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Part I: Computational Section 

1.1 Method  

    The explored model is a single g-C3N4 cluster with edge nitrogen saturated by hydrogen. The 

electronic structure and frequency calculations were solved utilizing density functional theory (DFT) 

in the Gaussian 09 program.1 All the calculations were carried out using UB3LYP/6-31++G(d,p) 

level of theory with all atoms fully relaxed. The basis sets were augmented with diffuse functions 

due to the extra electrons in the system. The solvent (water) effect was considered with the solvent 

model chosen to be Polarizable Continuum Model (PCM) using the integral equation formalism 

variant (IEFPCM).2 Frequencies of each complex were computed after geometry optimization and 

the free energy was derived at room temperature (298.15K). 

1.2 General 

The electrocatalytic active sites and process of oxygen reduction reaction (ORR) on the surface 

of g-C3N4 were examined by first-principle calculations. Only intermediate states in the ORR 

process were considered; energy barriers might exist but were not considered. The possible 

intermediates were proposed/evaluated on the basis of electronic structure calculations. Free 

energies of each proposed intermediate in the ORR process were derived by frequency analysis 

after initial structure optimization. Charge conservation law was strictly obeyed during the 

calculation of free energy. Spin polarizations were considered during all the calculations. The 

details of each complex presented in Figure 1a are listed in Table S1.  

Table S1 Components of each proposed complex in Figure 1a. 

Electrons O2@g-C3N4 OOH@g-C3N4 OH–/g-C3N4 

Zero  O2@g-C3N4 + 2H2O OOH@g-C3N4 + OH + H2O g-C3N4 + 4OH 

Two O2@g-C3N4
2– + 2H2O OOH@g-C3N4

– + OH– + H2O g-C3N4 + 2OH+ 2OH–

Four O2@g-C3N4
4– + 2H2O OOH@g-C3N4

3– + OH– + H2O g-C3N4 + 4OH– 

The adsorption energy adE  of oxygen molecule onto g-C3N4 cluster was computed as: 

 ( )
243 ONCgtotalad EEEE +−= −  (1) 
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where  is the total energy of the system with adsorbed O2, and  are the energy of  

g-C3N4 and isolated O2, respectively. The electron density difference ρdiff  was computed by 

Molekel3 as:  

 ( )
243 ONCgtotaldiff ρρρρ +−= −  (2) 

where  is the total electron density of the system with adsorbed O2, 
43 NCg −ρ and 

2Oρ  are the 

electron density distributions of g-C3N4 and adsorbed O2, respectively. Charge numbers on specific 

atoms were calculated by Mulliken population analysis.4 The bond orders were calculated by 

Natural Bond Analysis.5  

1.3 Behaviours of oxygen adsorption on g-C3N4 with different extra electrons participation 

 

Figure S1 Optimized configurations and ρdiff  of O2 adsorbed on g-C3N4 with a, zero electron, b, one electron c, 

two electrons, and d, four electrons participation. The isosurface cut-off values are 0.0002, 0.02, 0.15, and 0.15 

electrons/bohr3 for a-d, respectively. Atom colour code: grey, carbon; blue, nitrogen; red, oxygen; and white, 

hydrogen. Surface colour code: cyan, electron accumulation; yellow, electron depletion. Bond length is in 

Angstrom. 

Etotal 43NCgE − 2OE

totalρ
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Table S2 Summary of O2 adsorbed on g-C3N4 with different extra electrons participation. 

Electrons  adE of O2 (eV) Total charge numbers on O2 (e–) Spin multiplicity of the complex

zero -0.02 0.07 triple 

one -1.75 0.87 singlet 

two -3.60 0.94 singlet 

four -3.28 0.96 singlet 

Figure S1 shows the configurations of oxygen adsorption on the surface of g-C3N4 with 

different extra electrons participating in the complex, corresponding to the first row of O2@g-C3N4 

complex in Figure 1a. As summarized in Table S2, when the system is neutral (Figure S1a), the 

adsorption of O2 on g-C3N4 is very weak due to an ignorable ρdiff  and triple spin multiplicity of this 

state, which is the same as isolated O2. With the participation of extra electrons (Figure S1b-d), both 

Ead  and total charge numbers possessed by O2 increased and the spin multiplicity was changed to 

singlet, indicating the enhanced interaction of g-C3N4 and O2. With the participation of two or four 

electrons (Figure S1c,d), the double bond of oxygen broke to a single bond, causing the connection 

of one O atom in O2 with one C atom in g-C3N4 via a new formed single bond. This C-O bond 

formation was caused by the electron accumulation between C and O atoms presented by the ρdiff  

shown in Figure S1b-d.  

