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Fig.S1 Phase diagram of Cu-Cr-O (pO2=0.21)1 

 

Fig.S2 Phase diagram of Cu-Mn-O (pO2 = 0.21 atm), (H = hausmannite, S = spinel, C = crednerite, 

D = delafossite, α = α-Mn2O3)2 
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Table S1. Some kinetic models used in the solid-state kinetics.3 

 

Derivation and supplementation of kinetic-related equations4: 
The rate of solid-state reaction can be expressed by the following equation: 𝑟 = 𝑑𝛼𝑑𝑡 = 𝐴𝑒𝑥𝑝 ൬− 𝐸௔𝑅𝑇൰𝑓ሺ𝛼ሻ (𝑆1) 

where α is the conversion rate at time t, f(α) is the reaction model depending on the reaction mechanism, 

Ea is the activation energy, A is the pre-exponential factor, and T is the absolute temperature. 

The kinetic rate equation at infinite temperature is obtained by introducing the generalized time θ 

defined as: 𝜃 = න exp ൬− 𝐸௔𝑅𝑇൰𝑑𝑡௧
଴  (𝑆2) 

where θ denotes the reaction time taken to attain a particular α at infinite temperature. Differentiation 

of Eq.S2 leads to: 𝑑𝜃𝑑𝑡 = exp ൬− 𝐸௔𝑅𝑇൰ (𝑆3) 

Combining Eq.S1 and Eq.S3, the following expression is obtained: 

 Reaction model Code f(α) g(α) 

1 Power law P4 4𝛼ଷ/ସ 𝛼ଵ/ସ 
2 Power law P3 3𝛼ଶ/ଷ 𝛼ଵ/ଷ 
3 Power law P2 2𝛼ଵ/ଶ 𝛼ଵ/ଶ 

4 Power law P2/3 23𝛼ିଵ/ଶ 𝛼ଷ/ଶ 

5 Three-dimensional diffusion D3 
3(1 − 𝛼)ଶ/ଷ2[1 − (1 − 𝛼)ଵ/ଷ] [1 − (1 − 𝛼)ଵ/ଷ]ଶ 

6 Two-dimensional diffusion D2 
1[−ln (1 − 𝑎)] (1 − 𝛼)ln (1 − 𝛼) + 𝛼 

7 One-dimensional diffusion D1 12𝛼 𝛼ଶ 

8 Mampel (first order) F1 1 − 𝛼 −ln (1 − 𝛼) 

9 Avrami-Erofeev A4 4(1 − 𝑎)[−ln (1 − 𝑎)]ଷ/ସ [− ln(1 − 𝛼)]ଵ/ସ 
10 Avrami-Erofeev A3 3(1 − 𝑎)[−ln (1 − 𝑎)]ଶ/ଷ [− ln(1 − 𝛼)]ଵ/ଷ 
11 Avrami-Erofeev A2 2(1 − 𝑎)[−ln (1 − 𝑎)]ଵ/ଶ [− ln(1 − 𝛼)]ଵ/ଶ 
12 Contracting sphere R3 3(1 − 𝛼)ଶ/ଷ 1 − (1 − 𝛼)ଵ/ଷ 
13 Contracting cylinder R2 2(1 − 𝛼)ଵ/ଶ 1 − (1 − 𝛼)ଵ/ଶ 
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𝑑𝛼𝑑𝜃 = 𝐴𝑓(𝛼) = 𝑑𝛼𝑑𝑡 exp ൬𝐸௔𝑅𝑇൰ (𝑆4) 

where dα/dθ corresponds to the generalized conversion rate, obtained by extrapolating the reaction 

rate in real time, dα/dt, to infinite temperature. The integrated form of the kinetic rate is obtained as 

follows: 𝑔(𝛼) = න 𝑑𝛼𝑓(𝛼)ఈ
଴ = 𝐴න 𝑑𝜃ఏ

଴ = 𝐴𝜃 (𝑆5) 

  From the integral kinetic equation at infinite temperature in integral form, we can obtain the 

following equation using a reference point at α =0.5. 𝑔(𝛼)𝑔(0.5) = 𝜃𝜃଴.ହ (𝑆6) 

From the kinetic data under non-isothermal conditions, θ can be calculated by: 𝜃 = 1𝛽න exp ൬− 𝐸௔𝑅𝑇൰்
଴ 𝑑𝑇 = 𝐸௔𝛽𝑅න exp(−𝑥)𝑥ଶஶ

௫ 𝑑𝑥 = 𝐸𝛽𝑅 𝑝(𝑥) 

where x = Ea/RT. The function p(x) cannot be expressed in a closed form, although several convergent 

series exist for its approximation. For example, the fourth rational approximation can be expressed as 

follows: 𝑝(𝑥) = 𝑒ି௫𝑥 𝜋(𝑥) 

and 𝜋(𝑥) = 𝑥ଷ + 18𝑥ଶ + 86𝑥 + 96𝑥ସ + 20𝑥ଷ + 120𝑥ଶ + 240𝑥 + 120 

For a linear heating rate, the θ/θ0.5 can be calculated from the following equation: 𝜃𝜃଴.ହ = 𝑝(𝑥)𝑝(𝑥଴.ହ) 

The knowledge of α as a function of temperature and the value of Ea is then required for calculating 

the experimental master plot of θ/θ0.5 against α from experimental data obtained under a linear heating 

program. 
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Fig.S3 g(α)/g(0.5) master plots of R-CuMn with different heating ramps (5, 10, 15, and 20 °C/min); 

based on the fitting results, reaction model D3 was determined 
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Fig.S4 g(α)/g(0.5) master plots of R-CuCr0.1Mn0.9 with different heating ramps (5, 10, 15, and 

20 °C/min); based on the fitting results, reaction model R3 was determined 
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Fig.S5 g(α)/g(0.5) master plots of R-CuCr0.3Mn0.7 with different heating ramps (5, 10, 15, and 

20 °C/min); based on the fitting results, reaction model R2 was determined 
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Fig.S6 SEM images of (a): R-CuMn; (b): R-CuCr0.1Mn0.9; (c): R-CuCr0.3Mn0.7 
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