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1. Computational Method 

1.1. Details of DFT 

Spin-polarized DFT calculations were performed with periodic super-cells under 

the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof 

(PBE) functional for exchange-correlation and the ultrasoft pseudopotentials for 

nuclei and core electrons. The Kohn-Sham orbitals were expanded in a plane-wave 

basis set with a kinetic energy cutoff of 30 Ry and the charge-density cutoff of 300 Ry. 

The Fermi-surface effects has been treated by the smearing technique of Methfessel 

and Paxton, using a smearing parameter of 0.02 Ry. Periodically repeated two-layer 

slabs are modelled for both Fe2O3 (001) and PdO (001), each layer of Fe2O3 (001) and 

PdO (001) contain trilayer Fe2O3 and bilayer PdO units, respectively. The DFT-

optimized equilibrium lattice constants are 4.95 Ǻ and 3.04 Ǻ for PdO and Fe2O3. For 

both slabs, the bottom one layer was fixed and the top layer was allowed to relax with 

the adsorbates during the calculations until the Cartesian force components acting on 

each atom were below 10
−3

 Ry/Bohr and the total energy converged to within 10
−5

 Ry. 

A supercell of (2×1) is used for both slabs. The Brillouin-zones were sampled with 

1×2×1 and 3×2×1 k-point mesh for PdO (001) and Fe2O3 (001). The PWSCF codes 

contained in the Quantum ESPRESSO distribution
S1

 were used to implement all of 

the calculations. 

 

1.2. The Calculating of Chemical Potentials of Adsorbates. 

For all the associated adsorbates, the O atoms are considered to follow their 

original positions in the crystals. The chemical potentials of adsorbates X* is 

calculated by the following expression: 

µX* = EX*-slab − Eslab + ZPEX* − TSX*                 S1 
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The EX*-slab and Eslab are the DFT based total energies of slabs with and without the 

adsorbates X*. The ZPE and TS are the contributions from zero points and entropies 

of adsorbates, whose values are listed on Table S2. The OER follows the classical 4 

proton coupled electron transfer (PCET) process
S2

 that is written as: 

H2O(l) + * → OH* + H
+
(aq) + e                     S2 

OH* → O* + H
+
(aq) + e                      S3 

O* + H2O → OOH* + H
+
(aq) + e                    S4 

OOH* → O2(g) + *                               S5 

The asterisk stands for the site on the surface of a certain catalyst. The free energies 

of O2(g) are calculated by the equilibrium of O2(g) + 4H
+
(aq) + 4e → 2H2O(l) on 1.23 

V to avoid the error of DFT energy caused by the high spin of O2.
S3−S4

 The free 

energy of H
+
(aq) is calculated by the 1/2H2(g) on the basis of computational hydrogen 

electrode (CHE) method.
S5

  

 

1.3.  The Coordinating Number of Fe/Pd during OER 

Similar to Ref. S6, the surface oxidation process is caused by the co-effects 

between H2O and electron from electrode, which is the summation of reactions S1 and 

S2: 

H2O(l) + * → O* + 2H
+
(aq) + 2e                  S6 

The O* formation energy (∆µO*) in Figure 6a is expressed as: 

∆µO* = µO*(CN) − µ
0

O*                       S7 

where µO*(CN) is the chemical potential of O* under a certain coordinating number 

(CN). µ
0

O* is the chemical potential of O* that leads to the equilibrium of S6 on 1.5 V. 

1.5 V was chosen for it is the most interesting potential of OER. 
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2. Supporting Figures 

 

 

  

 

Figure S1. SEM images of the powdery metal oxides of (a) Fe2O3, (b) WO3, and (c) 

MoO3. 
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Figure S2. XRD patterns of the powdery α-Fe2O3, WO3, and MoO3. 
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Figure S3. Normal powder XRD patterns (black lines) and grazing incidence XRD 

patterns (red lines) of (a) Fe2O3/Pd and (b) Fe2O3/GC catalysts. 
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Figure S4. (a) Elemental mapping analysis of Fe2O3/Pd(ECD) on CFP. (b)  OER 

electrocatalysis in 1 M KOH. iR-corrected LSV curves recorded at a scan rate of 10 

mV s
−1

 on Fe2O3/Pd(ECD)/CFP, Fe2O3/Pd, Fe2O3/CFP, and Fe2O3/GC samples. The 

Pd(ECD) refers to the Pd film prepared by electrochemical deposition method.  
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Figure S5. Survey XPS spectra of the metallic Pd plate and the as-prepared metal 

oxide/Pd catalysts. 
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Figure S6. Core level XPS spectra of Fe 2p in the as-produced metal oxide/Pd 

catalysts. 
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Figure S7. Core level XPS spectra of (a) Fe 2p in Fe2O3/Pd, (b) W 4f in WO3/Pd, and 

