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1. Experimental section

1.1 Chemicals

FeCl; (A.R grade, Shanghai Aladdin Biochemical Technology Co., Ltd.), (NH;)sM07,0,4 (A.R
grade, damas-beta®), NiCl,-6H,0O (A.R grade, Shanghai Aladdin Biochemical Technology Co.,
Ltd.), C¢H;oN4 (AR grade, Sinopharm Chemical Reagent Co., Ltd.), CH;CH,OH (A.R grade,
Sinopharm Chemical Reagent Co., Ltd.), TM were used as the substrate and purchased from
Shanghai Hesen Electric Co., Ltd., and deionized water were all prepared in the laboratory. All
chemical reagents have not been further purified.

1.2 Pretreatment of Titanium Mesh (TM)

TM was cut into small rectangular pieces of 1 cmx4 cm. After ultrasonic cleaning with 3 M
HCI for 30 min, they were washed with deionized water and anhydrous ethanol three times.
Afterward, it is placed in a 60°C oven for complete drying, yielding in the desired TM.

1.3 Synthesis of Fe;(MoQO,); @TM

880 mg of FeCl; and 250 mg of (NH;)sM0,0,4 were dissolved in 30 mL of deionized water.
The solution was stirred vigorously to ensure complete mixing. Subsequently, the mixed solution,
along with the pretreated TM (1 cm x 4 cm) was placed into a 50-mL stainless steel autoclave
lined with PTEF. The autoclave was maintained at 120°C for 6 hours. After the autoclave had
cooled down naturally, the prepared electrode was rinsed repeatedly with deionized water and
ethanol, and then dried in an oven at 60 °C to obtain Fe;(MoO,);@TM electrode.

1.4 Synthesis of Ni(OH),@TM

60 mg of NiCl,"6H,0 and 105 mg of C¢HpN, were dissolved in a homogeneous solution
consisting of 15 mL of ethanol and 10 mL of deionized water. The resulting solution was
magnetically stirred for 30 min. The mixed solution, along with the pretreated TM (1 cm X4 cm)
was placed into a 50-mL stainless steel autoclave lined with PTEF. The autoclave was maintained
at 120°C for 4 h. After the reactor cooled down to room temperature, the sample was washed three
times with deionized water and ethanol, and then dried at 60°C to obtain Ni(OH),@TM electrode.

1.5 Electrochemical measurement

Electrochemical performance was evaluated using a CHI 660E electrochemical workstation
with a standard three-electrode system, comprising a Hg/HgO reference electrode, a graphite
counter electrode, a homemade nickel foam working electrode, and a homemade 1 M KOH
electrolyte. Linear sweep voltammetry (LSV) measurements were conducted at a scan rate of 5
mV s! within a potential range of 0-1.1 V vs. Hg/HgO. The potentials were calibrated to the
reversible hydrogen electrode (RHE) using the formula Eryg =Epngme010.098+0.059 X pH. The
overpotential () was calculated as n=Egryg—1.23V, based on the theoretical water splitting
potential of 1.23 V. Tafel slopes were derived from log(current) versus potential plots obtained by
recording LSV potentials and corresponding currents. Electrochemical impedance spectroscopy
(EIS) was employed to measure electrode resistance at 0.6 V (vs. Hg/HgO) over a frequency range
of 101-10° Hz. Double-layer capacitance (Cq) was assessed via cyclic voltammetry (CV) at
varying scan rates (10-100 mV/s) within the non-Faradaic potential region. Operando EIS
measurements were performed to generate Nyquist and Bode plots, and stability tests including
multi-step current, multi-step voltage, and long-term durability assessments were conducted.
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1.6 Material characterizations

