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Part I: Materials and Methods

Reagents and materials

Analytical-grade cobaltous nitrate hexahydrate (Co(NO3)2·6H2O), urea (CH4N2O), 

phosphoric acid (H3PO4), sodium hypophosphite (NaH2PO2·H2O) were purchased 

from Sinopharm (Shanghai, China). Graphene oxide was obtained from Nanjing 

XFNANO (Nanjing, China). Bi(NO3)3·5H2O and commercial RuO2 were purchased 

from Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai, China). 

Standard Pt/C and 5% Nafion were purchased from Shanghai Macklin Biochemical 

Co., Ltd (Shanghai, China) and Alfa Aesar (China) Chemical Co., Ltd., respectively. 

Synthesis of DGO

Typically, the defects-rich graphene oxide was obtained by acidification. 0.2 g GO 

was impregnated with 0.5 M H3PO4 solution for 24 h. After washed by water and 

dried at 60 °C under vacuum, the defective graphene oxide (DGO) was received. 

Synthesis of Bi-CoP/NP-DG nanocomposite

In a typical procedure, 9.7 mg Bi(NO3)3·5H2O and 29.1 mg Co(NO3)2·6H2O were 

firstly mixed with a 10 mL aqueous solution containing 1 g urea, and the mixture was 

continuously stirred to form a homogeneous solution. Then, 5 mL GO solution (8 mg 

mL−1) was added into the above dispersion and further stirred for another 60 min. 

Afterwards, the mixture was put into a 25 mL Telfon-lined autoclave, following by 

hydrothermal treatment at 160 oC for 12 h. Once cooled down to room temperature, 

the obtained hydrogel was washed with deionized water several times and then via a 

freeze-drying method (24 h) to yield the aerogel precursor. Subsequently, the obtained 

aerogel precursor was firstly transferred into a muffle furnace and heated at 350 oC for 

30 min in air to synthesize the intermediate. Then, the product intermediate and 1.5 g 

NaH2PO2·H2O were placed in the central and upstream positions of a tube furnace, 

respectively. After flushed with Ar, the center of the tube furnace was elevated to 400 

°C with a ramping rate of 2 °C min-1 and held at this temperature for 180 min, and 

then naturally cooled to ambient temperature under Ar to yield the the nitrogen, 

phosphorus co-doped defective graphene aerogels supported bismuth-cobalt 

phosphide particles (Bi-CoP/NP-DG). For comparison, Bi-CoP/NP-G, CoP/NP-G and 



pure Bi-CoP composites were also prepared with the similar experimental conditions.

Physicochemical characterization

The surface morphology and structure were determined with field-emission 

scanning electron microscopy (FE-SEM, JSM-7610F) and high-resolution 

transmission electron microscopy (HR-TEM, JEOL JEM-2100F). The crystalline 

phase and elemental states were identified using XRD (X’Pert Pro MPD, Panalytical 

Company, Cu-Kα X-ray) and X-ray photoelectron spectroscopy (XPS, VG 

ESCALAB MKII, Mg Ka X-ray). Raman spectrum was performed by Horiba Jobin 

Yvon LabRAM HR800. The electron spin resonance (ESR) analysis were obtained on 

a JEOL spectrometer (JES-FA200) at ambient temperature. The Brunauer–Emmett–

Teller (BET) specific surface area was recorded at 77 K with a Micromeritics ASAP 

2050 system.

Electrochemical Measurements

A CHI 760E electrochemical workstation was used with the typical three-electrode 

system including a rotating disk electrode (RDE, 0.196 cm2), a platinum sheet 

auxiliary electrode, and a Ag/AgCl reference electrode. The electro-catalyst ink was 

formed by ultrasonically dispersing 5 mg nanocatalyst, 0.5 mL ethanol, 0.5 mL 

deionized water and 20 μL of 5 wt.% Nafion solution. 10 μL of the as-prepared 

catalyst ink was pipetted and spread onto the substrate to achieve 250 μg cm-2 loading. 

The ORR tests were performed in O2-saturated and N2-purged 0.1 M KOH solution 

using 5 mV s-1 scan rate and different rotating speed (400-2025 rpm). For the OER, 

the polarization curves were also measured in 0.1 M KOH solution with 5 mV s-1scan 

rate. It should be noted that high-purity O2 was purged through the solution, and a 

rotation speed of 1600 rpm was maintained during the OER. The impedance was 

recorded by electrochemical impedance spectroscopy tests ranging from 0.1 Hz to 100 

kHz at open circuit potential with a 5 mV amplitude of sinusoidal potential 

perturbation.

