏 𝝎𝒕+𝝓
 



Input and Response 
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Impedance wave 

𝒛 =
𝒆

𝒊
=

𝑬𝒔𝒊𝒏𝝎𝒕

𝑰𝒔𝒊𝒏 𝝎𝒕 + 𝝓
 

Response: Current wave 
𝒊 = 𝑰𝒔𝒊𝒏(𝝎𝒕 + 𝝓) 
𝝓: Phase shift 

Input: Potential wave 
𝒆 = 𝑬𝒔𝒊𝒏𝝎𝒕 
𝝎 = 𝟐𝝅𝒇 

𝒇: Frequency 



Phase Shift 
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𝒆 = 𝑬𝒔𝒊𝒏𝝎𝒕 𝒊 = 𝑰𝒔𝒊𝒏(𝝎𝒕 + 𝝓) 

𝒆 = 𝑬𝒔𝒊𝒏𝝎𝒕 𝒊 = 𝑰𝒔𝒊𝒏(𝝎𝒕 + 𝝓) 
𝝓 



Euler’s formula: Complex form 
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𝒆 = 𝑬𝒔𝒊𝒏𝝎𝒕 
𝒊 = 𝑰𝒔𝒊𝒏(𝝎𝒕 + 𝝓) 

𝒛 =
𝒆

𝒊
=

𝑬𝒔𝒊𝒏𝝎𝒕

𝑰𝒔𝒊𝒏 𝝎𝒕 + 𝝓
 

𝒇(𝒔𝒊𝒏𝒙, 𝒄𝒐𝒔𝒙) 

𝒆𝒋𝒙 = 𝒄𝒐𝒔𝒙 + 𝒋𝒔𝒊𝒏𝒙 

𝒋 = −𝟏 

Real part Imaginary part 



Complex From 
• Input: 

𝒆 = 𝑬 𝒄𝒐𝒔𝝎𝒕 + 𝒋𝒔𝒊𝒏𝝎𝒕 = 𝑬𝒆𝒋𝝎𝒕 
• Response: 

𝒊 = 𝑰 𝒄𝒐𝒔 𝝎𝒕 + 𝝓 + 𝒋𝒔𝒊𝒏 𝝎𝒕 + 𝝓 = 𝑰𝒆𝒋(𝝎𝒕+𝝓) 
• Impedance: 

𝒁 =
𝒆

𝒊
=

𝑬𝒆𝒋𝝎𝒕

𝑰𝒆𝒋(𝝎𝒕+𝝓)
=
𝑬

𝑰
𝒆−𝒋𝝓 = 𝑹 × 𝒆−𝒋𝝓 = 𝑹 𝒄𝒐𝒔𝝓 − 𝒋𝒔𝒊𝒏𝝓  

𝒁 = 𝒁′ + 𝒋𝒁′′ = 𝒁𝑹𝒆 − 𝒋𝒁𝑰𝒎 = 𝑹𝒆−𝒋𝝓 
• Absolute value or length of impedance 

𝒁 = 𝒁𝑹𝒆
𝟐
+ 𝒁𝑰𝒎

𝟐
 

• Phase angle 

𝒕𝒂𝒏𝝓 =
𝒁𝑰𝒎
𝒁𝑹𝒆

⇒ 𝝓 = 𝒕𝒂𝒏−𝟏
𝒁𝑰𝒎
𝒁𝑹𝒆
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Complex Plane 
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Imaginary, 𝒁𝑰𝒎 

Real, 𝒁𝑹𝒆 

𝒛 

𝑹𝒄𝒐𝒔𝝓 
𝑹
𝒔𝒊
𝒏
𝝓

 

𝝓 

|𝒛| 



Resistor 

• Input: 
𝒆 = 𝑬𝒔𝒊𝒏𝝎𝒕 

• Response: 
𝒊 = 𝑰𝒔𝒊𝒏𝝎𝒕 

• Impedance: 

