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CHAPTER  1 

Introduction 

1.1 Miniaturized self-powered systems 
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1.2 Micro-storage options: why electrochemical capacitors 
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𝐼𝐿

2𝑓∙𝐶



1.4 Challenges facing electrochemical capacitors 
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1.4.2 Device encapsulation and integration challenges 



1.5 Scope of the thesis 

 
 

 Improving energy density while keeping high power density and long cycling stability 

 Increasing the maximum operating voltage limit 

 Achieving high power density at extreme low-temperature, and high stability at extreme 
high-temperature 

 Strengthening efficiency in pulse charging and discharging  

 Minimizing the self-discharge and leakage current 

 Enhancing frequency response properties with a high capacitance density 

 Developing new encapsulation and integration concepts allowing for surface mounting 
with a low profile and compatibility with a wide choice of materials 

 Enhancing the tolerance to high-temperature exposure that is required for reflow 
soldering and/or other encapsulation and integration method. 

1.5 Scope of the thesis 



Chapter 1 Introduction 

 



CHAPTER  2  

Fundamentals of electrochemical capacitors 

2.1 Charge storage mechanisms 

2.1.1 Electrical double layer  

𝐶𝐸𝐷𝐿 = 𝑟 0×𝐴

𝑑
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2.1.2 Pseudocapacitive storage 



2.1 Charge storage mechanisms 

 
 

𝐴𝑢 + 𝑥𝑃𝑏2+ + 2𝑥𝑒− ↔ 𝐴𝑢 ∙ 𝑥𝑃𝑏𝑎𝑑𝑠.

𝑁𝑏2𝑂5 + 𝑥𝐿𝑖+ + 𝑥𝑒− ↔ 𝐿𝑖𝑥𝑁𝑏2𝑂5

𝑅𝑢𝑂𝑥(𝑂𝐻)𝑦 + 𝛿𝐻+ + 𝛿𝑒− ↔ 𝑅𝑢𝑂𝑥−𝛿(𝑂𝐻)𝑦+𝛿

𝑃𝑃𝑦 ∙ 𝑛𝐴− + 𝑛𝑒− ↔ 𝑃𝑃𝑦 + 𝑛𝐴−

𝑦

1−𝑦
= 𝐾 exp(

𝐸𝐹

𝑅𝑇
)
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θ

θ

𝜃 =
𝐾 exp(

𝐸𝐹

𝑅𝑇
)

1+ 𝐾 exp(
𝐸𝐹

𝑅𝑇
)

𝐶𝜑 = 𝑞𝜃=1
𝑑𝜃

𝑑𝐸

θ

𝐶𝜑 =
𝑞𝜃=1𝐹

𝑅𝑇
𝜃(1 − 𝜃)

θ

𝜃

1−𝜃
= 𝐾 exp(−𝑔𝜃) exp(

𝐸𝐹

𝑅𝑇
)

𝐶𝜑 =
𝑞𝜃=1𝐹

𝑅𝑇

𝜃(1−𝜃)

1+𝑔𝜃(1−𝜃)

θ θ

θ

θ



2.1 Charge storage mechanisms 

 
 

𝐶𝜑 𝐶𝜑

θ 𝐶𝜑

θ

θ θ

𝐸 = 𝐸0 +
𝑅𝑇

𝑧𝐹
ln (

𝜃

1−𝜃
)

𝐸0



Chapter 2 Fundamentals of electrochemical capacitors 

 

≪

𝐸 = 𝐸0 +
𝑅𝑇

𝑧𝐹
ln (

𝜃

1 − 𝜃
) 𝜃

𝐸 = 𝐸0 +
𝑅𝑇

𝑧𝐹
ln (

𝑋

1 − 𝑋
)

𝐸 = 𝐸0 +
𝑅𝑇

𝑧𝐹
ln (

𝑅

1 − 𝑅
)

𝐸 = 𝐸0 +
𝑅𝑇

𝑧𝐹
ln (

𝑅

1 − 𝑅
)

2.1.3 Battery-type mechanism   



2.2 Device classifications 

 
 

2.1.4 Distinguishing capacitive and non-capacitive contributions 

2.2 Device classifications 
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2.3 Performance characteristics and evaluation 

2.3.1 Performance evaluation methods 

2.3.1.1 Measurement techniques 



2.3 Performance characteristics and evaluation 

 
 

𝑖 = 𝑣𝐶 (1 − exp(−
𝑡

𝑅𝐶
))

𝑉 = 𝐼𝑅 + 𝐼
𝑡

𝐶

𝑉 = 𝐼𝑍

𝑍 = 𝑍𝑅𝑒 + 𝑗𝑍𝐼𝑚
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2.3.1.2 Electrochemical cells 

2.3.2 Key performance characteristics 



2.3 Performance characteristics and evaluation 

 
 