The Zn-air battery evaluation were performed at a self-made Zn-air cell, in which 

the air cathode consisted of the loaded hydrophilic carbon paper of 10 mg cm-2. A 

polished 0.3 mm thickness Zn plate was used as the anode, while a 0.2 M 



Zn(CH3COO)2 + 6 M KOH mixed solution was employed as the electrolyte. The 1 

cm2 gas diffusion layer provides O2 from ambient air towards the catalyst sites, and a 

Land CT2001A system was selected to carry out the Zn-air battery tests. Each 

discharge-charge period were set as 20 min with 10 mA cm-2current density. Based on 

the discharge curves at a constant current density of 5 mA cm-2, we can calculate the 

corresponding specific capacity (mAh gZn–1) and energy density (Wh kgZn-1) by the 

following equations, respectively.

The overall water splitting was tested in the two-electrode scheme in 1 M KOH. 

The Bi-CoP/NP-DG was dropped onto a Ni foam substrate in both the anode and 

cathode. The catalyst loading is 5 mg cm−2.

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 × 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 ℎ𝑜𝑢𝑟𝑠
Specific capacity =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑍𝑛

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 × 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 ℎ𝑜𝑢𝑟𝑠 × 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
Energy density =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑍𝑛



Part II: Figures and Tables
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Figure S1. XRD of Bi-Co precursor.
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Figure S2. XRD of Bi-Co oxides.
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Figure S3. (a) SEM image and (b) XRD of Bi-CoP.
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Figure S4. N2 adsorption-desorption isotherms of the Bi-CoP/NP-DG nanocomposite. 

The inset shows the corresponding pore distribution curve.
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Figure S5. High-resolution XPS spectra of Co 2p core levels in Bi-CoP/NP-DG and 

CoP/NP-DG.
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Figure S6. a) ORR polarization curves in O2-saturated 0.1 M KOH (Rotation rate: 

1600 rpm; Sweep rate: 5 mV s-1) of Bi-CoP/NP-DG and Bi-CoP+NP-DG catalysts; b) 

Bar plots of the Eonset and E1/2.
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Figure S7. a) ORR polarization curves in O2-saturated 0.1 M KOH (Rotation rate: 

1600 rpm; Sweep rate: 5 mV s-1) of Bi-CoP/NP-DG and Bi-CoP catalysts; b) Bar plots 

of the Eonset and E1/2; c) OER polarization curves in O2-saturated 0.1 M KOH 

(Rotation rate: 1600 rpm; Sweep rate: 5 mV s–1) of Bi-CoP/NP-DG and Bi-CoP 

catalysts; d) Overpotentials at a chosen current density of 10 mA cm–1 and the current 

densities at a chosen potential of 1.65 V.
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Figure S8. The cyclic voltammograms (CVs) curves at different scan rates of a) Bi-

CoP/NP-DG, b) Bi-CoP/NP-G and c) CoP/NP-G.

Figure S9. The amount of evolved oxygen gas measured by Bi-CoP/NP-DG during 



3000 s.

Figure S10. Digital images of the rechargeable Zn-air battery recorded from the 

different directions.
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Figure S11. Open-circuit plots of Zn-air battery driven by Bi-CoP/NP-DG.
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Figure S12. The enlarged 1st cycle discharge and charge voltage profile of Zn-air cells.

Figure S13. a, b) SEM images of Bi-CoP/NP-DG after the charge/discharge cycles.
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Figure S14. a) HER polarization curves in N2-saturated 1 M KOH (Rotation rate: 

1600 rpm; Sweep rate: 5 mV s-1) of CoP/NP-G, Bi-CoP/NP-G, Bi-CoP/NP-DG and 

commercial Pt/C catalysts; b) Overpotentials at a chosen current density of 10 and 100 

mA cm–1.

Table S1. Performances of recently reported ORR electrocatalysts. Herein, the 



comparison of ORR activity of Bi-CoP/NP-DG with previously reported cobalt based 

materials and other non-noble metal electrocatalysts were made.

Number Catalyst E1/2 / V Electrolyte Loadings (mg cm-2) Ref

1 Bi-CoP/NP-DG 0.81 0.1 M KOH 0.25 This work

2 FeCo@NC-750 0.80 0.1 M KOH 0.80 1

3 Co0.5Fe0.5S@N-MC 0.808 0.1 M KOH 0.80 2

4 Co3O4/N-rGO 0.79 0.1 M KOH 0.128 3

5 CoSX@PCN/rGO 0.78 0.1 M KOH 0.40 4

6 Co/CoOX 0.76 0.1 M KOH 0.51 5

7 Co1-XS/Graphene 0.755 0.1 M KOH 0.10 6

8 Co3InC0.75@CNX 0.75 0.1 M KOH 0.20 7

9 Co/N-C-800 0.74 0.1 M KOH 0.25 8

10 NiCo2S4-rGO 0.733 0.1 M KOH 0.32 9

11 Co3FeS1.5(OH)6 0.721 0.1 M KOH 0.255 10

12 NiCo2S4@N/S-rGO 0.72 0.1 M KOH 0.283 11

13 CuCo2S4 NSs 0.7 0.1 M KOH 0.20 12

14 NiCo2S4 SMS 0.7 0.1 M KOH 0.704 13

15 NiO/CoN PINWs 0.68 0.1 M KOH 0.20 14

Table S2. Comparison of OER activity of Bi-CoP/NP-DG with other OER catalysts 



reported before.

