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INTRODUCTION

–



–

𝐻2𝑂 +  2 𝑒− → 𝐻2 + 𝑂2−𝐶𝑂2 + 2 𝑒−  → 𝐶𝑂 + 𝑂2− 
𝑂2−  →  12 𝑂2 +  2 𝑒−
𝐻2𝑂 → 𝐻2 + 12 𝑂2𝐶𝑂2  →  𝐶𝑂 + 12 𝑂2





𝑌2𝑂3    𝑍𝑟𝑂2   →     2 𝑌𝑍𝑟′ + 3 𝑂𝑂× + 𝑉𝑂••



𝐺𝑑2𝑂3    𝐶𝑒𝑂2   →     2 𝐺𝑑𝐶𝑒′ + 3 𝑂𝑂× + 𝑉𝑂••
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THEORETICAL BACKGROUND



𝜎e = 1𝑅  𝑑𝐴

data points according to Ohm’s law:

𝑅 = 𝑉𝐼



𝜎𝑛 = 𝜎(𝑡) − 𝜎0𝜎∞ − 𝜎0
σ σ∞



, it can be described by Fick’s first law for 

𝐽 =  −𝐷chem  𝜕𝑐𝜕𝑥
𝜕𝑐𝜕𝑥

𝜕𝑐𝜕𝑡 =  𝐷chem  𝜕2𝑐𝜕𝑥2



𝐽 =  𝑘chem (𝑐𝑠(𝑡) − 𝑐∞)
∞

𝐿𝑐 = 𝐷𝑘

𝐿𝑐 = 𝐷chem𝑘chem



𝑎𝐿𝑐 = 𝑘chem 𝑎𝐷chem
𝑎



𝑉 = 𝐸0 + 𝜂Ω + 𝜂act,oe + 𝜂conc,oe + 𝜂act,fe + 𝜂conc,fe
η η ηΩ





𝑅 = 𝜌 𝑑𝐴
ρ

σ

𝑉(𝑡) = 𝑉𝑎  sin (𝜔 𝑡)
ω

𝜔 = 2 𝜋 𝑓
φ

𝐼(𝑡) = 𝐼𝑎  sin (𝜔 𝑡 − 𝜑)



Representation of the phase shift φ in EIS. The blue curve illustrates the applied voltage V(t) 

𝑍 =  𝑉(𝑡)𝐼(𝑡) = 𝑉𝑎  sin (𝜔𝑡)𝐼𝑎  sin (𝜔𝑡 − 𝜑) 

𝑒𝑗𝜑 = cos 𝜑 + 𝑗 sin𝜑

𝑍 =  𝑉(𝑡)𝐼(𝑡) = 𝑉𝑎  𝑒𝑗𝜔𝑡𝐼𝑎  𝑒𝑗(𝜔𝑡−𝜑) = 𝑍𝑎𝑒𝑗𝜑
’ ’’, where Z’ is the real part and Z’’ denotes the imaginary part of the complex impedance. 



’ and ’’ as 

φ

𝑍𝑎 = √Z’2 + Z’’2 𝜑 = arctan Z’’Z’

Nyquist plot of impedance data with Z in a complex plane with Z’ and Z’’ as coordinates, the 
phase angle φ and the ω

elements’



𝑍𝑅 = 𝑅
𝑍𝐶 = 1𝑗 𝜔 𝐶 = − 𝑗𝜔 𝐶

𝑍𝐿 =  𝑗 𝜔 𝐿
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𝑡 =  𝑟𝐿𝑛 + 𝑟𝑂√2 (𝑟𝑁𝑖 + 𝑟𝑂)
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𝑂𝑂×  ⇌  𝑉𝑂•• + 𝑂𝑖′′

– –
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[𝑁𝑖𝑁𝑖• ] +  [𝐶𝑜𝑁𝑖• ] =  2 [𝑂𝑖′′]
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EXPERIMENTAL
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Kα 

≤ 2θ ≤ per step (2θ). The radiation source 
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printing machine. The “Beta Grinder Polisher”, manufactured by Buehler, was used to grind 
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RESULTS AND DISCUSSION
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in the instrument’s baseline.



stoichiometry Δδ
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–

𝛾𝑂 = 12 (∂ln𝑝O2∂ln𝑐O )𝑇 = 12 ( ∂ln𝑝O2∂ln(4 + 𝛿))𝑇
δ



δ and thermodynamic factor γ

δ γ



σ

≤ ≤ σ

σ

σ

σ



σ



Electronic conductivity σ

δ σ





– – – –
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



– – – –

𝐷chem =  𝐷𝑂 𝛾𝑂
𝑘chem =  𝑘𝑂 𝛾𝑂







σ

𝜎i = 4 𝐹2 (4 + 𝛿) 𝐷O𝑅 𝑇 𝑉m

σ

Ionic conductivities of oxygen σ
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Electronic conductivity σ
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unetched → 
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δ

in Ω

𝑍𝐴𝑆𝑅′ =  12 (𝑍′ − 𝑅0)(𝑑2 𝜋4 )

𝑙
𝑅0 =  𝜌(𝑇) 𝑙𝐴 =  1𝜎(𝑇) 𝑙𝐴 𝐴𝑆𝑅 = 𝑅0 𝐴 =  𝜌(𝑇) 𝑙 =  𝑙𝜎(𝑇) 

ρ σ

𝑍′𝐴𝑆𝑅′ = 12 (𝑍′′ −  2 𝜋 𝑓 𝐿0)(𝑑2 𝜋4 )
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μm. The cross



SUMMARY AND CONCLUSIONS
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Comparison of the electronic conductivity σ
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hift φ in EIS. The blue curve illustrates the applied voltage V(t) 

Nyquist plot of impedance data with Z in a complex plane with Z’ and Z’’ as coordinates, the 

phase angle φ and the angular frequency range ω.
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Figure 22 Electronic conductivity σ

Figure 23 Oxygen partial pressure dependencies of the electronic conductivity σ

Figure 24 Electronic conductivity σ



Figure 28 Ionic conductivities of oxygen σ

Electronic conductivity σ
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Figure 49 Comparison of the electronic conductivity σ
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