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1. Experimental section

1.1 Material Characterizations

Herein, the structure, morphology and compositions of the as-prepared materials were characterized 

by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), N2 adsorption/desorption 

isotherms, transmission electron microscopy (TEM), scanning electron microscope (SEM) and 

elemental mappings (energy-dispersive X-ray spectroscopy, EDS). The collection of XRD data was 

performed using a Rigaku D/max 2500 diffractometer equipped with Cu-Kα radiation (k=1.5406 Å, 

40 kV, 20mA). The Kratos-AXISUL TRA DLD X-ray photoelectron spectrometer equipped with 

Al Kα radiation was used to record XPS data. "XPS peak" software was used to fit the XPS data of 

each element. N2 adsorption and desorption isotherms were determined at 77 k using a micron-scale 

three-star adsorption analyzer. Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-Halenda 

(BJH) theory were used to analyze the specific surface area and pore size distribution (PSD), 

respectively. TEM and high-resolution TEM (HRTEM) images were collected on a JEM-2100 

electron microscope (JEOL) at an accelerated voltage of 200 kV. SEM images and elemental 

mappings were collected using an S-4800 (Hitachi, Japan) scanning electron microscope at an 

acceleration voltage of 5.0 kV. The electron paramagnetic resonance (EPR) spectra were obtained 

by a JES-FA200 X band spectrometer. The settings of EPR spectrometer were shown as follows: 

center field=3512 G, microwave frequency=9.42 GHz, and microwave power=20 mW.

1.2 Electrochemical measurements

All electrochemical tests were performed on a rotating disk electrode (RDE) controller connected to 

an electrochemical workstation (CHI760E, Shanghai, Chenhua). A three-electrode system was used 

for electrochemical tests, with a saturated calomel electrode (SCE) as the reference electrode, a 

platinum wire as the counter electrode, and a catalyst coated glassy carbon electrode (GCE) as the 

working electrode. In this study, the measured SCE potential was converted to the reversible 
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hydrogen electrode (RHE) potential based on ERHE = ESCE + 0.0592 pH + 0.2438. The method for 

preparing the catalyst ink was shown as follows: 5 mg of the catalyst were dispersed in a mixture of 

50 μL of 5 wt.% Nafion (Aldrich) and 100 μL ethanol, and then the mixture was sonicated for 30 

min to form the uniform ink. The surface of GCE (4 mm in diameter) was coated with 5 μL of the 

prepared ink, with a catalyst coating area of 0.126 cm2. Commercial Pt/C (10 wt.%) and RuO2 were 

used as the reference catalysts in this study.

All ORR tests were performed in 0.1 M KOH aqueous solution. Before each test, the electrolyte 

solution was aerated with pure O2 for 30 min. Cyclic voltammetry (CV) tests were conducted from 

–1.0 to 0.2 V in electrolyte solution saturated with O2 at a scan rate of 10 mV s–1. During the CV 

measurement, the RDE electrode was rotated at a constant speed of 1600 rpm. Linear sweep 

voltammetry (LSV) test was performed in the potential range identical to that of CV at a scan rate 

of 5 mV s–1. Electrochemical impedance spectroscopy (EIS), Chronoamperometry (CA) and Tafel 

tests were performed using the reported methods.1 In addition, an important parameter for 

evaluating OER activity is the Tafel slope b, and the corresponding Tafel plots are constructed 

based on the LSV curves. Determined by the following Tafel equation:

               (1)𝜂 = 𝑎 + 𝑏𝑙𝑜𝑔|𝐽|

Where η is the overpotential, b is the Tafel slope, and J is the current density. 

RDE tests were measured in an O2-saturated electrolyte solution at a scan rate of 5 mV s–1 and a 

different rotation speed of 400 to 2500 rpm. To study the ORR kinetics, the Koutecky-Levich (K-L) 

equation was used to determine the number of transferred electrons (n) for each O2 molecule at 

different rotation rates.

