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Experimental Section:
1. Materials

All chemicals were purchased and used without any further purification.
Cobaltous acetate (C4HsCoO,44H,0, Tianjin Guangfu Fine Chemical Research
Institute), phosphotungstic acid (H3;PW,049-xH,0, Tianjin Guangfu), selenium
powder (Beijing Chemical Plant), potassium hydroxide (KOH, Tianjin Kaitong
Chemical Reagents Co., Ltd.), ethanol absolute (C,HsOH, Tianjin Tianli Chemical
Reagent Co., Ltd.), hydrochloric acid (HCI, Nanjing Chemical Reagent Co., Ltd.),
acetone (Cs;HgO, 99.7%, Nanjing Reagent), Ni foam (NF, Kunshan Jiayisheng
Electronics Co., Ltd.), 5% Pt/C (Shanghai Aladdin Biochemical Technology Co.,
Ltd.), and RuO, (Aladdin). Deionized (DI) water was used throughout the
experimental processes.
2. Synthesis of W-CoO/NF Precursor

A piece of NF (2 cm x 4 cm) was immersed in acetone, 10wt% HCI, DI water
and ethanol respectively, and ultrasonic treatment was carried out for 15 min to
remove residual organic matter and eliminate oxides on the surface of NF. Afterward,
a piece of treated NF was vertically placed into the inner lining of 50 mL stainless
steel reactor, and 40 mL of homogeneous solution was added, containing H;PW,04
(0.125 mmol) and C4HsCoO4 (1.73 mmol). Subsequently, the PTFE stainless steel
autoclave was sealed and heated at 180 °C for 8 h. After the reaction, the NF substrate
was cleaned with DI water until the surface was free of impurities, the sample was

collected and vacuum dried at 60 °C, and it was named W-CoO/NF.



3. Synthesis of W-Co0Se300/NF

Using the prepared W-CoO/NF as a precursor, W-CoSe300/NF can be obtained
by a one-step high temperature selenization process. The details are as follows: W-
CoO/NF and selenium powder were placed in a tube furnace, selenium powder in the
upstream and W-CoO/NF in the downstream, the heating rate was 2 °C min!, and
calcined at 300 °C in H,/Ar atmosphere for 3 h. Naturally cooled to room temperature,
the W-CoSe300/NF with snowflake flakes structure was obtained.

As a comparison, a series of W-CoO/NF precursors with varying tungsten
doping levels were synthesized by controlling the ratio of added M (H;PW;,0,,) and
M (C4H¢Co0O,) to be 0.024, 0.048, 0.072, 0.096, and 0.120, and the corresponding W-
CoSe300/NF electrocatalysts were prepared.

4. Physical Characterizations:

The microstructure and morphology of the electrocatalyst prepared in this study
were tested by Hitachi S-4300 scanning electron microscope (SEM) and energy
dispersive X-ray spectrometer (EDS) at an accelerated voltage of 20 kV. In order to
observe the microstructure of the materials on the nanoscale, the samples were tested
with Hitachi H-7650 transmission electron microscope (TEM) at an accelerated
voltage of 100 kV. High-resolution transmission electron microscopy (HRTEM)
images of the samples were obtained by Tecnai G2 F20 transmission electron
microscope produced by FEI Company in the United States at 200 kV acceleration
voltage. In order to analyze the chemical components of the prepared electrocatalyst

and the corresponding crystal phase structure, the phase characterization of the sample



was tested by Bruker-AXS (D8) X-ray diffractometer (XRD). In order to explore the
valence state and electronic structure of the material surface, the prepared
electrocatalyst was tested by VG ESCALAB MK X-ray photoelectron spectrometer
produced by VG Company in UK. All electrochemical data were determined using
the CHI660E electrochemical workstation.

5. Electrochemical Measurements:

All electrochemical tests were performed in 1.0 M KOH (pH = 14) aqueous
solution at room temperature. The three-electrode system was connected with an
electrochemical workstation (CHI 660E, Shanghai Chenhua), in which the reference
electrode was Hg/HgO and the electrode was graphite rod. All linear sweep
voltammetry (LSV) curves were measured at a scan rate of 5 mV s without IR
compensation. Working potentials were converted with respect to reversible hydrogen
electrode (RHE) according to the following equation:

E (RHE) = E (Hg/HgO) + 0.098 (V) + 0.059 x pH

For the LSV curve of oxygen evolution reaction (OER), the overpotential (1) of

each electrode material was calculated according to the following equation:
n=E (RHE) — 1.23 (V)

The Tafel slope was calculated according to the following equation:

n=blog|j|+a

Here, j represents the current density, a is a constant, and b represents the Tafel

slope.

