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(a) (b) (c)

Figure S1 SEM images of the (a) HEO-550, (b) HEO-750, and (c) HEO-900.
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Figure S2 (a) Nitrogen adsorption-desorption isotherms of the BET measurement as-synthesized 

HEO-750, (b) HEO-900.

Table S1 BET and BJH measurement results obtained from Figure S2 (a-b).

Electrocatalysts Surface area (m2 g-1)
Porosity (cm3 g-1)

Total pore volume
Mean pore diameter (nm)

HEO-750 54.743 0.251 18.34

HEO-900 13.125 0.098 29.81
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Figure S3 EDS graph of the (a) HEO-550, (b) HEO-750, and (c) HEO-900.
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Figure S4 (a) The FTIR spectrum and (b) XRD patterns of different hydrothermal treatments of 

(12, 18, and 24) hrs of HEO-750 nanoparticles.
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Figure S5 The O 1s XPS spectra of (a) HEO-550, (b) HEO-750, and (c) HEO-900.



S5

Table S2 The fitting results of XPS O 1s spectra obtained from Figure S5.

O1s Lattice oxygen (O
L) Oxygen vacancy ( O

v) Chemisorbed oxygen 

(O
C)

HEO-550 29.23 % 13.42 % 57.34 %

HEO-750 3.69 % 17.74 % 78..56 %

HEO-900 84.9 % 6.91 % 5.3 %
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Figure S6 The cycle voltammetry (CV) curves of (a, b) HEO-(140°C, 180°C)/(5, 18) hrs, (c, d) 

HEO-(12, 18, 24) hrs in Anolyte and Catholyte, respectively in the electrolyte solutions of 1.6 M 

VOSO4 + 4.6 M H2SO4 at the scan rate of 10 mV s−1.
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Table S3 The cyclic voltammetry results obtained from Figure S6.

Types Electrodes

Glassy 

carbon

HEO-

140°C 

/5hrs

HEO-

180°C 

/12hrs

HEO-

180°C 

/18hrs

HEO-

180°C 

/24hrs

Ipa/Ipc(mA/cm2) - 0.88 1.13 1.02 1.23Negative 

side ΔEp (mV) -256 -148 -170 -169 -180

Ipa/Ipc(mA/cm2) 1.7 1.92 1.62 1.43 1.59Positive 

side ΔEp (mV) 286 278 251 233 245

The CV curves of the HEO-750 electrode for the VO2+/VO2
+ were conducted at different 

scan rates, as shown in Figure S7a. The peak current (ipa and ipc) as a function of the square root 

of the scanning rate for the HEO-750 electrode (Figure S7b). The cathodic and anodic peak current 

densities of the VO2+/VO2
+ redox pair are proportional to the square root of the scan rate, indicating 

that the electrochemical behavior of the redox couple at the electrode was diffusion controlled.1 

Because peak current versus square root of scan rate is nonlinear, CV is not the best way to 

determine kinetic parameters. Therefore, the kinetic parameters were determined using the rotating 

disc electrode (RDE) method, i.e., LSV curves. The electrode reaction rates of HEO-750 were 

investigated using linear sweep voltammetry (LSV), as shown in Figure S8. The rotation speed 

was varied from 200 rpm to 2000 rpm (Figure S8a). LSV was scanned from 0 V to 2 V on the 

positive side versus Ag/AgCl at the scan rate of 2 mV s-1. The linear relationship between limiting 

current, iL, and the square root of rotation speed (ω1/2) is shown in Figure S8b, which reveals the 

good electrochemical activity of HEO-750. Figure S8b plots the Levich behavior of the HEO-750 

assembled electrodes governed by the equation below. 2, 3

iL = 0.62nFAD2/3ω1/2υ ―1/6C0                                                                                                  (1)

ik =  nFAk0Co =  nFAk0Coexp( ―αnF(E ― E0′)
RT )                                                                    (2)

From the slopes of the curves given in Figure S8b, the calculated diffusion coefficients for VOSO4 

using Equation 1 are 2.1246×10-5 cm2 s-1. Figure S8c is obtained by taking the logarithm of the 

reciprocal of the y-intercepts of Figure S8d. The values of k0 were obtained from i0 using 
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Equation 2. The exchange current and estimated standard rates constant are 7.75×10-3 A and 

2.5×10-4 cm s-1, respectively.
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Figure S7 (a) CV curves of HEO-750 electrode in 1.6 M VOSO4 in 4.6 M H2SO4 electrolyte at 

scan rates ranging from 10 to 100 mV s-1. (b) Peak current (ipa and ipc) as a function of the square 

root of the scanning rate for the HEO-750 electrode. 
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Figure S8 (a) Anodic polarization curves of HEO-750 electrode at different electrode rotating 

speeds, (b) Linear fitted Levich plots of the limiting current density (iL) versus the square root of 

rotation rates (ω1/2), (c) Linearly fitted plots of log ik as a function of the overpotential (η) (d). 

