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Equation. S1. 
 

Equation. S1. The relationship between the rate of a chemical reaction and the activation energy is described by 
the Arrhenius equation: 

 

𝑅! = 𝐴! exp(−
"!,#
#$$

)                                                      (1) 

𝑅% = 𝐴% exp(−
"!,%
#$$

)                                                       (2) 

 

where 𝐴 is the pre-exponent factor; 𝐸&	is the activation energy; the subscripts o and p denote the ohmic and 
polarization resistance, respectively; 𝜅'  is the Boltzmann constant and 𝑇 is the absolute temperature in Kelvin. 
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Fig. S1. Highly enhanced electrochemical performance of PCEC with nano-architecture ultra-porous 
(NAUP) PNC73 electrode. a Comparison on peak power density of NAUP-PNC73 (this work) in fuel cell mode 
with the literature results. The NAUP-PNC73 full cells are readily fabricated in this work using self-structured 
mesh to achieve ultra-porous configuration. Thus, another similar fabrication methods: powder-packed electrode; 
nano-particle electrode and super/ultra porous electrode, are used to provide a more distinct contrast. The 
temperature range of all conducted tests was 350-700 ℃1–18. b Polarization resistance (Rp) of NAUP-PNC73 
under OCV conditions in comparison with the representative results.  
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Fig. S2. SEM images of NAUP-PNC mesh-structured electrode. a Mesh soaked in 1M PNC73 solution. b 
Mesh soaked in 2M PNC73 solution. 

 

 

 

 

 
 

 

Fig. S3. SEM images of a NAUP-PNC mesh-structured electrode edges. b one NAUP-PNC mesh-structured 
electrode fiber. c cross sections of several NAUP-PNC mesh-structured electrode fibers. d the cross section of 
one NAUP-PNC mesh-structured electrode fiber. e the inner wall of one NAUP-PNC mesh-structured electrode 
fiber. f bonding relationship between NAUP-PNC mesh-structured electrode fibers and PNC73 ink. 
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Fig. S4. XRD results of powder-packed PNC electrode. NAUP-PNC mesh-structured electrode soaked in 1M 
PNC73 solution and soaked in 2M PNC73 solution, respectively. All showed the pure phase. 
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Fig. S5: TEM characterization of NAUP-PNC oxygen electrode. a HAADF image of NAUP-PNC 
nanoparticles. b Table of elemental amounts in percentages on site 1. c EDS spectra of HAADF site 1. 
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Fig. S6. Comparison of Ro (a) and Rp (b) between NAUP-PNC cells and powder-packed PNC cells under both 
SOFC and SOEC modes at 400-600 oC. c Resistance value with corresponding standard deviations. 

 

 

 

a b

Standard 
deviation 

for Rp

Rp (Ω cm2)Ro (Ω cm2)

Powder-
packed 
PNC 

at OCV

0.001740.17670.2012600 ℃

0.001460.32770.2641550 ℃

0.001320.71460.3515500 ℃

0.001421.69390.4713450 ℃

0.001591.91050.4952400 ℃

Standard 
deviation 

for Rp

Rp (Ω cm2)Ro (Ω cm2)
NAUP-
PNC at 
OCV

0.001550.06680.1976600 ℃

0.001430.08400.2241550 ℃

0.001620.12780.2373500 ℃

0.001470.19970.2508450 ℃

0.001670.23870.2682400 ℃

Standard 
deviation 

for Rp

Rp (Ω cm2)Ro (Ω cm2)
NAUP-
PNC at 
1.30 V

0.001570.05300.1577600 ℃

0.001340.06820.1752550 ℃

0.001440.10910.1904500 ℃

0.001240.14600.2202450 ℃

0.001330.17290.2376400 ℃

c
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Fig. S7: Comparison between Ea from ohmic resistance and Ea from polarization resistance. 
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Fig. S8. Comparison of peak power density between NAUP-PNC cells and powder-packed PNC cells under 
SOFC mode at 400-600 oC. 
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Fig. S9. Comparison of NAUP-PNC73 full cell performances in both FC and EC modes with some recent 
literatures4,19–22. BCFZY, BaCo0.4Fe0.4Zr0.1Y0.1O3−δ; PNC73, PrNi0.7Co0.3O3-δ; PNC55, PrNi0.5Co0.5O3-δ; PB30, 
Pr1.7Ba0.3NiO4+δ; PBCC95, (PrBa0.8Ca0.2)0.95Co2O6−δ. 

