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Table S1. The 2θ values of the reflections obtained from the XRD patterns of the samples, 
compared with the standard patterns from crystallographic open database (COD).

Standards/Samples Plane 2θ (o)
(111) 43.3
(200) 50.6

Cu
[COD ID 9012043]

(220) 74.3
(111) 44.7
(200) 51.9

Ni
[COD ID 2100649]

(220) 76.6
(111) 38.8
(200) 45.1
(220) 65.5

Mo
[COD ID 1534907]

(311) 78.7
(111) 43.4
(200) 50.6

Ni73Mo (Cu)

(220) 74.2
(111) 44.5
(200) 51.8

Ni73Mo (Ni)

(220) 76.3
(111) 43.4
(200) 50.6

Ni-100-60m (Cu)

(220) 74.3
(111) 44.6
(200) 51.9

Ni-100-60m (Ni)

(220) 76.5
(111) 43.5
(200) 50.7

Mo-100-60m (Cu)

(220) 74.4
Mo-100-60m (Mo)* (111) 39.2

(100) 33.2β-Nickel Hydroxide
[COD ID 9009112] (101) 38.6

(100) 33NH-24
(101) 38.4
(012) 34.3
(015) 38.3

NMH-24

(110) 59.6

*For Mo-100-60m, the intensity of (111) is plane is too low to be indexed in Figure 1c. 
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Figure S1. Rietveld refined XRD patterns of Ni73Mo and Ni-100-60m.

Table S2. XRD-Rietveld refinement parameters.

Here Rwp (weighted profile factor) = , wi = , N = number of data 
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points, Iexp = observed intensity, Icalc = calculated intensity, P = number of parameters. GOF = 
goodness of fit.

Sample
[space 
group]

Composition Lattice 
paramet

er
(Å)

Lattice 
Volume

(Å3)

Atomic 
positions (x, y, z)

GOF RWP

Ni-100-
60m 

(Fm3m)

Ni 1
Mo 0

a = b = c 
= 3.5289
α = β = γ 

= 90°

43. 95 Ni
(0,0,0)

4.46 2.52

Ni73Mo
(Fm3m)

Ni 0.985
Mo 0.015

a = b = c 
= 3.5551
α = β = γ 

= 90°

44.93 Ni
(0,0,0)

Mo
(0,0,0)

4.85 2.56
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Figure S2. Williamson-Hall plots of (a) Ni73Mo and (b) Ni-100-60m. TEM image (lattice 
vectors x and y used as a reference for the strain analysis) and contour plots of the strain 
components Exx, Exy, and Eyy relative to the reference values on the surface of (c) Ni73Mo (d) 
Ni-100-60m.

.

Figure S3. FESEM images of (a) the cross-sectional view of Cu-m/Cu-NW substrate, (b) Cu-
m/Cu-NW/Ni73Mo, (c) Cu-m/Cu-NW/Ni-100-60m, and (d) Cu-m/Cu-NW/Mo-100-60m.
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Figure S4. (a, b) HAADF-STEM mapping of Cu-m/Cu-NW/Ni73Mo at different positions of 
the self-supported electrode. (c) Elemental line-scan of Cu-m/Cu-NW/Ni73Mo electrode.

Figure S5. Size distribution of the Ni73Mo nanoparticles.
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Figure S6. (a) XRD patterns of NMH-24, NH-24 and MH-24, and (b) their zoomed in XRD 
patterns in the region 2 = 30-42o. FESEM images of (c) NMH-6, (d) NMH-12, (e) NMH-18, 
f) NMH-30, (g) NH-24 and (h) MH-24.

Figure S7.  Normalized Ni K edge XANES spectra of (a) Ni foil, Ni73Mo, Ni-100-60m, and 
NiO (b) Ni foil, NMH-24, NH-24, and NiO. Normalized Mo K edge XANES spectra of (c) Mo 
foil, Ni73Mo, and MoO3 (d) Mo foil, MH-24, MoO3, and NMH-24.
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Figure S8. XPS survey spectra of (a) Ni73Mo, (b) Ni-100-60m, (c) Mo-100-60m, (d) NMH-
24, (e) NH-24, and (f) MH-24.

