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Correction terms for formation enthalpy calculation 
We applied PBE+U method for the first principles calculation in this study. Although +U method 

can effectively enhance the accuracy of oxide system calculation, there will be error for formation 
enthalpy calculation which involves both +U (for oxides) and no +U (for pure elements) method. We 
used the same method as Jain et al. applied in their previous research1 to improve the accuracy of 
formation energy calculation. The correction terms were obtained by calculating the slope of fitted 
lines of the difference between computational and experimental results2-3 and the fraction of transition 
metal in the oxide. Fitting results are showed in Fig. S1, we did fitting for the transition metals (Co, 
Cr, Fe, Mn, Mo, Ni, and V) using +U method in our research. Fitting results and the U values were 
listed in table S1. By comparing tirnary oxide formation enthalpy after coorection with experimental 
results, which are showed in table S2, we could say that the corretion terms were reasonable since 
there were only small error between computational and experimental formation energy.

Fig. S1 Fitted lines from the difference between computational and experimental results to fraction 
of transition metal in the (a) Co oxide, (b) Cr oxide, (c) Fe oxide, (d) Mn oxide, (e) Mo oxide, (f) Ni 

oxide, (g) V oxide
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Table S1: U values and correction terms for transition metals
Element U value (eV) Correction term (eV)

Co 3.32 1.870

Cr 3.7 1.982

Fe 5.3 2.439

Mn 3.9 1.665

Ni 6.2 2.864

V 3.25 1.698

Mo 4.38 3.120

Table S2: Computational value before and after correction comparing with expermental value
Oxide  (eV)∆𝑯𝒄𝒂𝒍  (eV)∆𝑯𝒄𝒂𝒍

𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅  (eV)∆𝑯𝒆𝒙𝒑 Error (%)
CoO -0.712 -2.464 -2.582 4.774

Co3O4 -3.335 -9.432 -8.945 5.160

CoAl2O4 -18.391 -20.240 -20.261 0.103

CoTiO3 -11.434 -13.297 -13.304 0.059

CrO3 -4.157 -6.084 -6.139 0.907

Cr2O3 -7.754 -11.760 -11.718 0.356

CaCr2O4 -14.907 -18.963 -18.871 0.485

Cs2CrO4 -12.687 -14.814 -14.669 0.980

K2CrO4 -12.618 -14.409 -14.600 1.329

MgCr2O4 -14.388 -18.425 -18.352 0.396

ZnCr2O4 -11.889 -16.045 -15.853 1.198

Fe2O3 -3.771 -8.556 -8.649 1.091

Fe3O4 -4.180 -11.617 -11.497 1.032

FeAl2O4 -17.098 -20.381 -19.537 4.142

FeTiO3 -11.352 -12.827 -13.791 7.513
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Fe2TiO4 -12.004 -15.559 -16.882 8.503

CaFe2O4 -10.862 -15.334 -15.740 2.649

Ca2Fe2O5 -17.498 -22.115 -22.376 1.180

LiFeO2 -5.591 -7.970 -8.030 0.748

NaFeO2 -5.030 -7.237 -7.469 3.209

ZnFe2O4 -7.799 -12.220 -12.677 3.740

MnO -2.257 -3.989 -3.922 1.680

MnO2 -3.758 -5.399 -5.423 0.442

Mn2O3 -6.790 -9.930 -10.120 1.916

Mn3O4 -9.371 -14.379 -14.366 0.093

MnAl2O4 -19.774 -21.769 -21.439 1.515

MnTiO3 -13.165 -14.085 -14.830 5.288

NiO 0.380 -2.484 -2.484 0.008

NiAl2O4 -16.987 -19.904 -19.851 0.264

NiTiO3 -10.307 -12.459 -13.171 5.717

VO2 -5.781 -7.398 -7.479 1.091

V2O3 -9.076 -12.632 -12.472 1.264

V2O5 -12.766 -16.067 -16.162 0.594

BaV2O6 -21.021 -23.651 -24.417 3.239

CaV2O6 -21.130 -24.136 -24.526 1.614

Ca2V2O7 -28.931 -31.951 -32.327 1.176

Ca3V2O8 -35.660 -39.153 -39.056 0.249

MgV2O6 -19.546 -22.809 -22.942 0.581

Mg2V2O7 -26.291 -29.379 -29.687 1.048

Na3VO4 -16.826 -19.085 -18.524 2.941

Na4V2O7 -27.168 -31.479 -30.564 2.905
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Li12Co11MO24 (M=Al, Sb, Sn) density of states

Fig. S2 (a) Al, (b) Sb, (c) Sn doped LiCoO2 density of states

Li(Ni1/3Mn1/3Fe1/3)O2 model

Fig. S3 Li(Ni1/3Mn1/3Fe1/3)O2 model
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