𝒁𝑹 =
𝒆

𝒊
=
𝑬𝒔𝒊𝒏𝝎𝒕 

𝑰𝒔𝒊𝒏𝝎𝒕 
=
𝑬

𝑰
= 𝑹 

• Phase angle 
𝝓 = 𝟎 
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𝒆 

𝒊 

𝝅 𝟐𝝅 



Plot of R 
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Nyquist plot 

Bode plots 

Impedance: 𝒁𝑹 =
𝒆

𝒊
=

𝑬𝒔𝒊𝒏𝝎𝒕

𝑰𝒔𝒊𝒏𝝎𝒕
=

𝑬

𝑰
= 𝑹, Phase: 𝝓 = 𝟎 

𝝓 = 𝟎 

𝝎 → ∞,𝒁𝑹 → 𝑹 
𝝎 → 𝟎,𝒁𝑹 → 𝑹 



Capacitance 
• Input:  

𝒆 = 𝑬𝒔𝒊𝒏𝝎𝒕 
• Response:  

𝒊 = 𝑪 ×
𝒅𝒆

𝒅𝒕
= 𝑪 × 𝑬 ×𝝎 × 𝒄𝒐𝒔𝝎𝒕 = 𝑬𝑪𝝎𝒔𝒊𝒏(𝝎𝒕 +

𝝅

𝟐
) 

• Impedance:  

𝒁𝑪 =
𝒆

𝒊
=

𝑬𝒔𝒊𝒏𝝎𝒕

𝑪 × 𝑬 ×𝝎 × 𝒄𝒐𝒔𝝎𝒕
=

𝟏

𝝎𝑪

𝒔𝒊𝒏𝝎𝒕

𝒔𝒊𝒏(𝝎𝒕 +
𝝅
𝟐
)
 

• This means that the ratio of AC voltage amplitude to AC current amplitude is 𝟏/𝝎𝑪 
and the AC current leads the AC voltage by 90 degrees. Thus, phase angle is: 

𝝓 =
𝝅

𝟐
 

• By applying Euler’s formula: 

𝒁𝑪 =
𝟏

𝝎𝑪
𝒆−𝒋

𝝅
𝟐 = −𝒋

𝟏

𝝎𝑪
=

𝟏

𝒋𝝎𝑪
 

 

 
 

𝑄 = 𝐶 × 𝑉 
𝑑𝑄

𝑑𝑡
= 𝑖 = 𝐶 ×

𝑑𝑉

𝑑𝑡
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𝒆 

𝒊 

𝝅 𝟐𝝅 



Insight of Capacitor 
• Input:  

𝒆 = 𝑬𝒔𝒊𝒏𝝎𝒕 

• Response:  

𝒊 = 𝑬𝑪𝝎𝒔𝒊𝒏(𝝎𝒕 +
𝝅

𝟐
) 

• Impedance:  

𝒁𝑪 =
𝟏

𝝎𝑪
𝒆−𝒋

𝝅
𝟐 = −𝒋

𝟏

𝝎𝑪
=

𝟏

𝒋𝝎𝑪
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Short circuit 

Open circuit 

𝝎 → ∞,𝒁𝑪 → 𝟎 

𝝎 → 𝟎, 𝒁𝑪 → ∞ 



Plot of C 

If C = 0.001 F 
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Nyquist plot 

Bode plots 

Impedance: 𝒁 = −𝒋
𝟏

𝝎𝑪
, phase: 𝝓 =

𝝅

𝟐
 

𝝓 =
𝝅

𝟐
 

𝝎 → ∞, 𝒛𝑪 → 𝟎 

𝝎 → 𝟎, 𝒛𝑪 → ∞ 



Inductor 
• Input:  

𝒊 = 𝑰𝒔𝒊𝒏𝝎𝒕 
• Response:  

𝒆 = 𝑳 ×
𝒅𝒊

𝒅𝒕
= 𝑳 × 𝑰 × 𝝎 × 𝒄𝒐𝒔𝝎𝒕 = 𝑰𝑳𝝎𝒔𝒊𝒏(𝝎𝒕 +

𝝅

𝟐
) 

• Impedance:  

𝒁𝑳 =
𝒆

𝒊
=
𝑰𝝎𝑳𝒔𝒊𝒏(𝝎𝒕 +

𝝅
𝟐
) 

