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Table S1. Summary of thin film carbon electrodes used in this work and their preparation 

routes. 

 
Name Electrode fabrication Surface modification solution 

anC N-free sputtered carbon thin-

film annealed at 900 °C in N2 

None 

anC-Spy N-free sputtered carbon thin-

film annealed at 900 °C in N2 

4.0 mM 3-aminopyridine in 10 mM NaNO2, 

0.5 M HCl 

anC-Rpy N-free sputtered carbon thin-

film annealed at 900 °C in N2 

4.0 mM 3-aminopyridine in 10 mM NaNO2, 

0.5 M HCl and 80 mM H3PO2 

anC-R N-free sputtered carbon thin-

film annealed at 900 °C in N2 

10 mM NaNO2, 0.5 M HCl and 80 mM H3PO2 

 

 

Figure S1. (A) Survey XPS spectra of anC, anC-Spy, anC-Rpy and anC-R samples. High 

resolution spectra and best-fits in the C 1s regions for (B) anC and (D) anC-R. High resolution 

spectra and best-fits in the O 1s regions for (C) anC and (E) anC-R. Assignments and positions 

are summarised in Table S2.  
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Table S2. Summary of peak positions, assignments and %-atomic compositions obtained from 

best-fits of C 1s, N 1s and O 1s spectra. 

 

  anCa anC-Spy 
 

anC-Rpy anC-R 

C 1s Atomic-% 95.7% 90.0% 92.9% 91.4% 

  BE 
(eV) 

%A BE 
(eV) 

%A BE 
(eV) 

%A BE 
(eV) 

%A 

 sp2-C [1, 2] 
sp3-C/CN [3, 4] 
CO/CNH+ [5, 6] 
C=O [4, 6, 7] 
COOH [1, 2] 

-* [7] 
 

284.6 
285.5 
286.4 
287.5 
288.7 
290.1 

67.6 
11.9 
7.4 
5.7 
2.1 
5.3 

284.6 
285.7 
286.6 
287.8 
289.2 
290.8 

78.3 
8.5 
6.1 
2.7 
2.3 
2.1 

284.6 
285.7 
286.6 
287.8 
289.2 
290.8 

72.3 
16.6 
2.7 
3.8 
2.7 
1.9 

284.6 
285.6 
286.5 
287.6 
289.0 
290.6 

73.6 
9.5 
7.6 
3.9 
3.3 
2.1 

O 1s Atomic-% 4.3% 9.0% 5.7% 8.6% 

  BE 
(eV) 

%A BE 
(eV) 

%A BE 
(eV) 

%A BE 
(eV) 

%A 

 
 
 

OH− [4] 
C=O/H-bonded 
H2O[1, 2, 4] 
C-OH[1, 2] 
Mol. H2O[1, 2, 4] 
 

- 
532.6 

 
533.9 
535.6 

- 
8 
 

14 
78 

531.5 
532.7 

 
533.8 

- 
 

61.8 
31.6 

 
6.6 
- 
 

531.6 
532.5 

 
533.6 

- 

37.9 
52.6 

 
9.5 
- 

531.8 
532.9 

 
533.9 

- 

57.5 
33.9 

 
8.6 
- 
 

N 1s Atomic-%  1.0 1.4  

    BE 
(eV) 

%A BE 
(eV) 

%A   

 
 
 

Pyridinic-N [4] 
-N=N- [8-10] 
Pyridinium-N [4, 11] 

  399.2 
400.7 
401.9 

 

36.3 
22.0 
41.7 

399.1 
400.6 
401.8 

70.4 
17.5 
12.1 

  

a – Details of the analysis of anC surfaces can also be found in our previous work [12]. 
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Figure S2. Cyclic voltammograms at scan rate 0.020 V s-1 in 1.5 M H2SO4 (dark grey dashed 

line), and in 15 mM VOSO4 in 1.5 M H2SO4 (colored dashed lines) of anC (red), anC-Spy 

(blue) and anC-R (black). Solid traces show the capacitance-corrected CV obtained after 

subtraction. 

