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S1 Experimental method

S1.1 Kinetics analysis

The kinetic-controlled process of ORR can be described by Tafel equation and mass-

transport-corrected current densities were introduced as below:
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where η is the overpotential; i0 is the exchange current density; R is the universal gas 

constant; T is the temperature; α is the transfer coefficient; na is the mole number of 

electrons; and F is the Faraday constant iK is the mass-transport corrected kinetic current 

density; iL is the diffusion-limiting current density; and i is the apparent current density.

S1.2 Diffusion-limiting properties

The diffusion-controlled ORR process catalyzed by the samples can be analyzed by 

Koutechy-Levich (K-L) equation shown as follows:
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where ω is the angular velocity of the disk electrode, n is the overall number of electrons 

transferred in the O2 reduction process, F is the Faraday constant, DO2 is the diffusion 

coefficient of O2, CO2 is the saturated concentration of O2 in 0.1 M KOH at 1 atm O2 

pressure, and ν is the kinematical viscosity of the electrolyte.

S1.3 Electron transfer number analysis
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  The Pt-ring electrode potential was fixed at 1.46 V and the glassy carbon-disk electrode 

was set to sweep from 1.00 to 0.20 V during the RRDE experiments at an electrode rotation 

rate of 1600 rpm. The collection efficiency (N), which was measured under a nitrogen 

atmosphere using 10 mM K3[Fe(CN6)], was observed to be 0.38. This value is very similar 

to the theoretical value of 0.37. Hydrogen peroxide yields and the electron transfer number 

(n) were calculated using the following equations:
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where Ir is ring current; Id is disk current.

S1.4 Electrochemical test to characterize the catalysts after CV cycling

  The ground Co-BTC-IMI was pressed into a thin film, which was clipped as a working 

electrode. No ionomer or carbon black was added during the working electrode fabrication 

to avoid any interference of other elements. The reference electrode and the counter 

electrode remain the same as used for RDE experiments. The working electrode was 

subjected to 500 CV cycling at 50 mV·s-1 in the potential range of 0.80 to 1.55 V vs. RHE 

in O2-saturated 0.1 M KOH. After the cycling, the catalyst was collected and washed by 

water for multiple times to remove the electrolyte. After vacuum dry at 80 ºC overnight, 

the catalyst was ready for XPS and BET studies to investigate its compositional and 

structural changes upon electrochemical reactions.
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S2. Crystallographic structure of Co-BTC

Fig. S1 (A) Coordination environment of Co(II) in Co-BTC with ellipsoids drawn at 50% 
probability level. The hydrogen atoms are omitted for clarity. Symmetry codes: A, -1/2+x, 
-y, 1/2-z. (B) The 1D coordination chains constructed from BTC3- and Co2+ and the B-type 
ligands are depicted in blue. (C) The hydrogen bonding interactions involving between 
coordination water molecules and unbound carboxylate groups of BTC3- and the π-π 
stacking interactions between BTC3-. (D) The final 3D supramolecular architecture of Co-
BTC.
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S3. Crystallographic parameters

Table S1. Crystal Data and Structure Refinements for Co-BTC-IMI and Co-BTC.

Compound Co-BTC-IMI Co-BTC
chemical formula C24H36N4O22Co2 C18H20O20Co3

formula weight 850.43 733.13
crystal system Triclinic Orthorhombic
space group P-1 Pbca
a /Å 9.1263(12) 18.975(4)
b /Å 9.3577(13) 14.660(3)
c /Å 10.6375(14) 21.497(4)

79.337(2) 90
β /° 87.505(2) 90

71.929(2) 90
temperature /K 296(2) K 296(2)
volume /Å3 848.6(2) 5980(2)
Z 1 8
Dc /g cm-3 1.664 1.629
μ /mm-1 1.074 1.726
F(000) 438 2952
reflections collected / unique 6080 / 4203 30897 / 5269
GOF 1.077 1.048
R1,
wR2 [I > 2σ (I)]a,b

R1 = 0.0310, 
wR2 = 0.0984

R1 = 0.0598, 
wR2 = 0.1553

R1,
wR2

 (all data)
R1 = 0.0338, 
wR2 = 0.1004

R1 = 0.0815, 
wR2 = 0.1653

aR1 = Σ||Fo| - |Fc||/Σ|Fo|. bwR2 = |Σw(|Fo|2 - |Fc|2)|/Σ|w(Fo)2|1/2, where w = 1/[2(Fo
2) +(aP)2+bP]. P 

= (Fo
2 + 2Fc

2)/3
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Table S2. Selected Bond Length (Å) and Angles (°) for Co-BTC-IMI and Co-BTC.

