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Synthesis of NiFe-LDH/NF

5 mmol Fe(NO3)2⋅9H2O, 15 mmol Ni(NO3)2⋅6H2O and 37.5 mmol Triethanolamine  were mixed 

and stirred for 1h in 200 mL deionized (DI) water, next stirred for 30 min with a piece of NF (3 × 

4 cm2). The 60 mL mixture and NF were transferred to a 100 mL Teflon-lined stainless-steel 

autoclave and warmed up to 150 ℃ and maintained for 48 h. The NiFe-LDH/NF was washed 

with DI water and ethanol several times and dried in a vacuum at 60 ℃. Detailed 

characterization can be found in Figure S18.

DFT Calculations

All the calculations were performed with the ABINIT software package. Total energy 

calculations were performed to study the properties of Ni3N structure using the periodic 
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density functional theory (DFT) and density functional perturbation theory (DFPT) which were 

implemented in ABINIT code. ABINIT stands for “Open-Source Package for Research in 

Electronic Structure, Simulation, and Optimization”. 1 Exchange-correlation energy was treated 

with the generalized gradient approximation (GGA) using the Perdew, Burke, and Enzerholf 

(PBE) parameterization. 2 The electron-ion interaction was modeled using the pseudo-potential 

generated by Van Setten et al., which gives very transferable norm conservation pseudo-

potentials. 3 Integrations in the reciprocal lattice were made using the k-points generation 

method of Monkhorst and Pack .4 Population analysis has been performed on the optimized 

structures in the ground state. Charge transfer analysis and electron density differences were 

performed with Multiwfn 3.2.1. 5 Models of Ni3N were used to simulate the V-Ni3N, Fe-Ni3N, 

and V-Fe-Ni3N samples. In the Supporting Information, we have outlined the models and how 

they have been built.
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Figure S1. (a, b) SEM images of NF.

Figure S2. (a) Digital image of NiMo precursor. (b) XRD pattern of NiMo precursor.

3



Figure S3. (a, b) SEM and (c, d) TEM images of pristine NMO.
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Figure S4. (a, b) SEM and (c, d) TEM images of NMO-MO.
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Figure S5. SEM elemental mapping results of NMO-MO-P sample.

Table S1. ICP data for atomic percentage (%) of the samples.

           Element

Sample
Ni Mo O P

NMO 23.0 42.6 34.4 /

NMO-MO 22.3 39.1 38.6 /

NMO-MO-P 19.8 43.1 30.2 6.9
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Figure S6. (a) Survey XPS spectra of NMO, NMO-MO and NMO-MO-P samples.
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Figure S7. (a-c) CV curves of NMO, NMO-MO and NMO-MO-P electrodes. (d) CV curves of the 

different electrodes at the scan rate of 100 mV s-1. (e) Areal capacitance of the different 

electrodes as a function of scan rate.
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Figure S8. (a-c) GCD curves of NMO, NMO-MO and NMO-MO-P electrodes. (d) Areal 

capacitance and (e, f) specific capacitance of the different electrodes as a function of current 

density.
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Table S2. Areal capacitance comparison of the positive electrode performance of our as-

prepared NMO-MO-P NRs to other NMO-based electrodes.

Electrodes Electrolyte Areal Capacitance

3 M KOH 7.32 C cm-2, 18.29 F cm-2  (6 mA cm-2)

2 M KOH 4.10 C cm-2, 10.24 F cm-2  (6 mA cm-2)NMO-MO-P (Our work)

1 M KOH 2.58 C cm-2, 6.46 F cm-2    (6 mA cm-2)

Co-Mg compound@NiMoO4 6 6 M KOH 6.50 F cm-2    (5 mA cm-2)

NiCo2O4@NiMoO4/PANI 7 PVA/H3PO4 2.38 F cm-2    (1 mA cm-2)

NiMoO4/Ni film/Cu 
8 2 M NaOH 12.03 F cm-2  (4 mA cm-2)

NiMoO4 NSs-CNTs-CuO NWAs/Cu9 6 M KOH 23.40 F cm-2  (2 mA cm-2)

NiMoO4@CoMoO4 10 6 M KOH 5.4 F cm-2      (2 mA cm-2)

PPy/NiMoO4/CC11 2 M KOH 3.40 F cm-2    (5 mA cm-2)

NiMoO4/NiO12 3 M KOH 10.3 F cm-2    (11 mA cm-2)

NiCo2O4-UNSA@NiMoO4
13 3 M KOH 7.29 F cm-2    (2 mA cm-2)

P-CoCH@NiMoO4
14 1 M KOH 5.08 F cm-2    (2 mA cm-2)

Zn−Mo−Ni−O−S HMF15 6 M KOH 6.27 F cm-2     (1 mA cm-2)

NiMoP@CoCH/CC16 1 M KOH 4.0 F cm-2      (1 mA cm-2)
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Figure S9. (a) GCD curves of NMO-MO-P electrode before and after the rate cycle. (b) SEM 

images of NMO-MO-P electrode after stability test.
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Figure S10. (a, b) CV curves and (c, d) GCD curves of NMO-MO-P electrode in 2.0 M and 1.0 M 

