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Abstract

Electrochemical functionalization of Single-Walled Carbon Nanotubes and Herringbone 

Carbon Nanotubes (SWCNTs and hCNTs, respectively) has been successfully 

performed with aminophenylphosphonic acid isomers by potentiodynamic treatment in 

oxidative conditions. Exceptional selectivity and control of the functional species 

embedded into the Carbon Nanotubes (CNTs) have been achieved by carefully 

optimizing the electrochemical conditions in the functionalization. X-ray photoelectron 

spectroscopy (XPS) analysis determined a maximum heteroatom incorporation of ca. 

2.3-2.6 at. % N and 1.4-1.6 at. % P when 2-aminophenylphosphonic acid (2APPA) is 

used with both carbon materials, probably because of the linear polymeric growth 

comparable to that of oligomers derived from aniline (ANI). However, the polymeric 

product obtained with 4-aminophenylphosphonic acid (4APPA) is much more limited, 

giving rise to a branched structure. In addition, electrochemical characterization, Raman 

spectroscopy and electron microscopy suggest that SWCNTs structure facilitates the 

oligomerization of longer but less stable chains through π-π interactions with the walls 

of CNTs, while hCNTs promote a more stable attachment according to their 

heterogeneity and higher reactivity. Computational calculations have confirmed the 

experimental results obtained, which allow us to shed more light on the mechanisms of 

the electrochemical functionalization of CNT with phosphorus and nitrogen-containing 

polymers.
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1. Introduction 

Carbon materials have played a crucial role in the development of nanotechnology in 

many research fields of science and engineering over the last years. Among the wide 

variety of structures and intrinsic properties, carbon nanotubes (CNTs) arise as key 

materials due to their astonishing mechanical, physico-chemical and electronic 

properties, thermal stability, as well as large accessible surface area [1,2]. Different 

synthesis methods have been exploited for growing CNTs with different quality and 

morphology (i.e. Single- (SW), Double- (DW) or Multi-Walled (MW)) under controlled 

conditions [3–5]. Other morphologies can also be found, such as Bamboo or 

Herringbone type CNTs [6]. However, raw CNTs samples usually contain significant 

amount of impurities and by-products of synthesis process, including amorphous carbon 

and/or catalytic metal nanoparticles, which can affect considerably their applicability 

[1,7]. To fully exploit their outstanding properties, several physical and chemical 

purification processes have recently been reported, in which chemical ones highlight 

because of their effectiveness and higher purity achieved [8], either under mild [9,10] or 

harsh oxidizing routes [11,12]. Latter treatments can lead to remarkable structural and 

length changes in CNTs by introducing defects along the conjugated structure or 

oxygen-containing groups [11,13]. In fact, defect sites incorporated throughout acid 

treatments, such as five carbon rings and additional chemical functional groups, are 

known as highly reactive sites and preferential points for oxidation [8].

Functionalization of CNTs is one of the most widespread procedures to modify and 

modulate their reactivity, conductivity, stability and structure. First strategies of 

functionalization were carried out in order to break down their poor dispersibility, due 

to their tendency to self-assemble into bundles by van der Waals forces, driving towards 

more manageable multifunctional materials with tunable properties, thereby extending 

their applications [2,13–15]. Two main approaches have been widely developed for the 

chemical modification of CNTs [13]. On the one hand, non-covalent functionalization is 

based on the interactions generated between the π conjugation system of CNTs and the 

modifier agent which incorporates the functionalities [15,16]. These can take place by 

van der Waals forces, hydrogen bonds, π-stacking, electrostatic and other interactions 

[13,16], therefore the structural integrity of the pristine material is preserved. Recently, 

non-covalent modification of CNTs wrapped with surfactants and polymers have been 
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frequently employed [15–17]. Here it is worth mentioning polymers as one of the most 

promising functionalization agents since the nature, length and amount of such 

polymers can be adjusted to the desired properties. Nevertheless, the weak interaction 

between CNTs and the modifier molecule can lead to a lack of coating stability [18]. On 

the other hand, covalent functionalization consists of direct attachment of functional and 

organic moieties to CNTs tips or sidewalls through chemical reactions (e.g., 

carboxylation, amidation, esterification, thiolation, halogenation, cycloadditions, 

electrophilic and nucleophilic or racial additions, etc.) [13,14,19]. Control over the 

nature and stability of the functionalities linked to the CNTs are some of its advantages. 