Co-BTC-IMI

Co(1)-O(8) 2.0861(14) Co(1)-O(2) 2.0866(11)
Co(1)-O(7) 2.0990(14) Co(2)-O(11) 2.0589(12)
Co(2)-O(9) 2.1055(14) Co(2)-O(10) 2.1167(12)
O(8)-Co(1)-O(8)#1 180.00(7) O(8)-Co(1)-O(2) 90.11(5)
O(8)-Co(1)-O(2)#1 89.89(5) O(2)-Co(1)-O(2)#1 180.000(1)
O(8)-Co(1)-O(7)#1 87.88(7) O(8)#1-Co(1)-O(7)#1 92.12(7)
O(2)-Co(1)-O(7)#1 90.23(5) O(2)#1-Co(1)-O(7)#1 89.77(5)
O(7)-Co(1)-O(7)#1 180.0 O(11)-Co(2)-O(11)#2 180.00(7)
O(11)#2-Co(2)-O(9)#2 87.87(6) O(11)-Co(2)-O(9)#2 92.13(6)
O(9)-Co(2)-O(9)#2 180.0 O(11)#1-Co(2)-O(10)#2 90.20(5)
O(11)-Co(2)-O(10)#2 89.80(5) O(9)#2-Co(2)-O(10)#2 93.14(5)
O(9)#2-Co(2)-O(10)#2 86.86(5) O(10)-Co(2)-O(10)#2 180.00(7)

Co-BTC

Co(1)-O(17) 2.033(4) Co(1)-O(20) 2.046(3)
Co(1)-O(1) 2.048(4) Co(1)-O(19) 2.093(4)
Co(1)-O(18) 2.135(5) Co(1)-O(13) 2.238(4)
Co(2)-O(16) 2.021(4) Co(2)-O(9) 2.032(4)
Co(2)-O(20) 2.040(4) Co(2)-O(14) 2.099(4)
Co(2)-O(15) 2.150(5) Co(2)-O(12) 2.241(4)
Co(3)-O(11) 1.999(4) Co(3)-O(20) 2.020(4)
Co(3)-O(2) 2.093(4) Co(3)-O(10) 2.099(4)
Co(3)-O(13) 2.246(4) Co(3)-O(12) 2.246(4)
O(17) -Co(1)-O(20) 96.15(15) O(17)-Co(1)-O(1) 170.96(17)
O(20) -Co(1)-O(1) 92.05(15) O(17) -Co(1)-O(19) 84.52(17)
O(20) -Co(1)-O(19) 174.81(18) O(1) -Co(1)-O(19) 86.97(17)
O(17) -Co(1)-O(18) 95.67(18) O(20) -Co(1)-O(18) 93.19(16)
O(1) -Co(1)-O(18) 87.65(16) O(19) -Co(1)-O(18) 91.86(19)
O(17) -Co(1)-O(13) 93.33(18) O(20)-Co(1)-O(13) 83.86(14)
O(1) -Co(1)-O(13) 83.74(15) O(19) -Co(1)-O(13) 90.96(17)
O(18) -Co(1)-O(13) 170.79(15) O(16) -Co(2)-O(9) 166.20(17)
O(16) -Co(2)-O(20) 98.51(15) O(9) -Co(2)-O(20) 94.80(14)
O(16) -Co(2)-O(14) 82.08(18) O(9) -Co(2)-O(14) 84.35(17)
O(20) -Co(2)-O(14) 175.00(19) O(16) -Co(2)-O(15) 88.43(18)
O(9) -Co(2)-O(15) 94.55(16) O(20) -Co(2)-O(15) 92.88(16)
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a Symmetry transformations used to generate equivalent atoms: #1 -x, 1-y, 1-z; #2 1-x, 1-y, -z for 
Co-BTC-IMI.

