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Experimental Section

Materials: Cobalt (Co) substrate (1.0 mm thickness, 99.95 purity), nitric acid (99.9%) were 

purchased from Sigma-Aldrich. All additional analytical grade reagents were of used as 

purchased. Pure water collected using a NANOpure® water system was employed in the 

preparation of all solutions. All electrochemical measurements were performed in 1.0 M KOH, as 

electrolyte solution. 

Fabrication of Co3O4 nanoflowers: Initially Co substrates (~0.63 cm2) were cleaned by sonication 

in acetone and then pure water. The Co3O4 nanoflowers on Co substrates were fabricated by 

placing a cleaned Co substrate electrode in 3 mL of 1.5 M nitric acid solution for a period of 5 h, 

10 h, 17 h and 25 h at 50 ℃. A silicone oil bath was used to maintain constant temperature of 50 

℃. The resulting Co substrates were washed with copious amount of NANOpure water at room 

temperature and dried at 60 ℃ for 1 h. Co3O4 nanoflowers were formed on the etched Co 

substrate by annealing at 250 ℃, 350 ℃, 450 ℃ and 550 ℃ for 4 h in air with a ramp rate of 600 

℃/h and allowed to cool down by nature. 

Characterization of nanomaterials: The fabricated nanostructured Co3O4 materials were 

characterized by using of various analytic techniques. The morphology and composition were 

characterized utilizing a field emission scanning electron microscope (FE-SEM) (Hitachi SU-70) 

equipped with the energy dispersive X-ray spectroscopy (EDX). The X-ray photoelectron spectra 
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were measured with a Thermo Fisher XPS system, where the size of the X-ray spot was 400 μm, 

using an Al Kα monochromatic source. Raman spectra were recorded using confocal micro-

Raman spectroscopy with 514.5 nm laser excitation.

Electrochemical measurements:  The electrochemical experiments were performed using of a 

Solartron SI 1287/1260 system employing a conventional one compartment three-electrode cell. 

A Co substrate (~0.63 cm2) was employed as the working electrode, whereas a silver/silver 

chloride electrode (Ag/AgCl) was utilized as the reference electrode, and a platinum coil was used 

as the counter electrode. All electrochemical experiments were measured at ambient room 

temperature (20 ± 2 ℃). All measured electrochemical potentials in this work against the Ag/AgCl 

electrode were converted to the reversible hydrogen electrode (RHE) scale for comparison with 

literature values based on Nernst equation as follows: ERHE = EAgCl + 0.059(pH) + 0.197 V. The 

results in the present study were not compensated for the internal resistance (iR). The onset 

potentials were calculated from the abscissa of intersection between the drawn tangents from 

non-faradaic and faradaic regions of LSV curve.
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Figure S1: FE-SEM images of Co substrate treated in 1.5 M HNO3 at 50 ℃ for 5 h (A), 10 h (B), 17 

h (C) and 25 h (D) showing the transforming morphology of nanoleaves with etching time 

(before annealing).
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Figure S2: FE-SEM images of Co substrate treated in 1.5 M HNO3 at 50 ℃ for 5 h (A & B), 10 h (C & D), 17 

h (E & F) and 25 h (G & H) and annealed at 450 ℃. 
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Figure S3: FE-SEM images of the Co3O4 nanomaterials formed by etching Co substrates for 17 h 

and annealing at temperatures of 250 ℃ (A & B), 350 ℃ (C & D) and 450 ℃ (E & F).
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Figure S4: Raman spectra of Co plate sample that was etched for 17 hours and annealed from 

10 mins to 5 hrs incrementally at 550 ℃.
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Figure S5: Cyclovoltammetry (CVs) of 17 hrs etched samples annealed at 250 ℃, 350 ℃, 450 ℃ 
and 550 ℃ recorded in 1 M KOH.
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Figure S6: The electrochemical results of the formed Co3O4 nanoflowers on the bulk electrode 

surface in 1.0 M KOH electrolyte showing cyclovoltammetry (CV) tests recorded at increasing 

scan rates for electrodes annealed at 250 ℃ (A), 350 ℃ (B), 450 ℃ (C), 550 ℃ (D).
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Figure S7: The linear sweep voltammetry (LSV) tests recorded at 5 mVs-1 (A) and the stability 

tests recorded for 24 h at 1.61 V (B).
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Figure S8: EDX maps of the samples etched for 17 h and annealed at 550 oC for the elements Co 

(A) and O (B) before stability test; EDX maps of the same after stability test for elements Co (C) 

and O (D); The EDX spectra before and after the stability test (E); The XPS Co2p spectra after the 

stability test (F). 
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Figure S9: FE-SEM image of the Co substrate heated to 550 oC in air without treatment with 

nitric acid (A). LSV and Tafel plot (inset) of Co substrate directly annealed to 550 oC in air 

recorded in 1 M KOH (B).
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Table S1. A list of dissolved mass of Co and corresponding morphological patterns of the Co 

substrate exposed in nitric acid.

