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EXPERIMENTAL SECTION

Instrumentation and Chemicals. 
All reagents and solvents were commercially available and used as received without further 

purification. N,N-Dimethylformamide (DMF), Cobalt(II) acetate tetrahydrate 

[Co(OAc)2.4H2O] and 3,5-diamino-1,2,4-traizole were procured from Finar Chemicals, Fisher 

Scientific and Sigma Aldrich respectively and used as received. The synthesized metallo-

organogel and corresponding xerogel derived materials were characterized using several 

techniques such as PXRD, FT-IR, FT-Raman, TEM, SEM, BET-Surface area and XPS 

analyses. The powder X-ray diffraction (PXRD) analysis was done using Philips X’pert MPD 

system (PANalytical diffractometer) with Cu Kα1 radiation (λ = 0.154 nm). The diffraction 

pattern was measured in the 2θ range from 5-80° at an operating voltage of 40 kV, 30 mA 

current, with a scan speed of 3º min-1 and a step size of 0.013º in 2θ at RT with a scan step time 

58.395 sec. Anode material was Cu and the value of K K and K were 1.54060 [Å], 1.54443 

[Å] and 1.39225 [Å] respectively. Fourier transform Infrared Spectra analysis (FT-IR) was 

recorded on Perkin Elmer-Spectrum G-FTIR spectrometer (Germany) from 400-4000 cm-1 

with a resolution of 4 cm-1 using KBr pellets. The FT-Raman spectra were collected on a 

LabRAM HR Evolution Raman Spectrometer with a 532 nm laser source. The surface 

morphology of prepared gel material was analyzed by Field Emission- Scanning Electron 

Microscope (FE-SEM) (JEOL JSM 7100F) with an accelerating voltage of 5–15 kV with 10 

μA of emission current. The transition electron microscope (TEM) analysis was done with 

JEOL, JEM 2100 TEM instrument. XPS analysis was recorded with Omicron ESCA (Oxford 

Instruments, Germany) instruments. N2 adsorption isotherms of the materials were recorded 

using a Micromeritics ASAP 2020 analyzer. The surface area of the samples was obtained from 

the Brunauer-Emmett-Teller (BET) surface area analysis using N2 adsorption/ desorption 

isotherm data. The samples were pretreated by degassing at 180 °C for 6 hours before the 

measurements. The pore volume data was calculated by using the BJH method for calculating 

the pore size distribution using the Kelvin equation and DH methods. 

Post OER structural characterizations are carried out using the following instruments. 

The X-ray diffraction (XRD) analysis was carried out by a PAN analytical Advanced Bragg-

Brentano X-ray powder diffractometer (XRD) with Cu Kα radiation (λ = 0.154178 nm) with a 

scanning rate of 5° min-1 in the 2θ range 10-80°. The microstructural studies and HAADF color 

mapping were carried out in HR-TEM, (Tecnai TM G2TF20) working at an accelerating 

voltage of 200 kV. The Energy Dispersive X-ray Spectroscopy (EDS) analysis was done with 
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the HR-TEM with a separate EDS detector (INCA) connected to that instrument. The Scanning 

Electron Microscope (SEM) analysis as done with Tescan VEGA 3 SBH instrument with 

Bruker Easy EDS attached setup. The X-ray photoelectron spectroscopic (XPS) analysis was 

analyzed by using Theta Probe AR-XPS System, Thermo Fisher Scientific (U.K). The X-ray 

fluorescence (XRF) analysis was carried out using XGT-5200 X-ray analytical microscope 

with X-ray tube 50 kV max, 1 mA, with Rh target (0-40 keV). 

Materials Synthesis.
CoGel. A hot DMF solution (2 mL) of DAT (0.25 mmol, 0.025 g) was prepared in a 5 mL 

capped glass vial. Then Co(OAc)2.4H2O (0.25 mmol, 0.06 g) was added to that DAT solution. 

Then the reaction mixture was stirred at RT for 20 minutes. After this time, a violet-colored 

gel (CoGel) was obtained. The gelation state of the material was primarily observed by “stable-

to-inversion” test of the glass vial.

N-doped Carbon@CoNPs. The as synthesized CoGel was dried in hot air oven at 70°C for 4 

days to obtain a violet-colored powder material called Co-xerogel. Then the violet-colored 

powder material was calcined at 500 and 800°C for 6 hours under N2 atmosphere to obtain the 

sample “EK-a” and “EK-b” respectively. Similarly, the violet colored xerogel was again 

calcined at 800°C for 6 hours under mixed gas (95% Ar + 5% H2) atmosphere to obtain the 

sample “EK-c”.

