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Table S1. The amount of MOF and the corresponding solution used for the synthesis

of WO5-xH,0-in-MIL-88.

Samples Precursor solution EtOH MIL-88
MIL-88 0 uL SmL 50 mg
7%-WO;-xH,0-in-MIL-88 120 pL 5mL 50 mg
15%-WO;-xH,0-in-MIL-88 240 pL 5mL 50 mg
30%-WO;3-xH,0-in-MIL-88 580 uL 5mL 50 mg
50%-WO;-xH,0-in-MIL-88 1350 uL S5mL 50 mg

Synthesis of WO;-in-MIL-88:

The WOs;-in-MIL-88 composites were obtained by a simple calcination process,
where corresponding WO;-xH,0-in-MIL-88 composites were heated at 150 °C for 10
h in a vacuum with a heating rate of 2 °C/min, during which coordinated water of

WO;-xH,0 was removed entirely within the mesopores of MOF crystal.

Synthesis of MIL-88-H,0,:
MIL-88-H,0, was obtained in a similar way to WO;5;-xH,0-in-MIL-88, just



replacing the precursor solution with pure H,O, (30%).

Table S2. The amount of MOF and H,0, used for the synthesis of MIL-88-H,0,.

Samples H,0, EtOH MIL-88
MIL-88 0 pL 5SmL 50 mg
MIL-88-H,0,-1 240 pL S5mL 50 mg
MIL-88-H,0,-2 580 puL S5mL 50 mg
MIL-88-H,0,-3 1350 puL. 5mL 50 mg

Electrochemical Measurements

In a typical preparation of catalyst ink, 10 mg of each catalyst (for the catalysts
doped with KB, the formula is 9 mg catalyst and 1 mg KB) was blended with 1.0 mL
Nafion ethanol solution (0.5 wt.%) in an ultrasonic bath for 30 min. Then, a fixed
volume of catalyst ink (5 uL, 10 mg mL!) was pipetted onto the glassy carbon electron
with an area of 0.196 cm? (loading: 0.255 mg cm?). All the electrochemical
measurements were carried out in a conventional three-electrode cell using the Gamry
reference 600 workstations (Gamry, USA) at room temperature. A commercial
reversible hydrogen electrode (RHE) was used as the reference electrode, and the
graphite rod was used as the counter electrode. The measured OER polarization curves
are carried out in an Ar-saturated 1.0 M KOH with a sweep rate of 10 mV s! at 1600
rpm, which are automatically corrected with real-time iR.

The electrochemically active surface area was estimated by measuring by
measuring the capacitance of the double layer at the solid-liquid interface with cyclic
voltammetry. The measurement was performed in a potential window of 1.06-1.16 V
versus RHE, where the Faradic current on the working electrode was negligible. The

series of scan rates ranging from 5 to 25 mV s*! was applied to build a plot of the



charging current density differences against the scan rate at a fixed potential of 1.11 V.
The slope of the obtained linear curve was twice of the double-layer capacitance (Cgy).

Electrochemical impedance spectroscopy (EIS) was carried out with a
potentiostatic ESI method with a DC voltage of 1.495 V versus RHE in an Ar-saturated
1.0 M KOH electrolyte from 100 kHz to 0.1 Hz with a 10 mV AC potential at 1600
rpm. The stability tests for the catalysts were conducted using chronopotentiometry at
the constant working current densities of 10, 50 mA cm2.

The mass activity values were calculated based on the following equation:

I
Mass activity = —
m

Where [ is the current, m is the weight of active site loaded on electrode.
The TOF values were calculated to reveal the number of oxygen molecules evolved

per active site per second based on the following equation:

I
TOF = —
2nF

Where [ is the current, F is Faraday constant (96485.3 C mol!), and n (mol) is the
number of the active metal on the electrode. The TOFs data was calculated based on

the weight content of Fe and Ni from XPS.

The simulated seawater was prepared by mixing 26.83 g of NaCl, 2.26 g of MgCl,,
3.25 g of MgSOy, 1.12 g of CaCl,, 0.19 g of NaHCO;, 3.48 g of Na,SO,4 and 0.72 g of
KCl in 1 L of ultrapure water. The pH value of simulated water is 8.20. The alkaline
seawater was obtained by adding 500 mL of solution to 33 g KOH, followed by

ultrasonic centrifugation.