Number Catalyst

Overpotential / V 

(10 mA cm-2)

Electrolyte Loadings (mg cm-2) Ref

1 Bi-CoP/NP-DG 0.37 0.1 M KOH 0.25 This work

2 Co/CoO@Co-N-C 0.38 0.1 M KOH 0.40 15

3 CoZn-NC-700 0.39 0.1 M KOH 0.24 16

4 FeNX-PNC 0.40 0.1 M KOH 0.14 17

5 NC@Co-NGC DSNC 0.41 0.1 M KOH 0.40 18

6 N-graphene/CNT 0.42 0.1 M KOH 0.20 19

7 Co-N,B-CSs 0.43 0.1 M KOH 0.10 20

8 NDGs-800 0.45 1 M KOH 0.20 21

9 1100-CNS 0.46 0.1 M KOH 0.42 22

10 Fe@N-C 0.48 0.1 M KOH 0.31 23

11 N-GCNT/FeCo-3 0.50 0.1 M KOH 0.20 24

12 MnO@Co–N/C 0.53 0.1 M KOH 0.13 25

13 NiCo@N-C 0.53 0.1 M KOH 0.40 26

14 N-CN9 0.54 0.1 M KOH 0.21 27

15 NCNF-1000 0.61 0.1 M KOH 0.10 28

Table S3. Comparison of ORR stability of Bi-CoP/NP-DG with other ORR catalysts 



reported before.

Number Catalyst Electrolyte
Degradation 

ratio / %

Time / h Ref

1 Bi-CoP/NP-DG 0.1 M KOH 13 10 This work

2 3D-CNTA 0.1 M KOH 11.5 11.1 5

3 GO-Zn/Co(1:1)-800 0.1 M NaOH 20 2 29

4 Co-NC 0.1 M KOH 22 10 30

5 0.5-Co9S8@N-C 0.1 M KOH 15 5.6 31

6 CoNim 0.1 M KOH 16.7 29 32

7 Co3O4 NS/ZTC 0.1 M KOH 15 8.3 33

8 NCN-1000-5 0.1 M KOH 14.4 3.3 34

9 Pd3Co 0.1 M KOH 21 4.2 12

10 Ni3Fe/C 0.1 M KOH 16 3.3 35

11 Au-NWs/Ni6MnO8 0.1 M KOH 18 8.3 36

12 MnCo2O4/C 0.1 M KOH 27.5 2.8 37

13 1100-CNS 0.1 M KOH 15 24 38

14 FeZ-CNS 0.1 M HClO4 26.7 4.2 39

15 MnO@Co-N/C 0.1 M KOH 14 2 40

Table S4. Comparison of OER stability of Bi-CoP/NP-DG with other OER catalysts 



reported before.

Number Catalyst Electrolyte
Degradation 

ratio / %

Time / h Ref

1 Bi-CoP/NP-DG 0.1 M KOH 36 10 This work

2 Au-NWs/Ni6MnO8 0.1 M KOH 39 8.3 36

3 CoFe2O4 NPs 1 M KOH 34.7 10 41

4 Ni3Fe/N-C 0.1 M KOH 49.7 3.3 35

5 CoIn2S4/S-rGO 0.1 M KOH 39.6 1.4 42

6 N-C 0.1 M KOH 35.9 7 26

7 CoO 1 M KOH 38 2.2 43

8 Ni3FeN 0.1 M KOH 40 3.3 44

9 Co3O4 1 M KOH 55.5 24 45

10 Co9S8/rGO 0.1 M KOH 43 11.1 46

11 NiIn2S4/CNFs 0.1 M KOH 39.4 1.4 47

12 FeCo/N-DNC 0.1 M KOH 36.4 2.8 48

Table S5. Comparison of the bifunctional OER and ORR activity of Bi-CoP/NP-DG 



with those of the previously reported bifunctional catalysts.