𝑰𝒔𝒊𝒏𝝎𝒕 
= 𝝎𝑳

𝒔𝒊𝒏(𝝎𝒕 +
𝝅
𝟐
)

𝒔𝒊𝒏𝝎𝒕
 

• This means that the ratio of AC voltage amplitude to AC current 
amplitude is 𝝎𝑳 and the AC current delays the AC voltage by 90 degrees. 
Thus, phase angle is: 

𝝓 = −
𝝅

𝟐
 

• By applying Euler’s formula: 

𝒁𝑰 = 𝝎𝑳𝒆𝒋
𝝅
𝟐 = 𝒋𝝎𝑳 
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𝑉 = 𝐿 ×
𝑑𝐼

𝑑𝑡
 



Series and Parallel Z 

• For impedances in series:  

𝑍 =  𝑍1 +  𝑍2 +  … 

• For impedances in parallel: 

𝑍−1 = 𝑍1
−1  +  𝑍2

−1  +  … 
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Plot of Series RC 
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Nyquist plot 

Bode plots 

𝑧 = 𝑧𝑅 + 𝑧𝐶  

𝑧 𝜔 = 𝑅 − 𝑗
1

𝜔𝐶
= 𝑍𝑅𝑒 − 𝑗𝑍𝐼𝑚 

𝑧 = 𝑧𝑅𝑒
2 + 𝑧𝐼𝑚

2 = 𝑅2 +
1

𝜔𝐶

2

 

𝑡𝑎𝑛𝜙 =
𝑍𝐼𝑚
𝑍𝑅𝑒

=
1

𝜔𝑅𝐶
 

1000 Ω 0.001 F 

C1 R1

Element Freedom Value Error Error %

C1 Fixed(X) 1E-6 N/A N/A

R1 Fixed(X) 0 N/A N/A

Data File: FitResult

Circuit Model File:

Mode: Run Simulation / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus



Plot of Parallel RC 
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Nyquist plot 

Bode plots 

1

𝑧
=

1

𝑧𝑅
+

1

𝑧𝐶
 

𝑧 =
𝑧𝑅𝑧𝐶

𝑧𝑅 + 𝑧𝐶
=

1

1
𝑅𝑐𝑡

+ 𝑗𝜔𝐶𝑑

= 𝑅
1

1 + 𝑗𝜔𝑅𝑐𝑡𝐶𝑑
 

𝑧 =
𝑅𝑐𝑡

1 + 𝜔2𝐶𝑑
2𝑅𝑐𝑡

2 − 𝑗
𝜔𝐶𝑑𝑅𝑐𝑡

2

1 + 𝜔2𝐶𝑑
2𝑅𝑐𝑡

2  

𝑡𝑎𝑛𝜙 = 𝜔𝐶𝑑𝑅𝑐𝑡 
 



Fundamental Concept  

• Total current =  

 Faradaic current + non-Faradaic current 

• Faradaic resistance = 

 Charge-transfer resistor (kinetics) + Mass-transfer 
resistor (Mass-transfer)  

• Non-faradaic resistance = 

Double-layer capacitor 
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RΩ 

Rct 

Cd 

Kinetic Control or Charge-transfer 
Control 
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RΩ: Solution resistance 
Rct: Charge-transfer resistance 
Cd: Capacitance 

Electrode Solution 

Faradaic current 

Non-faradaic current 

Randles Cell 

Total current 



Equivalent Circuit of Randles Cell 
• Total impedance: 

𝒛 = 𝒛𝛀 +
𝟏

𝒛𝑪𝒅
+

𝟏

𝒛𝑹𝒄𝒕

−𝟏

 

• Input each parameter: 

𝒛 = 𝑹𝜴 − 𝒋
𝑹𝒄𝒕

𝑹𝒄𝒕𝑪𝒅𝝎− 𝒋
= 𝒛𝑹𝒆 − 𝒋𝑰𝒎 

𝒛 = 𝒛𝑹𝒆 − 𝒋𝒛𝑰𝒎 = 𝑹𝜴 +
𝑹𝒄𝒕

𝟏 +𝝎𝟐𝑪𝒅
𝟐𝑹𝒄𝒕

𝟐
− 𝒋

𝝎𝑪𝒅𝑹𝒄𝒕
𝟐

𝟏 +𝝎𝟐𝑪𝒅
𝟐𝑹𝒄𝒕

𝟐
 

• Arrange the above equation into : 