Theoretical calculation model

The periodic boundary conditions were applied to all three directions. The MOFs

were assumed to be rigid with nonbonding interactions.
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diameter of Lennard-Jones (LJ) potential, "ij is the distance between atoms i and J» q;

is the atomic charges of atom 7, and €0 is the permittivity of vacuum. The LJ potential

parameters were adopted from the universal force field (UFF)!' with the help of the
OBGMX tool. 2 The atomic charges of the MOFs were generated using modified EQeq
3 methods deployed by the Atomic Charge Calculator.* Water was modeled by the
SPC/E model.’ The electrostatic interactions were calculated using the Particle-Mesh
Ewald method, while the LJ interactions were calculated using a cutoff of 1.2 nm. The
temperature was maintained at 300 K using a v-rescale scheme, and the time step was
1 fs. After equilibration, a constant number of particles, volume, and temperature
(NVT) ensemble was used for output simulation. The NVT simulation duration was 5
ns, and the latter 4 ns for data analysis. All the MD simulations were performed using

GROMACS 2021, and the model was visualized using VMD 1.9.7



Supplementary Images

Figure S2. SEM images and corresponding EDS elemental mappings of MIL-88.

7%-W0O3z-xH-0-in-MIL-88

Figure S3. SEM images and corresponding EDS elemental mappings of 7%-
WO;-xH,0-in-MIL-88.



15%-WOs2-xH=0-in-MIL-88

Figure S4. SEM images and corresponding EDS elemental mappings of 15%-
WO3 'XHzO-in-MIL-88.

30%-WOz-xH20-in-MIL-88

Figure S5. SEM images and corresponding EDS elemental mappings of 30%-
W03 'XHQO—iH—MIL—SS.

50%-WOs xH=0-in-MIL-88

Figure S6. SEM images and corresponding EDS elemental mappings of 50%-
WO3 'XHzO-in-MIL-88.



Figure S7. TEM image of (a)MIL-88 and (b)15%-WO;-xH,0-in-MIL-88.

Figure S8. TEM elemental mapping of MIL-88.
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Figure S9. XPS survey scans of 7%-WO;-xH,0-in-MIL-88 and 30%-WO;-xH,0-in-
MIL-88 and 50%-WO3-xH,0-in-MIL-88.
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Figure S10. Fe 2p XPS spectra of MIL-88 with different tungstic acid loads.
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Figure S11. Ni 2p XPS spectra of MIL-88 with different tungstic acid loads.
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Figure S12. O 1s XPS spectra of MIL-88 with different tungstic acid loads.
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Figure S13. W 4f XPS spectra of MIL-88 with different tungstic acid loads.
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Figure S14. (a) Lsv of commercial RuO, in 1 M KOH. (b) Tafel plots of RuO,.
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Figure S15. Cyclic voltammograms of (a) MIL-88, (b) 7%-WO;3-xH,0-in-MIL-88,(c)

15%-WO0O;5-xH,0-in-MIL-88, (d) 30%-WO;-xH,0-in-MIL-88, (e) 50%-WO;3-xH,0O-in-

MIL-88 in 1 M KOH at different scan rates (5, 10, 15, 20 and 25 mV s™!) in the non-

Faradaic potential region (1.06—1.16 V versus RHE). (f) Cg4 plots inferred from CV

curves.
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Figure S17. XPS spectra of (a) Fe 2p, (b) Ni 2p for the 15%-WO;5-xH,0-in-MIL-88/CC
sample after OER tests in | M KOH.
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Figure S18. SEM images of 15%-WO;-xH,0-in-MIL-88 deposited on carbon cloth (a-
c) before and (d-f) after 50 hours OER process.
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Figure S19. (a) LSV curves of MIL-88 and MIL-88-H,0,-1/2/3. (b) The overpotential
of MIL-88 and MIL-88-H,0,-1/2/3. (¢) Tafel slope of MIL-88 and MIL-88-H,0,-1/2/3.
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Figure S20. Fourier-transform infrared (FTIR) spectra of MIL-88 and WO;-xH,0O-in-
MIL-88.

110 -1.5
—— 15%-WO;-xH,0-in-MIL-88
—— 15%-WO,-in-MIL-88

100+

90

T
1

-

o

%) ss0] JybBirapp

80
70

Mass (%)

50- -0.5

~

50~
Coorainated
water

40- L SR L E N T L SR R _00
0 100 200 300 400 500 600 700 800

Temperature (C)

Figure S21. Thermogravimetric analysis and derivative thermos-gravimetric of 15%-

WO;-xH,0-in-MIL-88 (red) and 15%-WO;-in-MIL-88 (green).
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Figure S22. Fourier-transform infrared (FTIR) spectra of 15%-WO;-xH,0-in-MIL-88
(red) and 15%-WOs-in-MIL-88 (black).
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Figure S23. SEM images of 15%-WOj3-in-MIL-88.
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Figure S28. (a) LSV curves of 7%-WOj;-xH,0-in-MIL-88, 30%-WO;-xH,0-in-MIL-

88, and 50%-WO;-xH,0-in-MIL-88 in alkaline seawater. (b) Tafel plots. (c)

Overpotential and Tafel slope. (d) TOF values of 7%-WO;-xH,0-in-MIL-88, 30%-

WO3 'XHZO-in-MIL-88, and 50%-WO3 'XHZO-in-MIL-88.

