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1. Experimental section
1.1 Characterizations

X-ray diffraction (XRD) patterns were carried out on an X-ray diffractometer with
Cu Ka radiation (A = 1.54178 A). Raman spectra (Japan LabRAMHR evolution) of
samples were collected on a Renishaw in Via-Reflex Raman microprobe. Electron
paramagnetic resonance (EPR) spectra were acquired from a Bruker EMXPLUS A30.
The morphologies of samples were analyzed by scanning electron microscopy (SEM,
ZEISS, Germany) and transmission electron microscopy (TEM, JEOL Ltd., JEM-

2100F) operated at 200 kV. X-ray photoelectron spectroscopy (XPS) was employed to
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obtain chemical valence of prepared catalysts on an XPS instrument (ESCALAB 250,
Thermo, USA). The binding energy (BE) was measured by confirming the C-C peak at
284.8 eV. The BET surface area and pore size distributions were characterized by N,
adsorption/desorption isotherms performed on Micromeritics ASAP2010C equipment
in static measurement mode at -196 °C. All samples were degassed at 120 °C for 24 h
before measurements. The specific surface area was studied based on the Brunauer-
Emmett-Teller (BET) model. The inductively coupled plasma optical emission
spectrometer (ICP-OES, 720ES, Agilent, US) was used to detect the contents of
catalyst.
1.2 Electrochemical measurements

All electrochemical measurements were conducted at room temperature using CHI
760E electrochemical workstation with a standard three-electrode system. Hg/HgO and
graphite rod were used as reference and counter electrodes in alkaline solution,
respectively. For working electrode, 4.0 mg sample and 20 puL Nafion (5 wt%) was
dissolved into 480 uL solution containing 360 uL absolute ethanol and 120 pL. DI water.
The obtained slurry was ultrasonicated for 1 h to acquire a uniform suspension. Then,
50 pL above dispersion was dropped onto a carbon paper (1 x 1 cm?) and dried at room
temperature. The linear sweep voltammetry (LSV) curves were collected at a scan rate
of 5mV s~!in 1 M KOH electrolyte. All polarization curves were corrected with 95%
iR compensation with respect to the ohmic resistance of the solution. Electrochemical

impedance spectra (EIS) were assessed at open-circuit potential with the frequency



range of 10° to 10-' Hz. Long-term chronoamperometric tests were conducted at the

corresponding potential.
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Fig. S1 N, adsorption/desorption isotherms of CuCo,S,; and CuCo,S,.,Sey.

Fig. S2 (a) SEM and (b) TEM images of CuCo,S;¢sSeo 3, after OER test.
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Fig. S3 XRD pattern of CuCo,S; ¢sSey 3, after a 24 h i-¢ test for OER.
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Fig. S4 EPR spectra of CuCo,S; 45Sey 3, before and after OER test.
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Fig. S5 (a) S 2p, (b)Se 3d high resolution XPS spectral of CuCo,S;¢sSeg3, after

different activation time for OER.
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Fig. S6 Typical cyclic voltammetry curves of CuCo,S44Sey in IM KOH for OER at the

scan rates from 20 to 200 mV s!.
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Fig. S7 Chronoamperometric (i-f) curves of the CuCo,S;¢sSeg 3, electrode at current

densities of 100 mA c¢cm™2 over 50 h.

20

CuCo,S,
CuCo,S; 4:Se( 5,

' 1.2 1.4
E (V) vs. RHE

Fig. S8 Cyclic voltammetry (CV) curves of CuCo,S; ¢3S€g32 and CuCo,S,.
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Fig. S9 Typical cyclic voltammetry curves of CuCo,S44Sey in IM KOH for HER at the

scan rates from 20 to 200 mV s!.
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Fig. S10 Chronoamperometric (i-f) curves of the CuCo,S; 6sSe 3, electrode at current

densities of -100 mA c¢cm™2 over 50 h.
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Fig. S11 Chronoamperometric (i-f) curves of the CuCo,S; 6sSe 3, electrode at current

densities of 100 mA cm™2 over 50 h for overall water-splitting.

Table S1. BET parameters of the as-prepared CuCo,S4 and CuCo,S; ¢sSey 3, samples.

Sample BET specific surface area (m? g'!)

CuCo,S4 4.56
CUC0283‘84S€0.16 7.68
CUCOQS3‘76860'24 9.06
CUCOQS3.6gS€0_32 11.25

CUCOZS3'6SGO,4 10.13




Table S2. The weight percentage content of elements in CuCo,S4.<Sey from ICP and

elemental analysis data.

Sample S (wt %) Se (wt %)
CuCo,S3.84S¢.16 32.15 3.12
CuCo,S3.765€0.24 30.14 4.85
CuCo0,S3 63Seq 32 29.80 6.09

CuCo,S;56Seg 4 28.83 7.66

Table S3. Peak area ratios and Co atomic ratios of different samples in the XPS spectra.