It could also be distinguished between direct and indirect covalent functionalization, the 

latter when functional species, such as carboxylic groups, are generated on CNTs 

surface prior to the incorporation of other functionalities [20,21]. Additionally, there are 

two different methodologies for the covalent attachment of polymers, which are known 

as “grafted to” and “grafted from”, depending on whether it is the polymeric chain or 

the monomer that initially links to the nanotube [22]. Unfortunately, covalent strategy 

involves a change of carbon atom hybridization from sp2 to sp3 and an increase in 

structural defects, affecting the intrinsic conductivity and mechanical strength of the 

CNTs [13,14,20]. Therefore, new methodologies of functionalization have been focused 

on finding a compromise between both types of surface modification.

Diverse routes have been employed for the successful modification of CNTs, for 

example by chemical, electrochemical, photochemical or thermal processes. Although 

chemical functionalization of CNTs enables the incorporation of effective and stable 

functionalities, lack of control and a high amount of reagents, most of them organic 

solvents and toxics, make this procedure non-cost efficient also from the environmental 

point of view [23]. In this sense, electrochemical methods have been widely used as a 

well-suited tool for the tailorable design of functionalized CNTs with more precise 

control and selectivity over the composition and functional species, by carefully 

adjusting the electrochemical oxidative (anodic) or reductive (cathodic) coupling 

conditions. Furthermore, they are promising for their simplicity and low cost, even 

working at near room temperature and atmospheric pressure with small volumes, low 

amounts of reagents and mainly using aqueous solutions [24–26]. 

Owing to their potential applications, the combination of CNTs with conducting 

polymers, such as polypyrrole (PPy) and polyaniline (PANI), has experienced fast-
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paced growth, leading to, for example, excellent PANI/carbon nanostructured 

composites. In this context, the use of CNTs coordinated with functional polyaniline-

like polymers and its derivatives has focused on obtaining heteroatom-containing 

carbon-based nanomaterials with enhanced features for different applications, such as 

electrocatalysis or biosensing [27–30]. Particularly, recent advances have demonstrated 

that co-doping with nitrogen and phosphorus can remarkably enhance the 

electrocatalytic activity of carbon materials through synergistic effects [28,31]. 

Moreover, they can act as promising supports of precious and non-precious metal 

nanoparticles [2]. Hence, electrochemical synthesis methodologies are now intensively 

studied for the co- and multi-doping of nanostructured carbon materials.

Specifically, our research group has developed an intense experimental work on the 

electrochemical polymerization of aniline monomers para-substituted with different 

functional groups in its structure (sulfonic, phosphonic, carboxylic, etc.) and in the 

presence of CNTs [27,32–34]. Additionally, the incorporation of heteroatoms into 

CNTs has been also studied by using other chemical methods [35]. Nonetheless, the 

mechanism of functionalization has not been explored in detail from a fundamental and 

theoretical points of view so far. It is also known that the position of the substituents in 

the aromatic ring affects the interaction with the electrode support, as well as the 

polymeric properties [36–38]. Therefore, a systematic study of such effect would be 

convenient in many cases. In addition, many of the previous works have focused on the 

electrochemical functionalization of both Single-Walled Carbon Nanotubes (SWCNTs) 

[32] and Multi-Walled Carbon Nanotubes (MWCNTs) [27,33,34], but without further 

purification treatments. However, it has been demonstrated that the presence of trace 

metal residues from their synthesis or modification methods could lead to misleading 

results in specific applications [39]. It should be noted that SWCNTs and MWCNTs 

present certain similarities, but also striking differences that must be considered. On the 

one hand, MWCNTs have numerous advantages due to their cost-effective production 

on a larger scale [40], high electrochemical and thermal resistivity [2]. On the other 

hand, SWCNTs have also shown many other interesting properties that make them ideal 

for energy-related applications. For example, SWCNTs have proven better electrical 

properties, together with higher tensile strength, flexibility and thermal conductivity 

compared to MWCNTs [2,41]. Specifically, oxidized SW/DWCNTs have demonstrated 

higher reactivities and activities towards the oxygen reduction reaction than MWCNTs, 
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which was largely attributed to the curvature of smaller diameters [42]. The presence of 

DWCNTs is of great interest for their selective functionalization of their outer wall, 

with higher thermal stability and mechanical strength than pure SWCNTs, while 

preserving their potential properties of the non-damaged inner-tube [43]. To the best of 

our knowledge, the electrochemical functionalization of other structures of CNTs, such 

as Herringbone-type CNTs (hCNTs), has not been studied in-depth for this purpose and 

compared in the literature, even though they are cheaper and their structure can be 

beneficial due to their large number of highly reactive sites (e.g., defects, edges, etc.). 

Actually, a previous work published by our research group [29] demonstrated promising 

results by using functionalized hCNTs for sensor applications, although further study is 

still required.

