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Fig. S1. SEM images of CoSe2/NC.

Fig. S2. SEM images of CoO/NC.

Fig. S3. SEM images of NC.
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Fig. S4. N2 adsorption-desorption isotherms and (b) pore size distribution curves of Co0.85Se/NC 
and CoSe2/NC catalysts.
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Fig. S5. XPS full spectra of Co0.85Se/NC catalysts.
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Fig. S6. CV curves at different scan rates from 10 to 20 mV s-1 of different samples.

Calculation details of ECSA:

ECSA = Cdl/Cs

The electrical double layer capacitance (Cdl) values were calculated in terms of cyclic voltammetry 

(CV) curves at different scan rates from 10 to 20 mV s-1. The electrochemically active surface area 

(ECSA) values were derived from the equation ECSA = Cdl/Cs, where Cs is the specific capacitance.[1] 

The Cs for a flat surface was in the range of 20-60 μF cm−2,[2] and adopts the value of 60 μF cm−2 

here to roughly calculate the ECSA.

ECSACo0.85Se/NC = 23.1 mF cm-2/ 60 μF cm−2 = 385.0 cm-2
ECSA

ECSACoSe2/NC = 12.5 mF cm-2/ 60 μF cm−2 = 208.3 cm-2
ECSA

ECSACoO/NC = 11.6 mF cm-2/ 60 μF cm−2 = 193.0 cm-2
ECSA

ECSANC = 2.7 mF cm-2/ 60 μF cm−2 = 45.0 cm-2
ECSA
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Fig. S7. OER activity of different catalysts in 1.0 M KOH normalized by ECSA.

Fig. S8. (a) XRD pattern of Co0.85Se/NC after OER test. (b) Co 2p XPS high-resolution spectra of 
Co0.85Se/NC before and after OER test.

Fig. S9. Electrochemical impedance spectra of prepared catalysts during ORR process.
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Fig. S10. The histogram refers to the content of different N types of Co0.85Se/NC and CoSe2/NC 

catalysts.

Fig. S11. (a) Co 2p and (b) N 1s XPS high-resolution spectra of Co0.85Se/NC before and after ORR 
test.
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Fig. S12. The potential differences between the Ej=10 of OER and E1/2 of ORR for different samples. 
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Fig. S13. HER activity of different catalysts in 1.0 M KOH normalized by ECSA.

Fig. S14. Electrochemical impedance spectra of prepared catalysts during HER process.

Fig. S15. Co 2p XPS high-resolution spectra of Co0.85Se/NC before and after HER test.
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Fig. S16. The photographs of the water-gas displacing instrument.

Fig. S17. The optical images of the gas collection tubes at fifteen-minute intervals over two-hour 
period during the overall water splitting process.
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Fig. S18. (a) The faradic efficiency of produced H2 and O2 during water splitting process. (b) 
Chronopotentiometry responses of Co0.85Se/NC//Co0.85Se/NC during water splitting process.
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Fig. S19. (a) Polarization curves of Co0.85Se/NC//Co0.85Se/NC cell in 1.0 M KOH electrolyte operated 
at 70 ℃. (b) Chronopotentiometry responses of Co0.85Se/NC//Co0.85Se/NC during water splitting 
process operated at 70 ℃.

Fig. S20. Electrochemical impedance spectra of prepared catalyst-based ZABs.

    
Fig. S21. The photograph of the ZAB charged by a solar cell.
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Fig. S22. The photographs of the overall water splitting device driven by ZABs.

Fig. S23. The optical images of the gas collection tubes at fifteen-minute intervals over two-hour 
period during the overall water splitting process driven by ZABs.

   
Fig. S24. Photographs of the overall water splitting device driven by a solar cell.

(a) (b)
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Fig. S25. The optical images of the gas collection tubes at fifteen-minute intervals over two-hour 
period during the overall water splitting process driven by a solar cell. 
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Fig. S26. (a) The corresponding measured and calculated gas volumes of H2 and O2 during water 
splitting process driven by a solar cell. (b) The faradic efficiency of produced H2 and O2 during water 
splitting process driven by a solar cell.
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Table S1. Comparison of the electrocatalytic activity of recently reported bifunctional Co-based 
electrocatalysts in alkaline electrolyte.

Catalyst
Ej=10 / (V vs. 

RHE)
Eonset / (V vs. 

RHE)
E1/2 / (V vs. 

RHE)
Egap / (V vs. 

RHE)
Ref.

Co0.85Se/NC 1.505 0.901 0.797 0.708
This 

work.

