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Partial Conductivity

The defect structure of the BCY-BZY system was well described in a previous study. In this 

BZCYYb1711 system, the Schottky–Wagner defect equilibrium was ignored because the 

errors resulting from this omission are negligible for heavily-doped systems.1 Thus, the charge 

neutrality condition can be given as follows (details in previous studies2,3)

 (S1)𝑛 + [𝑌,𝑌𝑏 /
𝐶𝑒,𝑍𝑟] = 𝑝 + 2[𝑉 ∙∙

𝑂 ] + [𝑂𝐻 ∙
𝑂]

(S2)

1
2

𝑂2(𝑔) + 𝑉••
𝑂⇔𝑂𝑥

𝑂 + 2ℎ•;𝐾𝑂𝑋 =
𝑝2

[𝑉••
𝑂]𝑃

𝑂1/2
2

(S3)

𝐻2𝑂(𝑔) + 𝑉••
𝑂 + 𝑂𝑥

𝑂⇔2𝑂𝐻•
𝑂;𝐾𝐻 =

[𝑂𝐻•
𝑂]2

[𝑉••
𝑂]𝑃𝐻2𝑂

The partial conductivities of each of the charge carriers can be written in terms of the product 

of the concentration and diffusivity of the mobile defect species as follows
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where the conductivity at standard partial pressures was selected,  represents the protonic 
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𝑂



conductivity at  = 1 atm,  is the hole conductivity at  = 1 atm and  = 0  atm, 
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Here, . Parameter  is a constant determined as follows
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where , in which  is the molar dopant concentration,  is Avogadro’s 
[𝑌,𝑌𝑏 /

𝐶𝑒,𝑍𝑟] =
𝑥 ∙ 𝑁𝐴

𝑉𝑚 𝑥 𝑁𝐴

number, and  is the molar volume of the system. By considering the charge neutrality 𝑉𝑚

conditions (S8) and the relation between conductivities and concentrations (S9), the partial 

conductivities of each species could be determined as given below4.
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Fig. S1. Defect equilibrium diagrams of BZCYYb1711 as a function of pH2O at (a) higher pO2 

and (b) lower pO2 and as a function of pO2 at (c) higher pH2O and (d) lower pH2O.
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Fig. S2. Total conductivity of BZCYYb1711 electrolyte as a function of water vapor pressure 

at (a) 650 °C, (b) 700 °C, and (c) 750 °C.
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Fig. S3. 3D diagrams of Partial conductivities of BZCYYb1711 at (a) 650 °C, (b) 700 °C, and 

(c) 750 °C. Concentrations of mobile charge carriers at (a) 650 °C, (b) 700 °C, and (c) 750 °C. 

Here, each mobile charge carrier is denoted as- black is proton, red is oxygen, blue is hole, and 

dark cyan is electron.
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Fig. S4. Ratio of tion/ttotal as a function of (a) temperature and (b) humidity; (c) Proton dominant 
regime (tproton ≥ 0.9) at pH2O/atm ≥ 0.03.
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Fig. S5. Partial conductivity and N-P transition point of BZCYYb1711 as a function of pO2 in 

the temperature range of 600 – 750 °C.
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Fig. S6. Arrhenius curves of the partial conductivities of BZCYYb1711 and their activation 

energies
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Fig. S7. Spatial distributions of chemical potential gradient of BZCYYb1711 under 3% 

humidified air at air electrode and 3% humidified hydrogen at fuel electrode at (a) 650 °C, (b) 

700 °C, and (c) 750 °C.



0.0 0.3 0.6 0.9 1.2 1.5

-120

-80

-40

0

40

80

-I 
/ A

V / V

 20m
 10m
 5m
 2m

FC
Area=1cm2

750°C EC

OCV = 1.082V

Thickness

Cathode log(p O2/atm)=-0.68
Anode log(p O2/atm)=-23.07

p H2O/atm=0.03

0.0 0.3 0.6 0.9 1.2 1.5

-120

-80

-40

0

40

80
FC

-I 
/ A

V / V

 20m
 10m
 5m
 2m

Area=1cm2

700°C

Thickness

OCV = 1.102V

Cathode log(p O2/atm)=-0.68
Anode log(p O2/atm)=-24.34

p H2O/atm=0.03

EC

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25

30

35

40
po

w
er

 d
en

si
ty

(/W
cm

-2
)

V / V

 20m
 10m
 5m
 2m

35.00Wcm-2

14.00Wcm-2

7.00Wcm-2

3.50Wcm-2

Thickness
700°C
Area=1cm2

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25

30

35

40 Thickness

po
w

er
 d

en
si

ty
(/W

cm
-2
)

V / V

 20m
 10m
 5m
 2m

28.51Wcm-2

11.41Wcm-2

5.70Wcm-2

2.85Wcm-2

Area=1cm2

750°C

0.0 0.3 0.6 0.9 1.2 1.5

-120

-80

-40

0

40

80

-I 
/ A

V / V

 20m
 10m
 5m
 2m

FC
Area=1cm2

650°C

Thickness

OCV = 1.125V

Cathode log(p O2/atm)=-0.68
Anode log(p O2/atm)=-25.75

p H2O/atm=0.03

EC

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25

30

35

40

6.03Wcm-2

3.02Wcm-2

30.15Wcm-2

po
w

er
 d

en
si

ty
(/W

cm
-2
)

V / V

 20m
 10m
 5m
 2m

650°C
Area=1cm2

Thickness

12.06Wcm-2

(a) (b) (c)

(d) (e) (f)

Fig. S8. I-V profiles (a,b,c) and powder densities (d,e,f) of BZCYYb1711 with various 

electrolyte thicknesses at (a,d) 650 °C, at (b,e) 700 °C, and (c,f) 750 °C under the supply of 3% 

humidified air/hydrogen gas to each electrode.



0.0 0.2 0.4 0.6 0.8 1.0
0

4

8

12

16
po

w
er

 d
en

si
ty

(/W
cm

-2
)

V / V

 /3
 
 1.2

Area=1cm2

Thickness=10m

600°C

6.33Wcm-2

5.28Wcm-2

1.76Wcm-2

750 700 650 600
0

3

6

9

12
 /3
 
 1.2

pe
ak

 p
ow

er
 d

en
si

ty
(/ 

W
cm

-2
)

Temperature / C

Area=1cm2

Thickness=10m
Cathode p O2/atm=0.21
   Anode p H2/atm=0.97

p H2O/atm=0.03

120%

33%

Fig. S9. (a) Theoretical power density at 600 ℃ and (b) peak power densities at different 

operating temperatures for BZCYYb1711 considering 1/3 times lower and 1.2 times higher 

values of calculated total conductivities.



Table S1. Theoretical peak power density of BZCYYb1711 as a function of hydrogen with 

various water vapor pressures in fuel electrode and gas type with 3% humidity in air electrode 

at 600 °C.

Gas condition

@ anode side

Thickness

(μm)

Air condition

@ cathode side

(W/cm2)

Oxygen condition

@ cathode side

(W/cm2)

10 5.27 5.55

20 2.64 2.783% humidified 
hydrogen

30 1.76 1.85

4% humidified 
hydrogen 10 5.34 5.63

10 5.38 5.66

20 2.69 2.835% humidified 
hydrogen

30 1.79 1.89

6% humidified 
hydrogen 10 5.39 5.68

7% humidified 
hydrogen 10 5.40 5.68

8% humidified 
hydrogen 10 5.39 5.68

9% humidified 
hydrogen 10 5.38 5.67

10 5.37 5.66

20 2.69 2.8310% humidified 
hydrogen

30 1.79 1.89
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