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Characterizations

X-ray diffraction (XRD) analysis was analyzed using a Rigaku X-ray diffractometer with CuKa
radiation. The morphology and microstructure of the samples were examined using high-resolution
scanning electron microscopy (HR-SEM; JEOL JSM-7500F) and transmission electron
microscopy (TEM; TECNAI G2 F20 TEM system). X-ray photoelectron spectroscopy (XPS) was
done using an ESCALAB-MKII system (VG Scientific Co.). XPS had an Al K alpha source, and
the results had been characterized by the Fityk software. Gaussian as a fitting function was used
to characterize the XPS results. Inductively coupled plasma optical emission spectroscopy (ICP-
OES, iCAP7400DUOQO, Thermo Scientific) analysis was performed by dissolving the electrodes (1
cm?) in 10 ml of nitric acid for 72 h. The resulting solution was diluted before analysis. Laser
Raman spectrophotometer (NVRS-5100) analysis was carried out at atmospheric condition with a
laser excitation wavelength of 532.13 nm with an exposure of 5 s.

Water-splitting measurements

The electrocatalytic performance of the as-prepared samples on NF was determined using a three-
electrode cell in which a Mercury/mercury oxide electrode (Hg/HgO) and Pt foil were employed
as the reference and counter electrodes, respectively, for the OER, while an Hg/HgO and graphite
rod were used as the reference and counter electrodes, respectively, for the HER. Data were
acquired using an electrochemical workstation (WonATech WBCS30000). Linear sweep
voltammetry (LSV) measurements were conducted at 2 mV s™! for the OER and HER in 1 M KOH.
Electrochemical impedance spectroscopy (EIS) measurements were taken using a Parstat 3000
workstation (0.01 Hz to 100 kHz with a 10-mV amplitude). Gas chromatography (074-594-P1E

Micro GC Fusion, INFICON) was used to determine the amount of gaseous products. All of the



potentials were calibrated to the reversible hydrogen electrode (RHE) using Eq. (9), while n was

obtained using Eq. (10), and the Tafel slope was calculated using Eq. (11):

Erug = Engngo + 0.059pH + 0.098 --—--——-—-- )
N = Egug - 1.23-------———- (10)
n=blogj+a-—-—-——-- 11)

Calculation of number of surface-active sites (N,)

Associated charge with the reduction peak (Q) can be calculated using the following expression:

[ra
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Q:

where Q (C) is the total charge associated with the reduction peak and v (V/s) is the scan rate. For
simplicity, we assume that all the surface redox reactions are single electron transfer reactions.
Then, the number of electrons calculated above is the number of surface-active sites (N). g = 1.602

x 101 C.

N =

SEES

Electrochemical active surface area (ECSA) calculation

The electrochemical active surface area, which can be determined from the following formula:
ECSA = (specific capacitance / 40 uF cm™2) cm?

Where Cy represents the specific capacitance, and 40 uF cm is a constant to convert capacitance

to ECSA. The specific capacitance can be converted into an electrochemical active surface area

(ECSA) using the specific capacitance value for a flat standard with 1.0 cm? of real surface area.



Turnover frequency calculation

TOF is the number of times of reaction per unit time and unit active site. Since the exact specific
ratio of our hybrid catalyst is unknown, the molar weight cannot be calculated exactly. So, we
calculated the number of electrons consumed in the electrode reaction in order to find the number
of surface-active sites. To calculate the per-site turnover frequency (TOF), we used the following
formula according to previous reports.