To understand the mechanism of the electrochemical modification of CNTs with 

organic aromatic molecules, it is important to predict their intermolecular adsorption 

process on the surface of CNTs, as well as the chemical structures expected when two 

or more aromatic species interact. Here, quantum chemical computational methods have 

been increasingly used [44]. In this respect, many theoretical studies have focused on 

non-covalent interactions between various molecules and the walls of SWCNTs [45,46], 

although other probable interactions with edges, defects and other configurations of 

CNTs should not be ruled out. However, to the best of our knowledge, the mechanisms 

of the electrochemical functionalization of different CNTs with phosphorus and 

nitrogen-containing polymers are still unclear.

In the present work, we have faced this challenging target through a versatile 

approach, including well-controlled electrochemical functionalization of CNTs with 

different structural arrangement, including SWCNTs and hCNTs, in the presence of 

phosphorus and nitrogen-containing monomers, aminophenylphosphonic acid isomers 

(2APPA or 4APPA). Exceptional control of surface modification of CNTs with N and P 

heteroatoms has been achieved by carefully selecting the potential in the 

electrochemical oxidation process. The effect of the structure of CNTs and the position 

of the phosphonic group in the APPA monomer is analyzed in detail, showing 

remarkable differences in the stability and the degree of N and P incorporation. In order 

to deepen into the mechanism, the experimental results are supported by computational 

calculations, what allow us to get a theoretical view based on first-principles 
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calculations and to shed light on important factors about the mechanism of 

functionalization.

2. Experimental

2.1. Reagents

Single-Walled/Double-Walled Carbon Nanotubes (SW/DWCNTs) with 99% of 

purity (outer diameter: 1-4 nm, length: 3-30 m) and a specific surface area of around 

587 m2 g-1, obtained by nitrogen isotherm at 77 K using the Brunauer Emmett and 

Teller (BET) method, were supplied by Cheap Tubes Inc. (Brattleboro, Vt, USA). 

Herringbone Carbon Nanotubes (hCNTs) were purchased from Tokyo Chemical 

Industry with 95% of purity (outer diameter: 10-20 nm, length: 5-15 m) and a specific 

surface area of 123 m2 g-1 [42]. Nevertheless, SWCNTs have certain amount of residual 

metallic impurities from the catalyst used for their synthesis, so they were subjected to a 

purification treatment described below. hCNTs do not reveal any surface metal content 

and they were used without further purification.

The ortho- and para- aminophenylphosphonic acids (2APPA and 4APPA, 

respectively, 95%) were supplied by Chem Space (Riga, Lithuania). Aniline (ANI) 

ACS reagent (99.5%) was obtained from Sigma-Aldrich. Distillation of ANI in 

vacuum was carried out in order to remove oligomeric products generated during 

storage. It was stored in the refrigerator (about 4ºC) before use. 4-Aminodiphenylamine 

(4ADPA), benzidine (BZ) and phenazine (PhzR) were also provided by Sigma-Aldrich. 

Sulphuric acid (H2SO4, 98%), potassium hydroxide (KOH, 85%) and dipotassium 

hydrogen phosphate tri-hydrate (K2HPO4·3H2O) were purchased from VWR 

Chemicals. Potassium dihydrogen phosphate (K2HPO4) were supplied by Merck. N, N-

dimethylformamide (DMF), extra pure, employed as dispersant of CNT, was provided 

by Scharlau. Hydrochloric acid (HCl, 37%) and nitric acid (HNO3, 69%) used as 

purifying and oxidizing agent of SWCNT, respectively, were purchased from PanReac 

AppliChem (ITW Reagents). All aqueous solutions were prepared with ultrapure water 

(18.2 MΩ·cm, Millipore® Milli-Q® water). Nitrogen gas (N2, 99.999%) was supplied 

by Carburos Metálicos.

2.2. Purification treatment of Single-Walled Carbon Nanotubes
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The removal of the residual metallic impurities was achieved by subjecting the 

pristine SWCNTs to a mild oxidative treatment with a mixture of nitric acid and 

hydrochloric acid (HNO3:HCl = 3:5, molar ratio), in order to open the tube caps and 

allow higher accessibility to their entire surface. Consequently, it is possible to 

incorporate surface oxygen groups at defective sites by chemical oxidation, but without 

damaging their distinctive properties and structure. For this purpose, 200 mg of pristine 

SWCNTs were introduced into a two-necked balloon flask along with 100 mL of the 

acid mixture at 70ºC for 12 h under reflux conditions (a-SWCNTs). Additionally, a 

similar purification treatment was performed only in the presence of 5 M HCl at 50ºC 

overnight (b-SWCNTs) by following the purification treatment described in the 

literature [42], for comparison purposes. Afterwards, the samples were filtered and 

washed several times with deionized water until a pH value of about 7 was reached. 