𝒁𝑹𝒆 − 𝑹𝜴 −
𝑹𝒄𝒕

𝟐

𝟐

+ 𝒁𝑰𝒎
𝟐 = (

𝑹𝒄𝒕

𝟐
)𝟐 

𝑹𝒄𝒕 =
𝑹𝑻

𝑭𝒊𝟎
 

 
 
 

Semi-circle 



Nyquist Plot of Randles Model 

26 

ZRe 

Z Im
 

𝑹𝛀 𝑹𝛀 + 𝑹𝒄𝒕 

𝝎 

𝟎 

𝝎 

∞ 

𝝎 =
𝟏

𝑹𝒄𝒕𝑪𝒅
 

𝒁𝑹𝒆 − 𝑹𝜴 −
𝑹𝒄𝒕

𝟐

𝟐

+ 𝒁𝑰𝒎
𝟐 = (

𝑹𝒄𝒕

𝟐
)𝟐 



Total Impedance: Considering of Mass 
Transfer and Charge Transfer 
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RΩ 

Rct 

Cd 

RΩ: Solution resistance 
Rct: Charge-transfer resistance 
Cd: Capacitance 
Zw: Warburg impedance 
 

Electrode Solution 

Faradaic current 

Non-faradaic current 

Zw 



Equivalent Circuit of Mixed Control 

• Total impedance: 
𝒁 = 𝒁𝑹𝒆 − 𝒋𝒁𝑰𝒎 

𝒁𝑹𝒆 = 𝑹𝜴 +
𝑹𝒄𝒕 + 𝝈𝝎−𝟏 𝟐 

𝑪𝒅𝝈𝝎
𝟏 𝟐 + 𝟏 𝟐 +𝝎𝟐𝑪𝒅

𝟐 𝑹𝒄𝒕 + 𝝈𝝎−𝟏 𝟐 𝟐
 

𝒁𝑰𝒎 =
𝝎𝑪𝒅 𝑹𝒄𝒕 + 𝝈𝝎−𝟏 𝟐 𝟐

+ 𝝈𝝎−𝟏 𝟐 𝝎𝟏 𝟐 𝑪𝒅𝝈 + 𝟏

𝑪𝒅𝝈𝝎
𝟏 𝟐 + 𝟏 𝟐 +𝝎𝟐𝑪𝒅

𝟐 𝑹𝒄𝒕 + 𝝈𝝎−𝟏 𝟐 𝟐
 

𝝈 =
𝑹𝑻

𝒏𝟐𝑭𝟐𝑨 𝟐

𝟏

𝑫𝑶
𝟏/𝟐

𝑪𝑶
∗
+

𝟏

𝑫𝑹
𝟏/𝟐

𝑪𝑹
∗

 

 

 

 

 

 

 



High and Low Frequency 
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• At high frequency: 

𝒁𝑹𝒆 = 𝑹𝜴 +
𝑹𝒄𝒕

𝟏 + 𝝎𝟐𝑪𝒅
𝟐𝑹𝒄𝒕

𝟐
 

𝒁𝑰𝒎 =
𝝎𝑪𝒅𝑹𝒄𝒕

𝟐

𝟏 + 𝝎𝟐𝑪𝒅
𝟐𝑹𝒄𝒕

𝟐
 

𝒁𝑹𝒆 − 𝑹𝜴 −
𝑹𝒄𝒕

𝟐

𝟐

+ 𝒁𝑰𝒎
𝟐 = (

𝑹𝒄𝒕

𝟐
)𝟐 

• At low frequency: 
𝒁𝑹𝒆 = 𝑹𝛀 + 𝑹𝒄𝒕 + 𝝈𝝎−𝟏/𝟐 
𝒁𝑰𝒎 = 𝝈𝝎−𝟏/𝟐 + 𝟐𝝈𝟐𝑪𝒅 

𝒁𝑰𝒎 = 𝒁𝑹𝒆 − 𝑹𝜴 − 𝑹𝒄𝒕 + 𝟐𝝈𝟐𝑪𝒅 
 
 

