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Experimental Section 

1. Chemicals 

Potassium hydroxide (KOH), cobalt nitrate hexahydrate (Co(NO3)2·6H2O), 

ammonium fluoride (NH4F), and urea (CO(NH2)2) were purchased from Sinopharm 

Chemical Reagents Co., Ltd. (SCRC, China). All the chemicals were used as received 

without further purification. The nickel foam (NF) was purchased from Sheng Qiang 

Co., Ltd. (Jiangsu, China). Prior to use, it was treated by means of degreasing 

treatments to remove surface oxide layers. 

2. Materials synthesis 

2.1. Synthesis of CoMoOx/NF 

A piece of NF was degreased in acetone solution and etched in 3.0 M HCl 

solution with sonication for 30 min, subsequently washed with deionized water and 

ethanol to ensure a clean surface. CoMoOx was synthesized through a simple 

hydrothermal reaction. In a typical synthesis, 2.5 mmol urea, 2.0 mmol NH4F, 0.25 

mmol Co(NO3)2∙6H2O, and 0.1 mmol (NH4)6Mo7O24·4H2O were dissolved in 40 mL 

deionized water to form a clear solution under constant stirring. Then the pre-treated 

NF was transferred into a Teflon-lined autoclave (100 mL) containing the above 

solution and maintained at 120 
o
C for 12 h. After natural cooling to room temperature, 

CoMoOx was taken out, washed by deionized water and ethanol, finally dried at 60 
o
C 

under vacuum for 24 h, the obtained sample is termed as CoMoOx/NF. 
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2.2. Synthesis of Co/CoMoN/NF heterostructures 

Co/CoMoN/NF heterostructures were obtained by annealing CoMoOx/NF at 500 

o
C for 2h under NH3 atmosphere. 

2.3. Synthesis of Co/CoMoN/CC heterostructures 

Co/CoMoN/CC heterostructures were obtained with the same procedure as 

Co/CoMoN/NF heterostructures except utilizing carbon cloth substitute for Ni foam 

in the hydrothermal reaction. 

2.4. Synthesis of CoMoN/NF 

CoMoN/NF was obtained by acid etching of Co/CoMoN/NF heterostructures in 

0.1 M HCl for 90 min. 

2.5. Synthesis of Co/NF 

Co/NF was prepared by the same procedure with Co/CoMoN/NF 

heterostructures except without introduction of Mo source in the hydrothermal 

reaction and annealing under H2 atmosphere. 

2.6. Synthesis of Pt/C/NF electrode 

Pt/C catalyst inks were prepared by mixing commercial-available Pt/C (20 wt%) 

in a Nafion (0.05 wt%) solution containing isopropanol (20%) and water (80%) under 

rigorous sonication for 30 min to ensure homogeneous suspension. Total 400 μL Pt/C 

inks were drop-cast onto NF (10 mm × 20 mm) to prepare Pt/C/NF electrode for 
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electrochemical measurements. 

2.7. Synthesis of RuO2/NF electrode 

RuO2 catalyst inks were prepared by mixing commercial-available RuO2 in a 

Nafion (0.05 wt%) solution containing isopropanol (20%) and water (80%) under 

rigorous sonication for 30 min to ensure homogeneous suspension. Total 400 μL RuO2 

inks were drop-cast onto NF (10 mm × 20 mm) to prepare RuO2/NF electrode for 

electrochemical measurements. 

3. Electrochemical measurements 

The HER and OER tests were performed in a three-electrode system using a 

platinum plate and normal calomel as the counter electrode and reference electrode, 

respectively. Prior to recording the polarization curves, all the samples were activated 

by the cyclic voltammetry (CV) test at 10 mV s
-1

. The electrochemical impedance 

spectroscopy (EIS) was conducted at 280 mV overpotential for both HER and OER 

from 100 kHz to 0.01 Hz with 10 mV alternate current (AC) amplitude. According to 

the previous reports,
[1-2]

 all the electrochemical data for OER and HER were obtained 

with 85% iR-compensation in our work. Faradaic efficiency for HER was obtained by 