They were finally dried in an oven at 120ºC in air overnight, resulting in a-SWCNTs 

and b-SWCNTs samples, respectively.

2.3. Electrochemical functionalization of CNTs with 2APPA and 4APPA

2.3.1. Electrode preparation

The working electrode (WE) for electrochemical modification was prepared by 

dropping a 1 mg mL-1 dispersion of each type of CNTs in DMF. The dispersion was 

previously homogenized via ultrasonication for at least 40 min. Glassy carbon electrode 

surface (GC, 3 mm diameter), employed as the WE, was carefully sanded with fine 

emery paper and polished with alumina slurries, following by a rinse with ultrapure 

water. Then, two aliquots of 5 L of the CNTs dispersion were casted onto GC surface 

and dried using an infrared heating lamp to evaporate the solvent. The procedure was 

repeated twice to attain an electrode loading of 0.14 mg cm-2. Prior to their use, 

modified GC electrode is immersed in the study solution for ca. 1 h for the entire 

porosity to be accessible to the working electrolyte.

2.3.2. Modification of CNTs with nitrogen and phosphorus functional species

Electrochemical modification of CNTs was performed using a BioLogic SP300 

Potentiostat-Galvanostat. The electrochemical set-up was a standard three-electrode 

cell, where the GC modified with the CNTs was the working electrode (WE), a graphite 

rod was used as the counter electrode (CE) and a Ag/AgCl/Cl-(sat) electrode connected 

with the electrolyte in a Luggin capillary as the reference electrode (RE). However, all 
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the potentials in this work are referred to the reversible hydrogen electrode (RHE). The 

WE was immersed at a controlled potential of 0.2 V to avoid the initial oxidation of 

monomers. Subsequently, electrochemical functionalization of CNTs was achieved by 

submitting the sample to a cyclic voltammetry (CV) during 10 cycles at 10 mV s-1, in an 

aqueous electrolyte of 0.5 M H2SO4 containing 1 mM 2APPA or 1 mM 4APPA at room 

temperature. In all cases, the working solutions were deoxygenated by bubbling N2 

during 20 min before starting the experiments and this atmosphere was maintained 

during the experiments. Upper potential limit was varied in order to analyze its 

influence in the functionalization. After electrochemical modification, the WE was 

repeatedly washed with ultrapure water to remove the remaining electrolyte. 

2.4. Electrochemical characterization

Electrochemical behaviour of the functionalized CNTs electrodes was performed 

using the same electrochemical three-electrode system configuration as those referred in 

the previous section, but free of monomer. Three deoxygenated aqueous solutions with 

different pH were employed as electrolytes: acid (0.5 M H2SO4), neutral (0.1 M PBS, 

pH=7.2) and alkaline medium (0.1 M KOH). All the characterization was performed in 

a potential range from 0 V to 1.0 V at 50 mV s-1.

2.5. Physico-chemical characterization

Compositional and chemical analysis were performed by X-ray photoelectron 

spectroscopy (XPS) with a VG-Microtech Multilab 3000 spectrometer equipped with a 

semispherical electron analyzer with 9 channeltrons (passing energy of 2-200 eV) and 

an X-ray source with Al radiation (Kα 1253.6 eV). The deconvolutions of the P2p and 

N1s peaks were done by minimum squares fitting using Gaussian-Lorentzian curves, 

while the Shirley method was used for background determination. The P2p spectra were 

analyzed considering the spin-orbit splitting into P2p3/2 and P2p1/2 with a 2:1 peak area 

ratio and 0.87 eV splitting.

Raman spectra were collected by a Jasco NRS-5100 spectrometer, using a 532 nm 

solid-state laser (green) at 3.9 mW, a 20x objective (MPLFLN) and a focal distance of 

300 mm. Calibration of the spectrometer was performed with a Si slice (521±2 cm-1) in 

order to check the response peak at 520 cm-1 and to eliminate possible interferences by 

the effect of fluorescence. Each spectrum was collected after 120 s.  
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Temperature programmed desorption (TPD) experiments provide information about 

the nature and amount of surface functional groups of carbon material. TPD 

measurements were performed in a DSC-TGA system (TA Instruments, SDT Q600 

Simultaneous) coupled to a mass spectrometer (HiCube 80 Eco, Pfeiffer Vacuum, 

Germany). The samples were heat treated up to 900ºC (heating rate 10ºC min-1), after an 

intermediate drying step at 120ºC, under a helium flow rate of 100 mL min-1. Amounts 

of CO and CO2 desorbed from the sample, among other relevant signals, were 

monitored and quantified by a previous calibration using calcium oxalate. Nature and 

quantity of different carbon-oxygen groups depend on the starting material and 

treatments. CO2 desorption mainly occurs from decomposition of carboxylic acids, 

anhydrides and lactones, whereas CO desorption mainly comes from decomposition of 

anhydrides, phenol, carbonyl/quinone and ether groups [47].

