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Figure S1. TPD profiles of A) CO and B) CO2 for SWCNT pristine (black lines), a-SWCNT 

(red lines), b-SWCNT (blue lines) and hCNT (orange lines) performed in He atmosphere at 

heating rate of 10ºC min-1.
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Table S1. Chemical composition obtained from the XPS spectra of pristine SWCNT, a-

SWCNT, b-SWCNT and hCNT samples. Gravimetric capacity in 0.5 M H2SO4 at 50 mV s-1 in 

N2 atmosphere.

Sample O / at. % N / at. % Fe / at. % C / F g-1

SWCNT pristine 3.13 0.37 0.17 45
a-SWCNT 6.38 0.44 - 63
b-SWCNT 3.28 0.38 0.14 46

hCNT 3.71 - - 7
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Figure S2. XPS full survey spectra of pristine A) SWCNT, B) a-SWCNT, C) b-SWCNT and 

D) hCNT samples.
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Table S2. Surface chemistry analysis obtained from TPD experiments for the different CNTs.

Sample CO / mol g-1 CO2 / mol g-1 TOTAL O / mol g-1

a-SWCNT 1672 502 2675
b-SWCNT 271 160 592

hCNT 986 164 1314
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Figure S3. Raman spectra of pristine SWCNT (black lines), a-SWCNT (red lines), b-SWCNT 

(blue lines) and hCNT (orange lines). A) D, G and G’ bands. Inset: Magnification of the G band 

and B) RBM region.
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Figure S4. Cyclic voltammograms of the open stepwise upper potential limit from 0.80 to 1.8 

V for A) a-SWCNT, B) b-SWCNT and C) hCNT, in 0.5 M H2SO4 at 50 mV s-1.
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Figure S5. Cyclic voltammograms of the open stepwise upper potential limit from 0.0 to 1.8 

V (vs RHE) for pristine SWCNT (unpurified) in 0.5 M H2SO4 at 50 mV s-1 under N2 

atmosphere.
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Figure S6. Cyclic voltammograms of the electrochemical functionalization of A, B) a-

SWCNT and C, D) hCNT in 0.5 M H2SO4 (black lines) and 0.5 M H2SO4 + 1 mM ANI (colored 

lines) at A, C) 1.2 V and B, D) 1.4 V, during 10 cycles at 10 mV s-1 under N2 atmosphere.
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Figure S7. Cyclic voltammograms for a-SWCNT electrochemically modified at A) 1.0 V, B) 

1.2 V, C) 1.4 V, D) 1.6 V and E) 1.8 V (vs RHE) with 1 mM ANI, in acid (0.5 M H2SO4, black 

lines), neutral (0.1 M PBS, pH=7.2, red lines) and alkaline (0.1 M KOH, blue lines) solution 

free of monomers at 50 mV s-1. 10th cycle.
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Figure S8. Cyclic voltammograms for hCNT electrochemically modified at A) 1.0 V, B) 1.2 

V, C) 1.4 V, D) 1.6 V and E) 1.8 V (vs RHE) with 1 mM ANI, in acid (0.5 M H2SO4, black 

lines), neutral (0.1 M PBS, pH=7.2, red lines) and alkaline (0.1 M KOH, blue lines) solution 

free of monomers at 50 mV s-1. 10th cycle.
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Figure S9. Cyclic voltammograms and correlation of anodic and cathodic current of 

processes A, B and C vs. vscan (5, 10, 20, 50, 100 and 200 mV s-1) for A, B) a-SWCNT and C, 

D) hCNT electrochemically modified at 1.2 V (vs RHE)  with 1mM ANI, in 0.5 M H2SO4 under 

N2 atmosphere.
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Figure S10. Cyclic voltammograms for b-SWCNT electrochemically modified at A) 1.0 V, 

B) 1.2 V, C) 1.4 V, D) 1.6 V and E) 1.8 V (vs RHE) with 1 mM ANI, in acid (0.5 M H2SO4, 

black lines), neutral (0.1 M PBS, pH=7.2, red lines) and alkaline (0.1 M KOH, blue lines) 

solution free of monomers at 50 mV s-1 under N2 atmosphere. 10th cycle.
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Figure S11. Cyclic voltammograms for a-SWCNT electrochemically modified at 1.2 V (vs 

