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Mixed entropy (𝚫𝑺mix 
) calculation 

The mixed entropy for RP perovskite is calculated by using the formula for configurational 

entropy,1, 2 

Δ𝑆mix = −𝑅 [(2 ∑  

𝑛

𝑎=1

𝑥𝑎 ln 𝑥𝑎)

A-site 

+ (∑  

𝑛

𝑏=1

𝑥𝑏 ln 𝑥𝑏)

B-site 

]                                   (𝑆1) 

HELNOs with an equimolar A-site number of different cations (La0.2Ca0.2Sr0.2Sm0.2Pr0.2)2. The 

A-site in A2BO4+δ requires 2.0 atoms per formula unit. Therefore, the mole fraction for each A-

site cation is 

𝑥𝑎 =
 individual cation atoms 

 total A-site atoms 
=

0.4

2.0
= 0.2 

While the B-site entropy contribution is solely by Ni, so 𝑥𝑏 = 1. Putting both values in the 

equation S1, we get 

Δ𝑆mix = −𝑅 [(2 ∑  

5

𝑎=1

0.2 ln 0.2)

A-site 

+ (∑  

1

𝑏=1

1 ln 1)

B-site 

]                                  (𝑆2) 

Δ𝑆mix = −𝑅[2(5(0.2 ln 0.2))A-site + (1 ln 1) B-site] 

Δ𝑆mix = −𝑅[2(5(−0.321888))A-site + (0) B-site] 

Δ𝑆mix = −𝑅[2(5(−0.321888)] 

Δ𝑆mix = −𝑅[2(−1.6094)] 

Δ𝑆mix = 3.22𝑅                                                                                    (𝑆3) 
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Goldschmidt tolerance factor (t) calculation 

The Goldschmidt tolerance factor (t) for mixed entropy is calculated by using following 

values provided in (Table S1),3, 4 

Table S1 Element and their corresponding oxidation state, coordination number (CN) and cationic radii ( 𝑟𝑐) 

Element State CN 𝒓𝐜 [Å] 

La 3+ 12 1.36 

Sr 2+ 12 1.44 

Ca 2+ 12 1.34 

Pr 3+, 4+ 8 1.04* 

Sm 3+ 12 1.24 

Ni 2+, 3+ 6 0.69, 0.56LS, 0.6HS* 

O 2− 6 1.4 

LS (low spin), HS (high spin), * = Average cation value 

First, we find average ionic radius at A-site = Avg 𝑟A= (1.36+1.44+1.34+1.043+1.24) ̸ 5 

Avg 𝑟A= 1.28 

Putting values in equation 

𝑡 =
1.28 + 1.4

√2(0.61 + 1.4)
                                                                      (𝑆4) 

𝑡 =
2.68

2.82
= 0.95                                                                            (𝑆5) 
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Materials characterization 

 

Fig. S1 XRD pattern of LNO calcinated at 1100 ℃ 

 

 

Table S2 The obtained values of lattice parameters, micro strain, residual internal stress and dislocation density of 

primary facet (103). 

Name 2θ 

(°) 

θ 

(°) 

a 

(Å) 

c 

(Å) 

V 

(Å)3 

β 

(radian) 

Dx 

(g/cm3) 

δ 

(Lines/m2) 

ϵ 

(%) 

LNO 31.414 15.707 3.855 12.652 188.02 0.002093 7.07 1.94 0.19 

HELNO 31.934 15.967 3.8198 12.3518 180.22 0.003292 6.37 4.78 0.29 
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Fig. S2 (a) STEM-EELS image of magnified HELNO with line scanning profile. (b) Intensity concentration line profiles count of 

La, Ca, Sr, Sm, Pr, Ni, O along the line drawn. 

 

 



SI-6/SI-12 

 

 

Fig. S3 Surface morphology observation of: (a) SEM image of as prepared HELNO crystallites clusters and agglomerates of 

different sizes, (b) SEM image of as prepared LNO with crystallite clusters. 
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Table S3 FTIR absorption band positions corresponding to metal-oxygen (Ni–O) stretching or lattice modes. 

 

 

Table S4 EIS simulated data for HELNO and LNO cathodes. 

Fuel Cells T  

(℃) 

R0 

Ω cm2 

R1 

Ω cm2 

R2 

Ω cm2 

Rp 

Ω cm2 

 

 

HELNO 

650 0.061 0.005 0.218 0.26 

600 0.109 0.017 0.252 0.27 

550 0.124 0.026 0.257 0.28 

500 0.112 0.056 0.662 0.72 

450 0.084 0.118 1.068 1.18 

LNO 650 0.069 0.024 0.44 0.46 

 

Name V1 

(cm−1) 

V2 

(cm−1) 

Vavg 

(cm−1) 

K1×105 

(dyne/cm) 

K2×105 

(dyne/cm) 

Kavg×105 

(dyne/cm) 

LNO 855 730 792.5 5.41 3.94 4.68 

HELNO 854 700 777 5.39 3.62 4.51 
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Fig. S4 The DRT analysis area under the peaks, representing sub-processes involved to demonstrate effects of electrochemical 

reactions in H2/Air atmosphere of LNO and HELNO. 

 

 

 

Fig. S5 Diffusion mechanisms of oxygen ions in RP perovskites under SOFC operation. There are four types of oxygen diffusions, 

(i) diffusion through vacancy, (ii) interstitial diffusion, (iii) interstitial diffusion (collinear), (iv) interstitial diffusion (non-collinear). 
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Fig. S6 Calculated HELNO activation energy (Ea) and its comparison with some landmark recent studies in the literature.5-10 

 

 

 

Fig. S7 XPS deconvolution of O 1s for HELNO before and after 100 h stability. 
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Fig. S8 HELNO XPS spectra of before and after 100 h stability. (a−f) La, Ca, Sr, Sm, Pr and Ni, respectively. 
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Fig. S9 XRD patterns of HELNO before and after OER treatment. After stability testing, peaks show low intensity and broadening, 

indicating cations leaching on the surface. 

 

 

 

Fig. S10 ECSA values of LNO and HELNO determining the active sites on surface in the field of OER.  
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