KOH electrolyte. (e) Areal capacitance of the NMO-MO-P electrodes as a function of current 

density in different electrolyte concentration.
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Figure S11. (a-d) CV curves of NMO-MO-P(100), NMO-MO-P(240), NMO-MO-P-0.5 and NMO-

MO-P-2 in 3 M KOH.
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Figure S12. (a-d) GCD curves of NMO-MO-P(100), NMO-MO-P(240), NMO-MO-P-0.5 and NMO-

MO-P-2 in 3 M KOH. (e) Areal capacitance and (f) specific capacitance as a function of current 

density of MO-MO-P(100), NMO-MO-P(240), NMO-MO-P-0.5 and NMO-MO-P-2 in 3 M KOH.

14



Figure S13. SEM images of (a, b) Mo-Ar and (c, d) Mo-Ar-P.
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Figure S14. SEM images of (a, b) Ni-Ar and (c, d) Ni-Ar-P.
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Figure S15. (a-d) GCD curves and (e) areal capacitance of the different electrodes as a function 

of current density in 3.0 M KOH.
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Figure S16. (a) CV curves, (b) GCD curves of AC electrode, (c) Specific capacitance and (d) 

Nyquist plots of the AC electrode.

Table S3. The parameters in the equivalent circuits of activated carbon (AC/NF).

Sample Rs ( Ω ) Rct ( Ω ) W (Ω)

Activated carbon on NF (AC/NF) 1.025 1.969 0.41
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Figure S17. (a) CV curves of AC and NMO-MO-P electrodes at 10 mV s-1 in 3.0 M KOH. (b) CV 

curves at various scan rates and (c) GCD curves at different current densities of NMO-MO-P//AC 

device as a function of current density in 3.0 M KOH . (d) XRD spectra of NMO-MO-P before and 

after stability test.
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Table S4. Comparison of the performances of the NMO-MO-P//AC with other NMO-based ASC.

20

ASC devices Electrolyte
Operation 

voltage (V)

Energy density 

(Wh kg-1)

Power density

(W kg-1)

NiMoO4/Ti3C2Tx//rGH17 3 M KOH 1.6 33.36 400.08

NiCoMnO@NiMoO4@C//AC18 3 M KOH 1.6 59.9 214

CuO@NiMoO4//AC19 PVA/KOH 1.6 42.3 631.6

NiCo2O4@NiMoO4//AC20 6 M KOH 1.5 53.3 750

NiMoO4@NiS2/MoS2//Porous 

carbon21
6 M KOH 1.4 26.8 700

NiMoO4//AC22 6 M KOH 1.4 18 704

NiMoO4-CoMoO4//G-ink23 3 M KOH 1.5 27.58 636.05

Ag QDs/NiMoO4//AC24 3 M KOH 1.7 48.5 212.5

PCNS@Co0.21Ni0.79MoO4//AC25 2 M KOH 1.5 36.7 346.4

β-NiMoO4//rGO26 2 M KOH 1.5 29.3 187

3 M KOH 1.6 55.36 359.4

2 M KOH 1.6 42.19 361.66NMO-MO-P (Our work)

1 M KOH 1.6 24.29 364.24



Figure S18. (a, b) GCD curves of NMO-MO-P//AC device at various current densities in 2.0 M 

KOH and 1.0 M KOH. (c) Specific capacitances as a function of current density and (d) Rate 

performance of NMO-MO-P//AC device in different concentrations of KOH.
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Figure S19. (a) XRD pattern, and (b-c) SEM images of NiFe-LDH.
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Table S5. Comparison of the overall water splitting performance of our as-prepared NMO-MO-P 

NRs to other NMO-based catalysts in 1.0 M KOH electrolyte.

Electrocatalysts
OER 

(η@10 mA cm-2)

HER 

(η@10 mA cm-2)

OWS Voltage

(V) 

NMO-MO-P (Our work) 241 23 1.50

NiFe/NiMoO4//NiMoO4-P 27 210 34 1.47

NiMoO4@MoSe2/NixSey 28 290 69 1.50

NF@P-Ni(OH)2/NiMoO4 29 270 60 1.55

NiMoO4−x/MoO2 30 233 41 1.56

NC/NiMo/NiMoOx 31 284 29 1.57

NF@CoP3/NiMoO4 32 347 92 1.57

CFC@N-NiMoO4/NiS2 33 267 57 1.60

P-doped NiMoO4/NiMoO4`nH2O 34 260 148 1.62

NiCo2O4@NiMoO4 35 300 170 1.65

NiMoO4//P-doped NiMoO4 36 239 144 1.68

OWS: Overall water splitting

23



Figure S20. (a-c) CV curves (0.05 V ~ 0.15 V) at the different scan rates of the NMO, NMO-MO 

and NMO-MO-P catalysts. (d) CV curves (0.05 V ~ 0.15 V) at the different scan rates of the 

