
Supplementary Information

Synthesis of Yolk-Shell Co3O4/Co1-xRuxO2 Microspheres Featuring an 

Enhanced Electrocatalytic Oxygen Evolution in Acidic Medium

Abinaya Annamalai,a,d Dipak V.Shinde,a* Joka Buha,a Sergio Marras,b Mirko Prato,b Simone 

Lauciello,c Luca De Trizioa* and Liberato Manna a*

aNanochemistry Department, bMaterials Characterization Facility, cElectron Microscopy 

Facility, Istituto Italiano di Tecnologia, via Morego 30, 16163 Genova, Italy.

dDipartimento di Chimica e Chimica Industriale, Università degli Studi di Genova, Via 

Dodecaneso, 31, Genova, Italy.

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2021



Figure S1. Photographs of (a) Cobalt glycerate (Co-G) and (b) yolk-shell 

Co3O4/Co1-xRuxO2 MSs. 



Figure S2. (a) FESEM image (Scale bar: 500 nm) and (b) TEM image (Scale bar: 

200 nm) of Co-G spheres and its corresponding (c) SAED pattern (Scale bar: 2 1/nm) 

indicating that the spheres are amorphous.



Figure S3. (a) FESEM image of the product obtained by reacting Co-G with RuCl3 

(Co-Ru oxide Precursor) (Scale bar: 500 nm). (b) An FESEM image and the 

corresponding EDX mapping of Co-Ru precursor with Co, Ru and O elemental maps 

(Scale bars: 500 nm). (c) TEM image (scale bar: 200 nm) and the corresponding (d) 

SAED pattern (Scale bar: 2 1/nm) of Co-Ru indicating that the material is still 

amorphous. 



Figure S4.  TEM image Co-Ru oxide precursor produced by reacting insufficient 

amount of RuCl3 (30 ml of a 1mg/ml RuCl3 solution in this case) with Co-G which 

left many Co-G spheres bare or poorly covered with RuO2 (Scale bar: 100 nm).



Figure S5. (a) TEM (scale bar: 200 nm) and (b) FESEM (scale bar: 1 µm) images 

of Co3O4 spheres. Inset: An enlarged image of Co3O4 spheres (scale bar: 100 nm). 

The Co3O4 spheres were prepared by annealing the as synthesized Co-G powder 

(Figure S2) at 350⁰C for 1 hour using a muffle furnace @ 2⁰C/min under air 

atmosphere. 



Figure S6. XRD pattern of as-synthesized pristine hollow Co3O4 spheres and the 
matching reference pattern ICSD 28158.



Figure S7. TEM image of the commercial RuO2 nanoparticles. Scale bar: 50 nm.



Figure S8. LSV of commercial RuO2 at its first and fifth cycle. 



Figure S9. Measurement of the double layer capacitance of MSs. (a) CVs of MSs 

annealed at 350⁰C and (b) RuO2, collected at various scan rates.



Figure S10. (a) TEM, (b) FESEM image of MSs after 24 h of chronopotentiometry 

measurement. (c) The corresponding FESEM image and EDX elemental mapping 

of Co, Ru and O. (Scale bars: 250 nm).



Figure S11. (a) HAADF-STEM image of yolk-shell MSs with the corresponding 
(b) EDX elemental line profile across the middle of the spheres after 24 h of 
chronopotentiometry measurement. (c) HAADF-STEM image and the 
corresponding (d-f) EDX elemental mapping showing the distribution of Co, Ru and 
O. (g,h) HRTEM images of the surface of one of the MSs showing the nanorods. 
Inset: FFT from one of the nanorods indexed according to RuO2 tetragonal structure.



Figure S12. High-resolution XPS spectra collected on the energy ranges typical for 
(a) Ru 3d and (b) Co 2P peaks before and after 24 h of chronopotentiometry 
measurement @ 10mA cm-2. 



Figure S13. Chronopotentiometry curve under constant current density of 20 mA 
cm−2



Figure S14. High-resolution XPS spectra collected at the energy ranges typical for 
(a) Ru 3d and (b) Co 2p peaks before and after 24 h of chronopotentiometry 
measurement @ 20mA cm-2. 



Figure S15. (a) HAADF-STEM image of yolk-shell MSs with the corresponding 
(b) EDX elemental line profile across the middle of the spheres after 24 h of 
chronopotentiometry measurement @20mA cm-2. (c) HAADF-STEM image and the 
corresponding (d-f) EDX elemental mapping showing the distribution of Co, Ru and 
O. (g,h) HRTEM images of the surface of one of the MSs showing the nanorods. 
Inset of (h) is the FFT from one of the nanorods (that in the orange rectangle) indexed 
according to the RuO2 tetragonal structure.



Supplementary Table S1. The comparison of overpotential with other reported OER 
electrocatalysts in acidic media.

Catalyst Electrolyte Overpotential at 
10 mA cm-2 (mV)

Stability at specific 
current density Ref.

Co3O4/Co1-xRuxO2 

MSs
0.5 M H2SO4

240@10 mA cm-2

170@1mA cm-2
24 h @10 mA cm-2 This 

Work

IrOx/SrIrO3 0.5 M H2SO4 270-290 30 h @10 mA cm-2 1

Ru@IrOx 0.05 M H2SO4 282 24 h @10 mA cm-2 2

Ir0.5W0.5@NC 0.5 M H2SO4 270 8 h @10 mA cm-2 3

RuO2@Ru/RuO2 0.5 M H2SO4 219 8 h @10 mA cm-2 4

IrCox 0.1 M HClO4 300 14 h @10 mA cm-2 5

Ir NP 0.5 M H2SO4 320 10 h @10 mA cm-2 6

IrNiCu HCSA 0.5 M H2SO4 300 20 h @10 mA cm-2 7

IrOx –Ni(OH)2
0.1 M HClO4 350 2 h @10 mA cm-2 8

IrRu@Te 0.5 M H2SO4 220 10 h @10 mA cm-2 9

RuO2@IrO2 0.5 M H2SO4 250 1 h @200 mA cm-2 10

Cr0.6Ru0.4O2 0.5 M H2SO4 178 10 h @10 mA cm-2 11

Y2Ru2O7-δ 0.1 M HClO4 270@1 mA cm-2 8 h@1 mA cm-2 12

BaYIrO6 0.1 M HClO4 315 1 h@10 mA cm-2 13

IrO2-RuO2 @Ru 0.5 M H2SO4 281 -- 14

RuRh@(RuRh)O2 

NSs/C 
0.1 M HClO4 245 2.2 h @5 mA cm-2 15

IrNiCu DNF/C 0.1 M HClO4 300 -- 16
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