 

a b
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Fig. S10. Faradic efficiency (FE, %) and Energy efficiency (EE, %) of NAUP-PNC full cells in electrolysis 
mode at 600°C (top). Table of statistical standard deviations for FE and EE (bottom). Each test was conducted 
for six times to get the statistical standard deviations, presented as error bars. 

 

Standard 
deviation of EEEE (%)Standard 

deviation of FEFE (%)Current density
(A cm-2)

±1.2280.6±1.1795.40.60

±1.3472.9±1.4592.11.00

±1.3066.6±1.2587.71.40

±1.2462.3±1.4785.11.80

±1.1558.9±1.3382.82.20
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Fig. S11. Lab-made testing fixture used in this work. 
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Table. S1. Comparison of peak power density between this work and other literature results. 

FabricationExperimental
condition

Temperature (oC)PPD
(W cm-

2) 350400450500550600650700

NAUPUnder H2/O2-0.410.610.881.171.50--This 
work

3D self-
architectured 

steam electrode

A steam partial 
pressure of 

12%/Pure H2/FC at 
0.7 V

---0.090.220.36--Ref. 1

3D architectured 
electrode 

Cathode: 75% 
CO2+25%O2/Anode

: Ar
----0.200.33--Ref. 2

3D engineering
electrode 

Cathode: pure
O2/Anode: pure H2-0.21-0.58-0.92--Ref. 3

Powder-packed
electrode

Wet H2 (3% steam) 
on the fuel side and 

pure oxygen
on the oxygen side

-----0.95--Ref. 4

Powder-packed
electrodeUnder H2/air0.060.140.240.380.500.65--Ref. 5

Powder-packed
electrodeUnder H2/O2----0.200.400.901.30Ref. 6

Powder-packed
electrodeUnder H2/O2-----0.46--Ref. 7

Powder-packed
electrode---------Ref. 8

Powder-packed
electrodeUnder H2/air----0.110.190.280.40Ref. 9

Powder-packed
electrodeHumidified H2/O2---0.12-0.21-0.34Ref. 10

Powder-packed
electrode

Humidified 
hydrogen (∼3%

H2O) /O2

-----0.100.160.24Ref. 11

Nano-network 
electrode

Humidified 
hydrogen (∼3%

H2O) /air
-0.180.340.65----Ref. 12

Nano-tailoring 
electrodeUnder H2/O2-------0.80Ref. 13

Nanocatalyst
electrode

Humidified 
hydrogen (∼6%

H2O) /air
-------1.37Ref. 14

Infiltrated nano-
electrode

Humidified 
hydrogen (∼3%

H2O) /air
-------0.70Ref. 15

Infiltrated 
multiscale 
electrode

Humidified 
hydrogen (∼3%

H2O) /air
-----0.290.380.49Ref. 16

Nanostructured 
electrode

Humidified 
hydrogen (∼3%

H2O) /air
-----0.15--Ref. 17

Nanostructured 
electrode

Humidified 
hydrogen (∼3%

H2O) /air
------0.680.72Ref. 18
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Table. S2. Comparison of Rp between this work and other literature results. 