1.4 Reaction intermediate of g-C3N4 with OOH– radical 

Following O2 adsorption, the next proposed step on the free energy diagram is H2O adsorption 

onto O2@g-C3N4 complex. The proposed adsorbed species on g-C3N4 with two electrons 

participation are adsorbed OH– and OOH– radicals as shown in Figure S2a,b, while those with four 

electrons participation are two adsorbed OH– radical and one adsorbed O atom as shown in Figure 

S2c,d. The spin states of these two complexes are all singlet. The adsorption energies are +0.52 eV 

and -3.17 eV with two and four electrons participation, respectively. 
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Figure S2 Optimized configurations of OH– and OOH– on g-C3N4 with a, b, two electrons and c, d, four electrons 

participation. Atom colour code: grey, carbon; blue, nitrogen; red, oxygen; and white, hydrogen. Bond length is in 

Angstrom. 

After an OH– radical dissociates from the complex into the solution, the adsorption species on 

g-C3N4 are OOH– as shown in Figure S3. For two electrons participation (Figure S3a,b), the 

configuration of adsorbed OOH– is one OH– radical connecting to an adsorbed O atom. For four 

electrons participation (Figure S3c,d), the configuration of adsorbed OOH– is one adsorbed O atom 

and one adsorbed OH– radical with the presence of an hydrogen bond linking the single O atom and 

H atom. The implication of the different relaxed configuration is that with more electron injection, 

the OOH– radical on the g-C3N4 surface breaks down into one O atom and one OH– radical; this 

transition activates OOH– radical and facilitates the following reactions. 

 

Figure S3 Optimized structures of OOH– on g-C3N4 with a, b, two electrons and c, d, four electrons participation. 

Atom colour code: grey, carbon; blue, nitrogen; red, oxygen; and white, hydrogen. Bond length is in Angstrom. 
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1.5 Other reaction intermediates 

The proposed next step of the reaction after OOH@g-C3N4 is a second H2O adsorption 

followed by dissociation of one OH– radical leaving two OH– radicals on the g-C3N4 surface. These 

two radicals are then consecutively dissolved into the alkaline solution until pristine g-C3N4 is again 

formed. The configurations of the corresponding states are illustrated in Figure S4. For two 

electrons participation, as illustrated in path I, the reaction could not proceed because the free 

energy of next intermediate state on the reaction pathway is much higher than that of OOH@g-

C3N4. This energy plot also suggests the accumulation of adsorbed OOH– on the g-C3N4 surface. 

However with four electrons participation, as illustrated in path II, the free energies of intermediate 

state and final product are all lower than that of OOH@g-C3N4, indicating the adsorption and 

following dissociation of second H2O are energetically favourable.  

 

Figure S4 Free energy plots and atomic configurations of the reaction intermediates from OOH– adsorption state 

(OOH@g-C3N4) to final state (OH–/g-C3N4) with two electrons and four electrons participation illustrated in path 

I and path II, respectively. The reference system for calculating the free energy (values in front of parenthesis) and 

electronic energy (values in the parenthesis) is isolated and neutral g-C3N4, O2 and H2O. Energy levels are not 

drawn to scale. Atom colour code: grey, carbon; blue, nitrogen; red, oxygen; and white, hydrogen. 
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Part II: Experimental Section 

2.1 Materials synthesis.  

In the first step, SBA-15 silica templates were prepared using the previously reported method 

with morphology optimization.6 In a typical synthesis, 1.6 g (0.32 mmol) of Pluronic P123 

(EO20PO70EO20, Mw ~5800, Aldrich) and 2.2 g (30 mmol) of potassium chloride (KCl, 99%, 

Aldrich) were dissolved in 60 g of 2.0 M HCl at 38 °C for overnight. Then 4.2 g (20 mmol) of 

tetraethylorthosilicate (TEOS, 99%, Aldrich) was added to the transparent solution with vigorous 

stirring for 8 min and the mixture was left under static conditions at the same temperature for 24 h. 

