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S1. DFT Calculations 

The Vienna ab initio Simulation Package (VASP)1–4 with the projector-augmented plane-wave 

(PAW) method5,6 was performed for the first-principle calculations in this study. The electron 

wavefunctions were presented by the planewave basis set and the cutoff energy for plane-wave 

basis functions was set at 450 eV. For all calculations, the spin polarization was enabled. For 

adsorption models of the oxygen reduction reaction (ORR) intermediates over the representative 

metal sulfides (i.e., Pt, FeS2, CuFeS2, PbS, ZnS), the revised Perdew-Burke-Ernzerhof (RPBE) 

generalized gradient approximation functional (GGA)7 was adopted to describe the exchange and 

correlation interactions. The occupancy of the one-electron states was calculated using an 

electronic temperature of kBT = 0.05 eV for surfaces and 0.01 eV for molecules in vacuum. All 

energies were extrapolated to T = 0 K. The slab models of Pt(111), FeS2(100), CuFeS2(112), 

PbS(100) and ZnS(110) comprising four, nine, six, six and six atomic layers, respectively, and the 

vacuum layer with thickness of 20 Å. The cleavage planes of (111), (100), (112), (100) and (110) 

were adopted for Pt,8,9 FeS2,
10 CuFeS2,

11 PbS12 and ZnS,13 respectively, because they have been 

considered as stable and easily exposed planes, which have been extensively used as the model 

surfaces. We subsequently built the relevant ORR models with the metallic cations on the surface 

as the active center, attempting to understand the distinct activities of these materials for ORR. 

Meanwhile, the surface models were built with similar side lengths and contain eight metallic sites 

on the surface to guarantee the intermediate coverage of 1/8 ML. During the geometry optimization 

of the slab models, half of the bottom atomic layers were constraint, while other layers were 

relaxed. The structures were geometrically optimized until the force components were less than 

0.05 eV/Å. The similar density of Monkhorst-Pack k-point grids14 (i.e., 777 for unit cell of 
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galena) was set to sample the Brillouin zone for all the surface models, while only the Gamma 

point was included for molecules.  

Given that metal sulfides present different crystal structures and contain various metallic cations, 

different GGA functionals were tested for full optimization of the unit cells before calculating the 

bulk descriptor (i.e., the bulk centroid of the occupied S 3p band relative to the Fermi level). The 

experimental lattice constants and the lattice constants calculated with different GGA functionals 

are listed in Table S1. It shows that DFT calculations with the GGA_PBE functional reproduced 

experimental crystal structures better than the results obtained with other GGA functionals. 

However, even crystal structures optimized with the GGA_PBE functional present various levels 

of discrepancies. Therefore, we calculated the electronic structures for internally optimized 

crystals using the GGA_PBE functional, as enlightened by previous research on perovskite.15 

Moreover, the surface descriptors were also calculated for metal sulfides possessing ideal cleavage 

planes. The surface models were built directly with the internally optimized structures of the unit 

cells and then optimized in the same way as that for the ORR models. The descriptor was calculated 

for sulfur anions on the first layer of the surface and was shown in Figure 3(c). The descriptor was 

determined by taking the centroid of the occupied projected density of states of the sulfur p states 

or metal d states relative to the Fermi level using the commonly used formula,16–19 

𝑏𝑎𝑛𝑑 𝑐𝑒𝑛𝑡𝑒𝑟 =  
∫ 𝐸 ∙ 𝑓(𝐸)𝑑𝐸

∫ 𝑓(𝐸)𝑑𝐸
 

Where 𝐸 is the electron energy, 𝑓(𝐸) is the corresponding PDOS value.  

