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EXPERIMENTAL

Materials. KOH and RuO2 were purchased from MACKLIN Reagent Co. RuCl3 was 

obtained from the Kunming institute of precious metals. Nickel foam, Pt/C was 

purchased from Alfa Aesar Chemical Reagent Co. All chemicals were used as received 

without further purification. Ultrapure water (18.2 MΩ cm) was used in all the 

experiments.

Characterizations

The structural characterization was investigated by X-ray diffraction on a Bruker-AXS 

D8 Advance diffractometer using Cu Kα radiation (λ = 1.5418 Å). The morphology of 

the as-produced samples was characterized by scanning electron microscope (FEI 

Quanta, FEG 250, energy spectrum: EDAX, Apollo XL-SDD). The TEM images of the 

products were recorded on a JEOL JEM-2100 transmission electron microscope. High-

angle annular dark-field scanning transmission electron microscopy and energy-

dispersive X-ray spectroscopy mapping were determined by JEOL JEM-F200. The 

chemical state of the samples was measured by the X-ray photoelectron spectroscopy 
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(Kratos, AXIS ULtrabld). The composition of the catalyst was determined by 

inductively coupled plasma emission spectroscopy (ICP-AES 5300). The RuO2-

NiO/NF sample was dissolved in a Teflon-lined stainless steel reactor with aqua regia 

at 180℃ for 8 h1. The concentration of the Ru and Ni dissolved in the electrolyte during 

the water electrolysis was determined by ICP-AES. The electrolyte of each 100 h was 

transferred into volumetric flask to make 100 mL, and examined by ICP-OES analysis

Model and computation detail

The calculations were carried out with the density functional theory (DFT) as 

implemented in the Vienna ab initio simulation package (VASP). The exchange-

correlation functional was described within the generalized gradient approximation 

(GGA) parameterized by the Perdew-Burke-Ernzerhof (PBE). The vdW correction was 

considered by employing the Grimme’s D3. To describe the interactions between 

valence electrons and the ion core. The cut-off energy for the plane-wave basis was set 

to 400 eV. To better describe Coulomb interaction in the localized 3d orbitals and 

magnetic interaction, an effective U of 5.3 eV for Ni d-states was used in this study2, 3. 

A vacuum region of 15 Å perpendicular to the surface was applied to avoid interaction 

between neighboring surfaces. Atoms were relaxed until the Hellmann-Feynman forces 

acting on them were less than 0.02 eV/Å. NiO was modeled as a (2 × 2) surface unit 

cell of three-layered NiO (100). RuO2 was modeled as a (2 × 2) surface unit cell of 

three-layered RuO2 (110). To simulate the RuO2-NiO interface, an inverse model was 

used in which a NiO ribbon was deposited on a three-layer RuO2 (110) slab2.  The 

Brillouin zone was sampled by a (3×3×1) Gamma-centered k-mesh. The reaction 

barriers of water dissociation were determined by climbing-image nudged elastic band 

method, with six images placed between the reactant and product geometries4. The 

adsorption free energy for adsorbates (ΔGads) in HER and OER can be calculated by the 

following equation:



ΔGads = ΔEads + ΔEZPE – TΔS                                      (1)

where ΔEads is the adsorption energy of adsorbates, and T is temperature. ΔEZPE 

and ΔS are the energy difference in zero point energy and entropy, respectively, which 

were obtained based on vibration analysis. The hydrogen adsorption free energy 

(ΔGH*) is expressed as 

ΔGH* = ΔEH* + ΔEZPE - TΔS                                       (2)

the ΔEH* can be calculated from 

ΔEH* = E(H*) - E(*) - 1/2EH2                                    (3)

where E(H*) and E(*) are the DFT energies of the given surface with and without H 

adsorption respectively and E(H2) is the DFT energy of a molecular H2 in gas phase. 

OER activity is evaluated by the following four elementary steps5.

