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1. STEM-EDX analysis of TF-SOFCs

Fig. S1. STEM-EDX images of TF-SOFCs. The distribution of elements is analyzed by mapping 
the white line box region.
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Fig. S2. (a) Surface FESEM views of bare AAO substrate, 250nm-thick, and 800nm-thick 
sputtered anodes. (b) Conceptual equivalent-circuit for current collecting in sputtered Ni anode 
deposited on nanoporous AAO substrate. (c) A schematic illustration of an electron pathway 
produced from the electrolyte/electrode interface in AAO supported TF-SOFCs architecture.

2. XRD analysis for the sputtered anodes.

Table S1. Texture coefficient (TC) calculated for the sputtered Ni anodes on amorphous quartz 
wafer.

Sample Detail (111) (200) (220)

ROT1(45°) 1.38 0.78 0.82

ROT3(45°) 1.45 0.97 0.55

ROT2(45°) 1.46 0.76 0.76

ROT1(75°) 1.48 0.88 0.63
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3. Electrochemical performance of TF-SOFCs with nanostructured Ni anode.

Fig. S3. Electrochemical impedance spectroscopy (EIS) analysis of (a) ROT1(75°) and (b) 
ROT1(45°) cells measured at 0.6 and OCV. 

5. Performance comparison of low temperature solid oxide fuels (LT-SOFCs)
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Fig. S4. Performance comparison with reported literature data related to AAO supported thin-film 
SOFCs. All of the references use Ni-based anode fabricated by sputtering. Hydrogen gas is used 
for the anode side, and the cathode is exposed to an ambient atmosphere. (PPD: peak power 
density)(Ref number refers to the supplementary references listed in the last section.)[1-7]
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Fig. S5. Performance comparison with reported literature data related to other cell 
configurations.[8-14]
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3. Surface FESEM analysis and image processing for TPBs length calculation.

In accordance with the model suggested by Bouvard et al., the average coordination number of the 

electronic and ionic phases can be expressed as

                (7)𝑍𝑒𝑙 = 3 +

𝑍 ‒ 3

𝑛𝑒𝑙 + (1 ‒ 𝑛𝑒𝑙)𝑃2

              (8)𝑍𝑖𝑜 = 3 +

(𝑍 ‒ 3)𝑃2

𝑛𝑒𝑙 + (1 ‒ 𝑛𝑒𝑙)𝑃2

                                    𝑛𝑒𝑙 =

𝜑𝑒𝑙𝑃
3

1 ‒ 𝜑𝑒𝑙 + 𝜑𝑒𝑙𝑃
3
  

(9)

where P (  ) is the size ratio of ionic particles to electronic particles;  is the number ≡ 𝑟𝑖𝑜/𝑟𝑒𝑙 𝑛𝑒𝑙

fraction of the electronic phase;  is the number fraction of the ionic phase; and Z is the average 𝜑𝑒𝑙

coordination number, typically assumed to be 6. The coordination number between electronic-

phase (i) and ionic-phase (j) is given as

                       (10)𝑍𝑖 ‒ 𝑗 = 𝑛𝑗

𝑍𝑖𝑍𝑗

𝑍

The probability that an i-phase particle in the percolated cluster connects the two ends of the 

composite;

                  (11)
𝑃𝑖 =  {1 ‒ [(4.236 ‒ 𝑍𝑖 ‒ 𝑗

2.472 ]2.5}0.4
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The threshold used in this formula, introduced by Suzuki et al., means that  value cannot be 𝑍𝑖 ‒ 𝑗

greater than 4.236.48 The length of a neck formed between Ni and GDC particles is considered the 

TPB length, and neck radius is denoted as .𝑟𝑐

     (12)𝑟𝑐 =  sin 𝜃𝑐 ∙ 𝑚𝑖𝑛⁡(𝑟𝑒𝑙,𝑟𝑖𝑜)

where  is generally considered to be 15°. By combining all of these variables, the length of TPBs 𝜃𝑐

can be calculated as;

                 (13)
𝑙𝑡𝑝𝑏 = 2𝜋𝑟𝑐𝑁𝑡𝑛𝑒𝑙𝑛𝑖𝑜𝑃𝑒𝑙𝑃𝑖𝑜

𝑍𝑒𝑙𝑍𝑖𝑜

𝑍

                (14)

