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Experimental Section 

Synthesis of 3D Co3O4/CP and Co3O4/CP: Poly(methyl methacrylate) (PMMA) solution was 

prepared according to our previous published work.1-3 PMMA microspheres were assembled 

on a carbon plate (CP, 5×20 mm) by immersing the CP vertically in a PMMA solution and 

placing it in an oven at 60 °C for 24 h. The resulted PMMA/CP was then impregnated in a 

cobalt nitrate hydrate solution (20 mmol/L) for 3 h, followed by drying at 80 °C for 12 h, and 

calcination at 450 °C for 3 h (at a rate of 1 °C/min). Co3O4/CP was synthesized by directly 

impregnating CP in a cobalt precursor without a PMMA assembly step, followed by the same 

drying and calcination steps. 

Synthesis of 3D Co:Pi/CoOx/CP and 3D CoOx/CP: The 3D Co3O4/CP electrode obtained by 

the above method was placed in a round bottom flask together with 50 mg of red phosphorus 

powder. The flask was sealed and vacuumed and then placed in a microwave oven for 20, 30 

and 40 s. After rinsing with water to remove the residual phosphorus (Figure S20), the 3D 

Co:Pi/CoOx/CP electrode was obtained. The 3D CoOx/CP was prepared in a similar manner 

without red phosphorus powder. 

Electrochemical measurements: The electrocatalytic performance was performed with an 

electrochemical workstation (CHI 760) in a three-electrode cell. The saturated calomel 

electrode (SCE) was used as a reference electrode, while a Pt plate and a carbon plate were used 

as the counter electrode for OER and HER, respectively. As-prepared cobalt catalysts have a 

mass loading of 3 mg cm-2 determined by Inductively coupled plasma mass spectrometry (ICP-

MS). The linear sweep voltammetry (LSV) was recorded in 1.0 M KOH solution at room 

temperature with a scan rate of 5 mV s-1. 90% of iR-compensation was applied to the 

polarization curves based on resistance measured by electrochemical workstation. All the 

potentials in electrochemical measurements were normalised to a reversible hydrogen electrode 
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(RHE). Overpotential (η) is estimated from the abscissa of the LSV curves, for OER in alkaline: 

η (V) = E – 1.23 V, and for HER in alkaline: η (V) = E – 0.0 V.  

An example of estimating the onset overpotential and overpotential at a current density of 100 

mA cm-2 of 3D Co:Pi/CoOx/CP catalyst is shown in Figure S9. 

Measurement of electrochemical active surface area 

The determination of the ECSA was realised from the double layer capacitance (CDL) of the 

electrode, as described by others.4-5 The scan-rate-dependent charging current density (ic) were 

measured in the non-faradaic region using CV curves at selected scan rates at 5, 10, 20, and 30 

mV s−1. The double layer charging current density was increased as expected due to the gradual 

increase in the scan rates. The relationship between the double layer ic and the scan rate (ν) is 

given in eqn (1). 

ic = νCDL (1) 

Hence, the plot of double layer charging current (ic) against scan rate (ν) yielded a straight line, 

the slope of which is a direct measure of the double layer capacitance of the electrode. The CDL 

can be converted to ECSA via the roughness factor (R) obtained by eqn (2). 

R  = CDL/CDLRef (2) 

Where CDLRef is the double layer capacitance of the flat surface of the electrode. The ECSA is 

achieved by using the geometric surface area multiply by the roughness factor. Details of the 

calculation values (CDL) are provided in Figure S15 and Table S1.  

Faradaic efficiency 

The Faradaic efficiency of OER was measured by rotating ring disk electrode (RRDE) 

method. The 3D Co:Pi/CoOx/CP catalyst ink was dropped on the glassy carbon disk (5 mm 

in diameter) and allowed to dry in air under the rotating operation to guarantee a uniform 

distribution. The 1 M KOH electrolyte was purged with O2 for 30 min before the test. Then 

https://pubs.rsc.org/en/content/articlelanding/2016/sc/c5sc04714e#eqn5
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the potential of the Pt ring was set at 1.40 V vs. RHE to oxidize the peroxide intermediates 

formed at the 3DIO-LaCoO3-x surface. LSV scan from 1 to 1.7 V was applied to the disk for 

the purpose of activating of 3DIO-LaCoO3-x catalyst. Furthermore, the electrolyte was 

purged with N2 for 30 min. After that, the disk current was held constant at 173 µA to 

undergo continuously OER while a ring potential of 0.4 V was applied to reduce the 

generated O2 from water oxidation on the disk. The Faradaic efficiency was then calculated 

by eqn (3).  

𝑗𝑗𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑗𝑗𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑×𝑁𝑁

× 100%                       (3) 

Where jring and jdisk are the current on the ring and disk, respectively, and N is the collection 

efficiency of the RRDE. 

 

Transfer coefficient and exchange current density 

The transfer coefficient α can be derived from the Tafel slope: b = 2.303 RT/ (αF): where b is 

the Tafel slope, R is the gas constant (8.314 J K-1 mol-1), T is temperature (297 K), and F is the 

Faraday constant 96485 C mol-1.6-7 The exchange current density is another important metric 

that is often used to estimate the intrinsic electrocatalytic performance. It corresponds to the 

current density exchanged across the interface of the electrode at overpotential = 0 V.8 The 

calculated transfer coefficient and exchange current density are listed in Table S2. A higher 

transfer coefficient and exchange current density value indicate better electrocatalytic activity.  

