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Experimental section

Chemicals

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and methanol were supplied by 

Sinopharm Chemical Reagent Co., Ltd. Cobalt (II) nitrate hexahydrate 

(Co(NO3)2·6H2O) and potassium hydroxide (KOH) were purchased from Aladdin 

Biochemical Technology Co., Ltd. 2-Methylimidazole (2-MeIm) and 

Triphenylphosphine (PPh3) were purchased from Shanghai Macklin Biochemical 

Co., Ltd. RuO2 was provided by Shanghai D&B Biological Science and 

Technology Co., Ltd. All the reagents were of analytical grade and used as 

received without any further purification.

Synthesis of core-shell-structured ZIF-8@ZIF-67

Typically, for the synthesis of core-shell-structured ZIF-8@ZIF-67, we used the 

synthetic method reported.1 Briefly, Co(NO3)2·6H2O (5.82 g) and 2-MeIm (6.61 

g) were dissolved in 150 ml MeOH, respectively. Then two solutions were added 

in turn to 100 ml ZIF-8 methanol solution (5mg/mL). Finally, the solution was 

stirred at room temperature for 24 h, and the obtained bright purple solution was 

centrifuged, rinsed with MeOH and dried at 60℃.

Synthesis of Co/Co2P@N-C

The core-shell-structured ZIF-8@ZIF-67 and PPh3 were mixed uniformly with 

the mass ratio of 1:20. Subsequently, the solid mixture was annealed at 950 °C for 

1.5 h under an Ar atmosphere with a ramping rate of 2 oC/min. After cooling down 

to room temperature, the black product of Co/Co2P@N-CHRDs were obtained. 

For comparison, the Co@N-CHRDs were prepared without the involvement of 

PPh3, and Co2P@N-CHRDs were prepared with the involvement of tenfold PPh3 

using the same procedure as the Co/Co2P@N-CHRDs. Similarly, the 

electrocatalyst derived from ZIF-67 (denote as Co/Co2P-1@N-CHRDs) were also 

synthesized under the same condition.

Materials characterization

XRD was used to carried out the crystallinity and phase of obtained products 

using a Rigaku D/max-RC diffractometer with a Cu Kα radiation (λ = 0.15406 

nm). TEM, HRTEM and EDS tests were implemented on a JEOL JEM-2010F 

transmission electron microscope operated at an accelerating voltage of 200 kV. 

SEM and EDS measurements were performed on a Hitachi S5500 scanning 
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electron microscope. XPS analyses were operated on a Thermo VG Scientific 

ESCALAB 250 spectrometer with an Al Kα light source. Raman spectra were 

conducted on a Raman spectrometer (Lab RAM HR800, λ = 514 nm). Thermal 

analysis was obtained with a Perkin Elmer thermogravimetric analyzer under air 

atmosphere. The product’s data of BET were obtained with a Micromeritics ASAP 

2050 system at 77K.

Electrochemical measurement

The electrochemical measurements were performed on a CHI 760E 

electrochemical workstation with a three-electrode system. The typic system were 

consisted of a glassy carbon electrode (GCE), a saturated calomel electrode (SCE) 

and a graphite electrode. Three types of electrodes were used as the working 

electrode, reference electrode, and counter electrode, respectively. The catalyst 

ink was formed by dispersing 5 mg of catalysts into 1.0 mL of ethanol solution 

(the volume ratio of water to ethanol is 3:1) by ultrasonication. Then, 15 μL of the 

catalyst ink was loaded on the surface of polished GCE and then dried at 40 oC. 

After that, 3 μL of Nafion (5 wt.%, Sigma-Aldrich) was dropped on the catalysts-

modified GCE surface and dried before electrochemical test. The OER 

measurements were performed by linear sweep voltammetry (LSV) in 1.0 M KOH 

solution saturated with O2 at a scan rate of 5 mV s-1. The electrochemical double-

layer capacitances (Cdl) were conducted by a series of CV tests (scan rate: 20 ~ 

100 mV s-1). The stability tests were implemented by continuous CV scanning 

1000 cycles using a scan rate with 0.1 V s-1. All the potentials have been calculated 

with reversible hydrogen electrode (RHE) as standard in this work. The conversion 

equation from SCE to RHE was as follows: ERHE = ESCE + 0.0592pH + 0.242.

