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Porous electrodes

Yin, Xi et al. ECS Tr. 77 (11)

PEM Fuel cell

K.J. Kim et al. J. Mater. Chem. A, 2015, 3, 16913

Flow batteries

Duracell battery joshuagallaway.com
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Newman & Tobias 1962

𝑥𝑥/𝐿𝐿

�𝑖𝑖′

• Constant conductivities 𝜎𝜎, 𝜅𝜅

• Tafel slope 𝑏𝑏 = 𝑅𝑅𝑅𝑅/𝛼𝛼𝛼𝛼

𝑖𝑖 = 𝐼𝐼/𝐴𝐴

J.W.Haverkort

𝛿𝛿 =
𝑖𝑖𝐿𝐿/𝜍𝜍
𝑏𝑏
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Electrode Effectiveness Factor

�𝑖𝑖
1

Paulin et al. ‘77, Scott ‘82, Costamagna et al., ‘98
Catalyst utilization, e.g. Gasteiger et al.

∆𝑉𝑉 = 𝑏𝑏ln
𝑖𝑖

ℇ𝑖𝑖∗tot
+

𝑖𝑖𝐿𝐿
𝜎𝜎 + 𝜅𝜅

ℇ = 1
𝑖𝑖∗tot = 𝑎𝑎𝐿𝐿𝑖𝑖∗

You et al. 2-D Model of a H2/Br2 Flow Battery with 
Flow-Through Positive Electrode, JES, 163:3 (2016)

�𝑖𝑖′0 𝑥𝑥 𝐿𝐿
J.W.Haverkort

𝜍𝜍 =
𝜎𝜎 + 𝜅𝜅

𝜎𝜎/𝜅𝜅
𝜎𝜎−𝜅𝜅
𝜎𝜎+𝜅𝜅

𝜍𝜍 = 𝜅𝜅

ℇ ≈ 1 + ℐ𝑝𝑝 −1𝑝𝑝

ℐ ∼ 𝛿𝛿/2
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∆𝑉𝑉
𝑏𝑏

Explicit 𝑖𝑖 − ∆𝑉𝑉 relation

∆𝑉𝑉 ≈ 𝑏𝑏ln
𝑖𝑖 1 + 𝑖𝑖𝐿𝐿/2𝑏𝑏𝜍𝜍

𝑖𝑖∗tot
+

𝑖𝑖𝐿𝐿
𝜎𝜎 + 𝜅𝜅

∠ ≈ 𝑏𝑏(2 − ℇ)
Tafel slope doubling
Austin, Eikerling, 
Kulikovsky, Soderberg,..

𝑖𝑖/𝑖𝑖∗tot

Presentator
Presentatienotities
Sigma ~207 * kappadV = 0 is where Tafel approximation fails
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𝜎𝜎 = 𝜅𝜅

𝜎𝜎 = 102𝜅𝜅

𝜎𝜎 = 104𝜅𝜅

∆𝑉𝑉
𝑏𝑏

𝑖𝑖∗eff/𝑖𝑖

Optimal electrode thickness

𝜎𝜎 = 𝜅𝜅 = 1 S/cm
𝑖𝑖 = 0.3 A/cm2

Flow battery 2.5 mm ℇ ≈ 2/3

𝜅𝜅 = 1 S/cm
𝑖𝑖 = 1 A/cm2

Fuel cell 24 µm ℇ ≈ 1/3

𝐿𝐿opt ≈ 2𝜎𝜎𝜅𝜅𝑏𝑏/𝑖𝑖
𝐿𝐿opt ≈ 4𝜎𝜎𝜅𝜅𝑏𝑏/𝑖𝑖(𝜎𝜎 + 𝜅𝜅)

J.W.Haverkort
𝑎𝑎𝐿𝐿𝑖𝑖∗/𝑖𝑖
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Optimal porosity

𝜀𝜀

1 − 𝜀𝜀
𝑑𝑑

𝑎𝑎 =
6 1 − 𝜀𝜀

𝑑𝑑

𝜀𝜀opt
1.5

1 + 1.5 = 0.6

𝜅𝜅 = 𝜅𝜅0𝜀𝜀1.5,𝜎𝜎 = 𝜎𝜎0 1 − 𝜀𝜀 1.5

J.W.Haverkort
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Butler-Volmer kinetics (α=1/2)

∆𝑉𝑉
𝑏𝑏

∆𝑉𝑉 ≈ 𝑏𝑏 asinh
𝑖𝑖 1 + ℐ𝑝𝑝 + ℐlin

𝑝𝑝
1
𝑝𝑝

2𝑖𝑖∗tot
+

𝑖𝑖𝐿𝐿
𝜎𝜎 + 𝜅𝜅

J.W.Haverkort 𝑖𝑖/𝑖𝑖∗tot
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Conclusions
• Tafel slope 𝑏𝑏 2 − ℇ

• Thickness 𝐿𝐿opt ≈
4𝑏𝑏𝜎𝜎𝜅𝜅
𝑖𝑖 𝜎𝜎+𝜅𝜅

so that 1
3
≤ ℇ ≤ 2

3

• Accurate explicit polarisation equation

J.W.Haverkort@tudelft.nl
jwhaverkort.weblog.tudelft.nl
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