Exposure 
Time (h)

Differences in 
Co substrate 

weights (mg)a

ICP-AES 
Dissolved Co 

mass (mg)

Leaf Length
(Approx.)

Leaf 
Thickness
(Approx.)

Co:O Ratio
(EDX)

5

10

17

25

53.8

52.8

53.0

53.3

46.6

55.8

56.0

53.5

170 nm

230 nm

230 nm

350 nm

15.4 nm

16.2 nm

15.8 nm

16.2 nm

49.5: 50.5

36.7:63.3

27.4:72.5

26.5:73.5

a The differences in weights of Co substrates (~0.63 cm2) prior to and following the etching process.
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Table S2. The morphological parameters of the developed Co3O4 nanoflowers.

Annealing Temp 
(℃)

 Flower Size
(Approx.)

Leaf Length
(Approx.)

Leaf Thickness
(Approx.)

Co:O 
Ratio

250 ℃

350 ℃

450 ℃

550 ℃

2.1 µm

2.2 µm

1.6 µm

2.1 µm

384 nm

326 nm

312 nm

240 nm

6.9 nm

8.3 nm

9.3 nm

11.4 nm

39.8:60.2

36.2:63.8

31.1:68.9

26.8:73.2
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Table S3. Comparison of Co3O4 nanoflowers formed at different annealed temperatures 

for the oxygen evolution reaction (OER) and other parameters.

Annealing 
Temp (℃)

OER Onset 
(V) RHE

Tafel Slope 
(mV.dec-1)

j at 1.69 V
(mA.cm-2)

Cdl

(mF.cm-2)
250 ℃ 1.55 104 48 44.1

350 ℃ 1.58 94 29 4.0

450 ℃ 1.55 92 40 24.8

550 ℃ 1.52 80 60 72.4
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Table S4. A comparative table on performance of catalyst for OER with reported literatures 

Catalyst Electrolyte Onset 
OER (V) 
(RHE)

ɳ at 10 
mA cm-2 

(V)

Tafel 
Slope 

mV.dec-1

Working 
electrode 
substrate

Loading

mg cm-2

Reference

CoQDs/rGO 0.1 M KOH 1.50 0.37 37.0 GCE ~0.008 S1

CoP 1.0 M KOH 1.56 0.49 59.0 GCE ~0.102 S2

*Co-N-GCI 0.1 KOH - 0.43 69.0 GCE 0.5 S3

NiCoFeO4 1.0 M KOH 1.50 0.38 50.5 Carbon paper 2 S4

NG-CoSe2 1.0 M KOH 1.52 0.36 40.0 GCE ~0.2 S5

NiCoP/C 1.0 M KOH 1.51 0.33 96.0 GCE - S6

ZnCo2O4/ Co3O4 1.0 M KOH 1.52 0.39 46.0 Pt electrode - S7

Co3O4/NC-350 1.0 M KOH 1.51 0.30 69.0 GCE - S8

CoO-L 1.0 M KOH 1.59 0.37 46.0
Sustainable 
Coffee waste - 
hard template

1 S9

Co3O4/CoO 1.0 M KOH 1.53 0.30 68.6 Ti Foil 0.14 S10

Co3O4-NC/NGr-12 h 1.0 M KOH 1.43 0.28 69.0 GCE 0.05 S11

Co10-NS-C 1.0 M KOH 1.58 0.27 67.0 Ni Foam - S12

Co3O4-24 h 1.0 M KOH 1.45 0.30 67.7 Carbon paper 0.8 S13

Co3O4-550℃ 1.0 M KOH 1.52 0.34 80.0 Bulk Cobalt NA This work

*Co-N-GCI: cobalt and intercalated with conductive carbon nanospheres; NG: nitrogen doped graphene. 
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