RHE) with A) 1 mM 4ADPA, B) 1 mM benzidine and C) 1 mM phenazine, in acid (0.5 M 

H2SO4, black lines), neutral (0.1 M PBS, pH=7.2, red lines) and alkaline (0.1 M KOH, blue 

lines) solution free of monomers at 50 mV s-1 under N2 atmosphere. 10th cycle.
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Electrochemical studies in presence of 2APPA and 4APPA (0.5 M H2SO4 + 1 mM 

2/4APPA) were performed by cycling voltammetry and increasing the upper positive 

potential to higher values from 0.80 to 1.8 V. The stepwise potentiodynamic process in 

Figure S12 confirms the presence of phosphonic moieties, since the electrochemical 

response show some changes with respect to the previous study with aniline (Figure 2 in 

the main text). Moreover, the position of the phosphonic groups seems to be of great 

relevance for the resultant polymer formation and functionalization.
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Figure S12. Cyclic voltammograms of the open stepwise upper potential limit from 0.80 to 

1.8 V for A, B) a-SWCNT and C, D) hCNT, in 0.5 M H2SO4 + A, C) 1 mM 2APPA and B, D) 1 

mM 4APPA (right) at 50 mV s-1.

Cyclic voltammograms shown in Figure S12 reveal similar electrochemical responses 

at low upper potential limits to those observed in presence of aniline. When the potential 

window is opened to 1.0-1.1 V, an oxidation current appears both for 2APPA and 4APPA 

(Figure S12A and B) with a-SWCNTs, resembling those observed previously in presence 

of ANI (Figure 3A in the main text). It is also found that for hCNTs the oxidation peak is 
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shifted to 1.25 V for 2APPA and 1.30 V for 4APPA (Figure S12C and D, respectively). 

Therefore, it is expected that the anodic peak corresponds to the oxidation of the amino 

group present in APPA monomers, followed by radical coupling [1], or the anchoring of 

C-N species on CNTs surface [2,3]. It is noteworthy the influence of the effective surface 

area and chemical nature of the electrode on the interaction, growth and quality of stable 

polymeric materials and/or functionalization. In this sense, a-SWCNTs facilitates the 

oxidation of APPA monomers, showing lower potential onsets than those obtained over 

a Pt electrode [4]. Besides, the homopolymerization of 2APPA and 4APPA on Pt 

electrode is not produced and it requires the presence of aniline to promote the 

phosphonation of the polyaniline backbone during the electrooxidation. Interestingly, 

homopolymerization of 2APPA and 4APPA is possible onto CNTs, possibly as result of 

the interaction between the monomer/polymer-chain and the conjugated structure of 

SWCNTs and MWCNTs favouring the correct orientation and adsorption of APPA 

molecule, in comparison with the Pt electrode [3–6].

After the first sweep up to 1.1 V, a decrease of the monomer oxidation peak along with 

the development of several redox processes occur with the number of cycles, which 

depend on the APPA monomer employed and the surface chemistry of the CNTs. New 

redox processes are generated in addition to those observed in Figure 2 (in the main text) 

for ANI, thus verifying the presence of electroactive species related to phosphonic groups. 

Specifically, the electrooxidation of a-SWCNTs in presence of 2APPA results in two 

main oxidation/reduction peaks at 0.56 and 0.75 V. In the same way, the oxidation in 

presence of 4APPA originates different redox processes at 0.31 and 0.68 V [3], in addition 

to the process at 0.87 V, which appears less overlapped than for 2APPA. As seen before, 

the cyclic voltammograms with hCNTs show more notable differences with the 

appearance of new redox processes in addition to those mentioned above, which are a 

consequence of their heterogeneity and different structure compared to SWCNTs. For 

instance, hCNTs modified with 2APPA also show redox peaks at 0.68 and 1.05 V, while 

4APPA generates further processes at 0.10 and 0.75 V.
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Figure S13. Cyclic voltammograms of the electrochemical functionalization of A, B) a-

SWCNT and C, D) hCNT in 0.5 M H2SO4 (black lines) and 0.5 M H2SO4 + 1 mM 2APPA 

(colored lines) at A, C) 1.2 V and B, D) 1.4 V, at 10 mV s-1 under N2 atmosphere.
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Figure S14. Cyclic voltammograms of the electrochemical functionalization of A, B) a-

