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Fig. S1 (a) Schematic illustration of the unit of ZnCo-MOF. (b-c) SEM images of 

ZnCo-MOF precursor.   



                                                                  

Fig. S2 Evolution of precursor during annealing process.

The evolution of precursors during the annealing process is shown in Fig. S2. At 400 

℃, dicyandiamide undergoes the polycondensation reaction to form carbon nitrides. 

This pre-stabilized process can avoid its rapid loss (evaporation) at high-temperature 

pyrolysis. Afterward, ZnCo MOF is carbonized at elevating temperature and the carbon 

nitrides are also gradually decomposed to small molecular gases (e.g., H2, NH3), which 

can diffuse into the MOF side and facilitate the growth of carbon nanotubes. Finally, 

there is no residual in the side originally being put dicyandiamide. 



                                                                  

Fig. S3 XRD patterns of thermally treated GF (TGF) and annealed Co@HNC.



                                                                  

Fig. S4 (a) SEM and (b) TEM images of Co@HNC before acid etching.



                                                                  

Fig. S5 High resolution TEM images of acid-treated commercial CNTs.



                                                                  

Fig. S6 SEM image of (a) neat TGF and (b) acid-treated commercial CNT coating on 

TGF (C-TGF).



                                                                  

Fig. S7 XPS survey spectra of different electrodes. (Note: the signals of fluorine in C-
TGF arises from the Nafion binder.)

Table S1 Elemental compositions of different electrodes measured by XPS.

Electrodes C (at %) O (at %) N (at %)

TGF 91.39 8.39 0.22

C-TGF 92.73 7.27 0

HNC 85.10 9.22 5.68



                                                                  

Fig. S8 Testing device used for diffusion-less CV.



                                                                  

Fig. S9 High-frequency EIS in static cell measured for diffusion-less CV.

The intersection point of curve and X axis (X=0) is the uncompensated resistance in the 
static cell, which is equal to the sum of electronic resistance and ionic resistance.



                                                                  

Fig. S10 The diffusion-less CV of HNC in the region of non-Faradaic current at 
different scan rates.

The double layer capacitance (Cdl) can be attained via , where Δj is the 
𝐶𝑑𝑙=

Δ𝑗
𝑣

average of the magnitudes of the currents in the forward and backward scans. Assuming 
a specific capacitance (Cs) for carbon ~20 µF/cm2, ECSA is then Cdl/Cs.
 



                                                                  

Fig. S11 Diffusion-less CV curves and their simulation results on (a) TGF and (b) C-

TGF electrodes.



                                                                  

Fig. S12 Optimized solvation structures of vanadium ions



                                                                  

Fig. S13 (a) Initial adsorption models of axial water site on pyridinic-N doped 

graphene and (b) corresponding optimized model.



                                                                  

Fig. S14 Optimized models of (a) axial oxygen site and (b) axial water site on 

graphitic-N doped graphene.



                                                                  

Fig. S15 Optimized models of (a) axial oxygen site and (b) axial water site on 

pyrrolic-N doped graphene.



                                                                  

Fig. S16 Optimized models of (a) axial oxygen site and (b) axial water site on pristine 

graphene.



                                                                  

Fig. S17 Optimized models of VO2
+ on pyridinic-N doped graphene: (a) vanadium 

site and (b) oxygen site.



                                                                  

Fig. S18 Optimized models of VO2
+ on (a) pristine graphene, (b) pyrrolic-N and (c) 

graphitic-N doped graphene 



                                                                  

   Fig. S19 High-frequency EIS configured with both TGF electrodes in the dry cell 

The intersection point of curve and X axis (X=0) is the areal specific resistance in the 
dry cell, whose value is the sum of the electronic resistances of the carbon electrodes, 
the endplates and the current leads, and their contact resistances.

Table S2 Electrical conductivity of electrodes.

Electrodes Electrical conductivity
(S cm-1)

TGF 2.38

C-TGF 3.47

HNC 4.62



                                                                  

Fig. S20 Capacity retention rate as a function of cycle. 



                                                                  

Table S3. Comparison of battery performance between the current study and state-of-

the-art VRFBs assembled with different carbon electrodes. 

Samples Current 
density 

(mA cm-2)

Energy 
efficiency

(%)

Cycle 
number

50 % 
capacity 
retentio

n 
(cycles)

Reference

HNC 400 76.8 2000 1032 This work
PCP 400 69.7 700 550 1

Gradient 
GO-

rGO/GF

50 87 50 - 2

GFs-GO 100 87 100 - 3

KMnO4-GF 200 84 550 - 4

B4C-GF 160 80 200 - 5

B-doped 
GF

240 82.5 2000 - 6

BiNP-TCC 320 80.1 200 - 7

CF-G-1 25 90 100 ~90 8

N-GF180 100 85 200 - 9

CNF-AECF 200 87 500 ~460 10

Gradient-
pore GF

300 68.72 60 - 11

P-doped GF 300 75 100 - 12

Mxene-GF 200 81.3 500 ~480 13

MPNCF 320 81.9 500 ~490 14

Bi-NS-CF 400 80.4 1000 - 15

G/CF 100 86.4 660 ~590 16

Note: For fair comparison batteries are chosen among those with a Nafion®212 
membrane.
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