Regarding the chemisorption of the atomic oxygen, we also calculated the oxygen binding strength 

on the typical sulfur site on the surface. The calculated oxygen chemisorption energy on the sulfur 

sites is compared with that on the metallic cation sites in Figure S1. 
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Figure S1. Oxygen binding energy on metal sites (Square) and sulfur sites (Circle) 

In Figure S1, smaller values of the O binding energy indicate stronger chemisorption of oxygen 

on the surface. The relative oxygen chemisorption energies reflect the different levels of 

competitive adsorption of oxygen on the sulfur sites with that of the metal sites on the surface. It 

is noteworthy that oxygen binds much more strongly on the sulfur sites than that on the metal sites 

on the PbS and ZnS surfaces, which exhibit very poor catalytic activities for the ORR. The 

substantially stronger tendency of the adsorption of oxygen on the sulfur sites on surface of PbS 

and ZnS, as compared to those of FeS2 and CuFeS2, further highlights the dominating role of the 

metallic cations on the catalytic activity of metal sulfides for the ORR. Moreover, the consideration 

of choosing metallic cation as the active centers to build ORR models is based on previous 

experimental and theoretical studies.15,20–27 Therefore, we believe that the selection of metallic 

cations as the active center to study the activity of metal sulfides for the ORR is reasonable and 

persuasive, as also supported by the established descriptoractivity relationship in our work. 

In our study, we calculated both the occupied bulk metal d-band center and the bulk S p-band 

center. The correlation between the rest potential and the bulk d-band center is shown in Figure 

S2. As seen, the experimental rest potential exhibits a much better correlation with the bulk S p-

band center with a coefficient of determination (i.e., R2) of 0.88 as compared to that with the bulk 

0

1

2

3

4

5

6

 

Pt(111)

 

O
 B

in
d

in
g

 E
n

e
rg

y
 (

e
V

)

ZnS(110)

PbS(100)

CuFeS
2
(112)

FeS
2
(100)

 

 

 



S6 
 

d-band center (R2=0.71). Therefore, the sulfur p-band center was selected to the build the 

descriptoractivity relationship. 
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Figure S2. The experimental rest potentials plotted against the occupied bulk metal d-band center 

relative to the Fermi energy. The d-band center of galena is  16.84 which is not included in this 

plot. 

S2. Gibbs free energy diagram 

Gibbs free energy diagram for ORR was constructed through thermodynamically corrected DFT 

calculation results in combination with the computational hydrogen electrode (CHE) model where 

each electrochemical reaction step is treated as a simultaneous transfer of the proton-electron pair 

as a function of the applied potential.7,28 The associative model was adopted for the ORR,25 
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where * indicates the underlying surface. Using the final state where two gaseous water molecules 

freely above an empty surface as the reference, the Gibbs free energies of each elementary step 

were represented as, 

𝐺[0] = 𝐺[𝑂2] + 4𝐺[𝐻+ + 𝑒−] + 𝐺[∗] − (𝐺[∗] + 2𝐺[𝐻2𝑂])                          (1) 

𝐺[1] = 𝐺[𝑂𝑂𝐻∗] + 3𝐺[𝐻+ + 𝑒−] − (𝐺[∗] + 2𝐺[𝐻2𝑂])                             (2) 

𝐺[2] = 𝐺[𝑂∗] + 2𝐺[𝐻+ + 𝑒−] − (𝐺[∗] + 𝐺[𝐻2𝑂])                                (3) 

𝐺[3] = 𝐺[𝑂𝐻∗] + 𝐺[𝐻+ + 𝑒−] − (𝐺[∗] + 𝐺[𝐻2𝑂])                               (4) 

𝐺[5] = 0                                                              (5) 