SWCNT and C, D) hCNT in 0.5 M H2SO4 (black lines) and 0.5 M H2SO4 + 1 mM 4APPA 

(colored lines) at: A, C) 1.2 V and B, D) 1.4 V, at 10 mV s-1 under N2 atmosphere.
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Figure S15. Cyclic voltammograms for a-SWCNT electrochemically modified at 1.2 V (vs 

RHE)  with A) 1mM 2APPA and C) 1 mM 4APPA, at different vscan (5, 10, 20, 50, 100 and 200 

mV s-1) in 0.5 M H2SO4 under N2 atmosphere. Correlation of anodic and cathodic current of 

processes A, B and C vs. vscan generated with B) 2APPA and D) 4APPA, respectively.
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Figure S16. Cyclic voltammograms for hCNT electrochemically modified at 1.2 V (vs RHE)  

with A) 1mM 2APPA and C) 1 mM 4APPA, at different vscan (5, 10, 20, 50, 100 and 200 mV s-

1) in 0.5 M H2SO4 under N2 atmosphere. Correlation of anodic and cathodic current of processes 

A, B and C vs. vscan generated with B) 2APPA and D) 4APPA, respectively.
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Figure S17. Cyclic voltammograms of b-SWCNT unmodified (dashed lines) and 

electrochemically modified at A)1.2 V and B) 1.4 V (vs RHE) with 1 mM ANI (green lines), 1 

mM 2APPA (blue lines) and 1 mM 4APPA (red lines), in acid medium (0.5 M H2SO4) free of 

monomers at 50 mV s-1 under N2 atmosphere. 10th cycle.
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Figure S18. Cyclic voltammograms for A, B) a-SWCNT and C, D) hCNT electrochemically 

modified at 1.2 V (vs RHE) with A, C) 1 mM 2APPA and B, D) 1 mM 4APPA, in acid solution 

(0.5 M H2SO4) free of monomers at 50 mV s-1 under N2 atmosphere. Stability test during 150 

cycles.
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Figure S19. Cyclic voltammograms for A, B) a-SWCNT and C, D) hCNT electrochemically 

modified at 1.2 V (vs RHE) with A, C) 1 mM 2APPA and B, D) 1 mM 4APPA, in acid (0.5 M 

H2SO4, black lines), neutral (0.1 M PBS, pH=7.2, red lines) and alkaline (0.1 M KOH, blue 

lines) solution free of monomers at 50 mV s-1 under N2 atmosphere. 10th cycle.
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Table S3. Gravimetric capacitance of a-SWCNT and hCNT, before and after electrochemical 

functionalization in different pH solutions.

C / F g-1*

Sample
0.5 M H2SO4 0.1 M PBS 0.1 M KOH

a-SWCNT 63 57 58
a-SWCNT_1.2 60 50 52

a-SWCNT_ANI 175 161 162
a-SWCNT_2APPA 127 101 81
a-SWCNT_4APPA 107 86 75

hCNT 7 3 6
hCNT_1.2 8 3 7

hCNT_ANI 26 22 19
hCNT_2APPA 14 12 8
hCNT_4APPA 12 9 7

* The gravimetric capacitance was determined from 0.0 to 1.0 V (vs RHE) at 50 mV s-1, cycle 10.

A)
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Table S4. Estimated amount of introduced functionalities on the CNTs modified at 1.2 V 

with ANI, 2APPA and 4APPA monomers.

ANI 
/ mmol g-1

2APPA 
/mmol g-1

4APPA 
/mmol g-1

a-SWCNT 1.194 0.698 0.485
hCNT 0.181 0.066 0.038

A)
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Table S5. Mol percentages estimated from active species determined by cyclic voltammetry 

on the CNTs modified at 1.2 V with 2APPA and 4APPA monomers.

2APPA /mol.% 4APPA / mol.%

a-SWCNT 0.98 0.68
hCNT 0.09 0.05

A)
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Figure S20. XPS full survey spectra of A, B) a-SWCNT and C, D) hCNTs modified with A, 

C) 2APPA and B, D) 4APPA at 1.2 V and 1.4 V (vs RHE).
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Figure S21. XPS full survey spectra of b-SWCNT modified with A, C) 2APPA and B, D) 

4APPA at 1.2 V and 1.4 V (vs RHE).
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Figure S22. XPS spectra of A, B) N1s and C, D) P2p of b-SWCNT modified with A, C) 

2APPA and B, D) 4APPA at 1.2 V and 1.4 V (vs RHE). 



