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Supplementary Figures 

 
Supplementary Figure 1. Schematic of the RF-PECVD system for the synthesis of metal nitrides. 

Briefly, the metal powder was subjected to the N2 plasma treatment in the chamber of the radio frequency-

plasma enhanced chemical vapour deposition systems under a pressure of 0.02 Torr. After the temperature 

of the chamber reached the synthetic temperature, the radio frequency-plasma discharge was conducted 

at 300 W and 13.56 MHz for 30 min. 
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Supplementary Figure 2. Structural characterization of Mo2N. a, b, SEM images of Mo2N (a) and 

Mo (b). c, N 1s XPS spectra of Mo2N and Mo. The N 1s peak at 397.6 eV is associated to the typical N-

Mo binding energy in the Mo2N3 phase, and a peak at 394.7 eV is also detected, corresponding to the Mo 

3p in the Mo2N
1. In addition, the Mo metal show a signal at 393.8 eV, which is ascribed to the Mo 3p2. d, 

e, Mo K-edge XANES (d) and corresponding k3-weighted Fourier transforms spectra (e) for Mo and Mo2N. 

The adsorption edges of Mo K-edge (d) XANES spectra showed that Mo in Mo2N shifted to higher energy 

due to the charge transfer from the Mo to N. The EXAFS revealed clear Mo−N bonds for Mo2N (e). The 

EXAFS analysis also displayed a slight increase in Mo-Mo bond distances after Mo2N were formed, which 

was caused by the incorporation of N atoms into the interstitial sites of metals. f, The Raman spectrum of 

Mo2N and Mo at the Raman laser energy of 4 mW. The Raman spectra of Mo2N showed a broad band 

<350 cm-1, which corresponds to the transverse acoustic (TA) and longitudinal acoustic (LA) phonon 

modes of Mo2N
3, 4.  
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Supplementary Figure 3. X-ray powder diffraction (XRD) patterns. a-f, XRD patterns of different 

metal nitrides synthesized from respective metal precursors, including ScN0.98 (a), TiN (b), Ni3N (c), YN 

(d), ZrN (e), and InN (f). The results revealed that the as-synthesized samples were highly crystalline and 

matched well with the Joint Committee on Powder Diffraction Standards (JCPDS) of corresponding 

single-phase metal nitrides.  
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Supplementary Figure 4. STEM-EDX elemental mapping. a-f, The EDX elemental mappings of 

different metal nitrides synthesized from respective metal precursors, including ScN0.98 (a), TiN (b), Ni3N 

(c), YN (d), ZrN (e), and InN (f). The EDX elemental mappings exhibited the homogeneous distribution 

of metal and N element in each metal nitride, respectively.  
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Supplementary Figure 5. HRTEM images. a-f, (top) HRTEM images of different metal nitrides 

synthesized from respective metal precursors, including ScN0.98 (a), TiN (b), Ni3N (c), YN (d), ZrN (e) 

and InN (f). Inset in each HRTEM image shows corresponding FFT pattern. a-f, (bottom) Atomic models 

viewed along the same direction for taking respective HRTEM image. The results show that the well-

resolved and continuous lattice fringes were clearly visible, indicative of the high crystallinity of these 

metal nitride samples. 
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Supplementary Figure 6. X-ray photoelectron spectroscopy (XPS) spectra. a-f, The N 1s XPS spectra 

of different metal nitrides synthesized from respective metal precursors, including ScN0.98 (a), TiN (b), 

Ni3N (c), YN (d), ZrN (e) and InN (f). a, The N 1s peak at 395.7 eV of ScN0.98 was assigned to the N-Sc 

bond5. b, The TiN sample show that the N 1s signal appears at 397.2 eV, which originated from the N-Ti 

contribution6. c, The N 1s peak at 397.8 eV is associated to the binding energy of N-Ni in Ni3N structure7. 

d, The XPS spectrum of YN show two peaks that located at 396.4 eV and 394.7 eV, corresponding to N 