Total Hydrogen Turn 0vers/cngeometrl’c area

TOF per site = >
No. of Surface active sites /cm” geometric area

The number of total hydrogen turn overs is calculated from the current density using the following

equation:
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The number of total oxygen turn overs is calculated from the current density using the following

equation:
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Table S1. Fitted data of electrochemical impedance spectra data shown for as prepared electrode

Electrocatalyst HER (at-1.1 V vs. Hg/HgO) OER (at 0.25 V vs. Hg/HgO)
Rs (ohm) Rcr (ohm) Rg (ohm) Rcr (ohm)
NiMoO, 1.555 8.166 1.471 1.151
NisMo-MoO, 1.423 5.003 1.317 0.808

1 um

Fig. S1 HR-SEM images of NiMoOy, electrode.
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Fig. S3 XPS spectra after OER and HER of Ni;Mo/MoO, electrode: (a) Ni 2p, (b) Mo 3d, (c) O

Is, and (d) K 2p.
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Fig. S4 XRD patterns of Ni;ZMo/MoO, catalyst before and after HER/OER process.
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Fig. SSHR-SEM images of (a) NiMoQy, (b) NiMoO,-After OER stability, (¢) NiMoOy4-After HER
stability, (d) NizgMo/MoO,, (¢) NizsMo/MoO,-After OER stability, and (f) Ni;Mo/MoO,-After

HER stability.



Element

Element Element Wi%
OK 30.04 66.65 OK 28.70 59.78 OK 12.92 3545
MoL 38.11 14.10 MoL 01.14 00.40 MoL 01.91 00.87
NiK 31.85 19.25 NiK 70.16 39.83 NiK 85.17 63.68
Matrix Correction ZAF Matrix Correction ZAF Matrix Correction ZAF

Fig. S6 EDAX analysis on elemental composition of (a) NiMoQ,, (b) NiMoO4-After OER

stability, (c) NiMoO4-After HER stability.
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Element 9

Element Element
OK 10.14 34.87 OK 28.77 60.70 OK 17.64 47.29
MoL 52.38 30.02 MoL 07.43 02.61 MoL 26.30 11.76
NiK 37.48 35.11 NiK 63.80 36.69 NiK 56.06 40.95
Matrix Correction ZAF Matrix Correction ZAF Matrix Correction ZAF

Fig. S7 EDAX analysis on elemental composition of (a) NisgMo/MoO,, (b) NizMo/MoO,-After

OER stability, and (¢) NisMo/MoO,-After HER stability.
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Fig. S8 TEM images of NisMo/MoO, catalyst (a, b) before, (c, d) after HER and (e, f) after OER

process at different magnifications.
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Fig. S9 (a, b) Nyquist plots for the before and after stability HER electrodes NiMoO, and

NisMo/MoQO,, respectively at 0 Vryg, with the inset showing the electrochemical equivalent circuit

and (c, d) Nyquist plots for the before and after stability OER electrodes NiMoO, and

NisMo/MoQ,, respectively at 1.4 Vrygp, with the inset showing the electrochemical equivalent

circuit.
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Fig. S10 (a) Gas chromatography results and (b) Faradaic efficiency of the NiyMo/MoO, electrode.

Table S2. Fitted data of electrochemical impedance spectra data shown before stability

Electrocatalyst HER (at 0 V vs. RHE) OER (at 1.4 V vs. RHE)
Rs (ohm) Rcr (ohm) Rg (ohm) Rcr (ohm)
NiMoOy 2.303 534 2.233 4.573
NizMo-MoO, 2.241 0.5 2.119 3.57

Table S3. Fitted data of electrochemical impedance spectra data shown after stability

Electrocatalyst HER (at 0 V vs. RHE) OER (at 1.4 V vs. RHE)
Rs (ohm) Rcr (ohm) Rg (ohm) Rcr (ohm)
NiMoOy 2.25 134 2.156 1.139
NizMo-MoO, 2.042 0.389 2.055 1.91
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Table S4. Comparison of the electrocatalytic activity for HER in 1 M KOH solution

Electrolyte Overpotential at Tafel slope
Catalyst Ref.
10 mA cm? (mV) (mV dec™)
44 mV @ 10 mA cm2
NizMo/MoQO,/NF This
1MKOH | 68 mV @ 50 mA cm- 49.5
work
89 mV @ 100 mA cm