𝑁𝑡 =  
1 ‒ 𝜀𝑝𝑜𝑟𝑒

4
3

𝜋𝑟 3
𝑒𝑙[𝑛𝑒𝑙 + (1 ‒ 𝑛𝑒𝑙)𝑃3]

where  is the volume fraction of the pore, which is measured from HR-TEM images. 𝜀𝑝𝑜𝑟𝑒

7



Fig. S6. Surface FESEM analysis for sputtered Ni anode varied with (a) ROT1(45°), (b) 
ROT2(45°), (c) ROT3(45°). Image processing for calculating TPBs length by applying volume 
expansion method of (d) ROT1(45°), (e) ROT2(45°), and (f) ROT3(45°). The yellow line shown 
in the images represents an overlapping region between Ni and pore phases that expanded to an 
infinitely small area.

Table S2. Comparison of TPBs density calculated by using binary-random sphere model and 
volume expansion method.

TPB density  Ltpb [μm/μm3]

Method ROT3(45°) ROT2(45°) ROT1(45°)
Binary-Random Sphere Model 66.21 84.63 91.26
Volume Expansion Method 65.26 75.83 79.08
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4. Dusty gas model (DGM) applied for nanostructured anode and cathode

Mass transport equations

𝜀
𝑅𝑇

∂(𝑦𝑖𝑃)

∂𝑡
=‒ ∇ ∙ 𝑁𝑖 + 𝑟𝑖 (𝑚𝑜𝑙/𝑚 ‒ 3𝑠 ‒ 1)

𝜀:𝑡ℎ𝑒 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦,𝑁𝑖:𝑡ℎ𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡, 

𝑟𝑖:𝑡ℎ𝑒 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑖𝑛𝑠𝑖𝑑𝑒 𝑡ℎ𝑒 𝑝𝑜𝑟𝑜𝑢𝑠 𝑚𝑒𝑑𝑖𝑢𝑚.

Assumption: the diffusion process is at steady-state, and the electrochemical reactions take place 
at the boundary of the electrode-electrolyte interface rather than throughout the porous medium.

∇ ∙ 𝑁𝑖 = 0

The dusty-gas model (DGM)

𝑁𝑖

𝐷𝑒𝑓𝑓
𝑖,𝑘

+
𝑛

∑
𝑗 = 1,𝑗 ≠ 𝑖

𝑋𝑗𝑁𝑖 ‒ 𝑋𝑖𝑁𝑗

𝐷𝑒𝑓𝑓
𝑖𝑗

=‒
𝑃

𝑅𝑇

𝑑𝑋𝑖

𝑑𝑧
‒

𝑋𝑖

𝑅𝑇(1 +
𝐾𝑃𝑡

𝜇𝐷𝑒𝑓𝑓
𝑖,𝐾

)∇𝑃𝑖

𝑋𝑖:𝑚𝑜𝑙𝑎𝑟 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛, 𝑃𝑖:𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑁𝑖:𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑢𝑥 𝑜𝑓 𝑔𝑎𝑠 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖.

𝑃𝑡:𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝜇 𝑎𝑛𝑑 𝐾 :𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑎𝑛𝑑 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦.

𝐷𝑒𝑓𝑓
𝑖,𝐾 𝑎𝑛𝑑 𝐷𝑒𝑓𝑓

𝑖𝑗
 :𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐾𝑛𝑢𝑑𝑠𝑒𝑛 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 𝑎𝑛𝑑 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑏𝑖𝑛𝑎𝑟𝑦 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠

Assumption: Pressure is uniform

𝑁𝑖

𝐷𝑒𝑓𝑓
𝑖,𝑘

+
𝑛

∑
𝑗 = 1,𝑗 ≠ 𝑖

𝑋𝑗𝑁𝑖 ‒ 𝑋𝑖𝑁𝑗

𝐷𝑒𝑓𝑓
𝑖𝑗

=‒
𝑃

𝑅𝑇

𝑑𝑋𝑖

𝑑𝑧

For diffusion with heterogeneous chemical reaction, the flux ratios are governed by reaction 
stoichiometry—Graham’s law of diffusion in gaseous mixtures.

𝑛

∑
𝑖 = 1

𝑁𝑖 𝑀𝑖

𝑀𝑖:𝑡ℎ𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖.