        (2)
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(3)𝐵 = 0.62𝑛𝐹𝐶0𝐷0
2/3𝑣 ‒ 1/6                   

In Equation 2, J, JL, and JK corresponded to the measured current, the diffusion limit current, and the 

dynamic current, respectively. The values of the angular velocity ω (2π × rotation speed) and the 

Faraday constant F (96485 C mol−1) were already known. In 0.1 M KOH electrolyte, the values of 

diffusion coefficient and saturation concentration of O2 are 1.9 × 10−5 cm2 s–1 (D0) and 1.2 × 10−6 

mol cm–3 (C0), respectively. The kinematic viscosity (ν) of the electrolyte was 0.01 cm2 s−1, and the 

number of electrons "n" were obtained by calculating the slope of J−1 vs. ω−1/2 in the plot. 

Rotating ring-disk electrode (RRDE) tests were conducted at a rotation speed of 1600 rpm with a 

scan rate of 10 mV s−1 in O2-saturated 0.1 M KOH solution. Hydrogen peroxide yield (H2O2, %) 

and electron transfer number (n) were calculated using the RRDE voltammograms. The used 

Equations (4 and 5) were shown as follows:

(4) 
n =  4 ×  

𝐼d
𝐼d + (𝐼r / 𝑁)

                                      

(5)
H2O2  % =  200 ×  

𝐼r / 𝑁
𝐼d + (𝐼r / 𝑁)

                       

Where ID and IR corresponded to the disk current and the ring current, respectively; N represented 

the H2O2 collection efficiency of the Pt ring, and the value was 0.37. 

OER tests were performed in 0.1 M KOH electrolyte solution. Linear sweep voltammetry (LSV) 

was carried out at a scan rate of 2 mV s–1 for the polarization curves, without iR-compensation 

correction. The durability of catalyst after 1000 CV cycles was studied by using the accelerated 

durability test (ADT). EIS tests were performed at 1.58 V vs. RHE with frequencies ranging from 

100 kHz to 100 MHz. The electrochemically active area was calculated from the electrical double 

layer capacitance measurements, which were cycled at scan rates of 40, 60, 80, 100, and 120 mV s−1 
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with a potential range from 0.96 to 1.06 V vs. RHE. Tafel and CA tests were performed using the 

reported methods.2,3

Moreover, one of the genuine approaches for electrochemical active sites measurement is the 

electrochemical surface area calculation via electrical double-layer capacitance (Cdl) using cyclic 

voltammetry (CV).4 Which are converted to ECSA according to the equation below.5

ECSA= Cdl/Cs        (6)

The specific capacitance (Cs) value Cs=0.040 mF cm−2 in 0.1 M KOH is adopted from previous 

reports.

Turnover Frequency (TOF) was calculated from the OER current density, assuming that the surface 

active Co and Ce atoms undergoing redox reactions before the start of the OER were only involved 

in the electrocatalysis of OER. We have calculated the TOF using the OER current density at the 

potentials from 1.58 to 1.88 V. The corresponding Equations 7 and 8 were shown as follows:

(7)
𝑇𝑂𝐹 =

𝑗 × 𝑁𝐴

𝐹 × 𝑛 × Г
                        

(8)
Г =

𝐴
𝑆𝑐𝑎𝑛 𝑟𝑎𝑡𝑒 × 𝑒

                       

Where j referred to the current density, n corresponded to number of electrons, Г was the surface 

concentration, A was the area of CV associated with the redox characteristics of CV, the Scan rate 

was 0.3 V s–1, e represented the amount of electron charge and the value was 1.602 ×10–19 C. In 

addition, the values of the Avogadro number NA and the Faraday constant F were already known.3 

Faraday efficiency (FE) measurements had been recognized as the important activity parameters, 

and FE should be determined to ensure that the provided energy was more efficiently used for water 

oxidation than other side reactions. The Equation 9 for calculating FE was shown as follows: 6,7
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(9)
𝐹𝐸 =

𝐼𝑟

𝐼𝑑 × 𝑁
                       

Where Ir and Id were the ring current and the disk current, respectively; N (0.37) was the current 

collection efficiency of RRDE. 