1s signal of the N-Y bonds and Y 3s in the YN structure, respectively8. Moreover, Y metal also exhibits 

a Y 3s peak at the 394.6 eV8. e, The N 1s spectra of ZrN show a peak related to the N-Zr bond at 397.6 

eV9. f, The InN sample show that the N 1s signal appears at 395.9 eV, which is assigned to the N-In bond 

of the InN structure10.  
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Supplementary Figure 7. XPS spectra. a-g, The metal XPS spectra of different metal nitrides 

synthesized from respective metal precursors, including ScN0.98 (a), TiN (b), Ni3N (c), YN (d), ZrN (e), 

Mo2N (f) and InN (g). a, The Sc 2p3/2 peak at 400.1 eV and Sc 2p1/2 peak at 404.6 eV of ScN0.98 were 

assigned to the N-Sc bond5. b, The TiN sample show that the Ti 2p3/2 and Ti 2p1/2 signals appear at 455.2 

eV and 460.1 eV, which originated from the N-Ti contribution6. c, The Ni 2p3/2 and Ni 2p1/2 peak at 852.4 

eV and 870.0 eV are associated to the binding energy of N-Ni in Ni3N structure7. d, The XPS spectrum of 

YN show two peaks that located at 156.6 eV and 158.7 eV, corresponding to Y 3d5/2 and Y 3d3/2 signal of 

the N-Y bonds, respectively8. e, The Zr 3d spectra of ZrN show two peaks related to the N-Zr bond at 

179.9 eV and 182.1 eV11. f, The Mo2N sample show that the Mo 3d5/2 and Mo 3d3/2 signals appear at 229.2 

eV and 232.4 eV, which originated from the N-Mo contribution1. g, The InN sample show that the In 3d5/2 

and In 3d3/2 signals appear at 443.8 eV and 451.4 eV, which were assigned to the N-In bond of the InN 

structure10. 
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Supplementary Figure 8. Raman spectra. a-f, The Raman spectrum of different metal nitrides 

synthesized from respective metal precursors, including ScN0.98 (a), TiN (b), Ni3N (c), YN (d), ZrN (e) 

and InN (f).  a, The ScN0.98 shows a Raman peak at 674 cm-1, corresponding to the longitudinal optical 

(LO) phonon mode12. b, The Raman spectra of TiN show peaks at 203 cm-1, 298 cm-1, and 552 cm-1, which 

correspond to the transverse acoustic (TA), longitudinal acoustic (LA), and transverse optical (TO) phonon 

modes, respectively13. The scattering in the acoustic range (TA and LA modes) is primarily determined by 

vibrations of the Ti ions, while the scattering in the optical range (TO mode) is owing to vibrations of the 

N ions14. c, The Ni3N exhibits the characteristic peaks at 158 cm-1, 222 cm-1, and 510 cm-1, which are 

typical Ni3N Raman peaks, in consistent with literature results15, 16. d, The Raman peaks of YN at 301 cm-

1 and 369 cm-1 could be attributed to acoustic phonons in cubic YN. And the broad peak with lower 

intensity at 528 cm-1 most probably originated from optical phonons17. e, The Raman spectra of ZrN 

exhibits two peaks at 162 cm-1 and 217 cm-1, corresponding to the TA and LA transition modes, 

respectively. In addition, two more peaks at higher frequencies (495 cm-1, and 684 cm-1) can be attributed 

to TO and LO transition modes, respectively18, 19. f, Raman spectra of InN show distinct peaks at the 94 

cm-1, 492 cm-1 and 580 cm-1, which correspond to the E2 (low), E2 (high) and LO phonon modes of InN, 

respectively20.  
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Supplementary Figure 9. HER polarization curves.  HER polarization curves of different metal nitrides 

in natural seawater, including ScN0.98, TiN, Ni3N, YN, ZrN, Mo2N, and InN (100% iR correction, where 

R was determined to be 23.7 ± 0.2 Ω). Catalyst loading: ~1.00 mg cm−2. Sweep rate: 5 mV s−1. Rotation 

rate: 1600 rpm. The HER activity increases in the order of YN < InN < ScN0.98< ZrN < TiN < Ni3N < 