For the Mo-100-60m spectra, the Mo signal is indiscernible because of the less deposition of 
Mo on the Cu NW, in corroboration with the XRD pattern, where no prominent reflection from 
Mo is present (Figure 1c). For Ni73Mo and Ni-100-60m, the signal to noise ratio of Cu 2p level 
is weak, since the surface of the Cu mesh is covered by the catalysts (loading: 4 mg cm-2).

Figure S9. C 1s spectra from the raw data of (a) Ni73Mo, (b) Ni-100-60m, (c) Mo-100-60m, 
(d) NMH-24, (e) NH-24, and (f) MH-24. The C-C bonds in C 1s level have binding energy 
values of 282.3, 285, 284.9, 285.3, 284.3, and 284.8 eV for Ni73Mo, Ni-100-60m, Mo-100-
60m, NMH-24, NH-24, and MH-24, respectively. The shift in C-C binding energy from the 
standard value of 284.8 eV was estimated and this difference was used to correct the binding 
energies of all the elements in a particular sample.
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Figure S10. Deconvoluted XPS of (a) Ni 2p and (b) Mo 3d levels of Ni73Mo before Ar+ 
sputtering, Cu 2p level of Cu-m/Cu-NW/Ni73Mo (c) before and (d) after Ar+ sputtering, and 
(e) O 1s level in NMH-24. LO, DO, SO, and SH2O denote lattice oxygen, defect oxygen, surface 
adsorbed OH- and surface adsorbed H2O.

Figure S11. CV polarization plots of NMH-24 and NH-24 on CFP in 1 M KOH exhibiting the 
Ni2+/Ni3+ redox peak. (Reference electrode Ag/AgCl - 3 M KCl, Counter electrode – Pt wire, 
Scan rate – 10 mV/s)
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Figure S12. Fitted Mott-Schottky plots of (a) NH-24 and (b) NMH-24.

Table S3. Bader charge analyses of Mo-doped Ni (111) system, for Ni79Mo.

Nearby 
Ni-atoms

Ni
(surf)

Ni
(surf)

Ni
(surf)

Ni
(surf)

Ni
(surf)

Ni
(surf)

Ni2nd 
layer

Ni2nd 
layer

Ni2nd 
layer

Mo

charge -0.12 -0.12 -0.13 -0.13 -0.12 -0.12 -0.09 -0.1 -0.08 1.10

Table S4. Surface Mo-Ni distances for Ni4Mo. The respective metal sites are shown in Figure 
S9.

Bond Mo-
Ni1

Mo-
Ni2

Mo-
Ni3

Mo-
Mo4

Mo-
Ni5

Mo-
Ni6

Mo-
Ni7

Mo-
Mo8

Mo-
Mo9

Bond 
distances (Å)

2.5 2.54 2.5 2.58 2.57 2.64 2.85 2.86 2.64

Table S5. Bader charge values of the circled Mo-center in Figure S9, and the surrounding Mo 
and Ni atoms, for Ni4Mo. Here ‘Mo’ represents the highlighted Mo.

Nearby Ni-atoms Ni 1 Ni 2 Ni 3 Ni 5 Ni 6 Ni 7 Mo 4 Mo 8 Mo 9 Mo

Charge -0.3 -0.32 -0.4 -0.43 -0.36 -0.36 0.79 0.81 0.75 0.68
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Figure S13. Charge transfer between Cu substrate and Ni73Mo alloy. Isosurface value is taken 
as 0.002 e Å−3. The yellow and cyan color represent the charge depletion and accumulation, 
respectively.

Figure S14. Computational model structure of Ni4Mo. This model has been used to determine 
the surface Mo-Ni distances (Table S3) and Bader charge values (Table S4).
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Figure S15. Characterization of Ni4Mo/MoO2 catalyst. (a) XRD pattern, deconvoluted XPS of 
(b) Ni 2p and (c) Mo 3d levels, (d) elemental mapping, and (e) EDS of Ni4Mo/MoO2.