2. Results and discussion

Table S1. Chemical compositions of Co3O4@Z67-NT@CeO2 electrocatalysts obtained from XPS 

analyses.

Samples C (wt. %) N (wt. %) O (wt. %) Co (wt.%) Ce (wt.%)

Co3O4@Z67-N500@CeO2 12.6 0.18 24.10 49.40 13.72

Co3O4@Z67-N600@CeO2 42.52 12.85 16.69 19.31 8.63

Co3O4@Z67-N700@CeO2 51.03 2.59 18.65 5.86 21.90

Co3O4@Z67-N800@CeO2 38.38 1.57 24.71 18.79 16.55

Co3O4@Z67-N900@CeO2 46.06 0.73 21.71 21.03 10.47
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Table S2. Chemical compositions of C 1s peaks for Co3O4@Z67-NT@CeO2 electrocatalysts 

obtained from XPS analyses.

Analysis of the C 1s XPS data for the Co3O4@Z67-NT@CeO2 materials

Chemical components (%) of the C 1s peaks 
Samples

C=C C–C C–O C=O

Co3O4@Z67-N500@CeO2 60.23 24.63 8.49 6.65

Co3O4@Z67-N600@CeO2 75.99 15.03 5.40 3.58

Co3O4@Z67-N700@CeO2 58.02 22.22 11.26 8.50

Co3O4@Z67-N800@CeO2 43.78 36.13 12.27 7.82

Co3O4@Z67-N900@CeO2 50.98 29.41 9.81 9.80
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Table S3. Chemical compositions of N 1s peaks for Co3O4@Z67-NT@CeO2 electrocatalysts 

obtained from XPS analyses.

Analysis of the N 1s XPS data for the Co3O4@Z67-NT@CeO2 materials

Chemical components (%) of the N 1s peaks 
Sample

pyridinic N pyrrolic N graphitic N

Co3O4@Z67-N500@CeO2 19.32 30.17 50.51

Co3O4@Z67-N600@CeO2 76.96 13.98 9.06

Co3O4@Z67-N700@CeO2 37.17 36.83 26.00

Co3O4@Z67-N800@CeO2 42.77 39.09 18.14

Co3O4@Z67-N900@CeO2 11.58 67.49 20.93
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Table S4. Chemical compositions of O 1s peaks for Co3O4@Z67-NT@CeO2 electrocatalysts 

obtained from XPS analyses.

Analysis of the O 1s XPS data for the Co3O4@Z67-NT@CeO2 materials

Chemical components (%) of the O 1s peaks 
Sample

Oα Oβ Oγ

Co3O4@Z67-N500@CeO2 45.27 29.07 25.66

Co3O4@Z67-N600@CeO2 44.51 31.42 24.07

Co3O4@Z67-N700@CeO2 47.98 34.17 17.85

Co3O4@Z67-N800@CeO2 64.08 21.83 14.08

Co3O4@Z67-N900@CeO2 9.07 25.19 65.74
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Table S5. Chemical compositions of Co 2p peaks for Co3O4@Z67-NT@CeO2 electrocatalysts 

obtained from XPS analyses.

Analysis of the Co 2p XPS data for the Co3O4@Z67-NT@CeO2 materials

Chemical components (%) of the Co 2p peaks
Sample

Co2+ Co3+

Co3O4@Z67-N500@CeO2 57.97 42.03

Co3O4@Z67-N600@CeO2 60.87 39.13

Co3O4@Z67-N700@CeO2 62.98 37.02

Co3O4@Z67-N800@CeO2 60.39 39.61

Co3O4@Z67-N900@CeO2 59.33 40.67
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Table S6. Chemical compositions of Ce 3d peaks for Co3O4@Z67-NT@CeO2 electrocatalysts 

obtained from XPS analyses.