Co@CoO@Co3O4-decorated N-doped Carbon. The as synthesized sample EK-c was 

calcined at 250°C for 0.5 hour in a muffle furnace (in air) to obtain the sample “EK-d”.

Preparation of samples (catalysts) for Electrocatalytic OER
The electrocatalytic OER study was carried out with the as synthesized materials EK-

a, EK-b, EK-c and EK-d. The catalytic ink was prepared by taking 3 mg of each catalyst 

dispersed in 1 mL of solution that contains 750 L H2O, 250 L ethanol and 50 L of nafion.  

After this, the solution was sonicated for 15 minutes for the complete dispersion of the catalyst. 

Then, 34.5 L of solution was drop-casted to the carbon cloth (CC) substrate corresponding to 

the area of 1×0.5 cm2 and the studies were normalized to 1×0.5 cm2. Hence, the normalized 

loading of a catalyst becomes ~0.205 mg cm-2. After having drop-casted into the conducting 

substrate (CC), it was allowed to dry at room temperature. The prepared electrodes were next 

subjected to electrocatalytic OER study in 1 M KOH. The polarization studies are carried out 

at 5 mV S-1 and 50 % iR compensated. EIS studies are carried out at an overpotential of 444 
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mV in the frequency region of 100 kHz to 0.1 Hz with an amplitude potential of 0.05 V. The 

robustness of the catalysts was analysed at high scan rate of 200 mV s-1 for 500 cycles and 

potentiostatic (PSTAT) analysis was carried out for 12 h at an overpotential of 474 mV without 

any iR compensation. All the electrochemical data acquired using Hg/HgO reference electrode 

is converted into RHE scale.

The efficiency of our catalysts is comparable with the previously reported Co 

containing carbon materials. Here we are providing a list of overpotential observed of different 

Co based carbon systems at 10 mA cm-2 for OER (Table S1).
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Table-S1: Comparison between literature reported overpotential with the 

data reported in this paper

Sl. 

No.

Catalytic System Used Overpotential 

/ mV

Reference

1. N/O-dual doped carbon coated CoNPs (EK-a) 413 This work

2. N/O-dual doped carbon coated CoNPs (EK-b) 378 This work

3. N/O-dual doped carbon coated CoNPs (EK-c) 384 This work

4. Co@CoO@Co3O4-decorated N/O-dual doped carbon 

(EK-d)

397 This work

5. Co@mesostructured N-doped Carbon 373 1

6. Co3O4/N-rmGO 310 2

7. Co-NDC 388 3

8. NC@Co-NGC DSNCs 410 4

9. N-CG–CoO 340 5

10. Co-Nx/C NRA 300 6

11. CoxOy/NC 430 7

12. Co3O4/carbon porous 290 8

13. Co-CoO/N-rGO 390 9

14. ECPT-Co@C 450 10

15. Co3O4/CNT 511 11

16. Co-CN SS 340 12

17. Co@NC 390 13

18. Co@N – C 400 14
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FTIR spectra of the synthesized cobalt materials under varying pyrolysis 

conditions

Figure S1. FT-IR spectra of the catalysts a) EK-d and b) EK-a, EK-b and EK-c respectively.
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BET Surface area: Nitrogen adsorption desorption isotherms of the 

synthesized cobalt materials under varying pyrolysis conditions

Figure S2. Nitrogen adsorption and desorption isotherms of a) EK-a, b) EK-b, c) EK-c and d) EK-d 

respectively; the insets show the corresponding BJH pore size distributions.
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XPS Results

Figure S3. a) and d) depicts the XPS survey spectra, b) and e) shows the high resolution C 1s 

spectra and c) , f) shows the high resolution O 1s spectra of EK-b and EK-c respectively. 

