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1. Chemicals

The nickel foam was acquired from Longshengbao (Kunshan, China). Cobalt (II) nitrate 

hexahydrate [Co(NO3)2·6H2O], Pt-C (20 wt%) and cupric (II) nitrate hydrate [Cu(NO3)2·3H2O] 

were purchased from Mackun (Shanghai, China). Ammonium molybdate tetrahydrate 

[(NH4)6Mo7O24·4H2O], N, N-Dimethylformamide [DMF, (CH3)2NC(O)H], potassium hydroxide 

(KOH), concentrated hydrochloric acid (HCl) and ethanol (C2H5OH) were purchased from Xilong 

Scientific. Iridium oxide powder (IrO2, 99%) and Nafion were bought from Aladdin (Shanghai, 

China). 

2. Materials characterization

The surface morphology, structure and chemical composition of the samples were determined 

by a scanning electron microscope (SEM, TESCAN MIRA-4) equipped with an energy-dispersive 

X-ray (EDX) spectroscopy. The nanostructure and crystallinity of the samples were characterized 

by transmission electron microscopy (TEM, FEI Tecnai G2 F20) and high-resolution transmission 

electron microscopy (HRTEM). The crystal phase and phase composition of samples were 

conducted by X-ray diffractometer (XRD, D8 Advance-X) with Cu Kα radiation and X-ray 

photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha). The permeability between the 

electrode and electrolyte of the sample was characterized by a dynamic / static contact angle tester 

(SL200B). N2 adsorption experiments were carried out on Mike ASAP2460 instrument. The metal 

concentration in the electrolyte after reaction was detected by inductively coupled plasma mass 

spectrometry (ICP-MS, Agilent 7500cx). Raman spectroscopy (Raman, LabRAM HR Evolution, 

France) was used to further investigate the molecular vibration.
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3. Electrochemical tests

The electrochemical performance test was carried out on the CHI660E electrochemical 

workstation of Shanghai Chenhua Instrument Co., Ltd. Electrochemical measurements were carried 

out in a classic three-electrode setup with our self-made NF substrate electrode (1×1 cm-2) as the 

working electrode, a graphite rod as the counter electrode, and a standard Hg/HgO (1 mol L-1 NaOH) 

electrode as the reference electrode. All measurements were performed in KOH (pH = 14) 

electrolyte with a concentration of 1 mol L-1. In the test process of linear cyclic voltammetry (LSV), 

the polarization curves of OER and HER were obtained at the scanning rates of 2 mV s-1 and 5 mV 

s-1, respectively. The potential obtained from the test needs to be converted to reversible hydrogen. 

Formula E vs. RHE = E vs. Hg / HgO + 0.098 + 0.059 pH is used to calibrate all potential as 

reversible hydrogen electrode (RHE). The relationship between overpotential (η) and current 

density logarithm (log j) can be drawn by the test results of LSV curve with 100% IR compensation 

and the corresponding Tafel curve can be obtained. Electrochemical impedance spectroscopy (EIS) 

was measured in the frequency range of 10 kHz ~ 0.01 Hz and the amplitude of 5 mV. The stability 

of CuMoO4@Co3O4/NF electrode was tested by cyclic voltammetry (CV) and chronopotentiometry 

(P-T), respectively and the scanning rate of cyclic voltammetry (CV) was 50 mV s-1. ECSA of 

electrocatalysts were evaluated by measurement of cyclic voltammogram (CV) curves in the 

potential range of 0.924 V ~ 1.024 V (vs RHE) at different scan rates. According to the linear slope 

of sweep rate versus current density, their double-layer capacitance (C dl) values were estimated. A 

two-electrode system was employed to assess the overall water electrolysis performance in 1 mol 

L-1 (M) KOH, and its stability was measured at a constant current density at 10 mA cm-2 for 120 h. 

In the presence of the heterogeneous catalyst, the turnover frequency (TOF) is calculated using (Eq. 
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(S1, S2)) 1:

TOF (H2, for a heterogeneous catalyst) = j / (2 × F × m)      (S1)

TOF (O2, for a heterogeneous catalyst) = j / (4 × F × m)      (S2)

where j represents the current density at an overpotential, F represents the Faraday constant, m is 

the number of moles of metal on the electrode.