 

Characterization: The XRD patterns were obtained on the PANalytical Empyrean II, in which 

cobalt was used as a source. All XRD patterns were converted to copper source XRD patterns 

using HighScore software. The XPS spectra were measured using a Thermo ESCALAB250i 

XPS using a monochromatic Al Kalpha soft X-ray source. Morphological studies were 

performed on SEM and HRTEM by FEI Nova NanoSEM 450 FE-SEM and JEOL JEM-F200 

https://pubs.rsc.org/en/content/articlelanding/2016/sc/c5sc04714e#eqn5
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Multi-Purpose FEG-S/TEM, respectively. The BET surface area of the samples was carried out 

by a Micrometritics-TriStar II 3020. Before the analysis, the samples were preheated at 150 °C 

for 3 h to remove moisture. The EPR spectra were performed at 120 K using a Bruker EMX X-

Band ESR spectrometer under a liquid Nitrogen cooling system. The contact angle with water 

was measured by the sessile drop method using Rame–Hart 100-00 goniometry. Three different 

points were measured on three different regions of the catalyst surface for averaging. 

In-situ Raman measurements: The in-situ Raman was measured on a Renishaw inVia Raman 

Microscope (using 514 nm Argon ion laser with 1800 l/mm grating). The screen-printed three-

electrode chip composed of Au working electrode and counter electrode and Ag reference 

electrode was applied for in-situ Raman measurements. The catalysts are deposited on the 

working electrode, and the potential is applied from 0.1 to 0.7 V vs Ag. The electrochemical 

performance was recorded at the same time by an electrochemical workstation (CHI 760).  

Table S1. The specific surface area and double layer capacitance (Cdl) of the samples.  
 

Catalysts Specific Surface Area by BETa Cdlb ECSA 

m2 g-1 mF cm-2 cm2 

3D Co3O4/CP 25.9 0.15 1.28 

3D CoOx/CP 23.8 0.29 1.65 

3D Co:Pi/CoOx/CP 21.3 0.28 2.34 

 
 
 
Table S2. The Tafel slope, transfer efficient and exchange current density of HER and OER.  

 

Catalysts OER HER 

Tafel Slope Transfer 
Efficient  

Exchange 
current density 

Tafel Slope Transfer 
Efficient  

Exchange 
current density 

mV dec-1  μA cm-2 mV dec-1  μA cm-2 

3D Co3O4/CP 103 0.57 1.21 60 0.98 7.05 

3D CoOx/CP 104 0.56 4.65 55 1.07 8.62 

3D Co:Pi/CoOx/CP 78.0 0.76 7.72 36 1.64 12.6 
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Figure S1. Illustration of microwave-induced plasma strategy for phosphorus doping 
experiment.  
 

 
Figure S2. SEM images of PMMA template on carbon plate (CP) substrate in different 
magnifications. 
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Figure S3. (a) Photo of 3D Co3O4/CP, (b-d) SEM images of 3D Co3O4/CP in different 
magnifications. 
 
 

 

Figure S4. N2 adsorption-desorption isotherm of Co3O4/CP, 3D Co3O4/CP, 3D CoOx/CP and 
3D Co:Pi/CoOx/CP. 
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Figure S5. (a, b) HRTEM images and (c) FFT of 3D Co3O4/CP, (d, e) and (f) FFT of 3D 
CoOx/CP. 
 
 

 

Figure S6. XRD patterns of 3D Co3O4/CP, 3D CoOx/CP, 3D Co:Pi/CoOx/CP with the carbon 
plate substrate. 
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Figure S7. EPR signal of DPPH at 120 K. 

 

 

 

Figure S8. XPS profiles of Co 2p. 
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Figure S9. Estimating overpotential (η) of 3D Co:Pi/CoOx/CP vis LSV curve.  
 
 

 

Figure S10. Ring current of 3D Co:Pi/CoOx/CP on an RRDE (1600 rpm) in N2-saturated 1M 
KOH solution (ring potential 0.40 V). 
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Figure S11. Nyquist plots of electrochemical impedance spectra.  

 

 

 

Figure S12. Contact angle measurements of (a) Co3O4/CP and (b) 3D Co3O4/CP.  
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Figure S13. LSV curves of 3D Co:Pi/CoOx/CP  prepared with different plasma treatment times 
including 20s, 30s and 40s. 
 

 

 

Figure S14. SEM images of aged 3D Co:Pi/CoOx/CP  after long term stability test for 100 h. 
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Figure S15. CV response of (a) Carbon Plate (CP), (b) 3D Co3O4/CP, (c) 3D CoOx/CP and (d) 

3D Co:Pi/CoOx/CP at scan rates of 5, 10, 20, and 30 mV s-1, (e) the plot of double layer charging 

current density vs scan rates for determining the double layer capacitance (CDL). 
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Figure S16. CV curves under in-situ Raman test, partial enlargement of redox potential. 

 

 

Figure S17. LSV curve obtained in two electrode cell using the 3D Co:Pi/CoOx/CP as both the 
anode and cathode with 90% iR compensation. 
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Figure S18. Chronopotentiometric curves obtained with the 3D Co:Pi/CoOx/CP anode and 
cathode under the applied current density of 300 and 500 mA cm-2. 
 

 

Figure S19. Chronopotentiometric curves obtained with the 3D Co:Pi/CoOx/CP anode and 
cathode under the applied current density of 0, 10 and 50 mA cm-2.  
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Figure S20. Raman images of the fresh sample and 3D Co:Pi/CoOx/CP  sample after water 
rinsing. The phosphorus residual on the surface of the electrode can be easily rinsed by water. 
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