Table-S2: Atomic % of elements in EK-b and EK-c from XPS

Atomic%
Name of the Samples

C 1s Co 2p O 1s N 1s

EK-b 81.45 3.79 10.98 3.77

EK-c 81.74 3.78 10.96 2.98
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SEM analysis of the cobalt nanomaterials encapsulated within N, O-dual 

doped carbon onions

Figure S4. SEM images of the as-synthesized cobalt nanoparticles in a) EK-a, b) EK-b, c) EK-c and 

interlinked cobalt and cobalt oxide species in d) EK-d.
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Particle size distribution of the as-synthesized samples from TEM

Figure S5. Particle size distribution of the cobalt nanoparticles a) EK-a, b) EK-b and c) EK-c 

encapsulated in N, O-dual doped carbon onions.
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HRTEM analysis of the cobalt nanomaterials encapsulated within N, O-dual 

doped carbon onions

Figure S6. HRTEM images and the corresponding SAED patterns showing carbon onion encapsulated 

cobalt nanoparticles and the typical lattice planes of metallic cobalt in a) EK-a. b) and c) shows the 

SAED patterns and lattice planes of metallic cobalt in EK-b and EK-c respectively.
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HRTEM analysis of the interlinked sheets of the coexisting cobalt and cobalt 

oxide phases on doped carbon

Figure S7. HRTEM images showing nanoparticles decorated interlinked sheet-like morphology and 

the typical lattice planes of Co@CoO@Co3O4-decorated carbon material in the sample EK-d.
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Cdl plots of the cobalt-based electrocatalysts before and after cycling studies

Figure S8. a-d) are the Cdl plots of EK-a, EK-b, EK-c and EK-d at Cdl regions. e) 

Corresponding Cdl values of each catalysts at different scan rates.

Figure S9. a-d) are the Cdl plots of EK-a, EK-b, EK-c and EK-d at Cdl regions after cycling 

study. e) Corresponding Cdl values of each catalysts at different scan rates. 
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Figure S10. a and b) are the ECSA and BET normalized currents of EK-a, EK-b, EK-c and 

EK-d and c) is the comparison of jgeo, jECSA and jBET normalized currents of all the catalysts at 

1.65 V respectively.
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Figure S11. Post OER XRD results of EK-b showing the presence of Co and CoO after the 

OER study.
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Figure S12. a) Post OER SEM image of EK-b, and b) corresponding EDS pattern showing the 

presence of Co, N, C and O.
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Figure S13. (a) and (b) are the Pre and post OER XRF analysis of EK-b showing the presence 

of Co and inferring the stability of the electrodes.
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Figure S14. (a-d) Post OER HR-TEM images of EK-b from low to high-magnification with 

the presence of stable carbon onion layers.
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Figure S15. (a-f) Post OER HR-TEM HAADF color mapping images of EK-b for area chosen, 

mix, Co, N, C and O respectively.  
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Figure S16. Post OER HR-TEM EDS images of EK-b showing the presence of Co, N, C and 

O respectively.  
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Figure S17. (a-e) Post OER XPS results of EK-b for survey spectrum, Co 2p, N 1s, C 1s 

and O 1s respectively.
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ECSA calculation 

                          ECSA = Cdl/Cs

Here, Cs is the specific capacitance of a flat surface and from the references of the previous 

reports, we have used the value of 0.040 mF cm-2 (J. Am. Chem. Soc. 2015, 137, 4347−4357).

For, EK-a, ECSA = 0.95/0.040 = 23.75 cm2

For, EK-b, ECSA = 11.23/0.040 = 280.75 cm2

For, EK-c, ECSA = 0.95/0.040 = 276.25 cm2

For, EK-d, ECSA = 0.95/0.040 = 68.5 cm2

For roughness factor 

Rf = ECSA/geometrical area of the working electrode

For, EK-a, Rf = 23.75 /0.5 = 47.5 cm2

For, EK-b, Rf = 280.75 /0.5= 561.5 cm2

For, EK-c, Rf = 276.25 /0.5 = 553 cm2

For, EK-d, Rf = 68.5/0.5= 137 cm2

For TOF calculation 

TOF = jM/4mF

 j =  current density at 400 mV overpotential

M = molar mass of active materials

m = mass loading of a catalyst

F = faraday constant, 

5.7, 16.29, 12.8 and 9.4, (current densities at 400 mV) for EK-a, EK-b, EK-c and EK-d

For EK-a, EK-b, EK-c and EK-d 

(Co is the active material and molar mass of which is 58.93)

For, EK-a, TOF = 0.0057*58.93/4*0.000205*96485 /0.5 = 0.004
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For, EK-b, TOF = 0.01629*58.93/4*0.000205*96485 /0.5 = 0.012

For, EK-c, TOF = 0.0128*58.93/4*0.000205*96485 /0.5 = 0.009

For, EK-d, TOF = 0.0094*299.73/4*0.000205*96485 /0.5 = 0.007

Current normalization

jECSA = i/ECSA (i = current and ECSA= Cdl/Cs)

 jBET = i/BET   (i = current and BET surface area)
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