The Faradaic efficiency (FE) measured by drainage method at 100 mA cm-2 for 110 min and 

calculated by formula (Eq. (S3, S4)):

FE= V measured / V calculated                                   (S3)

V calculated = (V m × Q) / (n × F)                               (S4)

where V measured represents the actual collected gas production, V calculated represents the theoretical 

gas production, V m is the gas molar volume at room temperature and atmospheric pressure, Q is the 

total power consumption, n is the electron transfer number, and F is the Faraday constant.

0.0 0.2 0.4 0.6 0.8 1.0
0

40

80

120

160

0 50 100 150 200

0.0006

0.0012

0.0018

0.0024

0.0030

V
ol

um
e 

@
 S

T
P 

(c
c/

g)

Relative Pressure (P/Po)

 CuMoO4@Co3O4

SBET = 41.542 m2 g-1

(a) (b)

VTPV = 0.223 cc/g

dV
 (d

) (
cc

/n
m

/g
)

Pore Diameter (nm)

CuMoO4@Co3O4

Fig. S1 (a) BET analysis and (b) Pore Distribution curve of CuMoO4@Co3O4 catalyst.
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Fig. S2 Elemental mapping images of Cu, Mo, O, and Co of CuMoO4@Co3O4 powders.
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Fig. S3 EDS spectra of CuMoO4@Co3O4/NF catalyst.
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Fig. S4 The Raman spectrum of fresh catalyst, catalyst after HER stability test and catalyst after 

OER stability test.
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Fig. S6 （a, b）TOF diagrams of OER Overpotential on IrO2, Co3O4/NF, MoO3@Co3O4/NF, 

CuO@Co3O4/NF, CuMoO4/NF and CuMoO4@Co3O4/NF electrodes. (c, d) TOF diagrams of HER 
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CuMoO4@Co3O4/NF electrodes.
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Fig. S7 The contents of Cu and Co released by HER and OER in the electrolyte after 2000 cycles 

of CV measured by ICP-MS.
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Fig. S8 (a-c) SEM pictures: (a)Fresh catalyst, (b) Catalyst after OER stability, (c) Catalyst after 

HER stability. (d-f) TEM pictures: (d)Fresh catalyst, (e) Catalyst after OER stability, (f) Catalyst 

after HER stability. (g)XRD patterns of fresh catalyst, catalyst after HER stability test and catalyst 

after OER stability test.
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Catalyst after 120 h OER stability test
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Fig. S9 XPS spectra. High-resolution XPS of (a) XPS survey, and b-e high-resolution XPS of (b) 

Cu 2p, (c) Mo 3d, (d) O 1s, and (e) Co 2p of the CuMoO4@Co3O4/NF catalyst after 120 h OER 

stability tests.
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Catalyst after 120 h HER stability test
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Fig. S11 XPS spectra. High-resolution XPS of (a) XPS survey, and b-e high-resolution XPS of (b) 

Cu 2p, (c) Mo 3d, (d) O 1s, and (e) Co 2p of the CuMoO4@Co3O4/NF catalyst after 120 h HER 

stability tests.
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Fig. S12 SEM pictures: (a-c) CuMoO4@Co3O4/CF, (d-f) CuMoO4@Co3O4/CC and (g-i) 

CuMoO4@Co3O4/CP.
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Fig. S13 OER and HER activities of CuMoO4@Co3O4 catalysts prepared with different substrates 

in 1 mol L-1 KOH.
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Fig. S14 OER and HER activities of CuMoO4@Co3O4/NF catalysts prepared with different molar 

ratios of Cu and Mo in 1 mol L-1 KOH.
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Fig. S15 OER and HER activities of CuMoO4@Co3O4/NF catalysts prepared from CuMoO4/NF 

precursors at different synthesis temperatures in 1 mol L-1 KOH.   
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Fig. S16 OER and HER activities of CuMoO4@Co3O4/NF catalysts prepared with different masses 

of cobalt nitrate hexahydrate in 1 mol L-1 KOH.

Table S1 The comparison of OER overpotentials of CuMoO4@Co3O4/NF with other superior 

selected nonnoble catalysts. 