𝐶 =
∆𝑄

∆𝑉

𝐶𝑠,𝐶𝑉 =
∮ 𝐼𝑑𝑉

𝑉2
𝑉1

2∙𝑣∙(𝑉2−𝑉1)∙Π

𝐶𝑠,𝐶𝑉 =
∮ 𝐼𝑑𝑡

2(𝑉2−𝑉1)/𝑣
0

2∙(𝑉2−𝑉1)∙Π

Π

𝐶𝑠,𝐺𝐶𝐷 =
𝐼

Π
∙

∆𝑡

∆𝑉

𝐶𝑠,𝐺𝐶𝐷 =
2∙𝐸

∆𝑉2∙Π
=

2∙∫ 𝐼∙𝑉𝑑𝑡

∆𝑉2∙Π

Π
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𝐶 = 𝐶𝑅𝑒 − 𝑗𝐶𝐼𝑚

𝐶𝑅𝑒 =
−𝑍𝐼𝑚

2𝜋𝑓|𝑍|2

𝐶𝐼𝑚 =
𝑍𝑅𝑒

2𝜋𝑓|𝑍|2

𝑅 =
∆𝑉

∆𝐼
=

𝑉𝐼𝑅

2𝐼



2.3 Performance characteristics and evaluation 

 
 

𝐸 =
1

2×3.6
𝐶𝑠 ∙ Δ𝑉2

𝐸 =
∫ 𝐼∙𝑉𝑑𝑡

3.6×Π

Π

𝑃𝑚𝑎𝑥 =
𝑉𝑚𝑎𝑥

2

4𝑅∙Π

𝑃𝑎𝑣𝑔 =
3600×𝐸

𝑡
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𝜑 = arctan (
𝑍𝐼𝑚

𝑍𝑅𝑒
)

𝜑

τ

𝜏 =
1

𝑓0
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𝜑

2.3.3 Inconsistencies in performance evaluation 
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μ
μ

μ μ μ

𝑃 =
0.12𝑉𝑚𝑎𝑥

2

𝑅𝑠𝑠∙𝑚
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2.3.4 Specialties in evaluating ECs for miniaturized self-powered systems applications 
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2.4 Components 



2.4 Components 

 
 

2.4.1 Electrodes 
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2.4.2 Electrolytes 



2.4 Components 

 
 

Br3
−

2.4.3 Binders  
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2.4.4 Separators 

2.4.5 Current collectors and packaging 



2.4 Components 
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CHAPTER  3  

Device performance challenges  

3.1 Towards high energy densities with high power and cycling stability 



3.1.1 Material-level optimization  
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3.1 Towards high energy densities with high power and cycling stability 

 
 

𝐶𝑠𝑎𝑡 =
𝑄𝑠𝑎𝑡

𝑉𝑠𝑎𝑡

∼

𝑉𝑠𝑎𝑡 =
𝑄𝑠𝑎𝑡

𝐶𝑠𝑎𝑡

𝑄𝑠𝑎𝑡 ∝
𝑆𝑎

𝑆𝑖𝑜𝑛

𝑉𝑠𝑎𝑡 ∝
𝑆𝑎

𝑆𝑖𝑜𝑛×𝐶𝑠𝑎𝑡
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3.1 Towards high energy densities with high power and cycling stability 
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3.1 Towards high energy densities with high power and cycling stability 

 
 

3.1.2 Electrode-level optimization  

μ

μ
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𝜎𝑒𝑓𝑓 =
𝜏

𝜎

휀 𝜏

𝜎

μ



3.1 Towards high energy densities with high power and cycling stability 

 
 

𝑙√𝜋𝑁𝑐 = 4.236
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3.1 Towards high energy densities with high power and cycling stability 

 
 

3.1.3 Device-level optimizations 

3.1.3.1 Asymmetric design 

𝑚𝑃𝐶𝑃∆𝐸𝑃 = 𝑚𝑁𝐶𝑁∆𝐸𝑁

𝑚𝑃𝑄𝑃 = 𝑚𝑁𝑄𝑁

𝐶𝑃𝑅𝑃 = 𝐸𝑃2 − 𝐸𝑃1

𝐶𝑃𝑅𝑁 = 𝐸𝑁2 − 𝐸𝑁1
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3.1 Towards high energy densities with high power and cycling stability 

 
 

𝑚𝑃

𝑚𝑁
=

𝐶𝑁∙(𝑃𝑍𝑉−𝐸𝑁1)

𝐶𝑃∙(𝐸𝑃2−𝑃𝑍𝑉)
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3.1 Towards high energy densities with high power and cycling stability 
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𝑚𝑃𝑄𝑃 = 𝑚𝑁𝐶𝑁∆𝐸𝑁

𝑚𝑃𝐶𝑃∆𝐸𝑃 = 𝑚𝑁𝑄𝑁

𝐼− + 6𝑂𝐻− → 𝐼𝑂3
− + 3𝐻2𝑂 + 6𝑒−



3.1 Towards high energy densities with high power and cycling stability 

 
 

3𝐵𝑟− → 𝐵𝑟3
− + 2𝑒−
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3.1 Towards high energy densities with high power and cycling stability 
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3.1 Towards high energy densities with high power and cycling stability 

 
 

3.1.3.2 Bipolar design 
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3.1 Towards high energy densities with high power and cycling stability 

 
 

𝐸𝑁,𝑣𝑜𝑙. =
𝑁×𝐸0

𝐴0×(𝑡0+(𝑡1−𝑡0)×(𝑁−1))

𝐸0,𝑣𝑜𝑙 =
𝐸0

𝐴0×𝑡0

%𝐼𝑛𝑐𝑟𝑒𝑠𝑒 =  
𝐸𝑁,𝑣𝑜𝑙.−𝐸0,𝑣𝑜𝑙.