FabricationExperimental
condition

Temperature (oC)Rp
(Ω 

cm2) 350400450500550600650700

NAUPUnder H2/O2
/at OCV

-0.220.190.130.090.07--This 
work

3D self-
architectured 

steam electrode

A steam partial 

pressure of 

12%/Pure H2/FC at 

OCV

---1.861.130.72--Ref. 1

3D architectured 
electrode 

Cathode: 75% 

CO2+25%O2/Anode

: Ar/at OCV

---2.572.101.55--Ref. 2

3D engineering
electrode 

Cathode: pure

O2/Anode: pure H2
/at OCV

-0.71------Ref. 3

Powder-packed
electrode

Wet O2 (3% steam) 

at OCV
-----0.38--Ref. 4

Powder-packed
electrode---------Ref. 5

Powder-packed
electrode---------Ref. 6

Powder-packed
electrodeUnder H2/O2

/at OCV
-----0.44--Ref. 7

Powder-packed
electrodeSteam in anode: 0.4 

atm
-----0.40-0.31Ref. 8

Powder-packed
electrode

Under H2/air

/at OCV----2.12--0.17Ref. 9

Powder-packed
electrodeHumidified H2/O2

/at OCV
-----0.81-0.62Ref. 10

Powder-packed
electrode

Humidified 

hydrogen (∼3%

H2O) /O2/at OCV
-----2.09-0.32Ref. 11

Nano-network 
electrode

Humidified 

hydrogen (∼3%

H2O) /air

/at OCV

-1.060.420.25----Ref. 12

Nano-tailoring 
electrode---------Ref. 13

Nanocatalyst
electrode

Humidified 

hydrogen (∼6%

H2O) /air

/at OCV

-------0.24Ref. 14

Infiltrated nano-
electrode

Humidified 

hydrogen (∼3%

H2O) /air

/at OCV

----0.67---Ref. 15

Infiltrated 
multiscale 
electrode

Humidified 

hydrogen (∼3%

H2O) /air

/at OCV

-----0.390.160.06Ref. 16

Nanostructured 
electrode---------Ref. 17

Nanostructured 
electrode

Humidified 

hydrogen (∼3%

H2O) /air

/at OCV

------1.630.99Ref. 18
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Table. S3. Calculated Ea,o with standard errors of NAUP-PNC cells and powder-packed PNC cells under both 
SOFC and SOEC modes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Standard 
deviationEa (eV)Ro

±0.013990.1139Powder-packed PNC at OCV

±0.011970.1055NAUP-PNC at OCV

±0.013230.1059NAUP-PNC at 1.30 V 1st cell

±0.013780.1064NAUP-PNC at 1.30 V 2nd cell
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Table. S4. Calculated Ea,p with standard errors of NAUP-PNC cells and powder-packed PNC cells under both 
SOFC and SOEC modes. 

 

 

 

 

 

 

 

 

Standard 
deviationEa (eV)Rp

±0.018070.32935Powder-packed PNC at OCV

±0.013710.30406NAUP-PNC at OCV

±0.017420.30768NAUP-PNC at 1.30 V 1st cell

±0.017280.30817NAUP-PNC at 1.30 V 2nd cell



 17 

 

 

 

 

 

 

Table. S5. Comparison of peak power density between NAUP-PNC cells (top) and powder-packed PNC cells 
(bottom) under SOFC mode at 400-600 oC. 

 

 

 

 

 

 

 

NAUP-PNC cells 

600550500450400Temperature
(oC)

1.50121.16840.87620.60550.4140
Peak power

density
(W cm-2)

Powder-packed PNC cells 

600550500450400Temperature
(oC)

0.90560.73640.54810.36190.3031
Peak power

density
(W cm-2)
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Table. S6. Comparison of current density of NAUP-PNC cells (top) and powder-packed PNC cells (bottom) 
under SOEC mode at 400-600 oC. 

 

NAUP-PNC ells 

600550500450400Temperature
(oC)

-5.0423-3.8627-2.4985-1.5245-0.6512
Current
density
(A cm-2)

Powder-packed PNC cells 

600550500450400Temperature
(oC)

-3.3605-2.6021-1.5321-1.1012-0.4932
Current
density
(A cm-2)
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Table. S7. Comparison of current density of NAUP-PNC cells in terms of relative humidity (top) and gas flow 
rate (bottom) under SOEC mode at 600 oC. 