O(14) -Co(2)-O(15) 92.11(19) O(16) -Co(2)-O(12) 93.91(17)
O(9) -Co(2)-O(12) 84.59(15) O(20) -Co(2)-O(12) 80.85(14)
O(14) -Co(2)-O(12) 94.15(18) O(15) -Co(2)-O(12) 173.57(15)
O(11) -Co(3)-O(20) 165.69(18) O(11) -Co(3)-O(2) 92.80(17)
O(20) -Co(3)-O(2) 96.77(16) O(11) -Co(3)-O(10) 92.62(17)
O(20) -Co(3)-O(10) 95.98(15) O(2) -Co(3)-O(10) 100.88(15)
O(11) -Co(3)-O(13) 86.23(17) O(20) -Co(3)-O(13) 84.24(14)
O(2) -Co(3)-O(13) 83.89(14) O(10) -Co(3)-O(13) 175.16(15)
O(11) -Co(3)-O(12) 87.71(16) O(20) -Co(3)-O(12) 81.17(14)
O(2) -Co(3)-O(12) 170.92(14) O(10) -Co(3)-O(12) 88.15(14)
O(13) -Co(3)-O(12) 87.11(13)
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Table S3. Hydrogen bonding data of Co-BTC-IMI and Co-BTC.

Co-BTC-IMI

D–H···A d(D–H) (Å) d(H···A) (Å) d(D···A)(Å) D–H···A (°)

N(1)-H(1)···O(6) 0.87 1.86 2.6952(4) 162

N(2)-H(2)···O(5) 0.89 1.89 2.7736(4) 174

O(7)-H(7A)···O(5) 0.91 1.94 2.8485(4) 173

O(8)-H(8A)···O(3) 0.91 2.09 2.9515(4) 158

O(8)-H(8B)···O(4) 0.95 1.78 2.7221(4) 173

O(9)-H(9A)···O(1) 0.95 1.73 2.6652(4) 167

O(9)-H(9B)···O(5) 0.90 1.85 2.7376(4) 166

O(10)-H(10B)···O(4) 0.84 1.87 2.7066(4) 172

O(10)-H(10C)···O(5) 0.90 2.00 2.8762(4) 163

O(11)-H(11B)···O(6) 0.88 1.84 2.7160(4) 174

O(11)-H(11C)···O(3) 0.87 1.84 2.7101(4) 175

C(11)-H(11A)···O(10) 0.93 2.53 3.4024(5) 157

Co-BTC

O(11)-H(11A)···O(4) 0.85 1.92 2.5888(5) 134

O(11)-H(11B)···O(8) 0.85 1.80 2.6242(6) 164

O(12)-H(12A)···O(3) 0.97 1.74 2.6960(6) 168

O(12)-H(12B)···O(6) 0.97 1.73 2.6868(6) 167

O(13)-H(13A)···O(5) 0.97 1.74 2.6259(6) 149

O(13)-H(13B)···O(7) 0.97 1.88 2.7841(6) 155

O(15)-H(15A)···O(6) 0.85 2.39 3.0282(6) 133

O(15)-H(15C)···O(3) 0.85 2.12 2.7364(6) 129

O(18)-H(18A)···O(7) 0.85 2.01 2.7728(6) 148

O(18)-H(18B)···O(5) 0.85 2.01 2.7710(6) 149
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Table S4. Comparison between the coordination information of Co(II) atoms in Co-BTC-
IMI and Co-BTC

Coordination 

number

Numbers of 

coordinated H2O
Co-Ocarboxylate (Å) Co-Owater (Å)

Co1 4 2.0866(11) 2.0861(14), 2.0990(14)
Co-BTC-IMI

Co2 6 -- 2.0589(12) - 2.1167(12)

Co1 4 2.033(4), 2.048(4) 2.046(3) - 2.238(4)