Microstructural characterization of the different materials was performed by 

transmission electron microscopy (TEM). In this study, TEM images were taken with a 

JEOL JEM-2010 model, INCA Energy TEM 100 model microscope with an electron 

beam of 200 keV, equipped with a GATAN acquisition camera. Regarding sample 

preparation, DMF was used to obtain a homogeneous suspension of CNTs which was 

dropped onto a copper grid and left to dry in air before the measurements. 

2.6. Density functional theory calculations (DFT)

Computational chemistry [48] is a very useful tool that makes use of mathematical 

models to simulate interactions between atoms and thus to explain experimentally 

observed results. Moreover, theoretical calculations provide us with new insights and 

knowledge with predictive values. In this work, Density Functional Theory (DFT) 

calculations at B3LYP/6-31G(d) level [49–52] were utilized through Gaussian 09 

software package [53]. Dispersive forces were considered and computed by using 

Grimme D3 scheme method [54] without solvent effect. Restricted and unrestricted 

solutions were considered for closed and open-shell systems, respectively. This level 

has proven to be accurate to simulate intermolecular weak interactions between 

aromatic molecules and CNTs [44].

The optimization of the geometry and the minimum energies were calculated 

neglecting vibrational corrections and the energies are reported in kJ mol-1. The 

polymerization energies were calculated as the differences between the final products 
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and individual monomers energy. The model structure used for carbon nanotubes 

consists of armchair ended SWCNT tubes of 160 atoms and a diameter of 0.7 nm. This 

model has been used to reduce computational costs, considering that SWCNTs typically 

have a diameter between 1 – 2 nm. The adsorption energies of the CNTs and the 

monomers (ANI, 2APPA and 4APPA) were computed through the differences between 

the energies of the optimized structures of products and reagents. Adsorption energies 

were calculated as the differences in energy of each optimized geometry, neglecting 

vibrational corrections.

3. Results and discussion

3.1. Physico-chemical and morphological characterization of CNTs

TPD experiments were employed to confirm the effectiveness of the purification 

treatment on metal catalyst removal and to obtain an accurate knowledge of the surface 

chemistry. Figure S1 depicts the CO and CO2 evolution profiles for pristine SWCNTs 

and after acid treatments. In all the cases, the CO evolution is higher than the CO2 one. 

The sharp peak above 850ºC in the pristine SWCNTs is related with the metallic 

impurities. These metallic species can be partially oxidized in the pristine material and 

become reduced by the carbon material upon the heat treatment. This peak disappears in 

the a-SWCNTs and the metal is not detected by XPS (Table S1), showing that it is an 

efficient purification treatment. Interestingly, although Fe is detected by XPS after the 

treatment with only HCl (b-SWCNTs), TPD profile does not show any evidence for its 

presence. It seems that HCl treatment is appropriate for the dissolution of the exposed 

Fe species, remaining the metallic species located under the closed tube caps. Thus, this 

method is not useful to remove completely this metallic impurity. Figure S1 and Table 

S1, as well as the full XPS survey spectra in Figure S2, also verify that hCNTs do not 

require further purification.

Table S2 shows the total amounts of CO and CO2 released during the experiments for 

each sample. The total oxygen content is estimated from the amount of CO + 2 CO2 

(mol g-1). It is clearly observed that CO and CO2 desorption from the a-SWCNTs 

sample is higher than for b-SWCNTs, due to the oxidation achieved with the acid 

mixture compared to the treatment with only HCl (i.e., low oxidizing character). These 

oxygen functional groups can be used directly as anchoring sites or (electro)chemically 
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modified for a specific purpose. Owing to the chemical stability of carbon nanotubes, it 

could be assumed that oxygen groups are mostly located at CNTs edges and at defect 

sites. Profiles of hCNTs reveal a higher presence of oxygen compared to b-SWCNTs, 

due to the high density of edges (reactive sites) which are more easily oxidized [30]. 

