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EXPERIMENT SECTION

1. Materials

All chemicals were of analytical grade and used without further purification. Nickel nitrate hexahydrate [Ni(NO3),-6H,0], cobalt nitrate
hexahydrate [Co(NO3),-6H,0], ammonium fluoride (NH4F), selenium powder, urea, ethylene glycol, and potassium hydroxide (KOH)
were obtained from Aladdin Bio-Chem Technology Ni. LTD. (Shanghai, China). The commercial IrO, was obtained from Shanghai
Macklin Biochemical Co., Ltd. Nafion (5 wt%) and ethanol were purchased from Sigma-Aldrich. Deionized water was purified using a
water purification system with a resistance of 18.2 MQ (Thermo Fisher Scientific Ni. LTD, USA).

2. Catalysts Fabrication

Synthesis of NiCo(OH), Precursor. For the synthesis of NiCo(OH)x precursor, 2 mmol Ni(NOz),:-6H,0 and 2 mmol Co(NOs),-6H,0
were dissolved in 60 mL ethylene glycol, and then 4 mmol urea and 3 mmol NH4F were added into the solution forming a
homogeneous solution with continuous stirring for 20 min. Afterward, the mixture was transferred into a Teflon-lined stainless steel
autoclave and maintained at 120 °C for 6 hours. After the autoclave was cooled down to room temperature, the cyan powder was
washed by ethanol and deionized water several times. Finally, the product was dried in a vacuum oven at 60 °C for overnight and
denoted as NiCo(OH) precursor.

Synthesis of NiSez-CoSe». For the synthesis of NiSe,-CoSe,, the above prepared NiCo(OH)x precursor of 100 mg was placed on an
alumina boat and located on the downstream side; the other boat containing 600 mg selenium powders was put on the upstream side.
N gas with a flow rate of 100 sccm was used as the carrier gas. The furnace was heated by a heat ramp of 2 °C min* and maintained
at 350 °C for 3 hours, and then cooled down to room temperature. The obtained product was named as NiSe,-CoSe;.

Synthesis of NiSez and CoSez. NiSe; and CoSe, were synthesized based on our previous work.! In brief, Ni(OH)x and Co(OH)x
precursors were synthesized through a facile and scalable solvothermal-assisted synthesis method. Then, the above prepared
Ni(OH)x/Co(OH)x nanosheet of 50 mg was put face down on an alumina boat and located on the downstream side; the other boat
containing 400 mg selenium powders was put on the upstream side. N, gas with a flow rate of 100 sccm was used as the carrier gas.
The furnace was heated by a heat ramp of 2 °C-min** and maintained at 350 °C for 3 hours, and then cooled down to room temperature.
The obtained product was named NiSe,/CoSe,.

3. Physical Characterizations

The crystal structures of products were conducted by Powder X-ray diffraction (XRD, Bruker D8 X-ray diffractometer) using a Cu Kq
(A = 1.5405 A) radiation source operating at 40 kV and 40 mA at a scanning rate of 5 °C-min’t. The surface analysis of samples was
examined by X-ray photoelectron spectroscopy (XPS, ECSALAB 250Xi, Al Ka radiation). The micro-morphologies of as-prepared
catalysts were observed through scanning electron microscopy (SEM, FEI Sirion-200). The transmission electron microscopy and High-
resolution transmission electron microscopy (HRTEM) were performed on an FEI Tecnai G2 F30 STWIN (USA) operating at 300 kV. X-
ray detector spectrum (EDS) images were obtained on a TECNAI G2 F30 transmission electron microscope (acceleration voltage: 300
kV).

4, Electrochemical Measurements

All the electrochemical measurements were carried out with a Bio-Logic VSP electrochemical workstation (Bio-Logic Ni, France).
OER performance was measured in a standard three-electrode system using a glassy carbon electrode (GC, 3 mm in diameter, 0.07
cm?) as the supporting working electrode, graphite rod as the counter electrode and mercury/mercury oxide electrode (Hg/HgO) as the
reference electrode. Before the electrochemical measurements, 1 M KOH electrolyte was saturated with N, for 30 min. To prepare the
work electrodes, the catalyst ink was prepared by dispersing 5 mg catalyst and 1 mg carbon black in 1000 pL solution containing 950
pL ethanol and 50 pL 5 wt.% Nafion with sonication for 30 minutes. Then, 5 yL of the acquired slurry was pipetted onto the polished
glassy carbon electrode with a surface area of 0.07 cm?. The loading of catalysts was about 0.357 mg-cm. All the tests were measured
at room temperature (about 25 °C) and the reference electrodes were close to the working electrode through a double salt-bridge and
Luggin capillary tip calibrated before and after the electrochemical measurements to make sure the accuracy. The potential was
converted by the formula: E(RHE) = E(Hg/HgO) + 0.0591*pH+ 0.098 V. The overpotential was calculated by the formula: overpotential
(V) = E(RHE) — E(8), where E(B) represents the thermodynamic potential for OER (1.23 V vs. RHE). All the potentials used were
converted into RHE unless otherwise noted.

Cyclic voltammetry (CV) and Linear sweep voltammograms (LSV). The catalytic performance of samples for OER was evaluated
by CV and LSV at a scan rate of 5 mV-s? in 1 M KOH solution. All polarization curves were shown with IR-correction by the positive
feedback of compensating 80% of the uncompensated solution resistance.

Tafel analysis. The Tafel slope was calculated from the following equation: n = a + blog(j), where n is the overpotential (mV), b is the
Tafel slope and j is the current density. It was fitted in the Tafel range.