a gas-chromatograph (Shimadzu GC-2014). The long-term stability performance for 

HER, OER and full water electrolysis was operated at the current densities of 100 mA 

cm
-2

. O2- and Ar -saturated 1.0 M KOH solutions were used as the electrolytes for 

OER and HER tests, respectively, by continuously feeding O2 and Ar gases, 

respectively. The rapid cycling stability of Co/CoMoN/NF heterostructures for HER, 
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OER and full water splitting was tested at 100 mV s
-1

 for 3000 CV cycles and the 

linear sweep voltammetry (LSV) polarization curves after cycling were recorded for 

comparison. The electrochemical active surface areas (ECSAs) were assessed from 

the electrochemical double layer capacitance (Cedl), which was calculated by 

measuring the non-Faradaic capacitive from a series of CV curves at different scan 

rates (5, 10, 15, 20, 25 mV s
-1

). By plotting the ∆j (ja-jc) at 0.15 V vs. RHE for HER 

against the scan rates, the slope of fitting lines which is twice of the Cedl value was 

used to represent the ECSAs. 

4. Calculation of Faradaic efficiency 

For Faradaic efficiency measurements, constant potential tests were conducted at 

the overpotentials of 400, 500, and 600 mV, respectively. After controlling potential 

electrolysis for 30 min to obtain a steady state, the gas-phase product was analyzed by 

online gas chromatograph (Shimadzu GC-2014) with a thermal conductivity detector 

for detecting H2. The corresponding Faradaic efficiencies were calculated on the basis 

of the following equation:
[3] 

FE% =
v × 10−6 × VAr × 10−6 × 96485.3 × α × 101300

8.314 × 298.15 × i × 60
× 100% 

Where VAr is the flow rate of carrier gas Ar (20 mL min
-1

), v (ppm) is the H2 

concentration taking up of the whole gas content, α is the quantity of transferred 

electron for producing H2, and i (A) is the test current at a steady state. 

5. Calculation of turn-over frequency (TOF) 

The TOF values for as-prepared catalysts were calculated by the following equation:
[4] 
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TOF =
#total hydrogen turn overs/geometric area (cm2)

#active sites/geometric area (cm2)
 

The total number of hydrogen turnovers were calculated from the current densities at 

overpotential of 300 mV according to: 

#H2 = (j
mA

cm2
)(

1C s−1

1000mA
)(

1mol e−1

96485.3 C
)(

1mol H2

2 mol e−1
)(

6.022 × 1023H2 molecules

1 mol H2
)  

The active sites (including Co and Mo) per real surface area were calculated from the 

following formula: 

#active sites = (
number of atoms/unit cell

Volume/unit cell
)2/3 

The real surface area for HER is calculated from the electrochemical surface area 

(ECSA), which can be converted from the specific capacitance (Cs). The ECSAs for 

each catalyst are obtained from the formula: AECSAs = Cedl/Cs. The Cs for ECSAs 

calculation is 60 μF cm
-2

. 

6. Materials characterization 

The morphology and structure of samples was characterized by a scanning 

electron microscopy (SEM, JSM-6700F, 5k eV). Low-magnification and 

high-resolution transition electron microscopy (TEM) images were obtained from a 

TEM (JEOL JEM-2100F, 200k eV) equipped with an energy diffraction spectroscopy 

(EDS). X-ray diffraction (XRD) measurements were conducted on a D/max 2500pc 

diffractometer with a mono-chromated Cu Kα radiation (λ=1.54178 Å). X-ray 

photoelectron spectroscopy (XPS) was performed on a thermal ECSALAB 250 (15k 
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eV, 6 mA) with an Al anode. All the charge states were compensated by shifting 

binding energies based on the C 1s peak (284.8 eV). The concentration of metal ions 

in electrodes was determined by the inductively coupled plasma optical emission 

spectrometer (ICP-OES, Varian 710-ES). 