Transmission electron microscopy (TEM) images are displayed in Figure 1, in which 

important morphological differences can be appreciated between the different types of 

CNTs. Figures 1A and B show the a-SWCNT and b-SWCNT samples as the regular 

tubular structure of carbon nanotubes with the single/double layer parallel to the axis of 

the nanotube. Nevertheless, a-SWCNTs reveal that treatment with the acid mixture 

promotes the presence of some defects and amorphous carbon residues along the walls, 

but without significative damage to the structure. It has been reported that carboxylated 

carbonaceous fragments (CCFs) appear covering the nanotubes as a byproduct of 

oxidative treatments [21]. Herringbone nanotubes, in Figure 1C, display a very different 

structure in which the conical graphite sheets are stacked providing a high concentration 

of graphitic edges. Furthermore, it is noteworthy that hCNTs have much more 

heterogeneous structure with a larger amount of surface defects than the other samples.
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Figure 1. TEM images of A) a-SWCNT, B) b-SWCNT and C) hCNT.

Raman spectra (Figure S3) were acquired to obtain further information on the 

structural and physico-chemical properties of CNTs samples. In Figure S3A, the 

primary G band appears as the most important contribution at around 1570-1590 cm-1. It 

originates from tangential modes associated with strain or stretching of the C-C bond in 

the plane [55,56]. The intensity and the position of the G band slightly changes with the 

acid treatments as a result of minor modifications in the electronic structure. As 

expected, G band in hCNTs sample shows more significant changes. The D band 

appears at around 1350 cm-1 and is often referred as the defect/disorder induced band 

[57,58], which is also associated with the presence of disordered amorphous carbon 

[59]. In the case of SWCNTs, it becomes slightly more intense after the oxidative 

treatment (a-SWCNT) due to the formation of some sp3 carbon atoms defects on the 

surface of the carbon nanotube, where oxygen groups can be covalently attached. In the 

case of a-SWCNT, a shoulder on the low frequency side of the G band appears at 

A
)
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around 1560 cm-1, which could correspond to the D** (or D’’) mode [46]. This broad 

band could be assigned to interstitial disorders related to functionalization [79]. 

Nevertheless, this oxidative treatment produces small structural changes and 

incorporated oxygen-containing groups could be useful for many electrochemical 

properties and applications [60,61]. Another band related to the second order mode can 

be also appreciated at 2700 cm-1, which is referred to as the G’ or 2D band [55–57]. 

Consequently, the D and G’ bands are highlighted for hCNTs, due to the higher defect 

density and heterogeneity in this material.

Radial Breathing Mode or RBM bands appear at the low frequency end of the spectra 

(100-350 nm) and correspond to vibration of the carbon atoms in the radial direction 

(Figure S3B). They are characteristic for SWCNTs and are sensitive to the nanotube 

diameter. Hence, a diameter distribution of 1.1-3.0 nm has been estimated by applying 

the general equation found in the literature [62], which has been corroborated by TEM 

images. Even though some RBM bands seem weaker after acid treatments, it can be 

assumed that the mean diameter in all the SWCNT samples remains almost unchanged.

3.2. Electrochemical behaviour of CNTs in acidic medium

Prior to the functionalization, electrochemical behaviour of a-SWCNTs, b-SWCNTs 

and hCNTs was tested. Figure S4 shows cyclic voltammograms obtained in an acidic 

aqueous solution (0.5 M H2SO4) during the stepwise opening of the upper potential 

limit from 0.80 to 1.8 V.

Cyclic voltammograms of a-SWCNT (Figure S4A) display the typical rectangular 

shape between 0.0 and 1.0 V but with the presence of a wide and reversible 

oxidation/reduction process that appears at around 0.50-0.60 V, which is related to the 

redox processes associated to the surface oxygen groups in carbon materials (e.g. 

hydroquinone/benzoquinone or anhydride groups) [63] as a consequence of the 

oxidative acid treatment [64]. Cyclic voltammograms for b-SWCNTs (Figure S4B) also 

show a rectangular shape without the appearance of any redox processes at lower 

oxidation potentials due to the milder purification treatment. As it is well-known, the 

main contribution to the cyclic voltammogram in carbon materials is the charge and 

discharge of the electric double-layer in which the double-layer capacitance can be 

correlated with the exposed CNTs surface available for its functionalization. Table S1 

shows the gravimetric capacitance for all samples and it can be observed an increase in 
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the value for a-SWCNTs. This rise in the electrochemical accessible area can be largely 

related to the opening of the tips and the formation of some specific defects that 

facilitate the accessibility of the electrolyte towards the internal surface of the 

nanotubes, which is of great interest for their subsequent functionalization. Further 

increase in the upper potential limit above 1.1-1.2 V (Figure S4A and B), generates an 

intense oxidation current for the acid treated samples which is higher than the observed 

for the unpurified SWCNTs (Figure S5).