The free energies for relevant species were then calculated with the expression, 

𝐺 = 𝐸𝐷𝐹𝑇 + 𝐸𝑍𝑃𝐸 + ∫ 𝐶𝑝𝑑𝑇 − 𝑇𝑆 + 𝐸𝑤                                        (6) 

where 𝐸𝐷𝐹𝑇 is the DFT calculated electronic energy with VASP; 𝐸𝑍𝑃𝐸 is the zero-point vibrational 

energy; ∫ 𝐶𝑝𝑑𝑇  is the enthalpy correction; 𝑇𝑆  is the entropy contribution and 𝐸𝑤  is the 

stabilization of water molecules on the adsorbed intermediates which were obtained from the 

previous researches on platinum and metal sulfides for ORR.8,29,30 In their studies, ice-like water 

bilayer structure on the surface was constructed, where half of the water molecules are ∗ 𝐻2𝑂 and 

the other half have an O-H bond pointing down, as proposed by H. Ogasawara et al. and S. Maier 

et al.31,32 

S3. Thermodynamic corrections  

To construct the Gibbs free energy diagram, the DFT calculated electronic energies were corrected 

with contributions to thermodynamic quantities from translational, electronic, rotational and 
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vibrational motions. The contributions to entropy and enthalpy from different components were 

calculated with the standard methods.33 The basic ideas and equations used for relevant 

calculations will be briefly introduced in this section, more details can go to the reference. For 

non-adsorbed molecules, the standard ideal gas methods were employed, where the contributions 

to enthalpy and entropy are calculated as,33,34 

𝐻(𝑇) = 𝐸𝐷𝐹𝑇 + 𝐸𝑍𝑃𝐸 + ∫ 𝐶𝑝𝑑𝑇
298.15

0
                                        (7) 

𝐶𝑝 = 𝐶𝑉,𝑡𝑟𝑎𝑛𝑠 + 𝐶𝑉,𝑟𝑜𝑡 + 𝐶𝑉,𝑣𝑖𝑏 + 𝐶𝑉,𝑒𝑙𝑒𝑐 + 𝑘𝐵                                (8) 

𝑆(𝑇, 𝑃) = 𝑆(𝑇, 𝑃0) − 𝑘𝐵𝑙𝑛
𝑃

𝑃0 = 𝑆𝑡𝑟𝑎𝑛𝑠 + 𝑆𝑟𝑜𝑡 + 𝑆𝑒𝑙𝑒𝑐 + 𝑆𝑣𝑖𝑏 + 𝑘𝐵𝑙𝑛
𝑃

𝑃0            (9) 

Where 𝐻(𝑇)  is the ideal-gas enthalpy; 𝐶𝑝  is the constant-pressure heat capacity; 𝐶𝑉  is the 

constant-volume heat capacity which is separated into translational (𝐶𝑉,𝑡𝑟𝑎𝑛𝑠), rotational (𝐶𝑉,𝑟𝑜𝑡), 

vibrational (𝐶𝑉,𝑣𝑖𝑏) and electronic (𝐶𝑉,𝑒𝑙𝑒𝑐) parts. The translational heat capacity is 1.5𝑘𝐵  for a 

three-dimensional gas; the rotational heat capacity is 𝑘𝐵  for linear molecule and 1.5𝑘𝐵  for 

nonlinear molecule; the electronic heat capacity is assumed to be 0. 𝑆(𝑇, 𝑃)is the ideal-gas entropy 

comprising contributions from the four components. The equations for the integrated vibrational 

heat capacity and different contributions to the entropy are expressed as, 

∫ 𝐶𝑉,𝑣𝑖𝑏𝑑𝑇 = ∑
ℎ𝑤𝑖

𝑒ℎ𝑤𝑖/𝑘𝐵𝑇−1

DOF
𝑖

𝑇

0
                                                      (10) 

𝑆𝑡𝑟𝑎𝑛𝑠 = 𝑘𝐵{𝑙𝑛[(
2𝜋𝑀𝑘𝐵𝑇

ℎ2 )3/2 𝑘𝐵𝑇

𝑃0 ] +
5

2
}                                              (11) 

𝑆𝑟𝑜𝑡 = 𝑘𝐵{ln [
√𝜋𝐼𝐴𝐼𝐵𝐼𝐶

𝜎
(

8𝜋2𝑘𝐵𝑇

ℎ2 )