Table S3. The mass percent of the surface element determined by XPS.

Samples C 0 Fe Ni W
(Wt%) (Wt%) Wt%)  (Wt%)  (Wt%)
MIL-88 43.53 28.99 13.51 12.38 0
7%-WO;-xH,0-in-MIL-88  39.69 28.66 14.27 8.6 6.9
15%-WO;xH,0-in-MIL-88  36.86 29.96 13.73 75 9.69
30%-WO;-xH,0-in-MIL-88  33.61 27.32 11.37 62  19.70
50%-WO; xH,0-in-MIL-88  27.47 25.87 8.07 348 33.10
15%-WO;-in-MIL-88 38.65 28.73 13.29 696 1037
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Table S4. The specific impedance value.

Samples The impedance value (€2)
MIL-88 74.78
7%-WO3-xH,0-in-MIL-88 16.83
15%-WO0O;5-xH,0-in-MIL-88 13.66
30%-WO5-xH,0-in-MIL-88 31.75
50%-WOj3-xH,0-in-MIL-88 77.57
15%-WO;-in-MIL-88 31.27
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Table S5. The electrocatalytic performances of compared with some state-of-the-art

catalytic electrodes.

Tafel
Ej=10
slope
Electrocatalysts mA cm? (mV electrolyte  substrate  references
m
(mV)
dec!)
15%-WO;-xH,0-in- 1M This
263 39 GCE
MIL-88 KOH work
a-Ni/CeO,@NC 286 49 1 M KOH CFP 8
CoTPA-D 273 67 1 M KOH CC ?
S-CoNiFeMOF1 300 409 1 MKOH GCE 10
Ce@NiFe-MOF-5 258 5444 1 M KOH GCE 1
NiFe,04/KB 258 43.01 1 MKOH GCE 12
Co3;Cu-Ni;MOFs 288 87 1 M KOH GCE 13
Nickel
O-GQD-NiFe PBA 259 525 1 MKOH 14
foam
CoFe-PTA/FDA 295 62.85 1M KOH GCE 15
Carbon
NiN,ClL,@Fe-MIL-53 287 78 1 M KOH 16
paper
Ni-MOF/Mkb14 294 31 1 M KOH GCE 17
Ni(Fe)MOF/Mkb14 279 25 1 M KOH GCE 17
Carbon
N-NiCoP 290 60.85 1 M KOH 18
paper

Table S6. The mass percent of the surface element of 15%-WO;-xH,0-in-MIL-88

catalyst loading on carbon cloth before and after OER determined by XPS.

Samples Fe (wt %) Ni (wt %) W (wt %)
Pristine 46.70 25.67 27.63
After OER 49.06 27.60 23.34
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Table S7. Comparison of water splitting activity of 15%-WO;5-xH,0-in-MIL-
88/NF||Pt/C//NF cell in this work with other reported electrocatalysts in 1 M alkaline

solution.
Electrocatalysts Substrate Cell voltage (V) Electrolyte = Reference
at 10 mA cm™
15%-WO;-xH,0-in-MIL-88 || Pt/C Ni foam 1.50 1M KOH This work
MoS,/Ni;S,|[MoS,/Ni3S, Ni foam 1.56 1 M KOH 19
Cu@NiFe LDH||Cu@NiFe LDH Cu foam 1.54 1 M KOH 20
3-FeOOH NSs||86-FeOOH NSs Ni foam 1.62 1 M KOH 21
NiVIr-LDH|NiVIr-LDH Ni foam 1.49 1 M KOH 22
VOOH-3F¢|[VOOH-3Fe Ni foam 1.53 1 M KOH 2
Ni;S;@MoS,/FeOOH|Ni3S,@MoS,/FeOO
Ni foam 1.57 1 M KOH 24
H
NiVIr-LDH||NiVRu-LDH Ni foam 1.42 1 M KOH 25
Ni/NigPs|[Ni/NigP; Ni foam 1.61 1 M KOH 2
CoFeZr oxides||CoFeZr oxides Ni foam 1.63 1 M KOH 27
Ni/Mo,C||Ni/Mo,C Ni foam 1.64 1 M KOH 28
Ni;S,||Ni;S, Ni foam 1.76 1 M KOH 29
NiFe(DMBD)-MOF||Pt/C Ni foam 1.50 1 M KOH 30
CdFe-BDC|| CdFe-BDC Ni foam 1.63 1 M KOH 31
Ir@Ni-BDC|| f@Ni-BDC cC 1.46 1 M KOH 32
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