Mo2N. 
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Supplementary Figure 10. The effect of catalyst loadings on HER. We measure the HER polarization 

curves of Mo2N with different loadings from 0.50 mg cm-2 to 1.25 mg cm-2 in Ar-saturated natural 

seawater (100% iR correction, where R was determined to be 23.7 ± 0.2 Ω). Sweep rate: 5 mV s-1. Rotation 

speed: 1600 rpm. It can be seen that the current increases as the catalyst loading increases until the loading 

arrives at 1.00 mg cm-2. Further increasing the loading leads to a decreased activity. The optimized catalyst 

loading amount of Mo2N catalyst was 1 mg cm-2 and this value was fixed for all the relevant 

electrochemical tests. 
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Supplementary Figure 11. HER polarization curves. HER polarization curves of Mo, Mo2N, and 

commercial Pt/C catalysts in natural seawater on a 0.196 cm2 electrode without iR correction (100% iR 

correction, where R was determined to be 23.7 ± 0.2 Ω). Catalyst loading: ~1.0 mg cm−2. Sweep rate: 5 

mV s−1 
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Supplementary Figure 12. Estimation of ECSA. a, The CO stripping curves for Pt/C. The gray curves 

showed the second cycle of the measurements. Sweep rate: 20 mV s-1. Rotation speed: 1600 rpm. b, c, CV 

in the region of 0.0~0.1 V versus RHE for Mo and Mo2N catalysts at the following scan rate: (cyan line) 

20, (blue line) 60, (green line) 100, (red line) 140, and (black line) 180 mV/s. d, Plots showing the 

extraction of the Cdl for Mo and Mo2N catalysts. e, Summary of the ECSA of different catalysts. 
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Supplementary Figure 13. HER polarization curves. ECSA-normalized HER polarization curves of 

Mo, Mo2N, and commercial Pt/C catalysts measured in natural seawater (100% iR correction, where R 

was determined to be 23.7 ± 0.2 Ω). Catalyst loading: ~1.0 mg cm−2. Sweep rate: 5 mV s−1.  
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Supplementary Figure 14. In situ Raman spectra. a, b, Potential-dependent in situ Raman spectra of 

Mo2N during HER process in 1 M KOH (a) and natural seawater (b). In 1 M KOH, the in situ Raman 

spectra show that two peaks at 454 cm-1 and 889 cm-1 arise and grow gradually when negative potentials 

progressively applied. Such two peaks can be assigned to the symmetric stretching mode of Mo-O-Mo 

and Mo=O, respectively21, 22, showing the formation of MoO4
2- on the Mo2N surface in alkali. By contrast, 

in natural seawater, no MoOx signals can be detected on the Mo2N surface at all potentials examined. 
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Supplementary Figure 15. Faradaic efficiency. H2 Faradaic efficiencies of the Mo2N and Pt/C catalyst 

at different current densities. Error bars are based on the standard deviation of three independent 

measurements. The measured H2 gas at all current densities perfectly match with the theoretical values, 

corresponding to Faradaic efficiency of ~100% 
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Supplementary Figure 16. TEM characterization. a, b, TEM characterization of the Mo2N catalyst 

after 1,000 h operation. The TEM results reveal that the Mo2N catalyst can retain their original 

morphology after stability test. 
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Supplementary Figure 17. Stability of Mo2N. a, b, The Mo 3p, N 1s (a) and corresponding N content 

(b) of the Mo2N catalyst before and after HER. The results show that the valence states and surface 

structure of both Mo and N were well maintained over 1,000 hours of operation.  
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Supplementary Figure 18. In situ SEIRAS measurements. a, Schematic of the set-up for in situ 

SEIRAS measurements. b, Photograph of the set-up for in situ SEIRAS measurements.  