 
 
 
 
 
 



RΩ 
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Z Im
 

𝑹𝛀 𝑹𝛀 + 𝑹𝒄𝒕 

𝝎 

𝟎 

𝝎 

∞ 

𝝎 =
𝟏

𝑹𝒄𝒕𝑪𝒅
 

𝒁𝑹𝒆 = 𝑹𝜴 + 𝑹𝒄𝒕 − 𝟐𝝈𝟐𝑪𝒅 

Slope=1 



Kinetic Control and Mass Transfer 
Control 
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ZRe 

Z Im
 

𝑹𝛀 𝑹𝛀 + 𝑹𝒄𝒕 

𝝎 

𝟎 

𝝎 

∞ 

Slope=1 

Kinetic control Mass transfer control 



Plot of Mixed Control 
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RΩ=100 Ω 

Rct =1000 Ω 

Cd=10-6
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General Models for Simple Cases 
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Electrode Electrolyte 

ZRe 

Z Im
 

Electrode Electrolyte 
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Two Parallel RC Circuits 
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Electrode Electrolyte 
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o
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r 

ZRe 
Z Im

 
𝑹𝟏 𝑹𝟐 

𝑹𝛀 

𝒁𝒘 
𝑹𝟏 𝑹𝟐 𝑹𝛀 



Mathematical Equivalence of Circuits  
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Two resistive layers 

A reaction mechanism comprising 
two electrochemical steps or a 
system consisting of a coated layer 

A solid-state Schottky diode with a 
leakage current and deep-level 
electronic states 

These three models look like very different physical meaning, but they have 
the same frequency response. Thus, additional investigations are essential 
to validate a model. 

[1] M.E. Orazem, B. Tribollet, Electrochemical impedance spectroscopy, Wiley, Hoboken, N.J., 2008. 



Measurement Setup 
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Kinetic Control 

• Bulter-Volmer equation: 

𝒊 = 𝒊𝟎 𝒆𝒙𝒑
𝟏 − 𝜶 𝒏𝑭

𝑹𝑻
𝜼 − 𝒆𝒙𝒑 −

𝜶𝒏𝑭

𝑹𝑻
𝜼 = 𝒊𝟎 𝒆𝒙𝒑 𝒃𝒂𝜼 − 𝒆𝒙𝒑 −𝒃𝒄𝜼  

𝒃𝒂 =
𝟏 − 𝜶 𝒏𝑭

𝑹𝑻
; 𝒃𝒄 =

𝜶𝒏𝑭

𝑹𝑻
; 𝒊𝟎 = 𝒏𝑭𝒌𝟎 

• Linear function (Linearity): 

𝒊 =
𝒏𝒊𝒐𝑭

𝑹𝑻
𝜼 
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 𝒌𝟎 = 𝒌𝒂 = 𝒌𝒄  



Frequency Range 
• The measured frequency range should include 

frequencies sufficiently large and frequencies 
sufficiently small to reach asymptotic limits in 
which the imaginary impedance tends toward 
zero [1]. 

• In some cases, the low-frequency asymptotic 
behavior does not exist, such as blocking 
electrodes. 

• The high-frequency asymptotic behavior is 
limited by the instrument artifact. 
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[1] M.E. Orazem, B. Tribollet, Electrochemical impedance spectroscopy, Wiley, Hoboken, N.J., 2008. 

Blocking electrode: Due to the 
electrode geometry, the non-
uniform current and potential 
distribution associated with the 
disk geometry influences the 
transient and the impedance 
response [1]. 



• Parallel RC 

𝒛 =
𝟏

𝟏
𝑹𝒄𝒕

+ 𝒋𝝎𝑪𝒅

=
𝑹𝒄𝒕

𝟏 + 𝒋𝝎𝑹𝒄𝒕𝑪𝒅
 

• Characteristic frequency 

𝒘𝒄 = 𝟐𝝅𝒇 =
𝟏

𝑹𝒄𝒕 𝑪𝒅
 

𝒛𝒄 = 𝑹
𝟏

𝟏 + 𝒋
=

𝑹

𝟐
𝒆−𝒋

𝝅
𝟒  

• At the characteristic frequency, the 
current signal lags the potential input 
by 45 degrees. 
 