To further evaluate the electrocatalytic activity under different overpotentials (1)),

the turnover frequency (TOF, s!) of the electrode materials was calculated in the



following two steps: (I) calculate the active sites n (mol); (II) calculate the TOF value
(s!). The number of active sites is determined by CV curves, which collected from
CV measurements conducted at a scan rate of 50 mV s’! in 1.0 M phosphate buffer
solution (PBS, pH = 7). Then, the absolute components of the voltammetric charges
(cathodic and anodic) reported during a single blank test is added. Assuming that both
reduction and oxidation are one-electron processes, the maximum of n can be
calculated using the following formula:
n=Q/aF (4)
Then, TOF can be calculated with the following formula:
TOF = I/aFn (5)
Where a is the number of transferred electrons corresponding to a half reaction
that produces 1 mol target product or consumes 1 mol target reactant (for HER in 1.0
M KOH, a = 2), Q is the voltammetric charge, F is the Faraday constant (96485 C
mol), I is the current (A) during the linear sweep measurement and n is the number

of active sites (mol).

Electrochemical impedance spectroscopy (EIS) was carried out at an
overpotential of current density at 10 mA cm™ with a frequency range from 0.01 Hz
to 100 kHz.

The double-layer capacitance (Cq4) was obtained by cyclic voltammetry (CV)
curves at different scanning rates (20, 40, 60, 80, and 100 mV s!) to assess the
electrochemical active surface area (ECSA) of the catalysts.

The stability of the electrocatalyst was measured by chronoamperometry and

cyclic voltammetry.



Figure and Table Captions:

Fig. S1. (a) W-CoSe200/NF, (b) W-CoSe300/NF, (c) W-CoSe400/NF SEM
with different scanning multiples of (al)W-CoSe200/NF, (b1) W-CoSe300/NF, (c1)
W-CoSe400/NF.

Fig. S2. EDS mapping of W-CoSe300/NF electrocatalyst and corresponding
elemental mass percentage content.

Fig. S3. (a) HER polarization curves (b) Tafel (c) EIS and (d) OER polarization
curves (e) Tafel (f) EIS of W-CoO/NF precursors with different reaction times.

Fig. S4. (a) HER polarization curves (b) Tafel (c) EIS and (d) OER polarization
curves (e) Tafel (f) EIS of W-CoO/NF precursors with different solvent ratios.

Fig. S5. (a) HER polarization curves (b) Tafel (c) EIS and (d) OER polarization
curves (e) Tafel (f) EIS of W-CoO/NF precursors with different reaction temperatures.
Fig. S6. (a) HER polarization curves (b) Tafel (c) EIS and (d) OER polarization
curves (e) Tafel (f) EIS of W-CoO/NF precursors with different reaction solute mass
ratio.

Fig. S7. HER-CV of (a) W-CoO/NF (b) W-CoSe200/NF (c) W-CoSe300/NF and (d)
W-CoSe400/NF at different sweep speeds.

Fig. S8. The turnover frequency (TOF) of W-CoSe300/NF electrocatalysts with
different M (H3PW,040)/M (C4HgCo0O4) ratios and their corresponding cyclic
voltammetry (CV) curves (in PBS solution, pH = 7).

Fig. S9. LSV curves of W-CoSe200/NF, W-CoSe300/NF, and W-CoSe400/NF

electrocatalyst normalized by ECSA.



Fig. S10. OER-CV of (a) W-CoO/NF (b) W-CoSe200/NF (c) W-CoSe300/NF and (d)
W-CoSe400/NF at different sweep speeds.

Fig. S11. EIS Nyquist plots of W-CoSe300 electrocatalysts loaded on different
conductive substrates.

Fig. S12. Stability tests of W-CoSe300/GCE and W-CoSe300/NF electrocatalysts
under HER and OER overpotentials (GCE = glassy carbon electrode).

Fig. S13. OWS performance of W-CoSe300/GCE (GCE = glassy carbon electrode)
and W-CoSe300/NF electrocatalysts: (a) LSV curves, (b) electrochemical stability test.
Fig. S14. Characterization analysis of the W-CoSe300/NF electrocatalyst after OER
stability testing: (a) SEM image, (b) TEM image, (c, d) XPS spectra.