Number Catalyst Ej10 / V (10 mA cm-2) E1/2 / V ΔE / V (Ej10- E1/2) Ref

1 Bi-CoP/NP-DG 1.6 0.81 0.79 This work

2 NiCo2S4/N-CNT 1.60 0.80 0.80 49

3 CuCo2O4@C 1.62 0.80 0.822 50

4 Co@Co3O4/NC-1 1.65 0.80 0.85 51

5 NiCo/PFC aerogels 1.63 0.77 0.86 52

6 CoO/hi-Mn3O4 1.6 0.7 0.9 43

7 NMC/Co@CNTs 1.73 0.79 0.94 53

8 PCN-CFP 1.63 0.67 0.96 54

9 NiCo2O4/Graphene 1.67 ~0.69 0.98 55

10 DN-CP@G 1.788 0.801 0.987 56

11 H-Pt/CaMnO3 1.80 0.79 1.01 57

12 Fe/N-CNT 1.75 0.81 0.94 58

13 Co3O4@PGC 1.72 0.69 1.02 59

14 Mn oxide 1.77 0.73 1.04 25

15 Co3O4/Co2MnO4 1.77 0.68 1.09 60

Table S6. Comparison of the power density of Zn-air battery driven by Bi-CoP/NP-



DG with recently reported Zn-air batteries.

Number Catalyst Electrolyte

Power density 

(mW cm-2)

Ref

1 Bi-CoP/NP-DG 6 M KOH + 0.2 M Zn(Ac)2 122 This work

2 Co/Co3O4@PGS 6 M KOH + 0.2 M Zn(Ac)2 118 26

3 Co3FeS1.5(OH)6 6 M KOH + 0.2 M ZnCl2 113.1 10

4 CoNi@NCNT/NF 6 M KOH + 0.2 M Zn(Ac)2 108 61

5 Co/N-CNT 6 M KOH + 0.2 M Zn(Ac)2 101 62

6 Co-N,B-CSs 6 M KOH + 0.2 M Zn(Ac)2 100.4 20

7 N-GCNT/FeCo-3 6 M KOH + 0.2 M Zn(Ac)2 89 24

8 Mn3O4/O-CNT 6 M KOH + 0.2 M ZnCl2 86.6 56

9 CuCo2O4/N-CNTs 6 M KOH + 0.2 M Zn(Ac)2 84 63

10 200-CNTs-Co/NC 6 M KOH + 0.2 M ZnCl2 83.1 64

11 3DOM Co3O4 6 M KOH + 0.2 M Zn(Ac)2 80 65

12 NiO/CoN PINWs 6 M KOH + 0.2 M Zn(Ac)2 79.6 14

13 Pt/C + Ir/C 6 M KOH + 0.2 M ZnCl2 73.4 56

14 CoP NCs 3 M KOH + 0.2 M Zn(Ac)2 61 66

15 CoO NRs 6 M KOH 60.2 67

Table S7. Comparison of the performances of Zn-air batteries with various 



bifunctional electrocatalysts.

Number Catalyst Electrolyte

Specific capacity 

(mAh gZn
-1)

Energy density 

(Wh kgZn
-1)

Cycle Condition 

(mA cm-2)

Ref

1 Bi-CoP/NP-DG 6 M KOH + 0.2 M Zn(Ac)2 752 929 5 This work

2 Mn/Fe-HIB-MOF 6 M KOH + 0.2 M Zn(Ac)2 702 788 50 68

3 CuS/NiS2 INs 6 M KOH + 0.2 M Zn(Ac)2 678 847.5 10 69

4 CoNi@NCNT/NF 6 M KOH + 0.2 M Zn(Ac)2 655 845 5 61

5 NiO/CoN PINWs 6 M KOH + 0.2 M Zn(Ac)2 648 836 10 14

6 NCNT/CoO-NiO-NiCo 6 M KOH + 0.2 M ZnCl2 594 713 7 70

7 NCNF/CoXMn1-XO 6 M KOH + 0.2 M ZnCl2 581 695 7 71

8 CoZn-NC-700 6 M KOH + 0.2 M ZnCl2 578 694 10 16

9 Ag-Cu on Ni foam 6 M KOH + 0.2 M ZnCl2 572 641 20 72

10 CoO/N-CNT 6 M KOH + 0.2 M ZnCl2 570 700 20 73

11 Co3O4/N-rGO 6 M KOH + 0.2 M ZnCl2 550 649 6 3

12 CoO NRs 6 M KOH 541.3 583.3 20 67

13 Ni3Fe/N-C 6 M KOH + 0.2 M ZnCl2 528 634 10 35

14 NiCo2S4/N-CNT 6 M KOH + 0.2 M ZnCl2 431.1 554.6 10 49

15 ZnCo2O4/N-CNT 6 M KOH 428.47 595.57 10 74
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