Co9S8/Co 1.609 0.91 0.804 0.805 [3]

Co3Mo3N 1.52 0.85 0.75 0.77 [4]

Co-POP 1.57 N.A. 0.87 0.70 [5]

CoSP-850-10 1.59 N.A. 0.85 0.74 [6]

Co0.85Se@C nanofibers 1.58 N.A. 0.82 0.76 [7]

Ag-CeO2-Co3O4 1.57 0.90. 0.80 0.77 [8]

Co-CoN4 1.54 0.91 0.83 0.71 [9]

Co/Ru SAs-N–C 1.568 N.A. 0.855 0.713 [10]

 Co-N-C 1.459 N.A. 0.858 0.601 [11]

CoNi/NHCS-TUC-3 1.686 0.91 0.88 0.806 [12]

NiCo2O4/NLG 1.52 N.A. 0.85 0.67 [13]

CoNiP/PNC 1.7 0.90 0.84 0.86 [14]
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Table S2. Comparison of the overall water splitting activity of recently reported transition metal-
based electrocatalysts.

Catalyst Substrate Ej=10 / (V vs. RHE) Ref.

Co0.85Se/NC Ni foam 1.70
This 

work.

FeNiP/NPCS Ni foam 1.71 [15]

Ni-N-P Ni foam 1.70 [16]

Co3Mo3N Carbon cloth 1.65 [4]

FexNiy/CeO2 Ni foam 1.70 [17]

Co0.82Ni0.18P@NC Ni foam 1.67 [18]

NiYSZ Ni foam 1.70 [19]

Mo-CoP Carbon paper 1.70 [20]

Co3O4@PPy Ni foam 1.67 [21]

Table S3. The measured and calculated volumes of produced H2 and O2 during overall water 
splitting.

H2 O2Times 
(min)

Vmeasured

(ml)
Vcalculated

(ml)
η (%)

Vmeasured

(ml)
Vcalculated

(ml)
η (%)

0 0 0 0 0 0 0

15 2.2 2.28 96.49 1.09 1.14 95.61

30 4.52 4.56 99.12 2.25 2.28 98.68

45 6.79 6.84 99.27 3.4 3.42 99.42

60 9.06 9.12 99.34 4.5 4.56 98.68

75 11.25 11.4 98.68 5.68 5.7 99.65

90 13.55 13.68 99.05 6.78 6.84 99.12

105 15.6 15.96 97.74 7.95 7.98 99.62

120 18.05 18.24 98.96 9.1 9.12 99.78
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Table S4. The performance comparison of present reported rechargeable ZAB based on transition 
metal-based electrocatalysts.

Catalyst
Voltage gap 

(V)

Peak power 
density 

(mW cm-2)

Cycling conditions and 
stability

Ref.

Co0.85Se/NC
0.92 at 20 
mA cm-2

108
20 mA cm-2, 40 min/cycle for 
160 h, 4 h/cycle for 180 h, no 

obvious change

This 
work.

CoNi-NCNT N.A. 88
10 mA cm-2, 40 min/cycle for 
150 cycles

[22]

Fe-Co4N@N-C 
nanosheet array

0.80 at 10 
mA cm-2

105
5 mA cm-2, 1 h/cycle for 1020 
cycles, voltage gap increased 

~0.1 V
[23]

Fe1Zn30NCPDI N.A. 86 10 mA cm-2 for 300 cycles [24]

Cu@LSCNC0.05 N.A. 136
10 mA cm-2, 10 min/cycle for 

500 cycles
[25]

FeNx/CMCC
0.79 at 10 
mA cm-2

99.6
10 mA cm-2, 2 h per cycle for 

335 h 
[26]

Ni3Fe/N-C
0.79 at 10 
mA cm-2

N.A.
10 mA cm-2, 4 h/cycle for 105 
cycles; voltage gap increased 

~0.20 V
[27]

 Co@pNC
0.61 at 5 mA 

cm-2
150.3

5 mA cm-2, 10 min per cycle 
for 400cycles

[28]

Co-SA/N-C900 N.A. 191.11
10 mA cm-2, 10 min/cycle for 

585 cycles
[29]
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Table S5. The measured and calculated volumes of produced H2 and O2 during overall water 
splitting driven by ZABs.

H2 O2Times 
(min)

Vmeasured

(ml)
Vcalculated

(ml)
η (%)

Vmeasured

(ml)
Vcalculated

(ml)
η (%)

0 0 0 0 0 0 0

5 1.65 1.71 96.49 0.85 0.855 99.42 

10 3.35 3.42 97.95 1.65 1.71 96.49 

15 5.05 5.13 98.44 2.52 2.565 98.25 

20 6.79 6.84 99.27 3.4 3.42 99.42 

25 8.45 8.55 98.83 4.15 4.275 97.08 

30 10.20 10.26 99.42 5.05 5.13 98.44 

35 11.75 11.97 98.16 5.85 5.985 97.74 

40 13.45 13.68 98.32 6.75 6.84 98.68 

Table S6. Comparison of reported solar-to-hydrogen conversion efficiency.

Co0.85Se/NC 4.34% This work.

NiFeP 4.6% [30]

IrCo 1.19% [31]

CoP/NGQDsNCs (AQE) 0.23% [32]

RuO2/Ti 3% [33]

ZnO/Au 3.2% [34]
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Table S7. The measured and calculated volumes of produced H2 and O2 during water splitting 
driven by a solar cell.