Electrochemical impedance measurements. The electrochemical impedance spectroscopy (EIS) was recorded in the above three-
electrode cell with the frequency varies from 1 MHz to 0.01 Hz in alkaline solution.
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ECSA measurements and calculations. The electrochemically active surface area (ECSA) of all catalysts was calculated by the
formula: ECSA = Ca/Cs, where the double-layer capacitance (Cai in mF) is estimated by plotting the current (i) at various scan rates
from 10 to 50 mV-s? and Cs is the standard specific capacitance (0.04 mF-cm2). The roughness factor (Rr) was calculated by the
formula: Rr= ECSA/S, where S is generally equal to the geometric area of the glassy carbon electrode (in this work, S = 0.07 cm?). The
applied potential was 0.83—0.93 V vs. RHE in 1 M KOH solution.

Stability test and Chronoamperometry measurements. The dynamic stability was tested by CV at the scan rate of 100 mVs™* for
1000 cycles. After 1000 cycles, the polarization curve was measured under a sweep rate of 5 mV-s and compared with its initial curve.
Chronoamperometry of OER was tested in 1.48 V vs. RHE for 20 hours.

Specific activity and Turnover frequency (TOF) calculations. The specific activity was obtained by normalizing the apparent current
to ECSA. The TOF (s?) can be calculated with the following equation TOF (s) = I/(4*F*n), where | is the current (A) during linear sweep
measurement, F is the Faraday’s constant (96485.3 C/mol), n is the number of active sites (mol), factor 4 is based on the consideration
that four electrons are required to produce one oxygen molecule.
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Figure S1. XPS spectrum survey of NiSe2-CoSez, NiSez and CoSez.
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Figure S2a. SEM image of NiCo(OH)x precursor.
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Figure S2b. HR-TEM images of NiSe2-CoSez.
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Figure S3. The equivalent circuit used for the Nyquist plot fitting.
In the circuit, Rs is the solution resistance, Ret and Ro represent interfacial charge transfer resistance and adsorption resistance respectively.
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Figure S4. Cyclic voltammograms for the double layer capacitance from 0.834 to 0.934 V vs. RHE of NiSez-CoSe: (a), NiSe:z (b), CoSe: (c).
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Figure S5. TEM image of NiSe2-CoSe: after the electrochemical stability test.
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Table S1. Binding Energy and Relative Content of Ni 2p Obtained from Curve-fitted XPS Spectra for NiSe2>-CoSe2 and NiSe:.

Chinese Journal of
tructural Chemistry

Ni 2ps2 Ni 2p12
Catalysts Relative content
Peak Binding energy/eV Peak Binding energy/eV

Ni-Se (Ni%*) 853.8 Ni-Se (Ni?*) 8711 45.0%

NiSez-CoSe2 Ni—O (Ni®*) 855.8 Ni—O (Ni®*) 873.8 55.0%
Sat. 860.8 Sat. 879.5

Ni-Se (Ni%*) 853.1 Ni-Se (Ni?*) 870.4 59.2%

NiSe2 Ni—O (Ni®*) 855.1 Ni—O (Ni®*) 873.1 40.8%
Sat. 860.1 Sat. 877.8
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Table S2. Binding Energy and Relative Content of Co 2p Obtained from Curve-fitted XPS Spectra for NiSe2-CoSe2 and CoSex.
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Co 2p3/2 Co 2p1/2
Catalysts Relative content

Peak Binding energy/eV Peak Binding energy/eV

Co® 778.2 Co® 793.0 19.3%
Co® 780.0 Co® 795.6 43.4%

NiSez-CoSe2

Co? 781.6 Co? 797.2 37.3%
Sat. 785.5 Sat. 802.2

Co® 778.6 Co® 793.4 42.0%
Co®* 780.4 Co® 796.0 30.8%

CoSez

Co? 782.0 Co? 797.6 27.2%
Sat. 785.9 Sat. 802.6
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Table S3. The Content of Nanopatrticles in the NiSe2-CoSez from EDX Analysis.

Element Atomic %
Co 9.8
Ni 9.3
Se 52.7
O 28.2
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Table S4. The Content of Nanorods in the NiSez-CoSez from EDX Analysis.

S

Element Atomic %
Co 12.1
Ni 11.3
Se 275
O 49.1
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Table S5. The Comparison of Ni-based Catalysts in Alkaline Electrolyte for OER.
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Materials Overpotential (mV) @ 10 mA cm2 Reference

NiSez-CoSe2 250 This work
NiSe2/CoSe2-N 286 3]
NiSez/FeSe: 256 4
CC/CNTs@Co0So.74Seo.52 285 18]
CoSe2@C-CNT 306 6]
NiSe2@MoS: 267 Y|
P-NiSe2@N-CNTs/NC 306 18]
Nio.2Coo.sSe 280 1o
FeCoMo-Se 264 [10]
(Ni,Co)Se2 256 [11]
(C00.21Nio.25CU0.54)3S€2 272 [12]
Fes0s-FeSe/CoSe2 279 23]
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Table S6. EIS Fitting Parameters from Equivalent Circuits for Different Catalyst Samples for OER.

Samples Rs (Q) Rt (Q) CPE1/S S™ Ro (Q) CPE2/S S™

NiSe>-CoSe> 6.88 44.4 2.60E-2 12.8 2.66E-3
NiSez 8.09 362.6 3.93E-2 32.7 2.97E-3
CoSez 7.24 284.1 3.45E-2 30.2 3.26E-3
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Table S7. The Values of Ca, ECSA and Rt for Different Catalysts.

Samples Cal (MF-cm-?) ECSA (cm?) Ry
NiSe2-CoSe2 8.22 14.39 205.5
NiSe2 3.56 6.23 89.0
CoSez 3.57 6.25 89.3
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