Figure S16.  (a) First derivative Ni K edge XANES and (b) Fourier Transform of k2-weighted 
(R) spectra (phase corrected) at Ni K edge spectra of Ni4Mo/MoO2. (c) First derivative Mo K 
edge XANES and (d) Fourier Transform of k2-weighted (R) spectra (phase corrected) at Mo 
K edge spectra of Ni4Mo/MoO2.
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Figure S17. CV saturation plots of (a) Ni73Mo, and (b) NMH-24 electrodes taken prior to 
recording the LSV polarization curves. (c) LSV polarization curve of Ni73Mo in backward scan 
at 1 mV s-1 scan rate, and (d) the corresponding Tafel plot. Chronopotentiometry of (e) Ni73Mo 
at -10 mA cm-2, and (f) NMH-24 at -10 mA cm-2. (g) LSV polarization curve of NMH-24 (+) 
|| Ni73Mo (-) in backward scan at 5 mV s-1 scan rate. All these measurements were conducted 
in 1 M KOH electrolyte.
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Figure S18. (a) TOF of Ni73Mo in 1 M KOH as a function of HER overpotentials versus RHE. 
(b) Faradaic efficiency of Ni73Mo at an overpotential of 484 mV (iR-uncorrected). (c) HER 
polarization curves (iR-corrected) in 1 M KOH for Ni73Mo, and the samples prepared by 
electrodeposition at -50 mA cm-2 (NM-50-60m) and -200 mA cm-2 (NM-200-60m). (d) HER 
polarization curves (iR-corrected) in 1 M KOH for Ni73Mo, and the samples prepared by 
electrodeposition at -100 mA cm-2 for 30 min (NM-100-30m) and 90 min (NM-100-90m). (e) 
Tafel slopes of Ni73Mo, Ni-100-60m, Mo-100-60m and 20% Pt/C in 1 M KOH. (f) Nyquist 
plots of Ni73Mo, 20% Pt/C Ni-100-60m and Mo-100-60m in 1 M KOH at an overpotential of 
234 mV (iR-uncorrected). The inset represents the equivalent circuit. (g) Tafel slopes of 
Ni73Mo, 20% Pt/C, Ni-100-60m and Mo-100-60m in 0.5 M H2SO4. (h) Reproducibility test of 
Ni73Mo in 1 M KOH and 0.5 M H2SO4. Insets show the corresponding LSV polarization curves 
of the electrodes synthesized in different batches.
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Figure S19. (a) Mass activity of Ni73Mo in 1 M KOH considering 4 mg cm-2 catalyst loading. 
(b) GC analysis of Ni73Mo in 1 M KOH.

Figure S20. ECSA determination in 1 M KOH. CV plots of (a) Ni73Mo, (b) Ni-100-60m, and 
(c) Mo-100-60m, at different scan rates. Plots of current density (recorded at a fixed potential) 
as a function of scan rate for (d) Ni73Mo, (e) Ni-100-60m, and (f) Mo-100-60m. (g) ECSA 
normalized LSV polarization plots for Mo-100-60m, Ni-100-60m and Ni73Mo.

The linear fits of current versus scan rate plots are extrapolated to 0 mV s-1. For an ideal 
capacitor, the intercept value of these linear plots should be 0 mA cm-2, where the CV plots are 
completely reversible. In this work, the electrodes do not behave like an ideal capacitor. 
Therefore, positive intercept values are obtained as 0.1, 0.41, and 0.03 mA cm-2 and negative 
intercept values as -0.19, -0.21, and -0.005 mA cm-2 for Ni73Mo, Ni-100-60m, and Mo-100-
60m, respectively.
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Table S6. Parameters obtained from the EIS fitting for HER and OER.

Catalyst Rs () RCT1 () RCT2 ()

Ni73Mo 3.2 1.3 1.24
Ni-100-60m 4.6 0.34 1.9

20% Pt-C 4.07 2.87 1.09
NMH-24 3.67 2.42 6.9
NH-24 3.8 0.745 10.4
MH-24 3.65 0.36 18.8
RuO2 3.47 2.78 6.25
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Figure S21. (a) Scattered plot for literature reported HER activities at -10 mA cm-2 in 1 M 
KOH with different Ni/Mo ratios: Ref. (S1) Ni4Mo/Ni paper, (S2) Ni4Mo/MoO2, (S3) 
Ni4Mo/MoO3-x, (S4) Ni4Mo/CNW, (S5) Ni4Mo porous microsphere, (S6) Ni4Mo nanosheet, (S7) 
Ni4Mo/Cu foam, (S8) Ni0.934Mo0.066, (S9) Ni4Mo HS, (S10) NiMo alloy nanosheet, (S11) Ni4Mo 
hollow nanorod, (S12) NiMo nanopowder. (b) Scattered plot of overpotentials at -10 mA cm-2 