Analysis of the Ce 3d XPS data for the Co3O4@Z67-NT@CeO2 materials

Chemical components (%) of the Ce 3d peaks

Sample Ce3+

(U2 + V2)

Ce4+

(U1 + U3+U4+V1+V3+V4)

Co3O4@Z67-N500@CeO2 23.96 76.04

Co3O4@Z67-N600@CeO2 31.09 68.91

Co3O4@Z67-N700@CeO2 36.91 63.09

Co3O4@Z67-N800@CeO2 34.32 65.68

Co3O4@Z67-N900@CeO2 33.50 66.50
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Table S7. Textural properties of the Co3O4@Z67-N700 and Co3O4@Z67-NT@CeO2 composites.

Samples SBET

Pore volume

(cm3 g−1)

Average pore width 

(nm)

Co3O4@Z67-N700

Co3O4@Z67-N500@CeO2 

Co3O4@Z67-N600@CeO2

350.64

141.81

188.04

0.11

0.10

0.10

5.29

9.39

11.02

Co3O4@Z67-N700@CeO2 267.27 0.09 6.21

Co3O4@Z67-N800@CeO2 242.49 0.17 6.97

Co3O4@Z67-N900@CeO2 220.51 0.15 12.31
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Table S8. Summary of the ORR electrocatalytic activity of various catalysts in alkaline electrolyte.

Catalysts
E0 

(Vvs. RHE)

E1/2 

(V vs. RHE)

JL 

(mA cm−2)
References

Co3O4@Z67-N700@CeO2 0.94 0.88 6.75 This work

CeO2/MnO2 0.92 0.75 4.97 8

(Co@NPC-900)12 1.05 0.824 5.26 9

Co@Co3O4@C-CM 0.93 0.81 - 10

Co3O4-CeO2/KB - 0.83 5.35 11

Co9S8/NPCP@rGO 0.89 0.81 5.4 12

MnOx-CeO2/KB 0.94 0.81 - 13

Co@O-NPC-700 - 0.80 5.3 14

Co/N-CNTs 0.96 0.82 5.82 15

Co3O4/N-rmGO 0.96 0.83 5.00 16

file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/7.5.2.0/resultui/dict/%3Fkeyword=alkaline
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Table S9. Summary of the OER electrocatalytic activity of various catalysts in alkaline electrolyte.

Catalysts Ej=10 (V vs. RHE) References

Co3O4@Z67-N700@CeO2 1.58 This work

700-CoOx-C 1.59 17

Co3O4@Ni 1.64 18

ZIF-Co0.85Se 1.59 19

Mn3O4/CoSe2 1.68 20

N/Co-doped PCP 1.75 21

Co3O4-/rGO-W 1.61 22

CeO2@PIZA-1-400 1.60 23

 ZIF-67-CNT-300

Co(OH)2@RGONF

1.58

1.65

24

25

file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/7.5.2.0/resultui/dict/%3Fkeyword=alkaline
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Table S10. Summary of ORR/OER activities of as-prepared catalysts in 0.1 M KOH electrolyte.

ORR OER Overall evaluation

Catalysts E0 

(V vs RHE)

E1/2 

(V vs RHE)

JL 

(mA cm−2)

Tafel Slope

 (mV dec−1)

Ej=10 

(V vs RHE)

Overpotential

(mV)

Tafel Slope

(mV dec−1)
△E (V vs RHE)

Co3O4@Z67-N700 0.93 0.86 5.14 107.9 1.72 490 103.7 0.86

Co3O4@Z67-N500@CeO2 0.81 0.65 2.83 - 1.92 690 - 1.27

Co3O4@Z67-N600@CeO2 0.91 0.84 4.16 - 1.82 590 - 0.98

Co3O4@Z67-N700@CeO2 0.94 0.88 6.75 66.8 1.58 350 80.7 0.70

Co3O4@Z67-N800@CeO2 0.95 0.88 5.15 - 1.67 440 - 0.79

Co3O4@Z67-N900@CeO2 0.89 0.82 5.04 - 1.72 490 - 0.90

Pt/C 0.95 0.87 6.75 111.0 - - -

RuO2 - - - - 1.66 430 151.6

-

0.79



S17

Table S11. Summary of the bifunctional ORR/OER electrocatalytic activities of various catalysts in alkaline electrolyte.