The mixture was subsequently treated at 130 °C for another 24 h in an autoclave. The as-

synthesized SBA-15 was collected by filtration, washed by water twice, dried at 100 °C for 

overnight and finally calcined at 550 °C for 5 h in the air to get the final product.  

CMK-3 mesoporous carbon was synthesized using SBA-15 as a hard template via a 

nanocasting method.7 Typically, 1.25 g (3.63 mmol) of sucrose (99.5%, Aldrich) was dissolved in 5 

g of water containing 0.14 g (1.4 mmol) of H2SO4 (98%, Aldrich). 1 g of SBA-15 powder was then 

dispersed in the above solution and stirred for 12 h at room temperature. The mixture was then heat 

treated firstly at 100 °C for 6 h and subsequently at 160 °C for another 6 h in the air. The 

impregnation process was repeated once with another solution containing 0.8 g (2.32 mmol) of 

sucrose and 5 g of water containing 0.09 g (0.9 mmol) of H2SO4. The dark brown composites were 

completely carbonized at 900 °C for 5 h in argon atmosphere at a heating rate of 2 °C/min. To 

remove the silica template, the as-prepared carbon-silica composites were stirred in a 10% 

hydrofluoric acid (HF, 50%, Ajax Finechem Pty Ltd) for one day then washed by water and ethanol 

until neutral and finally dried at 100 °C for overnight. 

Nanoporous g-C3N4@CMK-3 composite was synthesized by a nanocasting method. Typically, 

0.1 g fresh CMK-3 powders were dispersed in concentrated HNO3 (10 mL, 70 %, Aldrich) for 5 

hours at 50 °C to induce hydrophilicity. After washed by water until neutral and dried at 100 °C for 
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overnight, 0.25 g of 50 wt% cyanamide (CN-NH2, 99 %, Aldrich) aqueous solution and 0.25 g 

water were added. The mixture was stirred overnight and dried statically at 30 °C in the air for 24 h. 

The same impregnation procedure was repeated once, twice, and three times in order to increase the 

loading of precursors in the pores of CMK-3. The dried powder was calcined at 550 °C for 4 h in an 

Ar atmosphere with a heating rate of 4 oC/min to get the final g-C3N4@CMK-3 product. 

Mesoporous g-C3N4 (g-C3N4(m)) was synthesized using SBA-15 as a hard template.8 In a 

typical synthesis, 0.5 g of SBA-15 powder was impregnated in 2 g of 25 wt% cyanamide water 

solution (CN-NH2, 99%, Aldrich) and stirred for overnight. The resulting mixture was dried in air 

for two days at room temperature and finally calcined under an argon atmosphere at 550 °C for 4 h 

at a heating rate of 2.3 °C/min. To remove the silica template, the resulting silica-g-C3N4 powder 

was treated with 4M NH4HF2 (99%, Aldrich) for 24 h, followed by filtration, washing with water 

and ethanol several times, and drying at 50 °C to get the final bright-yellow powder.  

2.2 Electrode preparation and electrochemical characterization. 

        All the electrochemical measurements were performed under identical conditions (the same g-

C3N4 catalyst mass loading). Cyclic voltammograms, linear sweep voltammograms, rotating disk 

electrode, and electrode kinetics measurements were carried out using a glassy carbon rotating disk 

electrode (RDE, 0.283 cm2, Pine Research Instrumentation, USA) connected to a 636 rotating disk 

electrode system (Princeton Applied Research, USA). The data were recorded using a CHI 720 C 

Bipotentiostat (CH Instruments, Inc., USA). The reference electrode was an Ag/AgCl in saturated 

AgCl-KCl solution and the counter electrode was platinum wire. 