NMO-MO-P after OWS. (e) The corresponding ECSA values and (f) ESCA normalization.
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Figure S21. (a) CV curves of NMO, NMO-MO and NMO-MO-P in PBS solution (pH = 7.0) at a scan 

rate of 50 mV s-1. (b) The TOFs of different catalysts.
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Figure S22. (a) Structural model of MoO2, NiMoO4, NiMoO4-MoO2 and NiMoO4-MoO2-P. The 

model catalysts (b) MoO2, (c) NiMoO4, (d) NiMoO4-MoO2 and (e) NiMoO4-MoO2-P with their 

corresponding intermediates adsorbed molecules. 
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Figure S23. (a) Ni 2p, (b) P 2p and (c) O 1s XPS spectra of NMO-MO-P after OER stability test.

(d-f) TEM images of NMO-MO-P after OER stability test.

Figure S24. (a) XRD patterns. (b-e) SEM images of NMO-MO-P(100), NMO-MO-P(240), NMO-

MO-P-0.5 and NMO-MO-P-2.
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Figure S25. (a-d) SEM image and corresponding elements mapping of NMO-MO-P(100), NMO-

MO-P(240), NMO-MO-P-0.5 and NMO-MO-P-2.

Table S6. Atom % of Ni, Mo, O and P in different samples analyzed using EDS.

                   Element

Sample
Ni Mo O P

NMO-MO-P(100) 21.55 40.88 34.59 2.98

NMO-MO-P 19.37 43.68 31.99 4.96

NMO-MO-P(240) 20.54 40.03 32.89 6.54

NMO-MO-P-0.5 22.38 40.59 32.68 4.35

NMO-MO-P-2 20.56 42.09 32.06 5.29
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Figure S26. (a) Ni 2p, (b) Mo 3d, (c) O 1s and (d) P 2p XPS spectra of NMO-MO-P(100), NMO-

MO-P(240), NMO-MO-P-0.5 and NMO-MO-P-2.
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Figure S27. (a) LSV curves, (b) Tafel slops and (c) Nyquist plots of NMO-MO-P(100), NMO-MO-P, 

NMO-MO-P(240), NMO-MO-P-0.5 and NMO-MO-P-2. (d) LSV curves and (e) Tafel slopes of NF, 

P-NF and NMO-MO-P.

30



Figure S28. (a-c) CV curves (0.05 V ~ 0.15 V) at the different scan rates of the NMO-MO-P(100), 

NMO-MO-P(240), NMO-MO-P-0.5 and NMO-MO-P-2. (e) The corresponding ECSA values.
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Table S7. The parameters in the equivalent circuits of as-prepared electrocatalysts.

Electrocatalysts Rs ( Ω ) Rct ( Ω )

NMO-MO-P(100) 1.63 7.17

NMO-MO-P 1.66 5.14

NMO-MO-P(240) 1.71 7.69

NMO-MO-P-0.5 1.67 6.33

NMO-MO-P-2 1.68 9.57

Powder-NMO-MO-P 1.57 6.23

Figure S29. (a) XRD pattern of NMO-MO-P powder. (b-c) SEM images of NMO-MO-P powder.
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Figure S30. Alkaline OER electrochemical properties of the NMO-MO-P and powder-NMO-MO-P 

catalysts. (a) Polarization curves, (b) Tafel slope, (c) Nyquist plots, (d) ECSA values of NMO-MO-

P and (e) powder-NMO-MO-P. (f) The corresponding ECSA values.

Figure S31. Post OWS analysis. (a) Ni 2p, (b) Mo 3d XPS spectra and (c) LSV curves of NMO-MO-

P//NMO-MO-P device before and after stability test. (d) XRD spectra of NMO-MO-P before and 

after electrolysis. (e) HER and (f) OER SEM images of NMO-MO-P after OWS test.
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After the OWS stability test, the strong electronic interaction in the NMO-MO-P catalyst 

was further confirmed by the unchanged electronic environments of both Ni 2p and Mo 3d XPS 

spectra compared to the untested NMO-MO-P sample (Figure S31a-b). The Mo severely 

dissolves more on the OER sample than the HER sample during the stability test, which can be 

identified by the Mo 3d XPS spectra peak intensities in Figure S31b and their corresponding 

Ni:Mo ratio of 1:0.04 for HER and 1:1.004 for OER compared to untested NMO-MO-P sample 

(Ni:Mo ratio of 1:2.18). However, the leaching did not cause any phase destruction, indicating 

of the NMO-MO-P crystal structure is preserved after the electrolytic test (Figure S31c).37, 38 The 

device also maintained excellent stability after 12 h continuous electrolysis without significant 

degradation (Figure S31d). Furthermore, the dissolution of Mo did not cause any morphological 

destruction, indicating of the NMO-MO-P OER and HER samples morphology was preserved 

after the OWS test (Figure S31e-f). All these results further affirmed the excellent stability of 

the as-designed NMO-MO-P catalyst.
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