 

Characteristic Frequency 
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[1] M.E. Orazem, B. Tribollet, Electrochemical impedance spectroscopy, Wiley, Hoboken, N.J., 2008. 

• Faradic current  

𝒊𝒇 = 𝒏𝑭𝒌𝒂𝒆
𝒃𝒂𝑽 − 𝒏𝑭𝒌𝒄𝒆

−𝒃𝒂𝑽 

• The input signal can be represented by:  
𝑽 = 𝑽 + ∆𝑽𝒄𝒐𝒔𝝎𝒕 = 𝑽 + ∆𝑽𝒄𝒐𝒔(𝟐𝝅𝒇𝒕) 

• A typical electrochemical reaction is followed by: 

𝑪𝒅 = 𝟑𝟏
𝝁𝑭

𝒄𝒎𝟐
, 𝒏𝑭𝒌𝒂 = 𝒏𝑭𝒌𝒄 = 𝟎. 𝟓

𝒎𝑨

𝒄𝒎𝟐
 

𝒃 = 𝒃𝒂 = 𝒃𝒄 = 𝟏𝟗. 𝟓 𝑽−𝟏 
𝑽 = 𝟎 𝑽, ∆𝑽 = 𝟏 𝒎𝑽 

• The charge-transfer resistance is:  

𝑹𝒄𝒕 =
𝟏

(𝒃𝒂𝒏𝑭𝒌𝒂𝒆
𝒃𝒂∆𝑽 + 𝒃𝒄𝒏𝑭𝒌𝒄𝒆

−𝒃𝒄∆𝑽)
= 𝟓𝟏. 𝟐𝟖 𝛀 𝒄𝒎𝟐 

• Thus, the characteristic frequency is  

𝒇𝒄 =
𝟏

𝟐𝝅𝑹𝒄𝒕𝑪𝒅
= 𝟏𝟎𝟎. 𝟏𝟔 𝑯𝒛 

 
 



Linearity and Amplitude 
𝑽 = 𝑽 + ∆𝑽𝒄𝒐𝒔𝝎𝒕 = 𝑽 + ∆𝑽𝒄𝒐𝒔(𝟐𝝅𝒇𝒕) 

• The suitable amplitude (∆𝑽) is the desire to minimize nonlinear response 
and the desire to minimize noise in the impedance response. 

• A small amplitude can induce low nonlinear response. If the system has 
very non-linear current-potential curve, a much smaller amplitude is 
needed. 

• A high amplitude can reduce lower noise. If the system exhibit linear 
current-potential curve, a much larger amplitude can be used. 

• Considering of a typical electrochemical reaction, the current density 
response to a potential perturbation by Taylor’s expansion: 
 

𝒊 𝒕 = 𝒊𝟎 𝟏 +
𝒃𝟐∆𝑽𝟐

𝟒
+ 𝒃∆𝑽 +

𝟑𝒃𝟑∆𝑽𝟑

𝟐𝟒
𝒄𝒐𝒔 𝟐𝝅𝒇𝒕 + ⋯  

𝒊𝟎 = 𝑲𝒆𝒃𝑽
 

 
• For 𝒃∆𝑽~𝟎. 𝟐, the variation of DC current is less than 1% and the 

variation of the first harmonic is smaller than 0.22%. 
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DC current  First harmonic  

[1] M.E. Orazem, B. Tribollet, Electrochemical impedance spectroscopy, Wiley, Hoboken, N.J., 2008. 



