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Material Preparation

Materials 

Tetraethylene glycol dimethyl ether (TEGDME, 99.9 %) and LiTFSI (Sigma-Aldrich, 

99.95 %) were purchased from Sigma-Aldrich Corporation. Cobalt nitrate 

hexahydrate (Co(NO3)2·6H2O, 99 %) and Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 

99 %) were purchased from MACKLIN Reagent Corporation. 2-methylimidazole (99 

%) were purchased from J&K Scientific Reagent Corporation. Cetyltrimethy 

lammonium bromide (CTAB) was purchased from Tianjin BODI Reagent 

Corporation. IrCl3•xH2O (35.0~42.0 % Ir basls) was purchased from Aladdin 

Corporation. All chemicals were used as received without further purification. 

Synthesis of Co-ZIFs and Co-NC preparation. Firstly, 4.1 g 2-methylimidazole 

was dissolved in 70 mL deionized water to form solution A. Additionally, 232.8 mg 

Co(NO3)2·6H2O and 1 mg cetyltrimethylammonium bromide (CTAB) were added 

into 10 mL deionized water to form solution B. Then, solution B was quickly added to 

solution A and the mixture solution was continually stirred for 30 minutes. After that, 

the above solution was kept at room temperature for 24 hours. The precipitate was 

obtained by centrifugation and washed with ethanol several times. Finally, the 

resulting purple product was dried in a vacuum drying oven at 80 °C for further use. 

The obtained Co-ZIFs powder was heated to 900 °C with a rate of 5 °C·min−1 and 

kept at 900 °C for 2 h in the N2 atmosphere.  

Preparation for the Li2O2-Ir-Co/HP-NC/CNT or Li2O2-KB cathode for in situ 

DEMS test. Firstly, the as-prepared Ir-Co/HP-NC/CNT and Li2O2 powders were 

uniformly mixed with polytetrafluoroethylene (PTFE, 10%) solution in a mass ratio of 

9:3:1. Next, the mixture was dispersed in the isopropanol. After that, the obtained 

material was rolled to form film and pressed on nickel net with a diameter of 12 mm. 

Finally, the Li2O2-Ir-Co/HP-NC/CNT cathode was assembled with Li anode in home-

made battery for in situ DEMS test. What’s more, the Li2O2-KB cathodes were 

prepared by the same method.
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Computational method. Density functional theory (DFT) calculations were 

performed using the Vienna ab initio simulation package VASP (ref. S1). The 

exchange-correlation functional of Perdew-Burke-Ernzerhof (PBE) was used (ref. S2). 

The structure of Ir-Co/HP-NC/CNT and Co/HP-NC/CNT were modeled based on the 

structure of graphene and with 4 × 4 × 1 supercell. A vacuum size of 20 Å was 

employed to avoid interaction between periodic images. A k-point mesh of 2 × 2 × 1 

and cutoff energy of 500 eV were applied for all the calculations. Both unit cell size 

and atom coordinates were optimized with a force convergence criterion of 0.001 eV 

Å-1. 

The adsorption energy (Eads) of LiO2/Li2O2 on Ir-Co/HP-NC/CNT or Co/HP-NC/CNT 

are calculated by:
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𝐸𝑎𝑑𝑠= 𝐸𝐿𝑖𝑂2/𝐿𝑖2𝑂2@𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝐸𝐿𝑖𝑂2/𝐿𝑖2𝑂2 𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

where , , and  are the total energy of LiO2/Li2O2 
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molecular, clean Ir-Co/HP-NC/CNT or Co/HP-NC/CNT, and LiO2/Li2O2 adsorbed on 

Ir-Co/HP-NC/CNT or Co/HP-NC/CNT, respectively. 

The reaction free energy ΔG is calculated by the equation:

ΔG = ΔE + ΔZPE – TΔS - qU                                          

Where ΔE is the total energy difference between products and reactants in each 

subreaction step obtained from the DFT calculations; ΔZPE and ΔS are the change of 

zero-point energy and entropy, respectively during the reaction processes; q and U are 

the charge transfer and the applied potential, respectively.