3

2
] +

3

2
}   for non-linear molecule     (12) 

= 𝑘𝐵 [𝑙𝑛 (
8𝜋2𝐼𝑘𝐵𝑇

𝜎ℎ2
) + 1]                     for linear molecule         (13) 
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𝑆𝑣𝑖𝑏 = 𝑘𝐵 ∑ [
ℎ𝑤𝑖

𝑘𝐵𝑇(𝑒ℎ𝑤𝑖/𝑘𝐵𝑇−1)

DOF
𝑖 − ln(1 − 𝑒

−
ℎ𝑤𝑖
𝑘𝐵𝑇)]                                  (14) 

𝑆𝑒𝑙𝑒𝑐 = 𝑘𝐵ln[2𝑆 + 1]                                                                  (15) 

Where 𝑀 is the molecular weight, 𝑤𝑖 is the vibrational frequency, ℎ is the Planck constant, 𝑘𝐵 is 

the Boltzmann constant, 𝐼 is the moment inertia, 𝜎 is the symmetry number of the molecule, 𝑆 is 

the spin multiplicity, 𝐷𝑂𝐹 indicates the degree of freedom which is 3𝑁 − 5 for linear molecule 

and 3𝑁 − 6 for non-linear molecule, 𝑁 is the number of atoms in the molecule.  

For adsorbed molecules on the surface, the harmonic limit method was adopted. Within this 

scheme, the harmonic approximation where all 3𝑁 degrees of freedom were treated as frustrated 

harmonic vibrations was used to treat the adsorbates, with negligible contributions from the 

underlying surfaces, and the 𝑃𝑉 contributions were neglected. Thus, the enthalpy and entropy of 

the adsorbate are calculated as, 

𝐻(𝑇) = 𝐸𝐷𝐹𝑇 + 𝐸𝑍𝑃𝐸 + ∑
ℎ𝑤𝑖

𝑒ℎ𝑤𝑖/𝑘𝐵𝑇−1

3𝑁
𝑖                                       (16) 

𝑆(𝑇) = 𝑆𝑣𝑖𝑏 = 𝑘𝐵 ∑ [
ℎ𝑤𝑖

𝑘𝐵𝑇(𝑒ℎ𝑤𝑖/𝑘𝐵𝑇−1)

3𝑁
𝑖 − 𝑙𝑛(1 − 𝑒

−
ℎ𝑤𝑖
𝑘𝐵𝑇)]                     (17) 

The entropy of 𝐻2𝑂 is calculated at 0.035 bar, corresponding to the equilibrium pressure of 𝐻2𝑂 

at room temperature, and the free energy of this state is therefore equal to that of liquid water. 

Furthermore, within the CHE model,8 the free energy of the proton-electron pair is related to that 

of the gaseous hydrogen molecule under standard conditions, 

 𝐺[𝐻+(𝑎𝑞) + 𝑒−] = 𝐺[1
2⁄ 𝐻2(𝑔)]                                         (18) 
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Since 𝑝𝐻 in the practical electrochemical system is not 0, the reversible hydrogen electrode (RHE) 

is adopted. The difference between the SHE and RHE scales corresponds to the free energy 

difference of going from 𝑝𝐻 = 0 to a different 𝑝𝐻, where the free energy of hydrogen ion is 

corrected with 𝐺(𝑝𝐻) = 𝑘𝐵𝑇𝑙𝑛(𝑎𝐻+) = − 𝑘𝐵𝑇(𝑙𝑛10)𝑝𝐻. Considering that the free energy trend 

of different elementary steps is not affected by the 𝑝𝐻  value, and the experimental catalytic 

activity trend for ORR of the representative materials remains the same in both acidic and alkaline 

conditions,35 for simplicity, the 𝑝𝐻 value was set as 0. At a different electrode potential 𝑈, the 