 

 

Figure S3. Cyclic voltammograms with capacitance contributions were corrected and recorded 

at scan rates from 0.05 to 0.01 V s-1 under 15 mM VOSO4 in 15 M H2SO4 electrolyte. 
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Table S3. Peak current densities (Ja,p and Jc,p) obtained at 20 mV s-1 from capacitance-corrected 

CV curves in 15 mM VOSO4 in 1.5 M H2SO4; slope values for log-log plots of current density 

vs scan rate; and capacitance values calculated from CV at 20 mV s-1 in 1.5 M H2SO4 (0.2 – 

0.8 V range). 

 

Electrodes Ja,p 

(mA/cm2)  

Jc,p  

(mA/cm2)  

  

Slope of 

Log j-Log  

 

C @20 mV s-1 

(mF/cm2)  

anC 0.49 @ 1.2 V  -0.09 @ 0.05 V 0.42 0.28 

anC-R 0.63 @ 1.2 V  -0.06 @ 0.1 V 0.39 2.01 

anC-Spy 0.60 @ 1.1 V  -0.16 @ 0.5 V 0.42 4.22 

anC-Rpy 0.62 @ 1.1 V  -0.29 @ 0.6 V 0.39 12.5 
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Text S1. Details of simulations 

COMSOL Multiphysics 5.4 was used to carry out finite element simulations (FES) of the 

anodic waves of the voltammograms, following the same approach reported in our previous 

work [12]. The heterogeneous E-step and the electrode geometry used are shown in Figure S4, 

with the simulation boundaries highlighted in the scheme. The reaction cell was axisymmetric 

and defined as a cylinder with radius rbulk and height zbulk defined both at15 mm; at the centre 

of this cylinder, an electroactive circular area of radius rel = 2.5 mm was positioned, matching 

the radius of disk electrodes used in our experiments. Coordinates and boundary conditions are 

listed in Table S4, and parameters used are listed in Table S5.  

A triangular mesh was used, with the highest resolution near the electrode surface set to have 

a maximum element size equivalent to rel/200. To control the precision near the electrode 

surface, an auxiliary rectangular region with a maximum element size of rel/50 and a maximum 

growth rate of 1.05 was also defined (Figure S4). The concentrations of the 𝑖 species (i = VO2+ 

or VO3+) were matched to those in the electrolyte at time zero, and the scan rate  was set at 

20 mV s-1 to replicate the experimental conditions. The time-dependent simulation was solved 

with an intermediate time step of 0.1 s. The diffusion of the 𝑖 species in solution followed Fick’s 

law: 

∂𝐶𝑖

∂𝑡
−  𝐷𝑖∇2𝐶𝑖 = 0   (Eq. S1) 

Where 𝐶𝑖 is the concentration, 𝑡 is time and 𝐷𝑖 is the diffusion coefficient of the 𝑖 species. We 

assumed no convection or other migration mechanisms within the cell. The diffusion 

coefficient for VO2+ was set at its literature value of 2.1 ∙ 10−6 and cm2 s-1, whereas that of 

VO3+ was set to that of the pervanadyl final product VO2
+, as in our previous report [12]. Butler-

Volmer kinetics was used to describe the flux at the electrode surface, according to: 

𝑘anodic = 𝑘0𝑒
(1−𝛼)𝐹𝜂

𝑅𝑇    (Eq. S2) 
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𝑘cathodic = 𝑘0𝑒
−𝛼𝐹𝜂

𝑅𝑇     (Eq. S3) 

Where 𝑘0 is the electrochemical rate constant (cm s-1), 𝛼 is the electron transfer coefficient, 

assumed to be 0.5, 𝐹 is Faraday’s constant, 𝜂 = 𝐸 − 𝐸0 is the overpotential, R is the ideal gas 

constant, 𝑇 = 298 K. The equilibrium potential was set at 𝐸0 = + 0.802 V vs. Ag/AgCl. The 

flux of species at the electrode surface resulting from the overpotential was thus calculated as: 

∇𝑐𝑉𝑂2+ = −𝑘𝑎𝑛𝑜𝑑𝑖𝑐 ∙ 𝑐𝑉𝑂2+ + 𝑘𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 ∙ 𝑐𝑉𝑂3+      (Eq. S4) 

The current density was calculated from the surface integral of the net flux of species VO2+. 

Voltammograms with a geometric progression series of 𝑘0 values were simulated using a 

parametric sweep. The sum of square errors (SSE) of each voltammogram was calculated using 

the simulated and experimental curves over potential windows between the onset and the peak. 

The minima of the SSE vs 𝑘0 yielded the best estimate of 𝑘0 for each sample and uncertainties 

were determined as the range of 𝑘0 values corresponding to a 10% increase in SSE in the 

interpolated SSE versus 𝑘0 plot [12, 13]. 

 

Figure S4. (A) Scheme of the simulated E-step. (B) Electrode and cell geometry used for the 

simulation of cyclic voltammograms. (C) Details of the mesh used for finite element 

simulations showing an expanded view of the region near the electrode surface. 
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Table S4: Cylindrical coordinates (r and z) used to describe each boundary and domain in the 

finite element simulation as detailed in Fig. S8, and corresponding mass transport and 

chemical reaction conditions. 𝑐𝑖 refers to the concentration of 𝑖 species. 