 

 

 

3020103Relative humidity
(vol.% H2O)

-4.7397-5.0397-4.5124-4.0265Current density (A 
cm-2)

60402010Gas flow rate 
(sccm)

-4.8225-5.0258-4.6001-4.2151Current density (A 
cm-2)
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Table. S8. Comparison of peak power density and current density for the reference data in Fig. S9. 

 

 

 

 

 

 

 

 

 

PPD (W cm-2)

This workR19
PBCC95

R20
BCFZY

R4
PNC73Ref.

H2-Humidified 
O2 (3% H2O) 

Humidified H2 
(3% H2O) 

-O2

Humidified H2 
(3% H2O) 

-Humidified O2 
(3% H2O) 

H2-Humidified 
O2 (50% H2O) Conditions

1.500.540.880.95PPD
(W cm-2)

CD at 1.30V (A cm-2)

This work
R21

PNC55
R19

PBCC95
R22

PB30
Ref.

H2-
Humidified O2 

(20% H2O) 

Humidified H2 
(3% H2O) 

-Humidified O2 
(50% H2O) 

Humidified H2 
(3% H2O) 

-Humidified O2 
(20% H2O) 

H2-
Humidified O2 

(60% H2O) 
Conditions

1.350.750.710.83
CD at 1.30V

(A cm-2)
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Table. S9. Results of Ro, Rt and Rp of NAUP-PNC cells at 1.30 V and 600 oC for 20 cycles. 

 

 

Rp (Ω cm2)Rt (Ω cm2)Ro (Ω cm2)Xth

0.052200.20990.15771st

0.050550.20840.15792nd

0.051580.20980.15823rd

0.053040.21160.15864th

0.050290.20950.15925th

0.050260.20850.15836th

0.052140.20930.15727th

0.050830.20840.15768th

0.050610.20810.15749th

0.053300.20910.155810th

0.054500.20990.155411th

0.052350.20950.157112th

0.053680.21000.156313th

0.055990.20950.153514th

0.055960.20950.153515th

0.054650.20950.154816th

0.058510.21090.152417th

0.053130.20790.154718th

0.053040.21160.158619th

0.053360.20870.155420th



 22 

 

Table. S10. % of degradation calculation on current density of NAUP-PNC cells at 1.30 V/1.40 V and 600 oC 
for 100 hours. 

 

 

 

 

 

 

 

Mean %
Current density (A cm-2)

Time
(h) % of 

degradation
Difference-Value

1.03

1.28890 

0.980.01261.276310

1.030.01311.263220

1.050.01331.249930

1.040.01301.236940

1.050.01301.223950

Altering applied voltage from 1.30 V to 1.40 V

1.24

1.995850

1.150.02301.972960

1.250.02471.948270

1.230.02401.924280

1.250.02411.900290

1.310.02491.8753100
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Table. S11. % of degradation calculation on current density of NAUP-PNC cells for reversible tests at 600 oC 
for 100 hours. 

 

 

 

 

 

 

 

 

 

 

Mean %
Current density (A cm-2)Time

(h) % of 
degradation

Standard 
deviationMode

1.87

1.690.02036

SOEC

0-10

1.830.0216820-30

1.930.0224440-50

1.880.0214460-70

1.970.0220480-90

1.55

1.480.02823

SOFC

10-20

1.580.0296930-40

1.610.0297750-60

1.590.0289370-80

1.490.0266890-100



 24 

 

Table. S12. % of degradation calculation on current density of NAUP-PNC cells for transient tests (step-voltage 
based) at 1.50 V and 600 oC. 

 

 

 

 

Mean %
Current density (A cm-2)

Xth % of 
degradation

Standard 
deviation

Voltage
(V)

1.94

1.850.05634

1.50

1

1.810.054102

1.910.056053

1.820.052394

1.860.052575

1.840.051046

2.180.059357

2.110.056208

2.080.054239

1.920.0490210

1.890.0473211

1.990.0488912

1.920.0462313
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Table. S13. % of degradation calculation on current density of NAUP-PNC cells for transient tests (step-voltage 
based) at 1.35 V and 600 oC. 