Gibbs free energy for all states are shifted down by − 𝑒𝑈. The effect of the external potential on 

the adsorbed intermediate was neglected due to the relatively small corrections as shown by 

previous research.8,29 The chemical potential of the proton-electron pair can thus be expressed as, 

𝐺[𝐻+(𝑎𝑞)] + 𝑒−] = 𝐺[1
2⁄ 𝐻2(𝑔)]) − 𝑒𝑈                                       (19) 

The atomic oxygen binding energy (∆𝐸𝑂) was calculated as the reaction energy,25 

∆𝐸𝑂 = 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒/𝑂 +  𝐸𝐻2
− 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐸𝐻2𝑂                                    (20) 

where 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒/𝑂and 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒  are the DFT calculated electronic energies of the slab with and 

without adsorbed 𝑂, respectively. 𝐸𝐻2𝑂 and 𝐸𝐻2  are the gas phase energies of water and hydrogen 

molecule, respectively. All the relevant thermodynamic data calculated for construction of the 

Gibbs free energy diagrams is listed in Table S2. 
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Table S1. Experimental crystal structures of sulfide minerals36 and the DFT optimized crystal 

structures with different GGA functionals implemented in VASP 

Sulfides Experimental (Å) Functional Optimized (Å) Δ (%) 

 a b c  a b c a b c 

Alabandite 5.225 5.225 5.225 PW91 5.117 5.117 5.117 -2.051 -2.051 -2.051 

Mn4S4 PBE 5.126 5.126 5.126 -1.880 -1.880 -1.880 
 

PBEsol 5.117 5.117 5.117 -2.051 -2.051 -2.051 
 

RPBE 5.090 5.090 5.090 -2.569 -2.569 -2.569 
    

       

Arsenopyrite 5.744 5.675 5.785 PW91 5.749 5.673 5.765 0.084 -0.027 -0.342 

Fe4As4S4 PBE 5.742 5.671 5.761 -0.028 -0.075 -0.413 
 

PBEsol 5.663 5.595 5.687 -1.409 -1.411 -1.690 
 

RPBE 5.765 5.693 5.783 0.366 0.309 -0.034 
    

       

Chalcopyrite 5.290 5.290 10.422 PW91 5.276 5.276 10.179 -0.267 -0.267 -2.330 

Cu4Fe4S8 PBE 5.288 5.288 10.296 -0.041 -0.041 -1.208 
 

PBEsol 5.048 5.048 9.930 -4.573 -4.573 -4.715 
 

RPBE 5.358 5.358 10.576 1.286 1.286 1.476 
    

       

Cinnabar 4.150 4.150 9.510 PW91 3.952 3.952 9.669 -4.759 -4.759 1.670 

Hg3S3 PBE 3.948 3.948 9.668 -4.873 -4.873 1.662 
 

PBEsol 3.867 3.867 9.471 -6.823 -6.823 -0.405 
 

RPBE 3.999 3.999 9.764 -3.644 -3.644 2.673 
    

       

Galena 5.936 5.936 5.936 PW91 6.005 6.005 6.005 1.166 1.166 1.166 

Pb4S4 PBE 6.008 6.008 6.008 1.207 1.207 1.207 
 

PBEsol 5.900 5.900 5.900 -0.603 -0.603 -0.603 

        
 

RPBE 6.072 6.072 6.072 2.280 2.280 2.280 
    

       

Molybdenite 3.161 3.161 12.295 PW91 3.197 3.197 14.044 1.133 1.133 14.228 

Mo2S4 PBE 3.190 3.190 14.389 0.910 0.910 17.032 
 

PBEsol 3.147 3.147 12.566 -0.444 -0.444 2.208 
 

RPBE 3.208 3.208 14.690 1.478 1.478 19.476 
    

       