Catalyst Electrolyte j (mA cm-2) ŋ (mV) Reference

CuMoO4@Co3O4/NF 1 mol L-1 KOH 50 251 This work

Cu-MoS2-TS 0.5 mol L-1 H2SO4 50 273 2

NiCuP 1 mol L-1 KOH 50 300 3

Co-CuO 1 mol L-1 KOH 50 299 4

Cu2S/C 1 mol L-1 KOH 10 410 5

Cu3P/NF 1 mol L-1 KOH 10 290 6
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Co-P/Cu 1 mol L-1 KOH 10 345 7

MoO2/NF 1 mol L-1 KOH 10 250 8

MoNi 1 mol L-1 NaOH 10 290 9

Table S2 The comparison of HER overpotentials of CuMoO4@Co3O4/NF with other superior 

selected nonnoble catalysts. 

Catalyst Electrolyte j (mA cm-2) ŋ (mV) Reference

CuMoO4@Co3O4/NF 1 mol L-1 KOH -10 54 This work

Mo0.25Co0.75P 1 mol L-1 KOH -10 59 10

Au/CoP@NC-3 1 mol L-1 KOH -10 140.9 11

Cu/Mo2C/Mo2N 1 mol L-1 KOH -10 82 12

Cu/Ni3S2 1 mol L-1 KOH -10 128 13

Cu3N 1 mol L-1 KOH -10 118 14

Cu3P@NF 1 mol L-1 KOH -10 105 15

Mo2C 1 mol L-1 KOH -10 130 16

Cu2Se@NiFe-LDHNS 1 mol L-1 KOH -10 195 17

RhCu 1 mol L-1 KOH -10 78 18

Cu1Ni2-N 1 mol L-1 KOH -10 71 19

Pt/CoSe 1 mol L-1 KOH -10 58 20

Co3Mo/MoOx/Ni 1 mol L-1 KOH -10 68 21
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Table S3 Comparisons of overall water-splitting performance of CuMoO4@Co3O4/NF with some 

recently reported catalysts in 1.0 mol L-1 KOH.

Catalyst Support
j

(mA cm-2)

Voltage

(V)
Reference

CuMoO4@Co3O4/NF // 

CuMoO4@Co3O4/NF
Ni Foam 10 1.51 This work

Cu2Se@NiFe-LDHNS/CF // 

Cu2Se@NiFe-LDHNS/CF
Cu Foam 10 1.667 17

CuOx NWs@NiMnOx NSs/CF // CuOx 

NWs@NiMnOx NSs/CF
Cu Foam 10 1.62 22

Cu2S@Cu // Cu2S@Cu Cu Foam 10 1.84 23

Cu3P/NF // Cu3P/NF Ni Foam 10 1.67 15

NiFe LDH@NiCoP/NF //

NiFe LDH@NiCoP/NF
Ni Foam 10 1.57 24

Cu3N // Cu3N Ni Foam 10 1.60 14

Co3S4/MOF // Co3S4/MOF
Conductive 

carbon cloth
10 1.55 25

CoFeZr oxides // CoFeZr oxides Ni Foam 10 1.63 26

NiCo2S4 // NiCo2S4 Ni Foam 10 1.58 27
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Table S4 The actual volume of H2 collected by the drainage method and its associated Faradaic 

efficiency.

Time (s) V measured (L) V calculated (L) FE (%)

600 0.0075 0.0076 98.5

1200 0.015 0.0152 98.5

1800 0.022 0.0229 96.3

2400 0.0295 0.0305 96.8

3000 0.0371 0.0381 97.4

3600 0.0447 0.0457 97.8

4200 0.0522 0.0533 97.9

4800 0.06 0.0609 98.5

5400 0.0675 0.0686 98.5

6000 0.075 0.0762 98.5

6600 0.0832 0.0838 99.3
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Table S5 The actual volume of O2 collected by the drainage method and its associated Faradaic 

efficiency.

Time (s) V measured (L) V calculated (L) FE (%)

600 0.0036 0.0038 94.5

1200 0.007 0.0076 91.9

1800 0.0105 0.0114 91.9

2400 0.0143 0.0152 93.9

3000 0.0183 0.0190 96.1

3600 0.0223 0.0229 97.6

4200 0.0262 0.0267 98.3

4800 0.0302 0.0305 99.1

5400 0.0341 0.0343 99.5

6000 0.038 0.0381 99.8

6600 0.0415 0.0419 99.1
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