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Figure S1. XRD patterns and IR spectra of various metal-doped ZIF-67 samples. (a) XRD 

patterns of Hf-ZIF-67, Ta-ZIF-67, W-ZIF-67 and ZIF-67. XRD pattern of Ta-ZIF-67 with 

increased Ta content is also shown (Ta-ZIF-67 (10:5)). (b) IR spectra of Hf-ZIF-67, Ta-ZIF-67, 

W-ZIF-67 and ZIF-67. An IR spectrum of ZIF-67 with increased Ta content is also shown. The 

dashed line indicates the peak corresponding to Co-N stretch vibration mode. According to the 

XRD and IR spectra, any variation of peaks wasn’t observed after metal precursors were 

imprisoned in the ZIF-67, which implies the ZIF-67 maintained its crystal structure and no 

hetero metal species from metal precursors were formed.  
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Figure S2. TGA of various metal-doped ZIF-67 samples. TGA for the ZIF-67, Ta-ZIF-67, Hf-

ZIF-67, and W-ZIF-67. Ramping rate was 10 °C/min. Abrupt weight declination of samples 

was initiated before reaching 400 °C, which indicated that ZIF-67 structure was collapsed 

abruptly below 400 °C to isolate each hetero atom in the Co3O4 lattice as a single atom. 
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Figure S3. XRD patterns of M1Co3-xO4 and Co3O4. XRD patterns of Pd1Co3-xO4, Co3O4, 

Ga1Co3-xO4, Hf1Co3-xO4, Ti1Co3-xO4, Ta1Co3-xO4, W1Co3-xO4, and Ge1Co3-xO4. A standard XRD 

pattern of Co3O4 is displayed at the bottom. Peaks corresponding to the Co3O4 were only 

detected for all synthesized oxide samples. 
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Figure S4. STEM-EDS mapping and XPS characterization of Hf1Co3-xO4, Ta1Co3-xO4, and 

W1Co3-xO4. STEM images and corresponding EDS mapping of (a) Hf1Co3-xO4, (b) Ta1Co3-xO4, 

and (c) W1Co3-xO4. EDS was conducted in the area bordered by a line shown in the STEM 
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images. EDS mapping revealed that metal atoms (Hf, Ta, W) were well dispersed within the 

cobalt oxide nanoparticles. 4f XPS spectra of (d) Hf, (e) Ta, and (f) W.  
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Figure S5. STEM-EDS mapping, XPS, XANES, and EXAFS characterization of Ti1Co3-xO4. 

(a) STEM image and the corresponding EDS mapping. EDS mapping revealed that Ti atoms 

were well dispersed within the cobalt oxide nanoparticles. (b) Ti 2p XPS spectra of Ti1Co3-xO4 

and TiO2 (c) Ti K-edge XANES spectra of Ti1Co3-xO4 and TiO2. (d) Ti K-edge EXAFS spectra 

of Ti1Co3-xO4 and TiO2. EXAFS spectra demonstrated that Ti atoms are incorporated into 

Co3O4 lattice without aggregation or forming hetero TiO2 phase. 
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Figure S6. STEM-EDS mapping, XPS, XANES, and EXAFS characterization of Ga1Co3-xO4. 

(a) STEM image and the corresponding EDS mapping. EDS mapping revealed that Ga atoms 

were well dispersed within the cobalt oxide nanoparticles. (b) Ga 2p XPS spectra of Ga1Co3-

xO4 and Ga2O3 (c) Ga K-edge XANES spectra of Ga1Co3-xO4 and Ga2O3. (d) Ga K-edge 

EXAFS spectra of Ga1Co3-xO4 and Ga2O3. EXAFS spectra demonstrated that Ga atoms are 

incorporated into Co3O4 lattice without aggregation or forming hetero Ga2O3 phase. 
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Figure S7. STEM-EDS mapping, XPS, XANES, and EXAFS characterization of Ge1Co3-xO4. 

(a) STEM image and the corresponding EDS mapping. EDS mapping revealed that Ge atoms 

were well dispersed within the cobalt oxide nanoparticles. (b) Ge 3d XPS spectra of Ge1Co3-

xO4 and GeO2 (c) Ge K-edge XANES spectra of Ge1Co3-xO4 and GeO2. (d) Ge K-edge EXAFS 

spectra of Ge1Co3-xO4 and GeO2. EXAFS spectra demonstrated that Ge atoms are incorporated 

into Co3O4 lattice without aggregation or forming hetero GeO2 phase. 
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Figure S8. STEM-EDS mapping, XPS, XANES, and EXAFS characterization of Pd1Co3-xO4. 