Co2 4 2.021(4), 2.032(4) 2.040(4) - 2.241(4)Co-BTC

Co3

6

4 2.093(4), 2.099(4) 1.999(4) - 2.246(4)

Co-BTC-IMI

D–H···A d(D–H) (Å) d(H···A) (Å) d(D···A)(Å) D–H···A (°)

N(1)-H(1)···O(6) 0.87 1.86 2.6952(4) 162

N(2)-H(2)···O(5) 0.89 1.89 2.7736(4) 174

O(7)-H(7A)···O(5) 0.91 1.94 2.8485(4) 173

O(8)-H(8A)···O(3) 0.91 2.09 2.9515(4) 158

O(8)-H(8B)···O(4) 0.95 1.78 2.7221(4) 173

O(9)-H(9A)···O(1) 0.95 1.73 2.6652(4) 167

O(9)-H(9B)···O(5) 0.90 1.85 2.7376(4) 166

O(10)-H(10B)···O(4) 0.84 1.87 2.7066(4) 172

O(10)-H(10C)···O(5) 0.90 2.00 2.8762(4) 163

O(11)-H(11B)···O(6) 0.88 1.84 2.7160(4) 174

O(11)-H(11C)···O(3) 0.87 1.84 2.7101(4) 175

C(11)-H(11A)···O(10) 0.93 2.53 3.4024(5) 157

Co-BTC

O(11)-H(11A)···O(4) 0.85 1.92 2.5888(5) 134

O(11)-H(11B)···O(8) 0.85 1.80 2.6242(6) 164

O(12)-H(12A)···O(3) 0.97 1.74 2.6960(6) 168

O(12)-H(12B)···O(6) 0.97 1.73 2.6868(6) 167

O(13)-H(13A)···O(5) 0.97 1.74 2.6259(6) 149

O(13)-H13A···O(6) 0.97 2.52 3.3979(7) 151

O(13)-H(13B)···O(7) 0.97 1.88 2.7841(6) 155

O(15)-H(15A)···O(6) 0.85 2.39 3.0282(6) 133

O(15)-H(15C)···O(3) 0.85 2.12 2.7364(6) 129

O(18)-H(18A)···O(7) 0.85 2.01 2.7728(6) 148

O(18)-H(18B)···O(5) 0.85 2.01 2.7710(6) 149
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Table S5. Comparison of the π-π interactions between Co-BTC-IMI and Co-BTC
dcent dperp dslip

BTC-BTC 3.6749(5) 3.3537 1.503

BTC-IMI 3.6880(5) 3.3950 1.155

IMI-IMI 4.2425(6) 3.4374 2.487
Co-BTC-IMI

C=O-IMI 3.8656(5) 3.560 --

3.5914(8) 3.3743 1.160
Co-BTC BTC-BTC

3.8046(8) 3.4453 1.426

dcent: Distance between ring Centroids (Ang.).

dperp: Perpendicular distance of ring A on ring B (Ang.).

dslip: Distance between Cg(I) and Perpendicular Projection of Cg(J) on Ring I (Ang).

Table S6. Comparison of the hydrogen bonds between Co-BTC-IMI and Co-BTC
N-H···O O-H···O C-H···O

Numbers 2 9 1

Range of lengths
2.6952(4), 

2.7736(4)
2.6652(4) - 2.9515(4) 3.4024(5)Co-BTC-IMI

Mid-value -- 2.7221(4) --

Numbers -- 11 --

Range of lengths -- 2.5888(5) - 3.3979(7) --Co-BTC

Mid-value -- 2.7364(6) --
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S3. XPS full spectra of Co-BTC and Co-IMI

Fig. S2 XPS full spectra of Co-BTC and Co-IMI.
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S4. K-L and electron transfer number analyses of Co-BTC-IMI

Fig. S3 K-L curves at various potentials for Co-BTC-IMI.
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S5. RDE voltammograms and K-L curves for Co-BTC and Co-IMI

Fig. S4 ORR RDE voltammograms of (A) Co-BTC and (C) Co-IMI at different rotational 

speeds and (B, D) their corresponding K-L curves at different potentials.
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S6. Electron transfer number derived from K-L curves for the studied MOFs