(c) Mo 3d in MoO3/Pd catalysts. 
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Figure S8. Deconvolution of the core level XPS spectra of Pd 3d in Fe2O3/Pd catalyst. 
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Figure S9. Deconvolution of the core level XPS spectra of Fe 2p in Fe2O3/Pd and 

Fe2O3/GC catalysts.
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Figure S10. The top and side views of Fe2O3 (001) (panel a) and PdO (001) (panel b).  
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Figure S11. Core level XPS spectra of (a) Fe 2p in Fe2O3/Pd, (b) W 4f in WO3/Pd, 

and (c) Mo 3d in MoO3/Pd catalysts after the durability test. 
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Figure S12. SEM images of the Fe2O3/Au (a), Fe2O3/Pt (b), and Fe2O3/GC (c) 

catalysts prepared with pyrolysis method. 
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Figure S13. Deconvolution of the core level XPS spectra of (a) Pt 4f in Fe2O3/Pt and 

(b) Au 4f in Fe2O3/Au catalysts. 
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Figure S14. OER electrocatalysis in 1 M KOH. iR-corrected LSV curves recorded at 

a scan rate of 10 mV s
−1

 on metallic Au and Pt plates, and on Fe2O3/Pd, Fe2O3/Au, 

Fe2O3/Pt, Fe2O3/GC, Fe2O3(p)/Au-250, and Fe2O3(p)/Pt-250 samples. 
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3. Supporting Tables 

Table S1. Catalysts Synthesis Parameters. 

Catalysts Annealed temperature (ºC)
a
 Precursors

b
 

metallic Pd − − 

Pd-250 250 − 

Pd-350 350 − 

Pd-450 450 − 

Fe2O3/Pd 250 Fe(NO3)3 

MoO3/Pd 350 (NH4)6Mo7O24 

WO3/Pd 450 (NH4)10H2(W2O7)6 

Fe2O3/GC 250 Fe(NO3)3 

MoO3/GC 350 (NH4)6Mo7O24 

WO3/GC 450 (NH4)10H2(W2O7)6 

Fe2O3(p)/Pd − Fe2O3
c
 

MoO3(p)/Pd − MoO3
c
 

WO3(p)/Pd − WO3
c
 

Fe2O3(p)/Pd-250 250 Fe2O3
c
 

MoO3(p)/Pd-350 350 MoO3
c
 

WO3(p)/Pd-450 450 WO3
c
 

Fe2O3/Au 250 Fe(NO3)3 

Fe2O3/Pt 250 Fe(NO3)3 

a
The precursor coatings are annealed directly under the corresponding temperatures in 

air for 1 hour. The pyrolysis temperatures are adopted according to the completely 

thermal decomposition of corresponding precursors.
S8-S10

 

b
Ten µL precursor aqueous solution with metal element concentration of 10 mM was 

pipetted onto each freshly cleaned metal plate. 

c
The powdery metal oxides were prepared by directly pyrolyzing the precursor 

reagent powders in air at the same temperature as producing corresponding metal-

oxide/Pd catalysts. 
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Table S2. The ZPE entropy values used during the calculation. These values are taken 

from Ref. S5 and S7. 

 

 

 

 

 

 

 

 

a

We used gas-phase H2O at 0.035 bar as the reference state because at this pressure 

liquid water is equilibrium with gas-phase H2O at 300 K. 

 

 

 

 

Table S3. The metal element valences and the OER activities of the as-produced 

catalysts. 

Catalysts metal element valences
 a
 η10 (mV)

b
 jη = 400 mV (mA cm

−2
) 

Fe2O3/GC Fe (+3) 540 0.075 

Fe2O3/Au Au (0, +3); Fe (+2, +3) 431 1.7 

Fe2O3/Pt Pt (0, +2, +4); Fe (+2, +3) 428 1.5 

Fe2O3/Pd Pd (0, +3); Fe (+2, +3) 383 16.0 

a 
Characterized from the XPS spectra. 

b 
Overpotential at j = 10 mA cm

−2
. 

 

Species TS (eV) ZPE (eV) 

H2(g) 0.41 0.27 

H2O(g)
a 

0.67 0.59 

O∗ 0 0.08 

OOH* 0 0.47 

OH* 0 0.15 
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