Sample Co** Co** Co?"/Co**
CuCo,S, 0.49 0.51 0.96
CuCo,S5845¢€ 16 0.51 0.49 1.04
CuCo,S3.765€0 24 0.52 0.48 1.08
CuCo,S5¢35€ 32 0.62 0.38 1.63
CuCo,S365€0.4 0.51 0.49 1.04




Table S4. Peak area ratios and Cu atomic ratios of different samples in the XPS spectra.

Sample Cu* Cu?* Cu'/ Cu?*
CuCo,S,4 0.75 0.25 3.00
CuCo,S;3 845€.16 0.76 0.24 3.17
CuCo,S3765€0.24 0.78 0.22 3.54
CuCo,S;3 635€ 32 0.84 0.16 5.25
CuCo,S365€.4 0.79 0.21 3.76

Table S5. Peak area ratios and S atomic ratios of different samples in the XPS spectra.

Sample S 2p12 S 2p3ne 2p12/2p3ne
CuCo,S4 0.21 0.48 0.44
CuCo,S;.345€.16 0.23 0.49 0.47
CuCo,S3.765€0 24 0.25 0.36 0.69
CuCo,S3 6535€0 32 0.44 0.29 1.52
CuCo,S36Sep 4 0.40 0.33 1.21
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Table S6. Pecak area ratios and Co atomic ratios of different activation time in the XPS

spectra.
Sample Co** Co** Co**/ Co?*
CuCo,S;685€0.32 0.62 0.38 0.59
CuCo,S3685€0.3-M1 0.53 0.47 0.89
CuCo,S3.655€0.32-N10 0.48 0.52 1.08
CuCo,S56Seg4-cycle 0.41 0.59 1.44

Table S7. Peak area ratios and Cu atomic ratios of different activation time in the XPS

spectra.
Sample Cu?* Cu® Cu?"/ Cu”
CuCo,S;3685€0.32 0.16 0.84 1.63
CuCo,S;5685€0.30-M1 0.54 0.46 0.89
CuCo,S3685€0.32-M10 0.60 0.40 1.08
CuCo,S36Seg4-cycle 0.64 0.36 1.78
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Table S8. Comparison of OER performance for reported electrocatalysts.

Mass loading OER Tafel slope Ref.
Catalyst
(mg cm?) N1 (MV) (mV dec)

CuCo,S;5685€032 0.4 230 58 This work
Ru-Co/ELCO 1.0 295 58.8 [1]
LiCoO, 5Cly 0.4 270 55.4 [2]
Zn,CoysOOH 0.2 235 35.7 [3]
CoSe;-Dge-Veo 0.12 310 53.5 [4]
NiMoO4 0.26 351 69 [5]
LiCo sFe,0, 0.23 340 50 [6]
KxCoFey 1,0, 1.0 290 50 [7]
Lay 7Sr93C00;.5 0.35 326 70.8 [8]
Fe,Co-GNCL 0.26 350 70 [9]
CoFe-MOF 0.21 265 44.0 [10]
CoFe 2D MOFs 0.35 274 46.7 [11]
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Table S9. Comparison of HER performance for reported electrocatalysts.

Mass loading OER Tafel slope Ref.

Catalyst
(mg cm?) N1 (mV) (mV dec)

CuCo,S;5685€032 0.4 65 64 This work
Co/Co0304 0.85 ~90 44 [12]
Co@C/NC 0.4 174.5 95.1 [13]
Co-Fe-P 0.29 86 66 [14]
CS@CNC NAs/CC 22 84 38 [15]
Cu—Co—Py 0.9 138 48 [16]
NCF-MOF 0.5 270 114 [17]
Cos9-Mo0,C-12 0.2 125 70.95 [18]
CN/CNL/MoS,/CP 0.2 106 117 [19]
CoP@N,S-3D-GN 0.2 118 50 [20]
Nig 67C00.33/NizS,@NF 2.0 87 80 [21]
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Table S10. Comparison of overall water splitting (OWS) performance with other

bifunctional electrocatalysts.

Mass loading OWS Py Ref.

Catalyst
(mg cm?) V)

CuCo0,S;363Se€p 32 0.4 1.52 This work
ZnCoS-NSCNT/NP 1.0 1.59 [22]
Co,P/CoP@Co@NCNT 4.3 1.60 [23]
Co-NC@NiFe-LDH 1.8 1.55 [24]
Co/Mo,C@C 0.34 1.59 [25]
NCS/NS-rGO 0.2 1.58 [26]
CMC/750SA 0.36 1.589 [27]
10:MoCo-VS, 2.0 1.54 [28]
Co-CoO/Ti3C,-MXene 2.0 1.55 [29]

*P1o: The required a cell voltage to drive a current density of 10 mA-cm2.
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