Fig. S5 Electron transfer number derived from the K-L curves for the studied MOFs.
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S7. Modelling simulation details

Fig. S6 Simplified active site structures with the adsorbed intermediates during the 
electrocatalytic reaction process.
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Table S7. The free energy difference of each reaction step during ORR over Co-BTC-IMI

ΔG of each step (eV) U = 0 V U = - 0.83 V U = -0.4 V U = 0.4 V U = 0.2 V

ΔG1 -1.14 -1.14 -1.14 -1.14 -1.14

ΔG2 0.11 -0.72 -0.29 0.51 0.31

ΔG3 -5.87 -6.70 -6.27 -5.47 -5.67

ΔG4 -0.56 -0.56 -0.56 -0.56 -0.56

ΔG5 0.85 0.02 0.45 1.25 1.05

Table S8. The free energy difference of each reaction step during ORR over Co-BTC

ΔG of each step (eV) U = 0 V U = - 0.83 V U = -0.4 V U = 0.4 V U = 0.2 V

ΔG1 -2.30 -2.30 -2.30 -2.30 -2.30

ΔG2 1.63 0.80 1.23 2.03 1.83

ΔG3 -6.07 -6.90 -6.47 -5.67 -5.87

ΔG4 -0.46 -0.46 -0.46 -0.46 -0.46

ΔG5 0.69 -0.14 0.29 1.09 0.89
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S8. X-ray characterizations of Co-BTC-IMI before and after cycling

Fig. S7 (A) Powder XRD patterns of Co-BTC-IMI before and after CV cycling, 

imidazole and BTC. (B) XPS full spectrum of Co-BTC-IMI after CV cycling.

Table S9. Atomic percentage (at%) of the elements in Co-BTC-IMI

Samples C 1s O 1s N 1s Co 2p

Co-BTC-IMI before CV cycling 60.11 31.00 3.13 5.76

Co-BTC-IMI after CV cycling 66.01 29.27 1.68 3.04
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S9. N2 adsorption-desorption isotherms of Co-BTC-IMI before and after cycling

Fig. S8 N2 adsorption-desorption isotherms of Co-BTC-IMI before and after cycling.

Table S10. BET specific surface area (SSA) of Co-BTC-IMI

Samples BET SSA (m2·g-1)

Co-BTC-IMI before CV cycling 32.8

Co-BTC-IMI after CV cycling 19.6
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S10. Bifunctional catalytic activity comparison

Table S11. ORR and/or OER activity comparison between Co-BTC-IMI and other 
unpyrolyzed MOFs reported in the literatures in 0.1M KOH by using RDE at 1600rpm 

Catalyst
E1/2, ORR

(V vs. RHE)

E@j=10, OER

(V vs. RHE)

ΔE(EOER-EORR)
(V vs. RHE)

Ref.

Co-BTC-IMI 0.80 1.59 0.79 This work

(G-dye 50 wt % -FeP)n MOF ~0.46 -- -- S1

MOF(Fe) ~0.454 -- -- S2

MOF(Fe/Co) ~0.25 -- -- S3

α-MnO2/MIL-101(Cr) 0.58 1.70 1.12 S4

ε-MnO2/MOF(Fe) 0.64 -- -- S5

Co/MIL-101(Cr)-O 0.54 1.70 1.16 S6

nano-CuS(28 wt%)@Cu-BTC ~0.70 -- -- S7

Ni3(HITP)2 ~0.68 -- -- S8

Bulk NiCo-MOFs -- 1.55 -- S9

Fe/Ni-BTC@Ni foam -- 1.50 -- S10

Co-OBA/C 0.67 1.73 1.06 S11

ZIF-67@NPC 0.82 1.64 0.82 S12

NiFe-MOF -- 1.60 -- S13

Ti3C2Tx-Co-BDC -- 1.64 -- S14

Mn-BTC@AC 0.79 -- -- S15

FeCo-MNS-1.0 -- 1.528 -- S16

PcCu-O8 - Co/CNT 0.83 -- -- S17

Co-MOF 0.55 1.51 0.96 S18

“~” in the following table indicates that the values were estimated directly from the figures
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