X-ray diffraction (XRD) patterns were recorded on a Rigaku MiniFlex 600-C X-ray
diffractometer with Cu-Ka radiation at a scan rate of 5° min!. Electron paramagnetic resonance
(EPR) spectra were collected on a Bruker A300 paramagnetic spectrometer at room temperature
under vacuum. Raman measurements were performed using a Raman JY HR800 spectrometer in
the wavenumber region of 150-600 cm™!. Scanning electron microscopy (SEM) characterizations
were conducted using a JSM-7800F microscope from JEOL. Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy (HRTEM) measurements were taken
with a JEOL JEM-F200 microscope. X-ray photoelectron spectroscopy (XPS) measurements were
conducted on a Kratos Axis Ultra DLD spectrometer. In-situ Raman measurements were
performed using a Raman JY HR800 coupled with an EC-Raman flow cell (Beijing Scistar
Technology, China) in the wavenumber range of 200-1200 cm™'. A 50x long working distance
objective (8 mm) was used, and the excitation laser with a wavelength of 532 nm was generated
from a He-Ne laser with a power of approximately 6 mW. Data acquisition involved Raman
readings at various constant potentials (1.30-1.70 V vs. RHE) with a stabilization period of 20
seconds prior to each measurement. For Raman measurements, a carbon rod was used as the
counter electrode, Hg/HgO as the reference electrode, and the electrolyte was 1.0 M KOH solution.
In-situ attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) was
performed using a BRUKER INVENIO R spectrometer to detect intermediate signals of the
electrocatalysts during the oxygen evolution reaction (OER) within a potential range of 1.20-1.65
V vs RHE. The experiment was conducted with a potential interval of 0.05 V vs RHE. The
catalyst was labeled through five cycles of cyclic voltammetry (CV) in 1M KOH, using H,'30 as
the solvent. Subsequently, the obtained electrode was rinsed several times with H,'°O and dried in
an oven to remove any residual H,'80. DEMS measurements were conducted in 1M KOH
solution with an applied potential, using H,'O as the solvent. Mass spectrometry was employed to
conduct real-time measurements of gas with different molecular weights generated during the
OER.

1.7 DFT calculation method

All calculations were conducted within the framework of the Density Functional Theory
(DFT), utilizing the Projector Augmented Wave (PAW) method implemented in the Vienna Ab
initio Simulation Package (VASP) . The exchange-correlation potential was approximated using
the Generalized Gradient Approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) 2. The
DFT-D3 method was employed to account for long-range van der Waals interactions 3. To address
the strong correlation of d-electrons in Ni and Fe elements, a Hubbard-U term was introduced,
with values set to 6.2 and 5.3 for Ni and Fe, respectively. Spin polarization was taken into account
in the calculations.

The NiOOH(110) surface consists of 24 Ni, 48 O, and 24 H atoms, while the FeOOH(110)
surface comprises 24 Fe, 48 O, and 24 H atoms. For the NiOOH(110)/FeOOH(110) and
FeOOH(110)/NiOOH(110) heterostructures, the composition includes 12 Ni, 12 Fe, 48 O, and 24
H atoms. A vacuum layer of 16 A was added perpendicular to the slabs to mitigate artificial
interactions between periodic images.

To ensure convergence of the total energy, a plane-wave basis set with a kinetic energy cutoff
of 450 eV and the Monkhorst-Pack k-point sampling scheme 4 with a grid spacing of 21x0.04 A-!
were employed. Convergence criteria for ionic and electronic optimizations were set to 0.02 eV/A
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and 1x10- eV, respectively. The adsorption energy (AE) of the M group (M = OH, O, OOH, O,)
on the substrate surface was defined as follows: AE = E«y - (E« + Ey;), where *M and * represent
the adsorbed M group on the substrate and the pure substrate, respectively, and EM denotes the
energy of the isolated M group. Note that the original equation provided (AE = EM - (E + EM))

contains an error and has been corrected here.

The adsorption energies follow the method:

AE*O = E(sub/O) - E(Sub) - E(Hzo)—E(Hz)

AEx«oy = E(sub/OH) - E(sub) - E(H,0)-E(H,)/2

AE+«oon = E(sub/OOH) - E(sub) - 2xE(H,0)- 3xE(H,)/2

AE«o,; = E(sub/O,) - E(sub) - E(O,)

Where E(sub/O), E(sub/OH) and E(sub/OOH) represent the total energies of O, OH, OOH , and
O, groups on the substrate. E(sub), E(H,0), and E(H,) are the total energies of pure substrate,
water, hydrogen gas, and oxygen gas respectively. The free energies were calculated by including
the zero-point vibrational energy and entropy as implemented in the VASPKIT package”.



2. Supplementary Figures:
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Fig. S1 XRD patterns of Ni(OH), and Fe,(Mo0QOy); powders.



& Mo-O Fe,(MoO,),@TM

» ——Ni(OH),@TM
aNi'"-0 | ——Ni(OH),/Fe,(M00O,),@TM
¢ T™M |

Intensity(a.u.)

300 600 900 1200 1500 1800
Raman shift(cm™)

Fig. S2 Raman spectra of Fes(MoOy);@TM, Ni(OH),@TM,
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Fig. S3 Infrared spectra of the Fey(MoOy):;@TM, Ni(OH),@TM,
Ni(OH),/Fe;(Mo0O4);@TM and Ni(OH),+Fe,(MoO,); powders.