H2 O2Times 
(min)

Vmeasured

(ml)
Vcalculated

(ml)
η (%)

Vmeasured

(ml)
Vcalculated

(ml)
η (%)

0 0 0 0 0 0 0

5 2.15 2.28 94.30 1.05 1.14 92.11 

10 4.5 4.56 98.68 2.11 2.28 92.54 

15 6.78 6.84 99.12 3.4 3.42 99.42 

20 8.99 9.12 98.57 4.51 4.56 98.90 

25 11.37 11.4 99.74 5.59 5.7 98.07 

30 13.45 13.68 98.32 6.75 6.84 98.68 

35 15.75 15.96 98.68 7.78 7.98 97.49 

40 18.15 18.24 99.51 9.09 9.12 99.67 

The calculation of solar-to-ZAB efficiency:

 =  =  =𝜂𝑠𝑜𝑙𝑎𝑟 ‒ 𝑍𝐴𝐵
 
𝐸𝑍𝐴𝐵 𝑐ℎ𝑎𝑟𝑔𝑒

𝐸𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙

𝑉 ∗ 𝐼 ∗ 𝑡
𝑆 ∗ 𝑃 ∗ 𝑡 ∗ 𝐸𝐸𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙

*100 = 6.02%
 
2.0 𝑉 ∗ 9.63 𝑚𝐴/𝑐𝑚2 ∗ 10 ‒ 3 ∗ 1 𝑐𝑚2

0.0016 𝑚2 ∗ 1000 𝑊/𝑚2 ∗ 20%

V: charged voltage of ZAB

I: charged current density

t: reaction time

S: area (0.0016 m2 in our work)

P: 1000 W m-2 (the solar irradiation power density on earth at Air Mass 1.5 Global) 

[35] 

Supposing EEsolar cell = 20%

ZAB-to-water splitting efficiency:

 =  =  =𝜂𝑍𝐴𝐵 ‒ 𝑤𝑎𝑡𝑒𝑟
 
𝐸𝑤𝑎𝑡𝑒𝑟 𝑠𝑝𝑙𝑖𝑡𝑡𝑖𝑛𝑔

𝐸𝑍𝐴𝐵 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑈 ∗ 𝐼 ∗ 𝑡
𝑉 ∗ 𝐼 ∗ 𝑡
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*100 = 89.10%
 

1.96 𝑉 ∗ 45 𝑚𝐴 ∗ 10 ‒ 3 ∗ 1 𝑐𝑚2 ∗ 40 ∗ 60 𝑠

1.10 𝑉 ∗ 2 ∗ 45 𝑚𝐴 ∗ 10 ‒ 3 ∗ 1 𝑐𝑚2 ∗ 40 ∗ 60 𝑠

U: voltage of water splitting

: current density of water splitting𝐼

ZAB-to-H2 efficiency:

=  = 
𝜂𝑍𝐴𝐵 ‒ 𝐻2

 
𝐸𝐻2

𝐸𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑚𝑜𝑙𝑎𝑟 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 ∗ 𝑛(𝐻2)

𝑉 ∗ 𝐼 ∗ 𝑡

= *100 = 
 
285 ∗ 103 𝐽/𝑚𝑜𝑙 ∗ 13.45 𝑚𝐿 ∗ 10 ‒ 3 ÷ 22.4 𝐿/𝑚𝑜𝑙

1.10 𝑉 ∗ 2 ∗ 45 𝑚𝐴 ∗ 10 ‒ 3 ∗ 1 𝑐𝑚2 ∗ 40 ∗ 60 𝑠

72.02%

The  was calculated in terms of the standard molar enthalpy of combustion (-285 
𝐸𝐻2

kJ/mol) [36].

Self-powered system efficiency (solar-to-water splitting device):

 = * = 6.02% * 72.02% = 4.34%𝜂  𝜂𝑠𝑜𝑙𝑎𝑟 ‒ 𝑍𝐴𝐵 𝜂𝑍𝐴𝐵 ‒ 𝐻2

Solar-to-H2 efficiency:

 = * = 6.02% * 89.10% = 5.36%𝜂  𝜂𝑠𝑜𝑙𝑎𝑟 ‒ 𝑍𝐴𝐵  𝜂𝑍𝐴𝐵 ‒ 𝑤𝑎𝑡𝑒𝑟 

Direct solar-to-H2 efficiency:

=  =  =𝜂
 

𝐸𝐻2

𝐸𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑚𝑜𝑙𝑎𝑟 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 ∗ 𝑛(𝐻2)

𝑃 ∗ 𝑡

*100 = 6.01%
 
285 ∗ 103 𝐽/𝑚𝑜𝑙 ∗ 18.15 𝑚𝐿 ∗ 10 ‒ 3 ÷ 22.4 𝐿/𝑚𝑜𝑙

0.0016 𝑚2 ∗ 1000 𝑊/𝑚2 ∗ 40 ∗ 60 𝑠
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