Catalysts
E0 

(V vs RHE)

E1/2 

(V vs RHE)

JL 

(mA cm−2)

Ej=10 

(V vs RHE)

Overpotential

(mV)
△E (V vs RHE) References

Co3O4@Z67-N700@CeO2 0.94 0.88 6.75 1.58 350 0.70 This work

Co@CoO@Co3O4-N/C 0.85 0.75 4.90 1.67 440 0.92 26

PdCo-300 0.91 0.83 5.07 1.58 350 0.75 27

Co@Co3O4@/NC-900 - 0.80 4.72 1.6 370 0.80 28

Co-CeO2/N-CNR - 0.80 - 1.64 410 0.84 29

CoNC-CNF-1000 - 0.80 5.90 1.68 450 0.88 30

Co–N/PC@CNT-700 0.92 0.79 - 1.63 400 0.84 31

P-Co-NC-4 0.90 0.85 - 1.59 360 0.74 32

Co@Co3O4@/NC-1 - 0.84 - 1.65 420 0.81 33

Co/N-Pg - 0.82 5.40 1.63 400 0.81 34

15%PANI/ZIF-67 0.85 0.75 4.60 1.56 330 0.81 35

Co1Ni1@N-C 0.91 0.82 5.3 1.73 500 0.91 36

file:///C:/Users/Administrator/AppData/Local/youdao/dict/Application/7.5.2.0/resultui/dict/%3Fkeyword=alkaline
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Fig. S1. High-resolution XPS spectra of C 1s for Co3O4@Z67-NT@CeO2 (T=500, 600, 800, and 

900).
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Fig. S2. High-resolution XPS spectra of N 1s for Co3O4@Z67-NT@CeO2 (T=500, 600, 800, and 

900).
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Fig. S3. High-resolution XPS spectra of O 1s for Co3O4@Z67-NT@CeO2 (T=500, 600, 800, and 

900).
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Fig. S4. High-resolution XPS spectra of Co 2p for Co3O4@Z67-NT@CeO2 (T=500, 600, 800, and 

900).
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Fig. S6. N2 adsorption/desorption isotherms and pore size distributions (inset) for the Co3O4@Z67-

N700 (a) and the Co3O4@Z67-NT@CeO2 [T=500(b), 600(c), 700(d), 800(e), and 900(f)] 

composites.
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Fig. S7. SEM images of Co3O4@Z67-NT@CeO2 [T=500(a), 600(b), 800(c), and 900(d)].
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Fig. S8. TEM images of ZIF-67.
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Fig. S9. HRTEM images of Co3O4@Z67-N700@CeO2.
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Fig. S10. Electron-transfer number n derived from K-L plots at different potentials.
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Fig. S11. ORR polarization curves of Co3O4@Z67-N700@CeO2 (a) and Pt/C (b) before and after 

the continuous CV tests in the O2-saturated 0.1 M KOH at 1600 rpm.
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Fig. S12. Cyclic voltammograms with various scan rates from 40 to 120 mV s−1 of Co3O4@Z67-

N700 (a), Co3O4@Z67-N700@CeO2 (b), and RuO2 (c).
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Fig. S13. CV of Co3O4@Z67-N700@CeO2 (a) and Co3O4@Z67-N700 (b) showing the area of 

redox features considered for the calculation of number of surface active sites.
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Fig. S14. The low temperature EPR spectra of the Co3O4@Z67-N700 and Co3O4@Z67-

N700@CeO2.
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Fig. S15. TEM and HRTEM images for Co3O4@Z67-N700@CeO2 after ORR (a and b) or OER (c 

and d) test.
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