  



 

 

S20 

 

 

 
Supplementary Figure 19. Partial density of states (PDOS). Calculated PDOS of N 2p orbital in each 

metal nitride with the Fermi level (EF) aligned at 0 eV. The 2p band centers of the N elements are marked 

by the purple dotted lines, deviating from the Fermi level in the order of YN < InN < ScN0.98< ZrN < TiN 

< Ni3N < Mo2N. 

 



 

 

S21 

 

 

 
Supplementary Figure 20. Electrocatalytic HER Performances of metal nitrides. a, b, HER activity 

as a function of N 2p band center of each metal nitride (a) and proportion of strongly H-bonded H2O 

molecules in the EDL of each metal nitride (b). The HER activity exhibits a linear dependence on the N 

2p band center and proportion of strongly H-bonded H2O molecules in the EDL of each metal nitride. 
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Supplementary Figure 21. In situ DEMS measurements. a, Schematic of the set-up for in situ DEMS 

measurements. b, Photograph of the set-up for in situ DEMS measurements.  
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Supplementary Figure 22. NMR measurement. a, 1H NMR spectra of the NH4
+ generated during the 

electrocatalytic HER with metal nitrides as catalysts in natural seawater at -10 mA cm-2. b, The amount 

of NH4
+ generated with Mo2N as catalysts in natural seawater at -10 mA cm-2 using different quantification 

methods. The 1H NMR spectra show a pronounced triplet in the region of 6.8-7.15 ppm for Mo2N, showing 

that NH4
+ forms during HER and exists in our system23. For other metal nitrides, such triplet from NH4

+ 

were also observed but with gradually weaker strength. By contrast, no NH4
+ can be detected in the control 

experiment using Mo as the catalyst (a), confirming that the obtained NH4
+ comes from the lattice nitrogen. 

The amount of NH4
+ formed on Mo2N detected by ion chromatography method agrees well with the data 

obtained by the quantitative 1H NMR method.  
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Supplementary Figure 23. In situ SEIRAS spectra. a, b, The in situ SEIRAS spectra recorded at 

potentials from -0.05 to -0.25 V versus RHE on Mo (a) and Mo2N (b) in Ar-saturated natural seawater.  
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Supplementary Figure 24. In situ SEIRAS spectra. The in situ SEIRAS spectra recorded at -0.05 V 

versus RHE on Mo catalyst in Ar-saturated natural seawater with different concentration of NH4Cl. The 

pH of the bulk seawater was fixed at 7.84 by NaOH. 
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Supplementary Figure 25. EIS Nyquist plots. a, The equivalent circuit for the EIS simulation. Rs 

represents the solution resistance. T and R1 represent the double layer capacitance and the catalytic charge 

transfer resistance, respectively. Cφ and R2 are the hydrogen adsorption pseudo-capacitance and resistance, 

respectively. b, c, The EIS Nyquist plots of Mo (b) and Mo2N (c) were measured at different overpotentials 

in Ar-saturated natural seawater. Solid lines are the fitting results according to the equivalent circuit. d, 

EIS-derived Tafel plots of the Mo and Mo2N obtained from the hydrogen adsorption resistance R2. e. Plots 

of Cφ vs. η of the bare Mo and Mo2N catalysts during HER in Ar-saturated natural seawater. The EIS-

derived Tafel plots (d) show that Mo2N has a much lower hydrogen adsorption resistance than Mo at all 

overpotential examined, indicating its faster hydrogen adsorption and transfer kinetics. Moreover, the 

integration of Cφ versus η profiles (e) provides information on the hydrogen adsorption charge (QH) on 

the catalyst surface during HER24, 25. The results show an increased amount of adsorbed hydrogen on 