Description 
Coordinates 

Boundary condition 

𝒛 𝒓 

Axis of Symmetry 0 ≤ 𝒛 ≤ zbulk 0 − 

Bulk Electrolyte 

(boundaries) 

zbulk 0 ≤ 𝒓 ≤ rbulk 

𝑐VO2+ = 15 mM 
𝑐VO2

+ = 0 mM 

0 ≤ 𝒛 ≤ zbulk rbulk 

Inert Surface 

(boundary) 
0 relectrode ≤ 𝒓 ≤ rbulk 

J = 0 

(No flux) 

Electrode Surface 

(boundary) 
0 0 ≤ 𝒓 ≤ relectrode 

∇𝑐VO2+ = −𝑘𝑎𝑛 ∙ 𝑐VO2+ + 𝑘𝑐𝑎𝑡 ∙ 𝑐VO2
+  

∇𝑐VO2
+ = −𝑘𝑐𝑎𝑡 ∙ 𝑐VO2

+ + 𝑘𝑎𝑛 ∙ 𝑐VO2+  

Electrolyte Solution 

(domain used for 

E) 

0 ≤ 𝒛 ≤ zbulk 0 ≤ 𝒓 ≤ relectrode 

𝑑𝑐VO3+

𝑑𝑡
≈ 0 

(assumed rapid chemical reaction) 
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Table S5: Summary of parameters used for simulations. 

Variable 

symbol 
Value Units Description 

rbulk 15 mm 
Radius of the simulated boundary 

domain. 

zbulk 15 mm 
Height of the simulated boundary 

domain. 

relectrode 2.5 mm Electrode radius. 

𝒌𝟎 
𝑘0 =  𝑎1 ∙ 𝑟(𝑛−1) 

𝑎1 = 1 ∙ 10−8  𝑟 = 1.05  𝑛 = 1: 250 
cm s-1 Heterogeneous rate constant 

𝑬𝟎 0.802 V 
Standard potential of VO2+/ VO2

+ 

redox couple 
𝜶 0.5 - Butler-Volmer Transfer coefficient 

𝑫𝐕𝐎𝟐+  2.1 ∙ 10−6 cm2 s-1  Diffusion coefficient of VO2+ 

𝑫𝐕𝐎𝟑
+  2.8 ∙ 10−6 cm2 s-1  Diffusion coefficient of VO3

+ 

𝒄
𝐕𝐎𝟐+
𝟎  15 mM 

Initial concentration of VO2+ in the 

electrolyte solution domain 

𝒄
𝐕𝐎𝟑

+
𝟎

 0 mM 
Initial concentration of VO2

+ in the 

electrolyte solution domain 

 

* coarse parameters were used for a first best-fit approach; fine parameters were used for refining the 

best fit values. 

 

 

Figure S5. Simulated voltammograms for an E-step with k0 ranging from 10-8 to 10-3 cm s-1 

compared to the experimental CVs recorded at 0.020 V s-1 vs Ag/AgCl of anC and anC-R 

electrodes.  
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Figure S6. Carbon cloth electrode preparation processes. Pristine carbon cloth (A), its 

treatment in methanol for 1 min (B), and surface functionalisation routes (C). 

 

Table S6. Summary of carbon cloth electrode preparation protocols. 

 
Electrodes Pre-treatment Functionalisation route 

CC n.a n.a. 

CC-Rpy n.a. Route 2 

CC-T 1 min in CH3OH n.a. 

CC-T-Spy 1 min in CH3OH Route 1 

CC-T-Rpy 1 min in CH3OH Route 2 

CC-T-R 1 min in CH3OH Route 3 

 

Figure S7. Cyclic voltammograms in 15 mM VO2+/VO2
+ in 1.5 M H2SO4 at (A) unmodified 

CC and (B) functionalised CC-Rpy electrodes.  
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Figure S8. XPS characterization of the carbon cloth pristine: survey spectra (A) and high-

resolution C1s (B), F1s (C) and O1s (D). 

 

Table S7. Elemental atomic %-compositions and components obtained from high-resolution 

spectra and best-fits of C 1s, F 1s and O 1s of pristine carbon cloth electrode. 