30

Figure S23. XPS full survey spectra of a-SWCNT and hCNT modified with A) 2APPA and 

B) 4APPA at 1.2 V (vs RHE), after stability test by cyclic voltammetry during 150 cycles in 

acid solution (0.5 M H2SO4) free of monomers at 50 mV s-1 under N2 atmosphere.
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Figure S24. XPS spectra of A) N1s and B) P2p of a-SWCNT and hCNT modified with 

2APPA and 4APPA at 1.2 V (vs RHE), after stability test by cyclic voltammetry during 150 

cycles in acid solution (0.5 M H2SO4) free of monomers at 50 mV s-1 under N2 atmosphere.
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Figure S25. Raman spectra of b-SWCNT electrochemically modified with A) 2APPA and B) 

4APPA at different positive potentials. Inset: Enlargement of the D’’ and G region.
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Figure S26. Deconvolution of Raman spectra for a-SWCNT electrochemically modified with                 

2APPA at different anodic potentials in the D and G region.
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Figure S27. Deconvolution of Raman spectra for a-SWCNT electrochemically modified with                 

4APPA at different anodic potentials in the D and G region.
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3 Gaussian 4.59573 33.5809 0.12857 1619 3.00247
4 Gaussian 12.7943 160.741 0.07478 1500 8.35881
5 Gaussian 15.9578 280.932 0.05336 1200 10.4255
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Peak 
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Center 
Grvty
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IntgP

1 Lorentz 61.1758 60.1115 0.66936 1349 41.0857
2 Lorentz 54.9871 46.5131 0.77704 1580 36.9293
3 Gaussian 5.61877 35.0257 0.1507 1619 3.77357
4 Gaussian 13.2798 160.561 0.0777 1500 8.91876
5 Gaussian 13.8365 250.727 0.05184 1200 9.2926

Figure S28. Deconvolution of Raman spectra for hCNT electrochemically modified with                 

2APPA at different anodic potentials in the D and G region.
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1 Lorentz 65.8631 54.4175 0.7966 1350 43.3992
2 Lorentz 57.5088 43.9917 0.85567 1582 37.8943
3 Gaussian 7.4462 35.8809 0.19496 1618 4.90653
4 Gaussian 9.76966 160.625 0.05714 1500 6.43753
5 Gaussian 11.1732 250.472 0.04201 1200 7.36237
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Peak 
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Center 
Grvty
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IntgP

1 Lorentz 65.2861 52.9098 0.81129 1355 45.9370
2 Lorentz 48.7587 42.2072 0.75539 1587 34.3079
3 Gaussian 9.73882 42.8622 0.21345 1620 6.85249
4 Gaussian 9.86647 160.178 0.05787 1500 6.94231
5 Gaussian 8.47065 250.497 0.03184 1200 5.96017
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Peak 
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IntgP

1 Lorentz 67.6955 50.2484 0.88433 1355 45.4516
2 Lorentz 51.5707 43.2250 0.78065 1587 34.6252
3 Gaussian 10.2715 42.3634 0.22778 1620 6.89647
4 Gaussian 10.9344 160.258 0.0641 1500 7.34155
5 Gaussian 8.46733 250.348 0.03185 1200 5.68507
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Peak 
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Center 
Grvty
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IntgP

1 Lorentz 68.9473 53.2640 0.85124 1357 47.4545
2 Lorentz 51.1951 40.9934 0.81603 1589 35.2362
3 Gaussian 8.311 37.1037 0.21043 1623 5.72024
4 Gaussian 8.22371 160.512 0.04813 1500 5.66016
5 Gaussian 8.61405 250.019 0.03244 1200 5.92882

Figure S29. Deconvolution of Raman spectra for hCNT electrochemically modified with                 

4APPA at different anodic potentials in the D and G region.
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Figure S30. ID/IG ratios as a function of the upper potential limit.
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Figure S31. TEM images of b-SWCNT electrochemically modified with A) 2APPA and B) 

4APPA at 1.4 V (vs RHE).
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Figure S32. SCF energies of the polymerization for ANI, 2APPA and 4APPA.
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Figure S33. Optimized geometries of the polymerization of 2APPA and 4APPA by using 1, 

3 and 5 monomers. H is white, C is grey, N is blue, O is red, and P is orange.
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