7. DFT calculations 

The Vienna Ab initio Simulation Package (VASP) was applied to perform 

spin-polarized density functional theory (DFT) calculations.
[5]

 The interaction 

between valence electrons and ionic cores was described by the Projector augmented 

wave (PAW) pseudopotential and Perdew-Burke-Ernzerhof (PBE) functional of the 

generalized gradient approximation (GGA) was considered for the 

exchange-correlation effects.
[6-7]

 The wave function calculations used the kinetic 

energy cutoff of 550 eV with the smearing width of 0.03 eV. The vacuum gap was set 

to more than 15 Å, which was enough for avoiding the interactions between the 

systems and its mirror images. The van der Waals interaction was considered by Zero 

damping DFT-D3 method of Grimme.
[8]

 During the geometry optimization process, 

the Monkhorst-Pack scheme with the k-point was set to be (2, 2, 1) and the 

convergence criteria for energy and force were 10
−5

 eV and 0.02 eV/Å, respectively. 

The electron transfer between Co5 cluster and CoMoN was calculated by Bader 

charge analysis.
[9]

 In order to calculate the transition state for investigating the energy 

barrier of water dissociation, the climbing image nudged elastic band (CINEB) 

method was used.
[10] 



9 

 

SEM images of 

CoMoOx/NF. 
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High-resolution XPS spectra of (a) Co 2p, (b) Mo 3d, and (c) O 1s for 

CoMoOx/NF. 

  

a b

c
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Figure S3. SEM images of (a, b) CoMoN/NF, and (c, d) TEM and HRTEM images of 

CoMoN/NF. 
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Figure S4. SEM image of Co/NF. 
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Figure S5. (a) Low-magnification image of Co/CoMoN/NF and (b) diameter 

distribution of Co/CoMoN microspheres. 
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Figure S6. The diameter distribution of Co nanoparticles on Co/CoMoN/NF. 
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Figure S7. XPS survey spectra of Co/CoMoN/NF and CoMoN/NF. 
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Figure S8. Calibration of calomel normal reference electrode. 

Cyclic voltammetry curve of Pt plate as working electrode was performed in 

H2-saturated 1.0 M KOH electrolyte. Sweep rate: 1.0 mV/s. The average value (0.994 

V) of two potentials at which the current crossed zero was used as the thermodynamic 

potential for the hydrogen electrode reaction. In H2-saturated 1.0 M KOH electrolyte, 

E(RHE) = E(Calomel normal electrode) + 0.994V. 
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Figure S9. Faradaic efficiencies of Co/CoMoN/NF for HER at overpotentials of 400, 

500, and 600 mV. 
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Figure S10. Cyclic voltammograms in the potential window from 0.1 V to 0.2 V (vs. 

RHE) for (a) Co/CoMoN/NF, (b) CoMoOx/NF, (c) CoMoN/NF, (d) Co/NF, and (e) 

NF at the scan rates of 5, 10, 15, 20, 25 mV/s. 

  

a b c

d e
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Figure S11. The current densities normalized to 2Cedl of Co/CoMoN/NF and 

CoMoN/NF for HER at overpotential of 350 mV. 
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Figure S12. The calculated turn-over frequency (TOF) numbers of Co/CoMoN/NF 

and CoMoN/NF for HER at overpotential of 300 mV. 
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Figure S13. SEM images of Co/CoMoN/NF annealed at (a) 400 
o
C for 2h, (b) 600 

o
C 

for 2h, (c) 500 
o
C for 1h, and (d) 500 

o
C for 3h. 
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Figure S14. (a) Polarization curves of Co/CoMoN/NF annealed at 500
 o
C for 1 h, 2 h 

and 3 h and (b) at 400
o
C, 500

o
C and 600

o
C for 2 h. Sweep rate: 10 mV/s, electrolyte: 

1.0 M KOH. 

  

a b
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Figure S15. Polarization curves recorded from Co/CoMoN/NF heterostructures for 

HER at a scan rate of 10 mV/s before (blue curve) and after (red curve) the 3000 

cycles. 
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Figure S16. SEM image of Co/CoMoN/NF after HER stability test. 

  

200 nm
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Figure S17. XRD patterns of Co/CoMoN/NF before and after HER stability test. 

  


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Figure S18. High-resolution XPS spectra of (a) Co 2p, (b) Mo 3d, (c) N 1s and Mo 3p 

for Co/CoMoN/NF after HER stability test. 