 

Components 

assignments 

Components 

(at. %) 

Binding  

Energy (eV) 

Components 

 ratio 

C1s 63.1 284.3 F/C O/C 

F1s 36.6 689.5  

0.6 

 

0.03 
O1s 1.6 532.3 

 

Peak Component assignment BE (eV) 

C 1s sp2-C [1, 2] 
sp3-C [3, 4] 
CO [5, 6] 
C=O [4, 6, 7] 
CF-CFx [14-16] 
C—F [14-16] 
CF2 [14-16] 

284.6 
285.6 
286.6 
287.7 
290.7 
292.4 
293.6 

O 1s C=O[1, 2] 
C-OH[1, 2] 

532.3 
533.6 

F 1s C—F [15, 17] 
CF2 [15, 17] 

689.7 
690.7 
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Figure S9. SEM images of carbon cloth pristine, obtained under 5.00 kV and Signal A = SE2 

(A and C) and InLens (B and D). 
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Figure S10. CV of CC-T-Rpy, CC-T-Spy, CC-T-R and CC-T electrodes recorded at scan rates 

from 0.05 to 0.01 V s-1.  (A-D) CV in supporting electrolyte 1.5 M H2SO4 for each sample are 

shown in the left-most column. (E-H) CV in 15 mM VO2+ in 1.5 M H2SO4 are shown in the 

center column. (I-L) Capacitance-corrected CV are shown in the right-most column.  
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Figure S11. CV in 15 mM VOSO4 and 1.5 M H2SO4 at 50 mV s-1 of all CC electrodes described 

in Table S7, collected over a wider potential window than in Figure S7. 

 

 

Table S8. Electrochemical performance indicators at carbon cloth electrodes. The tests were 

performed in 15 mM VOSO4 in 1.5 M H2SO4 electrolyte and using 1 M KCl sat. Ag/AgCl as 

the reference electrode. Capacitance values were estimated from CV in 0.1 M Na2SO4 at 0.1 V 

s-1 via charge integration. 

 

Electrodes Capacitance  

(mF/cm2) 

Porosity 

(P) 

ΔE
peak 

(V) 

J
a,p (mA/cm)  

@ 20 mVs-1 

J
c,p 

(mA/cm) 

 @ 20 mVs-1 

CC 0.01  0.80 n.a 2.3 n.a 

CC-T 0.01  1.85 0.03 0.02 -0.01 

CC-Spy 15.8  1.27 0.07 1.5 -1.1 

CC-R 19.8  0.90 0.11 1.2 -0.8 

CC-Rpy 30.0  1.27 0.1 1.5 -1.2 

 

 

Table S9. Coulombic Efficiency (CE), Voltage Efficiency (VE) and Energy Efficiency (EE) of 

CC-T-R, CC-T-Spy and CC-T-Rpy extrapolated from the charge and discharge curves at 10, 20 

and 40 mA cm-2. 

 

Electrode Current (mA cm-2) CE % VE % EE% 

CC 10 98.0 68.3 66.9 
 20 73.7 62.0 45.6 

 
CC-T-R 

10 98.5 82.7 81.5 
20 95.7 82.3 78.8 
40 93.5 73.9 69.1 

 
CC-T-Spy 

10 99.3 95.0 94.4 
20 99.9 68.6 68.5 
40 98.7 68.5 67.6 

 
CC-T-Rpy 

10 99.4 82.2 77.5 
20 99.6 68.5 68.2 
40 98.2 61.3 60.1 
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Figure S12. Water contact angle data used for comparing wettability at (A) thin film 

electrodes and (B) carbon cloth electrodes.   

 

 

 

Figure S13. Vanadium solutions and respective UV-Vis absorption spectra. (A) The initial 

electrolyte (0 h) was obtained starting from 1 M VOSO4 in 2 M H2SO4 and shows the 

characteristic peak of V4+ at ca. 760 nm (spectrum shown after dilution to achieve A < 1.5) [18-

20]. After 1 h the negolyte shows peaks at ca. 630 and 402 nm corresponding to V3+ species 

[18-20]. (B) Spectral changes in the (B) positive and (C) negative compartment after 24 h of 

charge/discharge cycling at 20 mA cm-2. The loss of the peak at 760 nm in (B) supports the 

complete conversion to V5+ in the posolyte. The presence of peaks at 402, 580 and 870 nm 

indicate the presence of both V3+ and V2+in the solution [18-20] and suggest that faradaic 

imbalances likely contribute to irregular discharge curves [21].  
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Figure S14. Cycling stability tests at 10 mA/cm2 for CC and CC-T-Rpy electrodes. Red and 

black traces display battery capacity (mA h) and Coulombic efficiency (%), respectively. Three 

regions are highlighted as region I, region II, and region III, corresponding to the start, middle, 

and end of the cycling tests. The tests and data analysis were conducted under the conditions 

described in the experimental section. Battery capacity was determined according to the 

equation reported in previous work [22]. 

 

Table S10. Performance parameters for CC and CC-T-Rpy electrodes in regions I, II, and III, 

corresponding to the start, middle, and end of the cycling tests in Figure S14.  

 
Electrodes Coulombic Efficiency (%) Capacity (mA h) 

 I II III I II III 

CC 98 96 92 52 47 35 

CC-T-Rpy 97 92 95 54 51 43 
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