for literature reported non-Ni-Mo based HER catalysts in alkaline medium. Ref. (S13) Pt/MgO, 
(S14) RhSA-S-Co3O4, (S15) NiP2-FeP2, (S16) Ir@CoN, (S17) FeP/Ni2P, (S18) S-CoWP, (S19) 
Co substituted Ru, (S20) Ag0.05Ni0.95. (c) Scattered plot for literature reported HER activities in 
0.5 M H2SO4 with different Ni/Mo ratios: Ref. (S21) Porous NiMo, (S22) MoO3-MoO2@NiMo, 
(S23) NiMo/Cu nanosheet/Ni foam, at -10 mA cm-2, and (S24) Ni-Mo, (S25) 170 nm NiMo, at 
-20 mA cm-2. (d) Scattered plot of overpotentials at -10 mA cm-2 for literature reported non-Ni-
Mo based HER catalysts in acidic medium. (S18) S-CoWP, (S26) Ni/Ni2P-Ru, (S27) Pt-WO3, 
(S28) La2Sr2PtO7+δ (S29) Pt/MoS2, (S30) Ir/SiNW, (S31) Pd/Cu-Pt NRs. (e) Scattered plot of 
overpotentials at -10 mA cm-2 for literature reported OER catalysts. Ref. (S32) NiFeMo nitride, 
(S33) NiFeMo oxyhydroxide, (S34) NiFe-LDH-NS@DG10, (S35) Ni2P, (S36) Co9S8/Ni3S2, 
(S37) Ni4Mo, (S38) NiCo2S4 nanowire, (S39) nest-like NiCoP, (S40) NiFeCoS, (S41) 
Ni1.5Fe0.5P, (S42) NiFe-LDH.
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Figure S22. (a) TOF, and (b) mass activity of Ni73Mo in 0.5 M H2SO4 as a function of HER 
overpotentials versus RHE. (c) Mass activity of NMH-24 in 1 M KOH + 0.33 M urea as a 
function of potentials versus RHE.

Figure S23. XRD patterns of (a) Ni73Mo, and (b) NMH-24 electrodes synthesized in two 
different batches. FESEM images of (c, d) Ni73Mo, and (e, f) NMH-24 electrodes synthesized 
in two different batches. (g) Chronoamperometry tests of Ni73Mo for 100 h using Pt counter 
electrode at a potential of -0.534 V versus RHE. (h) Chronopotentiometric stability test of 
NMH-24 for 100 h at 20 mA cm-2 using Pt counter electrode. (i) Chronoamperometry tests of 
Ni73Mo for 24 h using graphite counter electrode at a potential of -0.534 V versus RHE. (j) 
Chronopotentiometric stability test of NMH-24 for 24h at 20 mA cm-2 using graphite counter 
electrode. (k) OER polarization curves (iR-corrected) for NMH-24 at a scan rate of 1 mV s-1 in 
backward scan synthesized in different batches. (l) Reproducibility of overall stability for 100 
h using Ni foam/NMH-24 (+)  Cu-mesh/Cu-NW/Ni73Mo (-) at a current density of 100 mA 
cm-2. The measurements were conducted in 1 M KOH electrolyte.
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Table S7. The changes in free energy of adsorption of H2O*, H* and OH* on Ni (111), Pt 
(111) and Ni79Mo systems.

ΔG H2O* H* (3-centered) OH*
Ni (111) -0.57 -0.49 0.17
Pt (111) -0.23 -0.34 1.39

Ni79Mo
-1.03 (Mo-top)

-0.57 (Nearest Ni-top)
-0.64 (Next-nearest Ni-

top)

-0.55 (Mo-top)
-0.52 (Nearest Ni-top)
-0.35 (Next-nearest Ni-

top)

-0.45 (Mo-top)
-0.41 (Nearest Ni-top)
0.3 (Next-nearest Ni-

top)

Figure S24. The changes in free energy of adsorption (ΔG) of reactant (H2O*) and 
intermediates (H* and OH*) on (a) Pt (111) system, and (b) Ni (111) system. The H* 
intermediate is considered to be adsorbed on 3-centered Ni-site. (c) Optimized geometries of 
the intermediates during OER on NMH-24. (d) Free energy diagram for OER on NMH-24, Ni-
100-60m and Mo-100-60m catalysts.
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Figure S25. (a) TOF of NMH-24 in 1 M KOH as a function of overpotentials versus RHE. (b) 
Faradaic efficiency of NMH-24 at an overpotential of 536 mV (iR-uncorrected). (c) OER 
polarization curves (iR-corrected) of NMH-18, NMH-24 and NMH-30 in 1 M KOH, prepared 
with different electrodeposition times. (d) Nyquist plots of NMH-24, NH-24, MH-24 and RuO2 
in 1 M KOH at an overpotential of 336 mV (iR-uncorrected). The inset represents the 
equivalent circuit. (e) Tafel slopes of NMH-24, NH-24, MH-24 and RuO2 in 1 M KOH.