Fig. S4 The electrochemical impedance spectroscopy equivalent circuit diagram.
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Fig. S11 The SEM morphology of Ni(OH),/Fe;(M0O,);@TM (a) before and (b) after
OER.
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Fig. S17 Optimized configurations of (a) FEOOH and (b) O*,(c) OH*,and (d) OOH*
species adsorbed on FeOOH models.
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Fig. S18 Optimized configurations of (a) NiIOOH and (b) O*,(c) OH*,and (d) OOH*
species adsorbed on NiOOH models.
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Fig. S19 Optimized configurations of (a) NIOOH(110)/FeOOH and (b) O*,(c)
OH*,and (d) OOH* species adsorbed on NiIOOH(110)/FeOOH models.
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3. Supplementary Tables

Table S1. Cy and ECSA of various catalysts

Catalyst Ca (mF cm?) ECSA (em??
Fey(MoO,);@TM 0.57 14.25
Ni(OH),@TM 1.20 30.00
Ni(OH),/Fe;(MoOy); @TM 1.00 25.00
Titanium Mesh (TM) 1.08 27.00

2ECSA of the electrode=Cg4/C;. Cs(the specific capacitance) is generally found to be
in the range of 20 pF cm=2-60 uF cm2. %7 In this work, we used the Cs =40 uF cm™.

Table S2. The ICP-MS results of various elements in Ni(OH),/Fe;(Mo0O4);@TM

Sample Dilution Instrument 1
Elements  Volume/ml Sanfp ¢ 1
Weight/g Coefficient Reading/mg L1 Concentration/mg kg
0.0034 Fe 25 1 3.3398 24556.99
0.0034 Ni 25 1 4.8286 35504.71

Table S3. Ni 2p XPS spectra fitting of Ni(OH),/Fe;(Mo0QO4);@TM in its initial state

and after OER state
Catalyst Peak Position(eV) Area FWHM (eV)
Satellite 879.84 49560 5.00
Ni3* 2pyj 874.71 23942 3.54
Ni(OH)y/Fex(MoOy4); @TM Ni%* 2p1 872.95 24274 1.83
Initial Satellite 861.60 67052 441
Ni** 2ps, 856.56 36874 2.11
Ni?* 2ps3 855.25 43000 1.52
Satellite 879.41 43466 5.20
Ni** 2py) 874.14 15018 2.20
Ni(OH)/Fe,(MoO),@TM 872.81 15964 1.44
After OER
Satellite 861.45 58765 4.60
Ni** 2ps, 856.28 29155 1.71
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Ni** 2ps),

855.16

31000

1.27

Table S4. Comparison of the OER performance of Ni(OH),/Fe;(MoO4);@TM catalyst

with other reported OER catalysts

Catalyst

FeOOH/NF
Ni(OH),/NF
a-Ni(OH),
Co;0,@Ti
Co(OH)»/Ti-2.0
NiCo0,04/Ti
[rTiOy 60ALDy0x
RuO,-1rO,

W-625

C0304(x)/1sm-TiO,
Co—S/Ti mesh
Coo.15-Fe;(M00Oy)3
B-NiMoO,
CoMo004-NiMoOy,
NiNiFeMoO/NF
NC/NiMo/NiMoO,/NF
NiMo HNRs/Ti mesh
Ni,Co;.,04 NWs/Ti
AP-CoMo0O;,
CoMo0O4xH,0O

CoCrOy

LaMN@Co-ZIF
Co030,@C/GPO
ZnCo,0,4F,/CNTs
Ir-Ni;N/NF

Nl(OH)z/FCz(MOO4)3@TM

Electrolyte

IM KOH
1M KOH
1M KOH
1M KOH
1M KOH
1M KOH
1M KOH
0.1M KOH

IM KOH

1M KOH
1M KOH
1M KOH
1M KOH
1M KOH
1M KOH
1M KOH
1M KOH
1M KOH
1M KOH
1M KOH

IM KOH

1M KOH
1 M H,SO,

1M KOH

1M KOH

IM KOH

Substrate

NF
NF
GC
™
™
™
™
™
stainless
steel
™
™
N/A
N/A
N/A
NF
NF
™
™
NF
NF
carbon
paper

N/A
N/A
N/A
NF

™

Current
density
/mA c¢cm?
10
10
10
20
50
10
10
10

10

10
10
10
10
10
10
10
10
10
10
10

100

10
10
10
100
10
100

Overpotential
/ mV

390
350
331
416
316
353
353
303

325

348
361
273
300
300
255
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310
370
328
346

400
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360
350
360
265
312
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