Taking g-C3N4@CMK-3 electrode as an example, the catalyst was ultrasonically dispersed in 

distilled water (Milli-Q). 40 µL of aqueous catalyst solution dispersion (2.0 mg/mL) was then 

transferred onto the glassy carbon via a controlled drop casting approach, which yielded a loading 

of g-C3N4 catalyst = 84.8 µg/cm2. Following solvent evaporation overnight in air, a thin layer of 

Nafion® solution (1.0 wt % water solution) was coated onto the electrode surface and then dried in 

the air for 1 h served as a working electrode. The g-C3N4(m), mixed g-C3N4+CMK-3, and Pt/C 
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electrodes were prepared using the same procedure and the loading amounts of pure g-C3N4 and 

pure Pt.  

The overall electron transfer numbers per oxygen molecule involved in a typical ORR process 

can be calculated from the slopes of Koutecky-Levich plots using the following equation: 

 1/jD=1/jK + 1/ Bω1/2
 (3) 

Where jK is the kinetic current in amperes at a constant potential, ω is the electrode rotating speed in 

rpm, and B, the reciprocal of the slope, could be determined from the slope of Koutecky-Levich 

plots based on Levich equation as follows:   

 B=0.2 nFAv–1/6CO2DO2
2/3

 (4) 

where n is the number of electrons transferred per oxygen molecule, F is the Faraday constant, DO2 

is the diffusion coefficient of O2 in 0.1 M KOH, v is the kinetic viscosity, and CO2 is the bulk 

concentration of O2. The constant 0.2 is adopted when the rotating speed is expressed in rpm.  

2.3 Material Characterization  

Nitrogen-sorption isotherms were collected by a Tristar II, Micromeritics nitrogen sorption 

analyser at 77 K. Prior to the measurement, samples were degassed at 150 °C for at least 10 h. The 

Brunauer-Emmett-Teller (BET) specific surface area was calculated using adsorption data at a 

relative pressure range of P/P0 = 0.05-0.25. Pore size distribution was derived from the adsorption 

branch using Barrett-Joyner-Halenda (BJH) method. The total pore volume was estimated from the 

amounts adsorbed at a relative pressure (P/P0) of 0.99. X-ray diffraction (XRD) patterns at low (0.5-

5o in 2θ) and wide (5-60o in 2θ) angles were collected on a D8-ADVANCE powder X-ray 

diffractometer operation at 40 kV and 30 mA using Cu-Kα radiation (λ=0.15406 nm). 

Thermogravimetric analysis (TGA) was conducted on the TGA/DTA1 STARe system, Metter 

Toledo. Samples were put in a 70µL aluminium crucible with a programmed heating rate of 10 

°C/min from 50 to 750 °C under nitrogen atmosphere. Element analysis (EA) was performed by a 

FlashEA1112 Series elemental analyser, Thermo Electron Corporation. The X-ray photoelectron 

spectra (XPS) measurements were performed on a Kratos Axis ULTRA X-ray Photoelectron 
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Spectrometer incorporating a 165 mm hemispherical electron energy analyser. The incident 

radiation was Monochromatic Al Kα X-rays (1486.6 eV) at 225 W (15 kV, 15 mA). Survey scans 

were taken at analyser pass energy of 160 eV and multiple high resolution scans at 20 eV. Scanning 

electron microscopy (SEM) image was recorded on a JEOL 6300 microscope at an accelerating 

voltage of 10 kV. The samples were coated with platinum prior to the analysis. Transmission 

electron microscopy (TEM) image was obtained by FEI Tecnai F20 connected with an EELS 

detector and JEOL 2100 electron microscope at an acceleration voltage of 200 kV. 
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Figure S5 Thermogravimetric analysis (TGA) curves recorded in nitrogen atmosphere for g-C3N4, CMK-3, and 

1#, 2# and 3# g-C3N4@CMK-3 composites. 