Table S1. The comparison for HER performance of W-CoSe300/NF synthesized in
this work and recently reported catalysts.

Table S2. The comparison for OER performance of W-CoSe300/NF synthesized in
this work and recently reported catalysts.

Table S3. The comparison for overall water splitting (OWS) performance of W-

CoSe300/NF synthesized in this work and recently reported catalysts.



Fig. S1. (a) W-CoSe200/NF, (b) W-CoSe300/NF, (c¢) W-CoSe400/NF SEM
with different scanning multiples of (al)W-CoSe200/NF, (b1) W-CoSe300/NF, (c1)

W-CoSed400/NF.
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Fig. S2. EDS mapping of W-CoSe300/NF electrocatalyst and corresponding

elemental mass percentage content.
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Fig. S3. (a) HER polarization curves (b) Tafel (c) EIS and (d) OER polarization

curves (e) Tafel (f) EIS of W-CoO/NF precursors with different reaction times.
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Fig.

S4. (a) HER polarization curves (b) Tafel (c¢) EIS and (d) OER polarization

curves (e) Tafel (f) EIS of W-CoO/NF precursors with different solvent ratios.
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Fig. S5. (a) HER polarization curves (b) Tafel (c) EIS and (d) OER polarization

curves (e) Tafel (f) EIS of W-CoO/NF precursors with different reaction temperatures.
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Fig. S8. The turnover frequency (TOF) of W-CoSe300/NF electrocatalysts with
different M (H3PW,040)/M (C4HgCo0O4) ratios and their corresponding cyclic

voltammetry (CV) curves (in PBS solution, pH = 7).
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Table S1. The comparison for HER performance of W-CoSe300/NF synthesized in

this work and recently reported catalysts.

Overpotential
Catalyst electrodes Electrolyte @50 mA cm Ref.
(mV)

W-CoSe300 1.0 M KOH 84 This work
RhNiFe 1.0 M KOH 36 !
FeMo/MoC@C 1.0 M KOH 201 2
CoFeP/NF 1.0 M KOH 350 3
N-NiCoP/NF 1.0 M KOH 119 4
Co-NiS @ MoS, 1.0 M KOH 139.9 >
Zn3N,—Co,N 1.0 M KOH 121.7 6
NiFe-MS/MOF@NF 1.0 M KOH 156 7
Co-Ni, P 1.0 M KOH 116 8
Ni;S,@NiSe/NF 0.5 M H,SO4 289 0

Co-Mo-P/Co-Zn-S 1.0 M KOH 165 10




Table S2. The comparison for OER performance of W-CoSe300/NF synthesized in

this work and recently reported catalysts.

Overpotential
Catalyst electrodes Electrolyte @50 mA cm Ref.
(mV)

W-CoSe300 1.0 M KOH 283 This work
CoP-N/Co foam 1.0 M KOH 260 1
CopgsSe@Co foam 1.0 M KOH 360 12
CFL-200 1.0 M KOH 266 13
Co@NC 1.0 M KOH 452 14
Cop sFep,—Mo,C-80 1.0 M KOH 246.5 15
FeCo,S4/NF 1.0 M KOH 270 16
Co-MOF/NF 1.0 M KOH 266 17
SS NAC P-400 1.0 M KOH 220 18
NiCoFe/NF 1.0 M KOH 233 19
CH@PBA-P/CF 1.0 M KOH 312 20




Table S3. The comparison for overall water splitting (OWS) performance of W-

CoSe300/NF synthesized in this work and recently reported catalysts.

Ej=10 Durability
Catalyst electrodes Electrolyte Ref.
(V) (h)
W-CoSe300 1.0 M KOH 1.54 120 This work
MOF-V-Ni;S,/NF 1.0 M KOH 1.58 10 21
Cop.4Mog cP@CL-NCNF 1.0 M KOH 1.59 24 22
CoSe@NiFe 1.0 M KOH 1.53 12 23
CoFeRu@C 1.0 M KOH 1.59 12 24
CoOSeP@Co foil 1.0 M KOH 1.74 30 2
DLC FCP@NG 1.0 M KOH 1.63 30 26
Fe-P-CMO 1.0 M KOH 1.48 60 27
F-CoO 1.0 M KOH 1.53 60 28
Ru-NiCoP/NF 1.0 M KOH 1.515 50 2
J-CoFe-CFP 1.0 M KOH 1.56 10 30
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