Current Density Response by 
Different Amplitude 

𝑪𝒅 = 𝟑𝟏
𝝁𝑭

𝒄𝒎𝟐
, 𝒏𝑭𝒌𝒂 = 𝒏𝑭𝒌𝒄 = 𝟎. 𝟓

𝒎𝑨

𝒄𝒎𝟐
, 𝒃 = 𝒃𝒂 = 𝒃𝒄 = 𝟏𝟗. 𝟓 𝑽−𝟏, 𝑽 = 𝟎 𝑽 

• Two different amplitudes, 1 mV and 40 mV, are carried out, so the results of 𝒃∆𝑽 are 0.0195 and 
0.78, respectively. 
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∆𝑽 = 𝟏 𝒎𝑽 

∆𝑽 = 𝟒𝟎 𝒎𝑽 

[1] M.E. Orazem, B. Tribollet, Electrochemical impedance spectroscopy, Wiley, Hoboken, N.J., 2008. 

Not symmetric about zero at low frequency 



Cont’d 
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[1] M.E. Orazem, B. Tribollet, Electrochemical impedance spectroscopy, Wiley, Hoboken, N.J., 2008. 
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• The large amplitude cause an error in the 
impedance response, which arises from 
the nonlinear behavior of the Faradaic 
current. 

• This effect is very clearly seen in the real 
part of the impedance at the low-
frequency response.  

• While 𝒃∆𝑽 is 0.2, the error at the low-
frequency response is 0.5%. Thus, for the 
typical electrochemical reaction, the 
amplitude is below 20 mV. 



Example of Lithium-ion Battery 

• Higher than 10 kHz: The inductance of wires and electrode winding. 
• Around 10 kHz: Conduction through the electrolyte and porous separator, and conduction 

through wire. 
• Around 1 kHz: Charge transfer involves the resistance of an insulating layer and activated electron 

transfer resistance on the electronic/ionic conduction boundary. 
• Around 100 Hz: The electronic conduction through the particles and ionic conduction through the 

electrolyte in cavities between particles 
• Lower than 1 Hz: The formation of new crystalline structures. 
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[1] E. Barsoukov, J.H. Kim, D.H. Kim, K.S. Hwang, C.O. Yoon, H. Lee, J. New Mater. Electrochem. Syst., 3 (2000) 301-308. 

[2] E. Barsoukov, J.R. Macdonald, Impedance spectroscopy : theory, experiment, and applications, Wiley-Interscience, Hoboken, 

N.J., 2005. 



Metal Dissolution 
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M M M M M M M M M 

M M M M M M M M M 

M M M M M M M M M 

M 

M+ 

𝑹𝒄𝒕 

𝑪𝒅 

𝑴 → 𝑴+ + 𝒆− 

𝑹𝛀 



Metal Dissolution with Mass Transfer  
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M M M M M M M M M 

M M M M M M M M M 

M M M M M M M M M 

M 

M+ 𝑴 → 𝑴+ + 𝒆− 

𝑹𝒄𝒕 

𝑪𝒅 𝑹𝛀 

𝒁𝒘 



Metal Dissolution by Reaction with 
Electrolytic Species 
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𝑴 → 𝑴+ + 𝒆− 

𝑨 + 𝒆− → 𝑨 
Example: 

𝑭𝒆 → 𝑭𝒆𝟐+ + 𝟐𝒆− 

𝑯𝟐𝑶+ 𝒆− →
𝟏

𝟐
𝑯𝟐 + 𝑶𝑯− 

M M M M M M M M M 

M M M M M M M M M 

M M M M M M M M M 

M 

M+ A 

𝑹𝒄𝒕,𝑭𝒆 

𝑹𝒄𝒕,𝑯𝟐
 

𝑪𝒅 𝑹𝛀 



Metal Dissolution by Reaction with 
Electrolytic Species and Mass Transfer 
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𝑴 → 𝑴+ + 𝒆− 

𝑨 + 𝒆− → 𝑨 
Example: 

𝑭𝒆 → 𝑭𝒆𝟐+ + 𝟐𝒆− 

𝑯𝟐𝑶+ 𝒆− →
𝟏

𝟐
𝑯𝟐 + 𝑶𝑯− 

M M M M M M M M M 

M M M M M M M M M 

M M M M M M M M M 

M 

M+ A 

𝑹𝒄𝒕,𝑭𝒆 

𝑹𝒄𝒕,𝑯𝟐
 

𝑪𝒅 𝑹𝛀 

𝒁𝒘,𝑯𝟐
 



Metal Dissolution with Surface 
Coverage 
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M M M M M M M M M 

M M M M M M M M M 

M M M M M M M M M 

M 

P 

X X 
𝑴 → 𝑿+ 𝒆− 

𝑿 → 𝑷 + 𝒆− 

𝑴 𝑿 𝒀 
Intermediate 

The surface coverage rates of 
intermediate, 𝑿, and product, 𝒀, 

determine the model. 