  

a b

c

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Figure S19. Top (a) and side (b) views of Co5/CoMoN structure. Pink, blue, and gray 

balls represent Mo, Co, and N atoms, respectively. The values in (a) indicate the 

charge distribution of the corresponding atom. 
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Figure S20. Polarization curves recorded from Co/CoMoN/NF heterostructure for 

OER at a scan rate of 10 mV/s before (blue curve) and after (red curve) the 3000 CV 

curves. 
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Figure S21. SEM image of Co/CoMoN/NF after OER stability test. 
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Figure S22. High-resolution XPS spectra of (a) Co 2p, (b) Mo 3d, (c) N 1s and Mo 3p 

for Co/CoMoN/NF after OER test. 

  

a b

c 
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Figure S23. XRD patterns of Co/CoMoN/NF before and after OER stability test. 

 


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Figure S24. Top (a) and side (b) views of partially oxidized Co5/CoMoN structure. 

Pink, blue, gray, red balls represent Mo, Co, N, and O atoms, respectively. 
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Figure S25. Reaction free energy diagram of OER on partially oxidized Co/CoMoN, 

including the corresponding reaction intermediates. Pink, blue, gray, red, and white 

balls represent Mo, Co, N, O, and H atoms, respectively. 
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Figure S26. The HER and OER performances of Co/CoMoN/NF heterostructures 

prepared with different mole ratios of metal precursors. (10 mV/s in 1.0 M KOH.) 

  

a b
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Figure S27. Polarization curves of Co/CoMoN/NF and Co/CoMoN/CC catalysts for 

(a) HER and (b) OER at a scan rate of 10 mV/s in 1.0 M KOH. 

  

a b
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Figure S28. Polarization curves of CoN/NF, MoN/NF and Co/CoMoN/NF catalysts 

for (a) HER and (b) OER at a scan rate of 10 mV/s in 1.0 M KOH. 

  

a b
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Figure S29. Polarization curves of Co/CoMoN/NF, Co/CoNiN/NF and Co/CoFeN/NF 

heterostructures for (a) HER and (b) OER at a scan rate of 10 mV/s in 1.0 M KOH. 

  

a b
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Figure S30. Polarization curves recorded from Co/CoMoN/NF heterostructures for 

overall water splitting at a scan rate of 10 mV/s before (blue curve) and after (red 

curve) the chronopotentiometry test at 100 mA/cm
2
 for 140 h. 

  


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Table S1: Comparison of the HER activity of Co/CoMoN/NF with other non-noble 

metal based electrocatalysts in alkaline electrolytes. 

Catalysts Electrolyte 

Overpotential 

at -10 mA cm
-2 

(mV) 

Tafel slope 

(mV/dec) 

Reference 

Co/CoMoN/NF 1.0 M KOH 61 68.9 This work 

Ni/Ni(OH)2 1.0 M KOH 77 53 [11] 

Ni-Mo-Cu0.06 6.0 M KOH 86 42 [12] 

CoFeO@BP 1.0 M KOH 88 51 [13] 

N-NiMoS 1.0 M KOH 68 86 [14] 

Co@N-CNT 1.0 M KOH 74 84 [15] 

MoO3/Ni-NiO 1.0 M KOH 62 59 [16] 

CoFeZr oxides/NF 1.0 M KOH 104 54.2 [17] 

CoMoNiS 1.0 M KOH 113 85 [18] 

Mo-NiO/Ni 1.0 M KOH 50 86 [19] 

NiCoP 1.0 M KOH 130 83 [20] 

Ni-FeP/TiN 1.0 M KOH 75 73 [21] 

Ni(OH)2/CuS 1.0 M KOH 95 104 [22] 

C3N4@MoN 1.0 M KOH 110 57.8 [23] 

Co@CoMoO4 1.0 M KOH 46 85 [24] 

NiMoO4@NiS2 1.0 M KOH 99 74.2 [25] 

Co/β-Mo2C@N-CNTs 1.0 M KOH 170 92 [26] 
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Ni5Co3Mo-OH 1.0 M KOH 52 59 [27] 