Characterization instrumentation 

XRD measurements were performed on a Bruker D8 Advance. Field emission 

scanning electron microscopy SEM investigations were conducted using a JSM-6390 

microscope from JEOL. Transmission electron microscopy (TEM) experiments were 

conducted using a JEOL 2011 microscope (Japan) operated at 200 kV. The 

Differential Electrochemical Mass Spectrometer measurement (Prisma Plus) was 

provided by Linglu Instruments (Shanghai) Co. Specific surface areas were calculated 



by the Brunaure–Emmert–Teller method. Pore volumes and sizes were estimated 

from the pore-size distribution curves from the adsorption isotherms using the 

Barrett–Joyner–Halenda method. X-ray photoelectron spectroscopy (XPS) was 

conducted with a Thermo Escalab 250 equipped with a hemispherical analyzer and 

using an aluminum anode as a source. Fourier transform-infrared spectroscopy (FT-

IR) tests were performed on a Nicolet 6700 spectrometer. LAND cycler (Wuhan Land 

Electronic Co. Ltd) was employed for electrochemical tests.



Figure S1 (a) SEM images of Co-ZIFs and (b) Co-NC

As shown in Figure S1, after the pyrolysis process, the Co-NC catalyst remains the 

typical nanocube structure which is similar to its precursor of Co-ZIFs.



Figure S2 SEM images of (a) Co/Zn-ZIFs and (b) Ir-Co/HP-NC/CNT with low-

magnifications.

As shown in Figure S2, Co/Zn-ZIFs show the typical 3D cubic structure with the 

smooth surface. After the pyrolysis process and Ir-coating, and Ir-Co/HP-NC/CNT 

catalyst remain the typical nanocube structure which is similar to its precursor.



Figure S3 Energy-dispersive X-ray (EDX) result of Ir-Co/HP-NC/CNT.

It can be observed from Figure S3 that C, N, Co and Ir elements are evenly 

distributed in Ir-Co/HP-NC/CNT.



Figure S4 XRD patterns of ZIF-67, Co-ZIFs and Co/Zn-ZIFs.

As shown in Figure S4, the XRD diffraction peaks of Co-ZIFs and Co/Zn-ZIFs are 

coincident with the standard ZIF-67, which reveals Co-ZIFs and Co/Zn-ZIFs are 

synthesized successfully. 



Figure S5 Raman spectra of Co-NC, Co/HP-NC/CNT and Ir-Co/HP-NC/CNT.

As shown in Figure S5, two prominent peaks at around 1363 cm-1 (D band) and 1593 

cm-1 (G band) can be clearly observed in the Raman spectra of Co-NC, Co/HP-

NC/CNT and Ir-Co/HP-NC/CNT, which confirms the co-existence of graphitized and 

defected carbon in these derivatives.  



Figure S6 (a) High-resolution N 1s spectra of Co-NC, Co/HP-NC/CNT and Ir-

Co/HP-NC/CNT. (b) The content percentages of pyridinic N (N-6) and graphitic N 

(N-Q) species calculated from the N 1s spectra for Co-NC, Co/HP-NC/CNT and Ir-

Co/HP-NC/CNT. 

The high-resolution N 1s XPS spectra of the three annealed derivatives have been 

deconvoluted into four peaks (Figure S6a): pyridinic N (N-6, ~398.3 eV), pyrrolic N 

(N-5, ~399.4 eV), graphitic N (N-Q, ~400.9 eV) and oxidic N (N-O, ~403.5 eV). 

Recent reports have demonstrated that N-6 and N-Q species are beneficial to ORR 

activity (ref. S3 and S4). Figure S6 shows that the surface atom contents of the (N-6 

+ N-Q) phases in Ir-Co/HP-NC/CNT is higher than Co-NC or or Co/HP-NC/CNT. 

This phenomenon demonstrates that Ir-Co/HP-NC/CNT should a high ORR 

performance.  



Figure S7 Discharge/charge profiles of the Li–O2 battery with Ir-Co/HP-NC/CNT 

cathode after 10 full discharge/charge cycles at 500 mA g-1.