𝐸0,𝑣𝑜𝑙
× 100% = (

𝑡0×𝑁

𝑡0+(𝑡1−𝑡0)×(𝑁−1)
− 1) × 100%

𝐶𝑁,𝑣𝑜𝑙. ∝
1

𝑉𝑚𝑎𝑥
2 ≡

1

𝑁2

1

𝑉0
2

3.1.4 Remarks 
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3.2 Towards high operating voltage 

3.2.1 Interaction between electrodes and electrolytes 



3.2 Towards high operating voltage 
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3.2.2 Service windows of electrodes and redox electrolyte species 



3.2 Towards high operating voltage 
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3.3 Towards extreme temperature operation 

 
 

3.2.3 Remarks 

3.3 Towards extreme temperature operation 
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3.3.1 Towards extreme low-temperature 

3.3.1.1 Aqueous electrolyte systems for low-temperature operation 

3.3.1.2 Organic electrolyte systems for low-temperature operation 



3.3 Towards extreme temperature operation 

 
 

3.3.1.3 Ionic liquid electrolyte systems for low-temperature operation 
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3.3.1.4 Solid- or quasi-solid-state electrolyte systems for low-temperature operation 

3.3.2 Towards extreme high-temperature 

3.3.2.1 Aqueous electrolyte systems for high-temperature operation 



3.3 Towards extreme temperature operation 

 
 

3.3.2.2 Organic electrolyte systems for high-temperature operation 

3.3.2.3 Ionic liquid electrolyte systems for high-temperature operation 
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3.3.2.4 Trading Vmax for stability under extreme high-temperature operation 



3.3 Towards extreme temperature operation 

 
 

3.3.2.5 Solid- or quasi-solid-state electrolyte systems for high-temperature operation 

3.3.3 Remarks 
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3.4 Towards slow self-discharge and low leakage current 

μ

3.4.1 Mechanisms  

𝑖𝑡 = 𝑖𝑖exp (−
𝑡

𝑅𝑠𝐶
)



3.4 Towards slow self-discharge and low leakage current 

 
 

𝑉 = 𝑉0 −
𝑅𝑇

𝛼𝐹
ln(

𝛼𝐹𝑖0

𝑅𝑇𝐶
) −

𝑅𝑇

𝛼𝐹
ln(𝑡 +

𝐶𝜏

𝑖0
)

α 𝑖0 τ

V = 𝑉0exp (−
𝑡

𝑅𝐶
)

𝑉0 ln 𝑉

𝑉 = 𝑉0 − 2𝑧𝐹𝐴𝐶−1𝐷1/2𝜋1/2𝑐0𝑡1/2

𝑐0

τ

τ

τ

𝑉 = 𝑉0 − 𝑎 ln(𝑡 + 𝑏)
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3.4.2 Mathematical treatments  

θ θ



3.4 Towards slow self-discharge and low leakage current 

 
 

𝑉(𝑡) = 𝑉0 exp (−
𝑡

𝑎
) − 𝑏√𝑡 − 𝑐 − 𝑑 ln(𝑡 + 𝑒)

3.4.3 Influence of charging history and temperature 
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𝐼(𝑇) = 𝐴exp(−
∆𝐸𝑎

𝑅𝑇
)

3.4.4 Strategies of suppressing self-discharge and leakage current 



3.4 Towards slow self-discharge and low leakage current 

 
 

3.4.5 Liquid crystal as an electrolyte additive  

 Δ휀 = 휀|| − 휀⊥ > 0 휀|| 휀⊥
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3.4 Towards slow self-discharge and low leakage current 
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3.4.6 Remarks 



3.5 Towards improved high-frequency performance 

 
 

3.5 Towards improved high-frequency performance 

3.5.1 Capacitor metrics concerning high-frequency response properties 

τ

τ

μ

φ φ
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3.5.2 Design guidelines of high-frequency ECs 

τ

3.5.3 Carbon-based high-frequency ECs 



3.5 Towards improved high-frequency performance 
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ϕ τ

3.5.4 Remarks 

 



CHAPTER  4 

Encapsulation and integration challenges 

4.1 Common COTS electrochemical capacitor configurations 
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4.2 Design considerations for system miniaturization 

4.2.1 Surface-mount ECs 



4.2 Design considerations for system miniaturization 

 
 

4.2.2 Reflow-soldering  
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4.3 On-chip MSCs and multi-function ECs  



4.3 On-chip MSCs and multi-function ECs 

 
 



 



Chapter 5 Summary and perspectives 
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Summary of appended papers 
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