NiMoN/CFC 1.0 M KOH 40 70 [28] 

Co3Mo/MoOx/Ni 1.0 M KOH 68 61 [29] 

o-CoSe2P 1.0 M KOH 104 69 [30] 

Ni-FeP/C 1.0 M KOH 95 72 [31] 

NiFeOx@NiCu 1.0 M KOH 70 68 [32] 

Co3S4/MOF 1.0 M KOH 80 82 [33] 

Mo-Co9S8@C 1.0 M KOH 113 68 [34] 
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Table S2: Comparison of the OER activity of Co/CoMoN/NF with other non-noble 

metal based electrocatalysts in alkaline electrolytes. 

Catalysts Electrolyte 

ŋ10 

(mV) 

Tafel slope 

(mV/dec) 

Reference 

Co/CoMoN/NF 1.0 M KOH 248 56 This work 

N-Ni3S2 1.0 M KOH 300 70 [35] 

NiOOH/Ni5P4 1.0 M KOH 290 40 [36] 

NiCo2O4 1.0 M KOH 420 90 [37] 

NiFeCo-LDH/CF 1.0 M KOH 249 42 [38] 

NiFe-MoOx NS 1.0 M KOH 276 55 [39] 

Ni-MoN 1.0 M KOH 276 98 [40] 

Fe3N/Fe4N 1.0 M KOH 238 44.5 [41] 

Ni/NiFeMoOx/NF 1.0 M KOH 255 35 [42] 

Fe-CoP/CoO 1.0 M KOH 219 52 [43] 

Co/VN 1.0 M KOH 320 55 [44] 

Ni2Co-N 1.0 M KOH 214 53 [45] 

Ni3FeN 1.0 M KOH 259 54 [46] 

CoV hydro(oxy)oxide 1.0 M KOH 250 44 [47] 

Ag/Co(OH)x 1.0 M KOH 250 76 [48] 

Fe/CoOOH/graphene 1.0 M KOH 330 37 [49] 

FexCo1-xOOH 1.0 M KOH 266 30 [50] 

Co0.75Ni0.25(OH)2 1.0 M KOH 235 56 [51] 
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γ-CoOOH nanosheets 1.0 M KOH 275 49 [52] 

F-Co3Fe LDH 1.0 M KOH 287 39.2 [53] 
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Table S3: Comparison of the overall water splitting activity of Co/CoMoN/NF with 

other non-noble metal based electrocatalysts in alkaline electrolytes. 

Catalysts J (mA cm
-2

) Potential (V) Reference 

Co/CoMoN/NF 10 1.50 This work 

Mo-Ni3S2/NixPy/NF 10 1.46 [54] 

Mo-NiPx/NiSy 10 1.42 [55] 

Ni2P-Ni3S2 HNAs/NF 10 1.50 [56] 

O-CoMoS 10 1.60 [57] 

NiMoOx/NiMoS 10 1.46 [58] 

Ni0.51Co0.49P 10 1.57 [59] 

NiFe LDH/Cu NW 10 1.54 [60] 

Fe-CoP/Ni(OH)2 10 1.52 [61] 

Co4Ni1P nanotubes 10 1.59 [62] 

Ni0.33Co0.67MoS4 10 1.55 [63] 

CoP@NiFe-OH/SP 10 1.53 [64] 

V-CoP@a-CeO2 10 1.56 [65] 

Co(OH)2/NiMo CA 10 1.52 [66] 

CoNC@Co2N/CPs 10 1.52 [67] 

Ni/NiFeMoOx 10 1.50 [42] 

NiCo2S4 10 1.58 [68] 

CoSAs-MoS2/TiN NRs 10 1.65 [69] 

Ni/γ-Fe2O3 10 1.47 [70] 
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FeCoNi nanosheets/CC 10 1.55 [71] 

NiMoO 10 1.54 [72] 

FeCoNi nanotubes 10 1.43 [73] 

CoP/NC 10 1.64 [74] 

NiCoP@NC 10 1.58 [75] 

NiMoN/CFC 10 1.64 [28] 

Mo-Co9S8@C 10 1.56 [34] 
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