 

 

 

 

 

Mean %
Current density (A cm-2)

Xth % of 
degradation

Standard 
deviation

Voltage
(V)

1.28

1.350.02270

1.35

1&2

1.370.022733&4

1.330.021765&6

1.340.021647&8

1.270.020239&10

1.210.0190311&12

1.280.0198913&14

1.210.0185615&16

1.290.0195517&19

1.310.0195919&20

1.190.0175721&22

1.250.0182323&24
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Table. S14. % of degradation calculation on current density of NAUP-PNC cells for transient tests (step-voltage 
based) at 1.20 V and 600 oC. 

 

 

 

 

 

Mean %
Current density (A cm-2)

Xth % of 
degradation

Standard 
deviation

Voltage
(V)

0.45

0.450.00327

1.20

1

0.420.003042

0.420.003033

0.490.003524

0.480.003435

0.440.003136

0.450.003187

0.430.003038

0.510.003589

0.390.0027210

0.440.0030611

0.450.0031112



 27 

 

Table. S15. % of degradation calculation on current density of NAUP-PNC cells for transient tests (time-interval 
based) at 1.50 V and 600 oC. 

Mean %
Current density (A cm-2)

Xth % of 
degradation

Standard 
deviation

Voltage
(V)

1.07

0.240.00722

1.50

1

1.560.046652

0.130.003933

1.260.037284

1.300.037915

0.410.012106

1.690.050007

1.330.038888

1.320.038889

2.570.0750010

1.390.0415511

1.130.0332112

0.040.0011813

0.600.0178414

1.120.0333315
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Table. S16. % of degradation calculation on current density of NAUP-PNC cells for transient tests (time-interval 
based) at 1.20 V and 600 oC. 

 

Mean %
Current density (A cm-2)

Xth % of 
degradation

Standard 
deviation

Voltage
(V)

4.11

0.750.00747

1.20

1

0.330.003332

2.340.023343

0.680.006664

6.380.061675

9.390.085006

0.510.005007

6.870.068338

5.400.050009

1.360.0133310

8.590.0850011

5.890.0533312

4.170.0400013

8.680.0866614

4.390.0400015

3.060.0291616
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Table. S17. Mean % of degradation calculation on current density of NAUP-PNC cells for transient tests (time-
interval based) at 600 oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mean %% of degradationVoltage
(V)

2.59

1.071.50 V

4.111.20 V
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Table. S18. Results of maximum current density of NAUP-PNC cells for thermal cycling tests. 

Temperature
(oC)

CD at 
SOEC
(A cm2)

CD at 
SOFC
(A cm2)

Xth

600-4.878724.683221st

550-2.945453.345642nd

500-2.406253.090263rd

550-2.894123.288194th

600-4.786334.583355th

550-2.762393.215316th

500-1.906682.929037th

550-2.492232.952548th

600-4.786334.47229th

550-2.323292.7825910th

500-1.73732.7678111th

550-2.203022.6612812th

600-4.675024.4730813th

550-2.069242.5294714th

500-1.11222.4025215th
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Table. S19. Results of Ro, Rt and Rp of NAUP-PNC cells at 1.30 V for thermal cycling tests. 

Temperatu
re

(oC)

Standard 
deviation

for Rp

Rp (Ω 
cm2)Rt (Ω cm2)Ro (Ω 

cm2)Xth

6000.001340.057200.222750.165551st

5500.001150.070320.250750.180432nd

5000.001070.112860.307030.194173rd

5500.001290.076380.256870.180494th

6000.001350.060730.226040.165315th

5500.001470.080900.26150.18066th

5000.001510.121100.315090.193997th

5500.001470.079900.261660.181768th

6000.001320.062280.228530.166259th

5500.001320.081080.26270.1816210th

5000.001280.127780.324810.1970311th

5500.001210.084680.265950.1812712th

6000.001450.064650.231540.1668913th

5500.001330.086650.268270.1816214th

5000.001290.136500.333750.1972515th
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