Orpiment 11.475 9.577 4.256 PW91 11.426 10.875 4.557 -0.431 13.554 7.077 

As2S3 PBE 11.414 10.975 4.578 -0.531 14.600 7.575 
 

PBEsol 11.507 9.500 4.049 0.281 -0.804 -4.870 
 

RPBE 11.459 12.029 5.013 -0.142 25.608 17.776 
    

       

Pyrite 5.417 5.417 5.417 PW91 5.415 5.415 5.415 -0.039 -0.039 -0.039 

Fe4S8 PBE 5.408 5.408 5.408 -0.167 -0.167 -0.167 
 

PBEsol 5.329 5.329 5.329 -1.616 -1.616 -1.616 
 

RPBE 5.440 5.440 5.440 0.427 0.427 0.427 

Sphalerite 5.409 5.409 5.409 PW91 5.451 5.451 5.451 0.779 0.779 0.779 
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Zn4S4 PBE 5.448 5.448 5.448 0.715 0.715 0.715 
 

PBEsol 5.367 5.367 5.367 -0.777 -0.777 -0.777 
 

RPBE 5.538 5.538 5.538 2.374 2.374 2.374 
    

       

Stibnite 11.282 3.830 11.225 PW91 11.916 3.876 11.281 5.621 1.218 0.501 

Sb2S3 PBE 12.098 3.872 11.252 7.234 1.111 0.237 
 

PBEsol 11.278 3.829 10.909 -0.036 -0.014 -2.814 
 

RPBE 13.969 3.882 11.860 23.818 1.372 5.660 
    

       

Troilite 5.965 5.965 11.757 PW91 5.843 5.843 10.452 -2.053 -2.053 -11.099 

Fe12S12 PBE 5.835 5.835 10.433 -2.173 -2.173 -11.264 
 

PBEsol 5.711 5.711 10.304 -4.251 -4.251 -12.356 
 

RPBE 5.944 5.944 10.848 -0.354 -0.354 -7.731 
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Table S2. Thermodynamic corrections for molecules and ORR intermediates adsorbed on 

Pt(111), FeS2(100), PbS(100),ZnS(110), CuFeS2(112)_Fe and CuFeS2(112)_Cu 

Species/Adsorbate 
Pressure 

(Pa) 
EZPE (eV) ∫CpdT (eV) − TS (eV) 

G − EDFT 
(eV) 

H2 101325 0.279 0.090 -0.462 -0.093 

H2O 3500 0.566 0.104 -0.673 -0.003 

O2 101325 0.101 0.123 -0.563 -0.339 
      

Pt111     0.000 

*O  0.067 0.034 -0.061 0.040 

*OH  0.356 0.048 -0.084 0.320 

*OOH  0.426 0.100 -0.229 0.297 
      

Pyrite100     0.000 

*O  0.067 0.034 -0.061 0.040 

*OH  0.348 0.054 -0.095 0.307 

*OOH  0.403 0.109 -0.225 0.287 
      

Galena100     0.000 

*O  0.033 0.051 -0.109 -0.025 

*OH  0.322 0.067 -0.134 0.255 

*OOH  0.410 0.113 -0.254 0.269 
      

Sphalerite110     0.000 

*O  0.032 0.053 -0.129 -0.044 

*OH  0.323 0.068 -0.143 0.248 

*OOH  0.417 0.097 -0.217 0.297 
      

Chalcopyrite112_Fe     0.000 

*O  0.038 0.051 -0.151 -0.061 

*OH  0.329 0.068 -0.162 0.235 

*OOH  0.429 0.100 -0.206 0.323 
      

Chalcopyrite112_Cu     0.000 

*O  0.057 0.044 -0.101 0.000 

*OH  0.334 0.062 -0.137 0.259 

*OOH  0.423 0.106 -0.295 0.234 
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Figure S3. DFT calculated PDOS for bulk crystals: (a) FeAsS, (b) FeS, (c) MoS2, (d) MnS, (e) 

HgS, (f) As2S3 and (g) Sb2S3  
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