𝑳 𝑹𝒄𝒕 

𝑪𝒅 𝑹𝛀 

𝑹𝒄𝒕 

𝑪𝒅 𝑹𝛀 𝑹𝛀 

𝑹𝒄𝒕,𝟏 𝑹𝒄𝒕,𝟐 

𝑪𝒅,𝟏 𝑪𝒅,𝟐 

Low surface coverage 
(Adsorption) 

Moderate surface 
coverage 

Thick surface coverage 



Surface Coverage and Impedance 
Response 
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[1] M.E. Orazem, B. Tribollet, Electrochemical impedance spectroscopy, Wiley, Hoboken, N.J., 2008. 

𝑴 → 𝑿+ 𝒆− 

𝑿 → 𝑷+ 𝒆− 
𝑴 𝑿 𝒀 

𝐾𝑀 = 4𝐹 𝐴 𝑐𝑚−2, 𝑏𝑀 = 36 𝑉−1, 𝐾𝑋 = 10−6𝐹 𝐴 𝑐𝑚−2, 𝑏𝑋 = 10 𝑉−1, Γ = 2 × 10−9 𝑚𝑜𝑙 𝑐𝑚−2, 𝐶𝑑 = 20 𝜇𝐹 𝑐𝑚−2 

𝑽 = −𝟎. 𝟔𝟓 𝑽 

𝑽 = −𝟎. 𝟓𝟖𝟓 𝑽 

𝑽 = −𝟎. 𝟓 𝑽 

A 

B 

C 



○ 1 h 30 min 
● 21 h 
□ 32 h 

Mg Corrosion in Na2SO4 Solution 
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[1] G. Baril, G. Galicia, C. Deslouis, N. Pebere, B. Tribollet, V. Vivier, Journal of the Electrochemical Society, 154 (2007) C108-C113. 

Mg corrosion in Na2SO4 solution (𝑬 → 𝑪 → 𝑪) 
• Anodic partial reaction: 𝟐𝑴𝒈 → 𝟐𝑴𝒈+ + 𝟐𝒆− 
• Chemical reaction: 𝟐𝑴𝒈+ + 𝟐𝑯𝟐𝑶 → 𝟐𝑴𝒈𝟐+ + 𝟐𝑶𝑯− +𝑯𝟐 
• Corrosion product formation: 𝑴𝒈𝟐+ + 𝟐𝑶𝑯− → 𝑴𝒈 𝑶𝑯 𝟐 
• Oxide formation:𝑴𝒈 𝑶𝑯 𝟐 ⇄ 𝑴𝒈𝑶+𝑯𝟐𝑶 
• Cathodic partial reaction: 𝟐𝑯+ + 𝟐𝒆− → 𝑯𝟐 

By using a Solartron 1250 frequency response 
analyzer in a frequency range of 65 kHz to a few mHz 

• 𝒁𝒇 is the Faradaic impedance and 𝑪𝒅 is the 

double-layer capacitance. 
• 𝑹𝒇 is the resistance of MgO (protective 

layer), which is much higher than 𝒁𝒇. 

• Film-free areas are small, and thus 𝑪𝒇 is 

much higher than 𝑪𝒅, which 𝑪𝒇 can be 

extracted from the high-frequency loop. 

The impedance response is : 
• A charge-transfer resistance loop at high 

frequency: Cathodic and anodic partial 
reactions. 

• A diffusion impedance loop: Mg2+ through 
the porous Mg(OH)2 layer. 

• An inductive loop at low frequency: 
Adsorbed intermediate, Mg+, during Mg 
corrosion. 



Thank you for your attention. 
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