Zn-air battery Measurements

A series of tests were carried out on the rechargeable Zn-air batteries (ZABs) 

by constructing portable electrochemical cells in the laboratory. The batteries used 

in the test were composed of a thickness of 0.3 mm polished zinc sheet as anode 

and hydrophilic carbon paper coated with 40 mg mL-1 catalyst and nickel foam as 

air cathode. Thereinto, carbon paper loading density of 5 mg cm-2 catalyst by drop-

casting faced the liquid layer and without coating the catalyst faced the gas 

diffusion layer in order to O2 could easily diffuse from the atmosphere to the 

catalyst. The electrolyte was consisted of 6 M KOH + 0.2 M ZnCl2 mixed aqueous 

solution. The catalyst should firstly be natural dried before assembling the ZABs, 
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then the ZABs accessories be assembled in turn and left for 1h, ultimately the test 

be carried out. The previously assembled ZABs were tested by setting the current 

density and cycle of each charge and discharge to 10 mA cm-2 and 20 min 

respectively in the Land CT2001A system. Meanwhile, the corresponding specific 

capacity (mAh gZn
-1) and energy density (Wh kgZn

-1) can be calculated according to 

the discharge curve when the constant current density is 5 mA cm-2. The calculation 

formula is as follows:

Specific capacity = current × service hours/weight of consumed Zn

Energy density = current × service hours × average discharge voltage/weight of 

consumed Zn
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Figures and Table

Figure S1. XRD patterns of ZIF-8@ZIF-67, ZIF-67, and ZIF-8.

Figure S2. SEM images of (a) ZIF-8, (b) ZIF-67, and (c) ZIF-8@ZIF-67, TEM images of (d) 

ZIF-8, (e) ZIF-67, and (f) ZIF-8@ZIF-67.



Figure S3. (a) XRD pattern, (b) TEM and (c) SEM image of the Co@N-CHRDs.

Figure S4. (a) XRD pattern, (b) TEM and (c) SEM image of the Co2P@N-CHRDs.

Figure S5. (a) XRD pattern, (b) TEM and (c) SEM image of the Co/Co2P-1@N-CHRDs.



Figure S6. XPS survey spectrum of the Co/Co2P@N-CHRDs.

Figure S7. CV curves of different catalysts in the non-Faradaic region (0.1 - 0.2 V) obtained at 

different scanning rates. (a) Co/Co2P@N-CHRDs, (b) Co/Co2P-1@N-CHRDs, (c) Co@N-

CHRDs and (d) Co2P@N-CHRDs.



Figure S8. Morphology characterization and surface analysis of Co/Co2P@N-CHRDs after OER 

measurement. (a)-(b) SEM image, (c) TEM image, (d) HRTEM image, and (e)-(f) XPS spectra of 

Co 2p and P 2p.



Table S1 Comparison of OER performance of Co/Co2P@N-CHRDs with some previously 

reported Co-based catalysts in 1.0 M KOH solution.

Catalyst
Overpotential / mV

(10 mA cm-2)
Tafel slop
(mV dec-1)

Reference

Co/Co2P@N-CHRDs 267 117.4 This work

CoSx@Cu2MoS4-

MoS2/NSG
351.4 61.5 2

CoFe0.2Sx 304 48.7 3

Co2P@NC-Fe2P-2 290 45 4

FeCo/Co2P@NPCF 330 61 5

Co/CoxMy 334 79.2 6

CoPS@NPS-C 326 98 7

rGO@CF:Pi 300 36 8

Co-N/GFs-700 313 84.1 9

Co2P NCs 280 60.4 10

Cl-doped Co(OH)2 330 98 11

CoCH/NF 332 126 12

Ce-MnCo2O4-3% 390 125 13

CoNx/NGA 295 82.3 14
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