As shown in Figure S7, the discharge and charge capacity of the Li–O2 battery with 

Ir-Co/HP-NC/CNT cathode still remains 6215 mAh g-1 after 10 cycles, indicating the 

good capacity retention of Ir-Co/HP-NC/CNT electrode. 



Figure S8 Discharge capacities of the Li–O2 batteries with Co-NC, Co/HP-NC/CNT 

and Ir-Co/HP-NC/CNT cathodes at 100, 200 and 500 mA g-1, respectively.

As shown in Figure S8, the Ir-Co/HP-NC/CNT-based Li–O2 battery displays a 

discharge specific capacity of 13202 mAh g-1, which is higher than those of Co/HP-

NC/CNT (9308 mAh g-1) and Co-NC (7880 mAh g-1) based Li–O2 cells. Even at a 

high current density of 200 or 500 mA g-1, the Li–O2 battery with Ir-Co/HP-NC/CNT 

still shows the best discharge capacity among the three air catalysts. 



Figure S9 The SEM images of Ir-Co/HP-NC/CNT cathode (a) before and (b) after 25 

cycles.

Compared with the pristine Ir-Co/HP-NC/CNT cathode (Figure S9a), Ir-Co/HP-

NC/CNT in the cycled cathode can still maintain clear cube shape (Figure S9b). 

Moreover, the surface morphology of the Ir-Co/HP-NC/CNT cathode after 25 cycles 

(~corresponding to 100 h) is also similar to that of the Ir-Co/HP-NC/CNT electrode 

before cycling, except for only a small amount of discharge products coated on its 

surface (Figure S9). These results demonstrate that the Ir-Co/HP-NC/CNT cathode is 

very stable over cycling in Li–O2 batteries. 



Figure S10 EIS spectra of Li–O2 batteries using (a) Co-NC, (b) Co/HP-NC/CNT and 

(c) Ir-Co/HP-NC/CNT cathodes.

To further demonstrate the reversibility of catalysts, the Li–O2 batteries with Ir-

Co/HP-NC/CNT, Co/HP-NC/CNT or Co-NC cathodes are examined by 

Electrochemical Impedance Spectroscopy (EIS). It can be found from Figure S10a 

that the charge transfer resistance (Rct) of the Li–O2 battery with Co-NC cathode 

increases drastically from 70 to about 290 Ω after discharging, which can be 

attributed to the accumulation of the insoluble discharged products on the surface of 

electrode. After charging, the Rct of Co-NC based Li–O2 battery still remains 279 Ω, 

indicating that there are still the amounts of residual discharge products on O2 

electrode. In contrast, the Co/HP-NC/CNT or Ir-Co/HP-NC/CNT based Li–O2 

batteries exhibit better reversibility since they show the moderate impedance changes 

over cycling (Figure S10b and c).  



Figure S11 Ex situ FT-IR spectra of the pristine, discharged and charged Ir-Co/HP-

NC/CNT based electrodes.

To further demonstrate the good reversibility of Ir-Co/HP-NC/CNT in Li–O2 batteries, 

the ex situ FT-IR technology is applied to study the chemical composition changes of 

the Ir-Co/HP-NC/CNT cathodes during cycles. The FT-IR results of the Ir-Co/HP-

NC/CNT cathodes under different discharge-charge conditions shown in Figure S11 

also confirm the reversible formation/decomposition of Li2O2 in Li–O2 cells. Apart 

from Li2O2, the small amount of Li2CO3 also is formed on the discharged cathode and 

decomposed on the recharge cathode. It can be found that the XRD technology just 

can detect the crystalline materials and cannot find the less crystalline materials (ref. 

S5-7). The absence of the Li2CO3 peaks in the XRD patterns of the discharged Ir-

Co/HP-NC/CNT cathodes (Figure 4h) further demonstrates that the formed Li2CO3 is 

limited and amorphous. 