Regarding hCNTs (Figure S4C), the electrochemical response is quite different due to 

the distinct arrangement of the graphene sheets in their structure, in which the lower 

surface area results in a smaller gravimetric capacitance (Table S1). Nevertheless, the 

high density of edge sites results in a higher reactivity, as can be perceived in the 

oxidation current of each first cycle after increasing the anodic potential of the upper 

limit, with respect to the basal positions towards electron transfer processes [65].

 So far, in-depth physico-chemical and electrochemical characterization performed 

for all the CNTs indicates that the oxidative purification treatment with HCl and HNO3 

(a-SWCNT) is the most effective for the removal of the residual metal catalyst. 

Furthermore, interesting surface oxygen functionalities are developed, but without 

significant damage of their structure. In contrast, the treatment with HCl (b-SWCNT) 

removes only part of the most accessible metal but leaves some traces in the nanotubes. 

Finally, hCNT has strong structural and reactivity differences compared to SWCNT. 

Therefore, a-SWCNTs and hCNT have been chosen for their electrochemical 

functionalization. Comparative results of the electrochemical modification of the b-

SWCNTs are also shown in the Supporting Information.

3.3. Electrochemical functionalization of CNTs in presence of aniline in acidic 

medium

Owing to the extensive knowledge about the behaviour and properties of polyaniline, 

the electrochemical functionalization is first carried out in presence of aniline in the 

electrolyte (0.5 M H2SO4 + 1 mM ANI) for comparison purposes. Cycling scanning has 

been employed to assess the effect of the upper potential limit on CNTs 

functionalization (Figure 2). The appearance of new redox processes is observed by the 

presence of aniline, which is also affected by the structure of CNTs and their surface 

chemistry.
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Figure 2. Cyclic voltammograms of the open stepwise upper potential limit from 0.80 to 1.8 

V for A) a-SWCNT and B) hCNT, in 0.5 M H2SO4 + 1 mM ANI at 50 mV s-1.

Figure 2 reveals that electrochemical response at low upper potential limits are quite 

similar to those observed in absence of the monomer (Figure S4). As the potential 

window is opened for a-SWCNTs (Figure 2A), an irreversible anodic peak appears at 

around 1.1 V (marked with a red arrow) corresponding to monomer oxidation, which 

decreases and slightly shifts to more positive potentials in the subsequent cycles. 

Interestingly, the structure and heterogeneity of hCNTs influence significatively the 

interaction with monomers and the monomer oxidation potential is shifted 0.1 V 

towards higher potentials (Figure 2B). This anodic peak, observed for both a-SWCNTs 

and hCNTs, can be associated with the one-electron oxidation of the amine group to the 

corresponding radical cation, which can act both as an initiator of polymerization 

through follow-up chemical reactions [66], as well as promoting the covalent coupling 

of C-N species to the CNTs surface [67,68]. 

Further polarization above the oxidation potential of monomers generates several 

redox processes at around 0.67V, as a result of the formation of different dimers, 

oligomers, radicals and other electroactive species over the CNTs surface. The increase 

in the current density with cycling of this redox processes is related to the growth of the 

oligomeric species or short-chain polymeric materials, which could interact by either 

covalent attachments or non-covalent physical adsorption through the π-electron 

structure of the nanotube sidewalls. Particularly, hCNTs give rise to wider and 

overlapped peaks, possibly due to the heterogeneity of the sites where aniline might 

interact.

A
)
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Based on the previous results, different selected upper potential limits (1.0, 1.2, 1.4, 

1.6 and 1.8 V) have been proposed for the electrochemical surface functionalization of 

CNTs by direct oxidation. Figure S6 shows the cyclic voltammograms at 1.2 and 1.4 V, 

in absence (black lines) and in presence of 1 mM ANI (colored lines) in acid aqueous 

solution (0.5 M H2SO4), during 10 cycles at 10 mV s-1. High oxidation potentials lead to 

defects and film degradation due to the over-oxidation of the polymer structure. In the 

initial scan, an anodic peak related to the aniline oxidation is observed when cycling 

above 1.0 V. After the first cycle, different redox processes appear in the cyclic 

voltammograms, depending on the structure and the surface chemistry of the CNTs. The 

nature of these peaks will be discussed anon.

3.3.1. Electrochemical characterization of N-functionalized CNTs

Once the CNTs have been electrochemically modified with ANI and washed 

abundantly with ultrapure water, the electrochemical behaviour, stability and 

electroactivity of the materials were assessed in a three-electrode cell free of monomer 

at different pH. Here, three aqueous solutions were employed as electrolytes: acid 

medium (0.5 M H2SO4), neutral medium (0.1 M PBS, pH=7.2) and alkaline medium 

(0.1 M KOH).