(1) H2O + * → HO* + H+ + e-                                  (4)

(2) HO* → O* + H+ + e-                                           (5)

(3) O* + H2O → HOO* + H+ + e-                            (6)

(4) HOO* → * + O2 + H++ e-                                   (7)

The adsorption energy of intermediates (O*, OH*, OOH*) on (*) substrate were 

determined by the following approach of Nøeskov et al5.

ΔEO* = EOH* - E(*)-(EH2O - 1/2EH2)                              (8)

ΔEOH* = EO* - ΔE(*)-(EH2O - EH2)                                 (9)

ΔEOOH* = EOOH*- ΔE(*)-(2EH2O – 3/2EH2)                   (10)



Where E(*), EHO*, EO*, and EHOO* are the total energies of the pure surface and the 

adsorbed surface with HO*, O*, and HOO*, respectively, EH2O are the computed 

energies for the sole H2O molecule. The Gibbs free energy changes for steps 4-7 can 

be expressed as follows:

ΔG1 = ΔGOH* - eU                                                        (11)

ΔG2 = ΔGO* - ΔGOH* - eU                                            (12)

ΔG3 = ΔGOOH* - ΔGO* - eU                                          (13)

ΔG4 = 4.92 - ΔGOOH*  -eU                                           (14)

Where U is the applied voltage. The theoretical overpotentials (η) for OER can be 

calculated by the following equations:

GOER = max {ΔG1, ΔG2, ΔG3, ΔG4}                           (15)

η = GOER /e - 1.23 V                                                  (16)



Fig. S1 Photo of bare NF, pre-RuO2-NiO/NF and RuO2-NiO/NF from left to right.



Fig. S2 Photo of the RuO2-NiO/NF with an area of 200 cm2.



Fig. S3 XRD pattern of pre-RuO2-NiO/NF.



Fig. S4 SEM image of blank nickel foam.



Fig. S5 Low and high magnification SEM images of pre-RuO2-NiO/NF.



Fig. S6 The EDX spectrum of RuO2-NiO nanoparticles.

Fig. S7 The LSV curves of RuO2-NiO/NF with different RuO2 loading amount for OER 

in 1 M KOH.



 

Fig. S8 XRD pattern of O-NF.



Fig. S9 XRD pattern of NiO/NF.

Fig. S10 The LSV curves of different part of RuO2-NiO/NF prepared with a large area.



Fig. S11 The SEM image of RuO2-NiO/NF after the OER stability test.



Fig. S12 High-resolution XPS spectra of (a) Ru 3p, (b) Ru 3d and (c) Ni 2p of RuO2-

NiO/NF before and after OER test, respectively.



Fig. S13 The LSV curves of RuO2-NiO/NF with different RuO2 loading amount for 

HER in 1 M KOH.

Fig. S14 The LSV curves of different part of RuO2-NiO/NF prepared with a large area.



Fig. S15 The SEM image of RuO2-NiO/NF after the HER stability test.



Fig. S16 The high-resolution XPS spectra of (a) Ru 3p, (b) Ru 3d and (c) Ni 2p of 

RuO2-NiO/NF before and after HER test.



Fig. S17 The double layer capacitances (Cdl) of RuO2-NiO/NF with different RuO2 

loading amount.



Fig. S18 The optimized geometry of adsorption structure of H on NiO (100).

Fig. S19 The optimized geometry of adsorption structure of H on RuO2 (110).



 

Fig. S20 The (a) top view and (b) side view of the optimized geometry of adsorption 

structure of OH, O and OOH intermediates on RuO2 (110).

Fig. S21 The (a) top view and (b) side view of the optimized geometry of adsorption 

structure of OH, O and OOH intermediates on NiO (100).



Fig. S22 The optical picture of the measured setup of the Hoffman apparatus.



Table S1. Comparison of the OER performance of RuO2-NiO/NF with reported 
catalysts in 1 M KOH. *The value is evaluated from the polarization curves exhibited 
in literature.