Linearly fitted Koutecky-Levich plots of  i−1 versus ω−1/2.
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Figure S9 Potential-dependent in situ Raman spectra measured at (a, b) low wavenumber and (c, 

d) high wavenumber regimes of HEO-750 in 0.05 M VOSO4 + 2 M H2SO4.
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Figure S10 Nyquist plots of of (a) HEO-(140°C, 180°C)/(5, 18) hrs and(b) HEO-(12, 18, 24) hrs 

in the  electrolyte solutions of 1.6 M VOSO4 + 4.6 M H2SO4 at a polarization potential of 1.0 V. 

Table S4 EIS results obtained from Figures S10a and S10b.

Resistances Electrodes

Glassy 

carbon

HEO-

140°C/5hrs

HEO-

180°C/12hrs

HEO-

180°C/18hrs

HEO-

180°C/24hrs

Rs (Ω) 4.59 6.23 5.65 6.53 5.92

Rct (Ω) 11.39 13.93 10.55 7.66 10.87
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Figure S11 Photographs of the contact angle measurements on (a) PGF, (b) TGF, (c) TGF-HEO-

750, (d) TGF-HEO-550, and (e) TGF-HEO-900.
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(d)(c)

(b)(a)

Figure S12 SEM images of TGF-HEO-750 (a) before charge-discharge, (b) after charge-

discharge, and (c, d) the elemental mapping of TGF-HEO-750 before and after charge-discharge, 

respectively.
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Figure S13 XPS spectra (a) O1s, (b) C1s, (c)  Mo3d, (d) W4f, (e) Zr3d, (f) Bi4f, (g) La3d, (h) 

Ce3d of TGF-HEO-750 electrode after charge-discharge cycles. 
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Figure S14. (a, c) the CV curves of TGF and TGF-HEO-750 and the corresponding values of 

Ipa/Ipc and ΔEp with a scan rate of 5 mV s−1; (b, c) the Nyquist plots of the TGF and TGF-HEO-

750, and the corresponding Rs and Rct values at open-circuit potential 5 mV, towards VO2+ /VO2
+ 

in 0.05 M VOSO4 + 2 M H2SO4 solutions after charge-discharge cycles.
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Figure S15. XRD pattern of TGF-HEO-750 (a) before and (b) after charge-discharge cycles.
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Figure S16. Charge-discharge profiles of the cell PGF, TGF, TGF-HEO-750, and both sides TGF-

HEO-750 at the current density of 80 mA cm−2.
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(a) (b)

(c)

Figure S17. (a) UV-Vis spectra of various vanadium electrolytes (1.6 M VOSO4 + 4.6 M H2SO4 

solution with DI water by 20 times dilution). (b) Repeated test at 10 mV s−1 scan rate. (c) Vanadium 

electrolyte color.
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Table S5 Comparison of the CE, VE, and EE of the TGF-HEO-750 material with those of 

previously reported metal and metal oxide-based materials.

Materials Electrolyte 

concentration

Membrane 

type

Current 

density

(mA cm-2)

CE (%) VE (%) EE (%) Ref

120 97.77 81.42 79.61TGF-HEO-

750

1.6 M VOSO4 + 

4.6 M H2SO4

Nafion 212

160 98.10 74.76 73.34

This 

work

BiVO4-GF 1.6 M VOSO4 + 

4.6 M H2SO4

Nafion 212 100 97.23 75.42 77.57 4

3D annealed 

WO3 NWs/G

S- GF

1.6 M VOSO4 + 

2.5 M H2SO4

Nafion 117 80 94.98 83.69 79.49 5

TiC-GF 1.6 M VOSO4 + 

4 M H2SO4

Fumasep® 

FAP 450

100 98.63 73.60 74.62 6

Bi2O3/CNTs-

GF

1.5 M VOSO4 + 

3 M H2SO4

Nepem115 50 94.78 83.56 88.15 7

Ti/IrO2:Ta2O

5

1.7 M VOSO4 + 

4 M H2SO4

Nafion 117 40 90 90 81.0 8

Nb-doped h-

WO3 NWs/G

F

1.6 M VOSO4 + 

2.5 M H2SO4

Nafion® 

117

80 93.16 83.83 78.10 9

Mn3O4/CF 2 M VOSO4 

+ 2.5 M H2SO4

Not specify 40 83.5 91.0 76.0 10

Ir/CF 0.5 M VOSO4 

+ 2 M H2SO4

20Nafion117

®

20 79.7 87.5 69.7 11

W18O49 NWs

/GF

1.6 M VOSO4 + 

3 M H2SO4

Nafion 117 80 94.2 85.0 80.1 12

CeO2/GF 2 M VOSO4 

+ 2 M H2SO4

Nafion 117 100 87.9 84.2 74.0 13

Ta2O5-GF 1.6 M VOSO4 + 

2.5 M H2SO4

Nafion 117 80 94.8 78.1 73.7 14
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