NiMoS 1 M KOH 78 68 !
Fe-CoNiP 1 M KOH 110 90.6 2
Ni-Mo-P 1 M KOH 69 108.4 3
Ni,Fe,_B 1 M KOH 63.5 56.3 4
Ni-Fe-P-B 1 M KOH 220 63 3
Mo-NiP,/NiS, 1 M KOH 85 177 6
Annealed Co-Ni-B@NF 1 M KOH 205 - 7
NizMo/MoO,/C-10 1 M KOH 77 100 8
Ni-Fe-P@NC/NF 1 M KOH 66 81 o
CoP@NF 1 M KOH 195 175 10
Ni,B/fEMWCNT 1 M KOH 116 70.4 1
N-MoP 1 M KOH 70 55 12
C-NizMo/NiMoO, 1 M KOH 76 78 13
Ni—P 1 M KOH 52 37.4 14
RuP,@NPC 1 M KOH 52 38 15
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Table S5. Comparison of the electrocatalytic activity for OER in 1 M KOH solution

Electrolyte | Overpotential at 10 mA | Tafel slope
Catalyst Ref.
cm2 (mV) (mV dec™)
227 mV @ 10 mA cm™
This
NizMo/MoQO,/NF 1MKOH | 291 mV @ 50 mA cm™ 96
work
321 mV @ 100 mA cm

Ni—P 1 M KOH 286 44 14
NiMoO4@NizMo0/MoO, 1 M KOH 274 63.4 16
NiMoOS 1 M KOH 262 37.6 17
Ni,P 1 M KOH 290 - 18
Co(OH),/NiMo 1 M KOH 267 72 19
FeNi-Mo,C/C 1 M KOH 288 38.8 20
CoTe,/CoP 1 M KOH 260 57 21
Ni3S,/MoS,/NF 1 M KOH 260 59 22
Ni-B;@NB 1 M KOH 302 52 23
CoP@NF 1 M KOH 317@50 64 24
NiMoN/NF 1 M KOH 230 116 2
Ni-Fe-Mo NTs 1 M KOH 228 41 26
Ce0O,-NiCoP,/NCF 1 M KOH 260 72 27
Ni-Fe-P-B 1 M KOH 269 38 3
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Table S6. Comparison of the electrocatalytic activity for two electrode potential in 1 M KOH solution

Catalyst Electrolyte Voltage (V) Ref.
1.51 V@ 10 mA cm™
Ni;Mo0/M00O,//Ni;Mo/MoO, 1 M KOH 1.71 V @ 50 mA ecm? | This
(iR-uncompensated) 1.91 V@ 100 mA cm | work
2.47 V @ 500 mA cm™

NiMoPOx 1 M KOH 1.55V @ 10 mA cm? |28
N-NiMoO4/NiS, 1 M KOH 1.60 V@ 10 mA cm?2 | %
MoP@Ni;P/NF 1 M KOH 1.67V @ 10 mA cm? | 3
NiFeOx@NiCu 1 M KOH 1.52V @ 10 mA cm? | 3!
Mo-doped Ni,P 1 M KOH 1.54 V@ 10 mA cm? | 3
Co/Mo,C@C IMKOH | 159V @ 10 mA cm? |33
Annealed Co-Ni-B@NF 1 M KOH 1.72V @ 10 mA cm2 |7
Ni-Fe-P-B over CFP 1 M KOH 1.62V @ 10 mA cm? |3
Ni-P 1 M KOH 1.6 V@10 mA cm2 | 4
Ni-Fe-Mo NTs 1 M KOH 1.513V @ 10 mA cm™2 | 26
C04S3/Mo-2 C-N SC 1 M KOH 1.62V @ 10 mA cm2 | 34
P —CoMo,S4/Co4S;—Co,P 1 M KOH 1.55V @ 10 mA cm? | 3
Ni,B/f-MWCNT 1 M KOH 1.60 V@ 10 mA cm?2 | !
Fe-CoNiP 1 M KOH 1.62V @ 10 mA cm? | ?
RuP/CoNiP40,,/CC 1 M KOH 1.56 V@ 10 mA cm?2 | 36
NC/NiMo/NiMoOx 1 M KOH 1.60 V@ 10 mA cm? | 37
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