For binary component systems. 
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𝑁1

𝐷𝑒𝑓𝑓
1,𝑘

+
𝑋2𝑁1 ‒ 𝑋1𝑁2

𝐷𝑒𝑓𝑓
12

=‒
𝑃

𝑅𝑇

𝑑𝑋1

𝑑𝑧

𝑁1( 1

𝐷𝑒𝑓𝑓
1,𝑘

+
𝑋2 ‒ 𝑋1𝑁2/𝑁1

𝐷𝑒𝑓𝑓
12

) =‒
𝑃

𝑅𝑇

𝑑𝑋1

𝑑𝑧

𝑦2 = 1 ‒ 𝑦1, 𝑁2/𝑁1 =  ‒ 𝑀1/𝑀2 (𝐺𝑟𝑎𝑚'𝑠 𝑙𝑎𝑤)

𝑁1 =‒
𝑃

𝑅𝑇[ 1

𝐷𝑒𝑓𝑓
1,𝑘

+
1 ‒ 𝛼𝑋1

𝐷𝑒𝑓𝑓
12

] ‒ 1
𝑑𝑋1

𝑑𝑧

𝛼 = 1 ‒ (𝑀1

𝑀2
)1/2

𝑑2𝑋1

𝑑𝑧2
+

𝛼

𝐷𝑒𝑓𝑓
12

[ 1

𝐷𝑒𝑓𝑓
1,𝑘

+
1 ‒ 𝛼𝑋1

𝐷𝑒𝑓𝑓
12

] ‒ 1(𝑑𝑋1

𝑑𝑧 )2 = 0

Initial conditions:

𝑋1, 𝑧 = 0 = 𝑋1,𝑏𝑢𝑙𝑘

(𝑑𝑋1

𝑑𝑧 )𝑧 = 0 =‒
𝐽𝑅𝑇
2𝑃𝐹[ 1

𝐷𝑒𝑓𝑓
1,𝑘

+
1 ‒ 𝛼𝑋1

𝐷𝑒𝑓𝑓
12

]
𝐷𝑒𝑓𝑓

𝑖,𝐾 = 𝐷𝑖,𝐾

𝜀𝑝𝑜𝑟𝑒

𝜏𝑝𝑜𝑟𝑒
, 𝐷𝑒𝑓𝑓

𝑖𝑗 = 𝐷𝑖,𝐾

𝜀𝑝𝑜𝑟𝑒

𝜏𝑝𝑜𝑟𝑒

𝜏𝑝𝑜𝑟𝑒:𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑟𝑒

𝐷𝑖,𝐾 =
𝑑𝑝

2
2
3

8𝑅𝑇
𝜋𝑀𝑖

𝑑𝑝:𝑡ℎ𝑒 𝑚𝑒𝑎𝑛 𝑝𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑑𝑝 ≈ 𝑑ℎ =
4

(𝑆/𝜀)𝑝𝑜𝑟𝑒

𝑑ℎ:𝑡ℎ𝑒 ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑑𝑖𝑎𝑚𝑡𝑒𝑟, 𝑆:𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑟𝑒

1

𝐷𝑒𝑓𝑓
𝑎

=
𝜏𝑝𝑜𝑟𝑒

𝜀𝑝𝑜𝑟𝑒( 1
𝐷𝐻2 ‒ 𝐻2𝑂

+
1

𝐷𝐻2,𝐾),  
1

𝐷𝑒𝑓𝑓
𝑐

=
𝜏𝑝𝑜𝑟𝑒

𝜀𝑝𝑜𝑟𝑒( 1
𝐷𝑂2 ‒ 𝑁2

+
1

𝐷𝑁2,𝐾)
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For the binary diffusion coefficients, Fuller-Schettler-Giddings’ equation is adopted.

𝐷𝑖𝑗 =
0.01013𝑇1.75((1/𝑀𝑖 × 103) + (1/𝑀𝑗 × 103))1/2

𝑃[(∑𝑣𝑖 × 106)1/3 + (∑𝑣𝑗 × 106)1/3]2

∑𝑣𝑖:𝑡ℎ𝑒 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖.

 

The equations given above are solved by the Runge-Kutta method with Matlab.

Table S3. Geometrical Variables for 1D simulation.

Variables Notation Value Unit

Anode grain size 𝑑𝑎 3.3x10-8 [m]

Cathode grain size 𝑑𝑐 2.3x10-8 [m]

Electrolyte grain size 𝑑𝑒 2.2x10-8 [m]

Electrode probability 𝜑𝑒𝑙 0.42

Anode tortuosity 𝜏𝑝𝑜𝑟𝑒.𝑎 1.3

Cathode tortuosity 𝜏𝑝𝑜𝑟𝑒,𝑐 1.3
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