Mo2N (QH[Mo2N] = 1160 μC) compared with that of Mo (QH[Mo] = 99 μC), implying that NH4
+ species 

in the Stern layer on Mo2N surface greatly improve the hydrogen adsorption.  
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Supplementary Figure 26. Polarization curves of Mo in the natural seawater. a, The HER polarization 

curves of Mo in the natural seawater. b, c, The HER polarization curves of Mo in the natural seawater 

with different concentration of NaCl (b) and NH4Cl (c). d, e, The corresponding overpotential at 10 mA 

cm-2 (d) and current density at 1.3 V versus RHE (e). All the polarization curves were not corrected with 

iR compensation and the pH of the bulk seawater was fixed at 7.84 by adding NaOH. The results reveal 

that the HER activity of Mo catalyst improves as the concentration of NH4
+ increases. 
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Supplementary Figure 27. The enlarged XRD patterns. The enlarged XRD patterns of Mo2N catalysts 

after electrolysis at different current densities for 36 hours in natural seawater. The XRD peak 

corresponding to the Mo2N (111) facets shifted gradually to higher angles as the current density increases, 

indicative of an increase of N vacancies26. 
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Supplementary Figure 28. EPR spectra. EPR spectra of Mo2N before and after electrolysis at -100 mA 

cm-2 for 36 hours in natural seawater. The results show a strong EPR signal at a g value of 2.0000 for the 

Mo2N catalyst after electrolysis at -100 mA cm-2 for 36 h in natural seawater, confirming the formation of 

N vacancies27. 
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Supplementary Figure 29. XPS depth measurements. a, b, the N 1s XPS spectra of the Mo2N before 

and after electrolysis at -100 mA cm-2 for 36 hours in natural seawater and after different Ar sputtering 

time (5s, 15s and 20s) (a) and the corresponding N content (b). The results show that the N content 

increases with the depth of detection until approaching the initial nitrogen content of Mo2N, which 

indicates that the lattice nitrogen on the Mo2N surface makes NH4
+, rather than the lattice N from the deep 

structure. 
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Supplementary Figure 30. DFT calculations. Free energy diagram of lattice nitrogen in different atomic 

layer of Mo2N transfers to the surface metal site, including first, third and fifth layer. Insets show 

corresponding structure models. The DFT calculations predict that the energy barriers required for the 

migration of N from the first, third, and fifth layers of Mo2N to the surface Mo atoms could be 0.04 eV, 

0.43 eV and 0.65 eV, respectively. 
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Supplementary Figure 31. IrOx deposition. The CV curves obtained for IrOx deposition on Pt-ring 

electrode with a scan rate of 1 V s-1. 
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Supplementary Figure 32. pH measurement on catalyst surface. a, b, The time (a) and pH (b) 

dependence of open circuit potential (Eocp) for IrOx electrodeposited Pt-ring electrode. The measurement 

was performed in natural seawater. The pH of the bulk seawater was adjusted by adding H2SO4 or NaOH. 
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Supplementary Figure 33. Density functional theory (DFT) simulations. Optimized structures of NH4

+ 

surrounded by OH- and H2O molecules. We fixed the NH4
+ as it was confined on the catalyst surface via 

a strong electric field. And the OH- and H2O molecules were allowed to fully relax. When the structure 

reached required accuracy, the OH- and H2O molecules are interacting strongly with the hydrogen of the 

NH4
+ through H-bond. 
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Supplementary Figure 34. Cl resistance measurements. a-c, Cl 2p XPS spectra of Pt/C (a), Mo (b) and 

Mo2N (c) catalysts before and after electrolysis at -100 mA cm-2 for 36 hours in natural seawater. d-f, EDS 

spectra of Pt/C (d), Mo (e) and Mo2N (f) catalysts before and after electrolysis at -100 mA cm-2 for 36 

hours in natural seawater. g, Summary of the atomic ratios of Pt/C, Mo and Mo2N catalysts after 

electrolysis at -100 mA cm-2 for 36 hours in natural seawater based on EDS results. The results reveal that, 

after electrolysis at -100 mA cm-2 for 36 h in natural seawater, Pt-Cl component at 200.0 eV28 (a) and Mo-