Figure S12 (a) Schematic illustration of the DEMS analysis system. (b) The charge 

profile of Li–O2 battery using Ir-Co/HP-NC/CNT electrode and (c) the corresponding 

evolution curves of CO2 and O2 detected by in situ DEMS. 

The DEMS system was built in-house and guided by the requirement to detect 

the gases evolved during the charge. A differential electrochemical mass spectrometer 

(Prisma Plus) with leak inlet is connected to a customized Swagelok cell assembly 

(Figure S12a). The cathode current collector is integrated with two tubes as purge gas 

inlet and outlet (Figure S12a). When analyzing the gas consumption over discharge 

process of Li–O2 battery, the tested cell should be firstly discharged in the mixed gas 

of O2 and Ar. When further analyzing the gas evolution over recharge process of Li–

air battery, the system was purged with a pure Ar stream for 10 hours, and the 

background for O2 and CO2 was calibrated before the charge test and online gas 

analysis. Purge gas flows were typically 1 mL min-1. Figure S12b and c present the 

gas evolution of the Ir-Co/HP-NC/CNT based Li–O2 battery during recharge at a 

current of 0.3 mA. It can be clearly observed from Figure S12c that O2 is the main 

generated gas upon recharging, indicating that Li2O2/O2 conversion reaction 

dominates the charging process. Apart from the generated O2, a very small amount of 

CO2 evolved over charge, which can be attributed to the slight side reaction in Ir-

Co/HP-NC/CNT based Li–O2 cell. These results further confirm that Ir-Co/HP-



NC/CNT has high catalytic capacity and effectively improves the reversibility of Li–

O2 batteries. 

Figure S13 (a, b) Charge profiles and (c, d) the corresponding CO2 and O2 evolution 

curves detected by in situ DEMS of (a, c) Li2O2-Ir-Co/HP-NC/CNT cathode or (b, d) 

Li2O2-KB cathode. 

As shown in Figure S13a and b, the charge overpotential of the Li2O2-KB 

cathode is obviously higher than that of the Li2O2-Ir-Co/HP-NC/CNT electrode. 

Moreover, there is only O2 evolved over charge for the Li2O2-Ir-Co/HP-NC/CNT 

cathode (Figure S13c), but O2 and CO2 are generated at the same time on the Li2O2-

KB electrode during charge. These results confirmthat the Ir-Co/HP-NC/CNT catalyst 

not only obviously reduce charge overpotential, but also inhibit side reactions over 

recharge.

 

 



Figure S14 The discharge/charge terminal voltage variations over cycles of the Ir-

Co/HP-NC/CNT based bulk-shaped Li–air cell.

As shown in Figure S14, the charge potentials of the Ir-Co/HP-NC/CNT based 

bulk-shaped Li–air cell are always lower than 4.1V during 120 cycles, which further 

highlights the superiority of Ir-Co/HP-NC/CNT on catalyzing the reactions in Li–air 

batteries.

 



Table S1 ICP-OES analysis results

As shown in Table S1, the contents of Co and Ir element in Ir-Co/HP-NC/CNT are 

26.35 and 4.15 wt%, respectively. 



Table S2 The pore volume of Co-NC, Co/HP-NC/CNT and Ir-Co/HP-NC/CNT.

As shown in Table S2, the pore volume of Co/HP-NC/CNT and Ir-Co/HP-NC/CNT 

are much larger than that of Co-NC, which should be attributed to the additional pores 

derived from the evaporation of Zn at high temperature.

 



Table S3 Summary of the specific capacity of various cathode catalysts.

As listed in Table S3, the Ir-Co/HP-NC/CNT-based Li–O2 battery delivered a 

discharge capacity of 13200 mAh g-1 at 100 mA g-1, which is better than many 

recently reported catalysts (ref. S8-13). 



Table S4 Summary of cycle performance under 1000 mAh g-1 of various cathode 

catalysts.

As listed in Table S4, the cycling stability of the Li–O2 battery using Ir-Co/HP-

NC/CNT cathode in our work is much higher than most of the recent reported Li–O2 

batteries (ref. S11, S12 and S14-21). 
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