In order to fully utilize the pores in the template, cyanamide solution was injected once, twice, 

and three times into the framework of CMK-3; the corresponding products are named as 1#, 2#, and 

3# g-C3N4@CMK-3. All g-C3N4@CMK-3 samples partly lost mass because of the decomposition 

of g-C3N4 to cyanogens and nitrogen. The mass concentrations of g-C3N4 in all three g-

C3N4@CMK-3 composites obtained by TGA and elemental analysis (EA) are listed in Table S3. All 

values were lower than the theoretical ones calculated by carbon element balance from precursor. 

This can be explained as g-C3N4 was formed at 550 oC via a combination of polyaddition and 

polycondensation processes in which there was a sublimation of melamine at about 330 oC.9 

 

Table S3 The calculated and theoretical mass concentrations of g-C3N4 in all three g-C3N4@CMK-3 composites 

Samples By TGA By EA Theoretical value 

1# g-C3N4@CMK-3 27.1% 30.6% 45.4% 

2# g-C3N4@CMK-3 49.4% 54.7% 65.4% 

3# g-C3N4@CMK-3 61.0% 68.9% 71.3% 
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Figure S6 a, Nitrogen-sorption isotherms, b, pore size distributions, c, low-angle XRD patterns, and d, cyclic 

voltammograms in O2-saturated 0.1M KOH solution of 1#, 2#, and 3# g-C3N4@CMK-3 composites.  

 

The surface areas of the samples decrease with the filling times due to the precursor 

impregnation in the voids of the template. The primary mesopore sizes of the three samples are 2.9-

3.3 nm, and as expected are smaller than those of the CMK-3 template (3.9 nm). The obvious XRD 

(100) diffraction peak is only revealed in 1# g-C3N4@CMK-3, indicating CMK-3’s 2-D hexagonal 

mesostructure was finely preserved. The (100) diffraction peaks disappeared for both 2# and 3# g-

C3N4@CMK-3 indicate that the ordered mesostructures of these samples were filled completely 

during the impregnation process and disintegrated by prolonging impregnation. It can be explained 

that the first time impregnation can probably form continuous layers of g-C3N4 because of the 

existence of the hydrophilic functional groups (-OH, -COOH) on CMK-3 surface. With increasing 

impregnation times, it may form some small isolated nanometric domains on CMK-3. 1# g-

C3N4@CMK-3 exhibited a more obvious oxygen reduction peak and bigger cathodic current than 

the others, indicating its better performance as the electrode for ORR.  
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Figure S7 a, SEM image of g-C3N4@CMK-3; b and c, SEM and HRTEM images of CMK-3; d, EELS of g-

C3N4@CMK-3.  
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Figure S8 Wide-angle XRD patterns of g-C3N4, g-C3N4@CMK-3, and CMK-3.  

There are two peaks on the large angle XRD pattern of g-C3N4 corresponding to small tilt 

angularity in the structure at 13.1o and the characteristic interplanar stacking peak of aromatic 

systems at 27.4o.9 g-C3N4@CMK-3 mostly keeps the main peak of g-C3N4 at 27.4o with no shift and 

a disappearance of peak in 13.1o.  
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Figure S9 High-resolution XPS spectra of C1s at a, CMK-3, b, g-C3N4, c, in-situ synthesized g-C3N4@CMK-3, 

and d, physical mixture g-C3N4+CMK-3.  

Four carbon species exist in in-situ synthesized g-C3N4@CMK-3 composite, corresponding to 

original C-C (binding energy=284.5 eV) and C-OH (binding energy=285.7 eV) bonds in CMK-3 

template,10 C-N-C (binding energy=288.2 eV) bond in g-C3N4 filling material,9 and a new-

generated C=O bond (binding energy=286.8 eV) which is not observed in a physical mixture g-

C3N4+CMK-3. The disappearance of -COOH (binding energy=288.9 eV) from the original CMK-3 

bond results from the neutralization reaction in the impregnation process between -COOH from the 

template and -NH2 groups from the precursor. 
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Figure S10 a, c, e, Nitrogen sorption isotherms for SBA-15, CMK-3, and g-C3N4(m). Insets: The pore size 

distributions. b, d, f, Low-angle XRD patterns of SBA-15, CMK-3, and g-C3N4(m).  