Cl bond at 199.9 eV29 (b) were detected for Pt/C and metallic Mo catalysts, respectively. By contrast, 

negligible XPS signal that belongs to Mo-Cl bond can be detected for Mo2N catalyst after the same 

seawater electrolysis (c). Additionally, the EDS measurements show the same phenomenon (d-f). Based 

on the EDS results, the Cl contents can be determined to be about 28.77, 9.28 and 0.15 at. % on the surface 

of Pt/C, Mo and Mo2N catalysts, respectively. These results together show that Mo2N can resist Cl very 

well at the cathode during seawater electrolysis. 
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Supplementary Figure 35. DFT calculations. Cl adsorption energy of Mo2N, Mo and Pt. Insets show 

corresponding structure models with Cl adsorption. Our calculations predict that Cl binding on Pt is strong, 

in agreement with previous report30. As to metallic Mo, the Cl binding ability is slightly weaker than Pt. 

By comparison, the Cl adsorption energy was found to be substantially weak on Mo2N, which explains 

why no obvious Cl was detected on the Mo2N catalyst. 
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Supplementary Figure 36. Zero-gap membrane flow electrolyser. The photograph shows that the H2 

bubbles produced vigorously by the electrolyser with Mo2N cathode. 
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Supplementary Figure 37. Electrolyser performance. a, Chronopotentiometry measurement of the 

electrolyser at 1A cm−2 and 60 °C for Pt/C cathodic catalyst using simulated seawater as feed. b, c, 

Photographs (b) and XRD patterns (c) of Pt/C on Nafion 115 membrane before and after electrolysis at 1 

A cm-2 for 399 hours. d, e, SEM image and its elemental mapping of Pt/C catalysts on Nafion 115 

membrane before (d) and (e) after electrolysis at 1 A cm-2 for 399 hours. Scale bars: 2 μm. f, EDS spectra 

of Pt/C on Nafion 115 membrane after electrolysis at 1 A cm-2 for 399 hours. Inset shows corresponding 

atomic ratios. The results show that the device undergoes a rapid degradation with an apparent degradation 

rate of 2.16 mV h-1 (a). Photograph of the Pt/C electrode after 399-h test shows that some white precipitate 

forms (b). XRD patterns confirm that such white precipitate was mainly Mg(OH)2 (c). Furthermore, SEM 

images show that flakelike Mg(OH)2 forms on the Pt/C electrode (d and e). The corresponding element 

mapping exhibit a homogeneous distribution of Mg and O (e and f). 
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Supplementary Figure 38. GC-MS results. GC-MS spectra of NH3 (down) and H2 gas produced via 

the zero-gap membrane flow electrolyser with Mo2N cathode at 1A cm−2 and 60 °C (top). 
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Supplementary Tables 

Supplementary Table 1. Synthetic details and structural information of the nitrides synthesized 

from various metal powders. 
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Supplementary Table 2. Structural parameters extracted from the Mo K-edge EXAFS fitting 

(S0
2=0.90). 

 

 
(Note: for the EXAFS fitting in Table 2, S0

2 is the amplitude reduction factor; CN is the coordination 

number; R is interatomic distance (the bond length between Mo central atoms and surrounding 

coordination atoms); σ2 is Debye-Waller factor (a measure of thermal and static disorder in absorber-

scatterer distances); ΔE0 is edge-energy shift (the difference between the zero kinetic energy value of the 

sample and that of the theoretical model). R factor is used to value the goodness of the fitting. This value 

was fixed during EXAFS fitting, based on the known structure of Mo foil. Error bounds that characterize 

the structural parameters obtained by EXAFS spectroscopy were estimated as N ± 20%; R ± 1%; σ2 ± 

20%; ΔE0 ± 20%) 
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Supplementary Table 3. Summary of the atomic ratios of metal nitrides based on XPS results. 
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Supplementary Table 4. The concentration of ions in natural seawater. 
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Supplementary Table 5. Comparison of electrochemical performance between Mo2N and other 

HER electrocatalysts in natural seawater. 
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Supplementary Table 6. Summary of the amount of NH4
+ generated with metal nitrides based on 

1H NMR spectra results. 
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Supplementary Table 7. Comparison of the performance of zero-gap membrane flow electrolysers 

with different non-noble metal cathodes. 
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