(a) STEM image and the corresponding EDS mapping. EDS mapping revealed that Pd atoms 

were well dispersed within the cobalt oxide nanoparticles. (b) Pd 3d XPS spectra of Pd1Co3-

xO4 and PdO (c) Pd K-edge XANES spectra of Pd1Co3-xO4 and PdO. (d) Pd K-edge EXAFS 

spectra of Pd1Co3-xO4 and PdO. EXAFS spectra demonstrated that Pd atoms are incorporated 

into Co3O4 lattice without aggregation or forming hetero PdO phase. 
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Figure S9. Co L-edge XAS of various metal doped CSO. The spectra of all the synthesized 

metal doped CSO have the same shape with the pristine CSO, indicating absence of alteration 

in surface structure after metal incorporation. 
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Figure S10. A side view of the atomic structure of the spinel Co3O4 (001) surface. Octahedral 

doping sites in the first and third layer are highlighted with dashed circles. Color codes: O (red), 

Co (blue). 
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Figure S11. The relative DFT energy of metal dopants in the first layer (surface) with respect 

to the third layer (bulk) (Edoped, 1st layer - Edoped, 3rd layer), where more positive values suggest 

preferred surface location of dopants. Dopant metals observed on the surface in experiments 

are highlighted in red.  
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Figure S12. EF-TEM images of Ta1Co3-xO4. (a) Cropped images of two EF-TEM images of 

(b) Co and (c) Ta. Cropped images showed that Ta atoms were dominantly located on the 

surface of the nanoparticle. Red indicates Co, sky blue indicates Ta. 
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Figure S13. Ta/Co atomic ratio calculated by XPS depth profiling of Ta1Co3-xO4. The Ta/Co 

atomic ratio gradually decreased over time, reaching a plateau profile. This suggests that Ta 

atoms are more likely to be stabilized on the surface. 
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Figure S14. AR-XPS spectra of Ta1Co3-xO4 nanoparticles. The degrees denote the incidence 

angle of X-ray to the sample. The graphs further revealed that the Co atoms closer to the 

surface tend to be more reduced. The tendency would be attributed to the higher Ta/Co ratio 

in the outer surface as Ta dopants would reduce the peripheral Co3+ to Co2+.  
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Figure S15. The Bader charges of the metal atoms in the 1st layer before and after Ta doping. 

Color codes: O (red), octahedral Co (blue), tetrahedral Co (skyblue), Ta (purple). 

 

  



18 

 

 

Figure S16. SEM images before and after calcination in air. SEM images of (a) Ta-ZIF-67 and 

(b) Ta1Co3-xO4. SEM images of (c) ZIF-67 and (d) Co3O4. Without any hetero metal 

incorporation, ZIF structure is shown to be collapsed after calcination. 
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Figure S17. (Top) Optimized structures of OER intermediates. (Bottom) The Gibbs free 

energy diagram of updoped and Ta-doped Co3O4. For Ta-doped Co3O4, we considered three 

distinct adsorption sites, i.e., Co sites close to and far from Ta, and Ta site. Color codes: O (red), 

H (white), Co (blue), Ta (purple).  
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Figure S18. Calculation of S-number. The Bar graphs illustrate the S-number for Ta1Co3-xO4 

and Co3O4 at 6 hours (left) and 18 hours (right). 
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Figure S19. Dissolution potentials (Udiss) of tetrahedral Co atoms from slab structures. 
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Figure S20. CS-TEM image of Ta1Co3-xO4 after OER and FFT patterns. (a) CS-TEM image of 

Ta1Co3-xO4 after OER. Lattice bordered by the red lines indicated (022) and (222) planes of 

Co3O4 maintained after acidic OER without forming amorphous phase respectively. The 

catalyst was not suffered from forming new structures near the surfaces after OER. The cyan 

border line just indicates that drift correction was conducted during the image acquisition. FFT 

pattern of (b) (222) planes and (c) (022) planes corresponding to the red border line in (a). 
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Figure S21. (a) Co L-edge XAS spectra of Ta1Co3-xO4 before and after OER. (b) Co L-edge 

XAS spectra of Co3O4 before and after OER. It is evident that the spectra of Ta1Co3-xO4 after 

OER share the same shape as the one before OER, indicating an absence of alteration in the 

surface structure during the reaction. 
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Table S1. Peaks used for deconvolution of Co 2P XPS peaks and results of the XPS fitting.  
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Table S2. Surface composition (Co, M, O) and M/Co ratio (%) of different M1Co3-xO4 

measured by XPS.   

 

* Various metal dopants were designated as M 
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Table S3. Co and M concentration (ppm) of different M1Co3-xO4 obtained from ICP-AES 

measurement. Co and M Atomic percent and M/Co ratio (%) were calculated. 

 

* Various metal dopants were designated as M 
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Table S4. Co and Ta concentration (ppm) of Ta1Co3-xO4 with varying Ta amount in the synthetic 

step obtained from ICP-AES measurement. 
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Table S5. Comparison of stability and activity of our Ta1Co3-xO4 with reported cobalt spinel 

oxide structure based acidic OER electrocatalyst.    

 

 

 