 

Table S4 Physical characteristics of SBA-15, CMK-3, g-C3N4(m), and g-C3N4@CMK-3 

Samples BET surface area 
(m2/g) 

BJH pore size 
(nm) 

Pore volume 
(cm3/g) 

d(100) spacing 
(nm) 

SBA-15 477 8.1 1.00 9.4 

CMK-3 1382 3.9 1.50 8.9 

g-C3N4(m) 250 2.4 0.29 9.2 

g-C3N4@CMK-3 623 3.0 0.49 8.9 
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Figure S11 Cyclic voltammograms of ORR at (a) g-C3N4(m) in O2- or N2-saturated 0.1 M KOH solution and (b) 

CMK-3 in O2-saturated 0.1 M KOH solution. 
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Figure S12 Linear sweep voltammograms of ORR in N2- or O2-saturated 0.1 M KOH solution at g-C3N4(m), 

mixed g-C3N4+CMK-3, and g-C3N4@CMK-3 electrocatalysts.  

        

         Upon mixed g-C3N4+CMK-3 and g-C3N4@CMK-3 electrodes, both on-set potential and peak 

potential of the ORR shift to more positive positions with a concomitant increase in the ORR 

currents density than those of g-C3N4(m) electrode (Table S5). Such results clearly indicate a 

significant improvement in the ORR catalytic activity when g-C3N4 is incorporated into the carbon 

matrix (CMK-3) due to the enhanced electron transfer efficiency, consistent with the theoretical 

prediction. 
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Table S5 Summary of ORR performances on g-C3N4(m), mixed g-C3N4+CMK-3, and g-C3N4@CMK-3 in O2-

saturated 0.1M KOH solution 

Catalysts On-set potential (V) Peak potential (V) ORR current at -0.6V (mA) 

g-C3N4(m) -0.26 -0.39 0.26 

mixed g-C3N4+CMK-3 -0.12 -0.24 0.52 

g-C3N4@CMK-3 -0.10 -0.18 0.14 
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Figure S13 Liner sweep voltammograms on rotating disk electrode (RDE) for a, Pt/C electrode and b, g-

C3N4@CMK-3 electrode in O2-saturated 0.1 M KOH and with 1 M methanol. 

 

The ORR curve for Pt/C electrode shows an oxidation peak between -0.4 V and -0.2 V 

in the presence of methanol, which could be assigned to the oxidation of methanol. In 

addition, Pt/C electrode also displays a negative on-set potential shift for ORR with the 

addition of methanol. Conversely, no significant difference and/or changes of the ORR 

curves were observed for g-C3N4@CMK-3 electrode in the presence of methanol. 
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Figure S14 Linear sweep voltammetry curves on rotating disk electrode (RDE) for Pt/C in an O2-saturated 

0.1M KOH at various rotation speeds. Inset: Koutecky-Levich plots at -0.6 V. 
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Figure S15 The calculated electron numbers (n) and kinetic-limiting current densities (jk) at -0.6 V.  
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Figure S16 Mass transport-corrected Tafel plots for ORR on g-C3N4@CMK-3 and mixed g-C3N4+CMK-3 

electrodes in O2-saturated 0.1M KOH. All data were taken on RDE at 1500 rpm. 

 

The Tafel plots show two linear regions of different slopes relating to resistive losses in 

the low current range and diffusion gradients in the high current range, resepectively. The 

calculated values for g-C3N4@CMK-3 electrode are -113 mV dec–1 in the low current range 

and -214 mV dec–1 in the high current range. The corresponding values for the mixed g-

C3N4+CMK-3 are -139 mV dec–1 and -288 mV dec–1, respectively. As compared to mixed g-

C3N4+CMK-3, the g-C3N4@CMK-3 electrode shows improved catalytic properties with 

higher ORR kinetics and better transportation property, which might be assigned to the 

homogenous distribution and good confinement of g-C3N4 in the framework of supporting 

mesoporous carbon, CMK-3. 
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