Catalyst Support
η10, 

OER(mV)

J1.55,

OER(mA cm-2)
source

RuO2-NiO
Nickel 

foam
187 482

This 

work

Ru/Cu-doped 

RuO2

Glassy 

carbon
241 110* 6

RuO2/N−C
Glassy 

carbon
280 22* 7

RuO2/NiO
Nickel 

foam
250 85* 8

IrO2@NiO
Nickel 

foam
278 88* 9

NiO-Cr2O3
Glassy 

carbon
270 15* 10

NiO/CN
Glassy 

carbon
261 58* 11

CuFe
Nickel 

foam
218 203* 12

Ni/Ni(OH)2
Carbon 

paper
270 45* 13

CoP-InNC@CNT
Glassy 

carbon
270 19* 14

Co-NCNTFs
Nickel 

foam
230 75* 15

IrRh NAs
Glassy 

carbon
251 31* 16



Table S2. Comparison of the HER performance of RuO2-NiO/NF with recently 

reported catalysts in 1 M KOH. *The value is evaluated from the polarization curves 

exhibited in literature.

Catalyst Support η10, HER(mV)
j100, HER

(mA cm-2)
source

RuO2-NiO
Nickel 

foam
17 452 This work

Ru/Cu-doped RuO2
Glassy 

carbon
28 72* 6

RuO2/N−C
Glassy 

carbon
40 43* 7

Ni@Ni2P-Ru
Glassy 

carbon
31 21* 17

Ni(OH)2-NiMoOx
Nickel 

foam
36 75* 18

Ru@NC
Glassy 

carbon
27.5 64* 19

NiO NRs
Carbon 

paper
110 8* 20

Fe-NiO
Nickel 

foam
88 18* 21

CuFe
Nickel 

foam
158 4* 12

Ni/Ni(OH)2
Carbon 

paper
77 28* 13

CoP-InNC@CNT
Glassy 

carbon
159 3* 14

Co-NCNTFs
Nickel 

foam
141 7* 15

Ni/NiO
Glassy 

carbon
90 11* 22



Table S3. Comparison of the overall water splitting performance of RuO2-NiO/NF with 

recently reported bifunctional catalysts in 1 M KOH. *The value is evaluated from the 

polarization curves exhibited in literature.

Catalyst Support
η10, 

Overall(V)

j1.7, Overall 

(mA cm-2)
source

RuO2-NiO Nickel foam 1.43 631
This 

work

Ru/Cu-doped RuO2 Glassy carbon 1.47 \ 6

RuO2/N−C Carbon paper 1.534 33* 7

RuO2/NiO Nickel foam 1.5 \ 8

Fe-NiO Nickel foam 1.579 \ 21

PA-NiO Nickel foam 1.56 48* 23

CuFe Nickel foam 1.64 16* 12

Ni/Ni(OH)2 Carbon paper 1.59 60* 13

CoP-InNC@CNT Carbon cloth 1.58 41* 14

Co-NCNTFs Nickel foam 1.62 16* 15

hcp-Co@NC Carbon paper 1.58 16* 24

FeOOH/Ni3N Carbon cloth 1.56 48* 25

CoFe-CDs||CoFeRu@C Glassy carbon 1.59 27* 26

Ni(S0.61Se0.39)2@PGCNS Nickel foam 1.54 113* 27

NiO-GDY NC Nickel foam 1.52 248* 28

Co-P-S Nickel foam 1.6 37* 29

CoFe2O4 Carbon cloth 1.53 57* 30

MoS2/LDH Nickel foam 1.57 42* 31

IrRh NAs Nickel foam 1.57 24* 18

Co0.75Ni0.25(OH)2 Carbon paper 1.56 41* 32

NiVIr LDH Nickel foam 1.49 137 33

MoS2/NiS2 Carbon cloth 1.59 50 34

Ni-Fe NP Carbon paper 1.47 48* 35



Table S4. Contents of Ru and Ni elements in the electrolyte after the water electrolysis 

at 1000 mA cm-2 as determined by ICP-OES analysis.

Sample Ru (ng/mL) Ni (ng/mL)

Post 0-100 h 0.78 5.58

Post 100-200 h 0.58 5.68
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