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S1 Supporting data

S1.1 X-ray diffraction

Figure S1: The XRD pattern of (a) unmilled PNO with lattice parameters of a= 5.3752(1) Å, b=
5.4635(1) Å, c= 27.5479(6) Å, β = 90.317(2)°. The χ2 was 1.86.
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Figure S2: XRD patterns of (a) milled PNO with lattice parameter a= 5.3761(2) Å, b= 5.4653(2)
Å, c= 27.5482(5) Å, β = 90.372(2)°, (b) twice-milled PNO with lattice parameters of a= 5.3846(2)
Å, b= 5.4734(2) Å, c= 27.5612(4) Å, β = 90.456(3)°. The χ2 was 1.98 and 1.32, respectively.
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Figure S3: XRD patterns of (a) as prepared CGPO with lattice parameters of a=b=c= 5.4163(1)
Å, (b) pellet attached with the interlayer with lattice parameter a=b=c=5.0923 (1) Å. The χ2 was
1.17 and 1.91, respectively.

The electrode was removed from the pellet for characterization otherwise the signal from the elec-
trolyte was too strong to see the signal from the electrode. Since the electrode was very thin so the
amount of powder obtained from a symmetrical cell was less, and considering the change in particle
size (from the micron scale to semi-micron scale) of PNO would not affect its reactivity, the electrode
of all investigated symmetrical cells was mixed for XRD characterization. There were signals from
gold and 10Sc1CeSz because the gold and 10Sc1CeSz from the interlayer were mixed with electrodes
during removing electrodes from pellets.
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Figure S4: XRD patterns of (a) electrodes before impedance measurements, and (b) electrodes after
impedance measurements.

S1.2 Brunauer-Emmett-Teller

(a) (b)

Figure S5: (a) Isotherm linear plot and (b) BET surface area plot, for three PNO powders.

S1.3 Focused ion beam - scanning electron microscopy

Electrode SUM
UM SMM SMM

MM

Average particle size PNO (nm) 1240 ± 40 504 ± 46 313 ± 25
Average particle size Pore(nm) 55 ± 5 46 ± 10 54 ± 5
Average particle size CGPO(nm) 46 ± 6 42 ± 14 48 ± 1

Total TPB density(um-2) 5.1 ± 0.5 7.0 ± 1.2 10.0 ± 1.6
Active TPB density(um-2) 4.6 ± 0.1 6.6 ± 1.2 9.1 ± 1.5
Total DPB density(um-1) 145 ± 17 222 ± 33 273 ± 61
Active DPB density(um-1) 138 ± 21 212 ± 39 263 ± 67

Tortuosity of PNO 19 ±1 40 ± 7 50 ± 5
Tortuosity of CGPO 2.3 ± 0.2 3.3 ± 0.5 5.5 ± 0.9

Table S1: Microstructural parameters for electrodes without particle size grading. The tortuosity
data was obtained from Taufactor [1] and the rest of the data were extracted from Avizo [2].
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Figure S6: 3D volume-rendering of analyzed sample volume for the electrode (a) SUM
UM , (c) SMM , (e)

SMM
MM (Red phase represents PNO, light and dark blue phases represent pore and CGPO, respectively

and corresponding active triple phase boundary skeleton network in (b), (d), and (f), respectively,
reproduced from [2] under a CC BY 4.0 license.
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Figure S7: The image of unmilled PNO distribution in 3D space with (a)3/4 view, (b) front view,
(c) top view and (d) side view.
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Figure S8: Particle size distribution of (a) unmilled PNO and (b) CGPO in the electrode composed of
unmilled PNO and CGPO, and that of (c) milled PNO and (d) CGPO in the electrode composed of
milled PNO and CGPO, and that of (e) twice-milled PNO and (f) CGPO in the electrode composed
of twice-milled PNO and CGPO
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S1.4 Electrochemical impedance spectroscopy
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Figure S9: The Nyquist plot of (a) SUM
UM , (c) SMUM and (e) SMM

UM at 625 °C at pO2 of 0.21 atm, and
their corresponding DRT spectrum at (b), (d) and (f), respectively.
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Figure S10: The Nyquist plot of (a) SUM
M , (c) SMM and (e) SMM

M at 625 °C at pO2 of 0.21 atm, and
their corresponding DRT spectrum at (b), (d) and (f), respectively.

S8



(a) (b)

(c) (d)

(e) (f)

Figure S11: The Nyquist plot of (a) SUM
MM , (c) SMMM and (e) SMM

MM at 625 °C at pO2 of 0.21 atm,
and their corresponding DRT spectrum at (b), (d) and (f), respectively.
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Figure S12: Arrhenius plot of the total polarization resistance of the electrode SMM
UM at pO2 of 0.21

atm from 625 °C to 717 °C.
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