Figure S26. ECSA determination in 1 M KOH. CV plots of (a) NMH-24, (b) NH-24 and (c) 
MH-24, at different scan rates. Plots of current density (recorded at a fixed potential) as a 
function of scan rate for (d) NMH-24, (e) NH-24 and (f) MH-24. (g) ECSA normalized LSV 
polarization plots for NMH-24, NH-24 and MH-24.

Since the electrodes behave as non-ideal capacitors, the intercepts slightly deviate from the 
ideal 0 mA cm-2. The positive intercept values of 0.2, 0.01, and 0.02 mA cm-2 and negative 
intercept values of -0.5, -0.04, and -0.002 mA cm-2 are obtained for NMH-24, NH-24, and MH-
24, respectively.
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Figure S27. (a) XRD pattern, (b) FESEM, and (c) EDS spectrum of Ni73Mo in 1 M KOH after 
100 h stability test. (d) FESEM, (e) EDS mapping and (f) EDS spectra of NMH-24 in 1 M 
KOH after 100 h stability test.

Figure S28. FESEM images of (a) Ni73Mo and (b) NMH-24 in 1 M KOH after 200 h full cell 
stability test.
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Figure S29. Deconvoluted XPS of (a) Ni 2p, (b) Mo 3d levels for Ni73Mo, and (c) Ni 2p, (d) 
Mo 3d levels for NMH-24, after the overall water splitting stability test.

Figure S30. UOR performance of NMH-24 in 1 M KOH + 0.33 M urea. (a) UOR and OER 
polarization curves (iR-corrected) of NMH-24 in 1 M KOH + 0.33 M urea, and 1 M KOH, 
respectively. (b) Tafel slopes of NMH-24 for UOR and OER. (c) TOF of NMH-24 as a function 
of overpotentials in 1 M KOH + 0.33 M urea. (d) CV plots for ECSA determination of NMH-
24, at different scan rates, and (e) plots of current density (recorded at a fixed potential) as a 
function of scan rate for NMH-24 in 1 M KOH + 0.33 M urea. (f) Scattered plot for literature 
reported UOR activities of different catalysts. Ref. (S43) NF-NiMoO; J = 100 mA cm-2, (S44) 
NiMo nanotube, (S45) CoS2-MoS2, (S46) Ni2P-Fe2P, (S47) MoS2-Ni3S2; J = 200 mA cm-2, (S48) 
Ni2P-Ni0.96S; J = 100 mA cm-2, (S49) NiFe-LDH/MWCNT/NF, (S50) NiMo microrod, (S51) 
NiMoS/Ti mesh; J = 60 mA cm-2, (S52) Ni2P.
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Figure S31. (a) FESEM, and (b) XRD pattern of NMH-24, and (c) FESEM, and (d) XRD 
pattern of Ni73Mo after the stability test in 1 M KOH + 0.33 M urea electrolyte. XPS analysis 
of (e) Ni 2p, and (f) Mo 3d levels in NMH-24, and (g) Ni 2p, and (h) Mo 3d levels in Ni73Mo 
after urea splitting in 1 M KOH + 0.33 M urea electrolyte.

Figure S32. The structures of adsorption of the reactant and different intermediates (a) 
CO(NH2)2*, (b) CO* and (c) NH*, for UOR on Mo-doped Ni(OH)2 system with a Ni:Mo ratio 
of 5:1.

Table S8. The changes in electronic adsorption energy of CO(NH2)2*, CO* and NH* on Mo-
doped Ni(OH)2 system with a Ni:Mo ratio of 5:1.
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Adsorbed Species Electronic Adsorption Energy (eV)
CON2H4* -0.59

CO* 0.64
NH* 0.89
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