Figures S7 and S8 shows the cyclic voltammograms recorded from 0.0 to 1.0 V for 

CNTs electrodes electrochemically modified at 1.0, 1.2, 1.4, 1.6 and 1.8 V, at different 

pH electrolytes. The presence of several redox peaks confirms the formation of 

electroactive species with N-containing moieties on the CNTs surface at all the studied 

potentials and electrolytes. Moreover, it has been proven that the main processes are 

related to surface species, since there is a linear fitting of the oxidations/reduction 

current with the scan rate in acid medium (Figure S9). Moreover, a-SWCNTs show 

higher voltametric charge compared with b-SWCNT modified with ANI (Figure S10), 

probably because of their higher accessible surface area and improved interactions with 

monomers by surface oxygen groups and defects. Since the tips of the a-SWCNTs can 

be opened through the oxidizing treatment, the channels of the carbon nanotubes may 

also act as nano-reactors where the probability of adsorption and reaction of molecules 

is higher than outside. Both, interactions between the amino groups and the surface 

oxygen groups and the dispersive π-π interactions between the delocalized π-electrons 

in the chemical structure of organic molecules and the graphene layers (walls of the 

carbon nanotubes), could be the main adsorption mechanisms [60,69]. On the other 
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hand, the voltametric charge of modified hCNTs is also lower, which suggests that 

polymeric growth is less favored. This effect could be related to the impediment of the 

correct π-π adsorption of oligomeric species on the surface, thus mainly promoting 

covalent binding of ANI molecules at high reactivity sites (defects and edge sites).

It is well-known that PANI growth preferentially takes place through the 

incorporation of monomers in para- position to the amino group (head-to-tail radical 

coupling) [66]. However, the monomer concentration in the electrolyte plays a critical 

role on the product distribution and, consequently, on the shape of cyclic 

voltammograms. High aniline concentrations results in two pairs of redox processes at 

around 0.40 V and 0.90 V related to the typical transition between polyaniline states, 

from leucoemeraldine to emeraldine (LE/EM) and from emeraldine to pernigraniline 

(EM/PN), respectively [70,71]. Nonetheless, relatively lower monomer concentrations 

could lead to a decrease of the monomer/radical-cation ratio and to the development of 

one or two wide “middle peaks”, mainly assigned to dimers, degradation products 

related to oxidized PANI (benzoquinone/hydroquinone) [70] or crosslinked units [72]. 

Interestingly, Kuznetsov et al. [73] recently revealed that low monomer concentration 

results in the predominant development of low-weight intermediates at the early stages 

of aniline polymerization as final products. In this way, reversible peaks located at 0.60-

0.70 V usually appear with lower aniline content and high potential, in agreement with 

the electrochemical behaviour observed in Figures S7 and S8. These redox processes 

could be attributed to either hydroquinone/benzoquinone transition [63], or products of 

aniline dimerization in acid medium (4-aminodiphenylamine, 4ADPA) [70,71]. 

Additionally, other wider and less intense peaks could appear at around 0.30 and 0.45 

V. This is normally associated with the LE/EM transition [70,71,74], while others 

suggest the presence of phenazine-ring (PhzR) containing structures [75,76]. The 

presence of other polymeric products, such as benzidine (BZ), cannot be ruled out [71]. 

To deepen into these possibilities, the modification of a-SWCNTs with 4ADPA, BZ 

and PhzR at 1.2 V (vs RHE) has been analyzed (Figure S11). The observed redox 

processes have strong similarities with those observed after the modification of a-

SWCNTs with aniline (Figure S7). Thus, most of the redox processes registered could 

be associated to the presence in the CNTs of a combination of similar related species 

together with oxygen functionalities, although there is some complexity in their 

interpretation because of the similarity of the voltammetric profiles. Therefore, 
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polyaniline-like intermediate units play an important role in defining the structure, 

morphology and properties of the final product.

Regarding the effect of the pH, a strong dependence on the electrochemical response 

and electroactivity is observed. Generally, as the pH is increased to a progressively 

more alkaline solution, a decrease in current density and a higher peak separation of the 

main redox processes are observed, especially at neutral medium. Nevertheless, when 

lower potentials (1.0 and 1.2 V) are used for CNTs modification, two overlapped, 

highly stable and reversible processes appear at around 0.55-0.70 V in alkaline solution 

(Figures S7 and S8). Since the main PANI-like redox processes are deactivated in 

alkaline electrolytes, the appearance of these basic-active pseudocapacitive components 

could be again attributed to 4ADPA related species (Figure S11A), thus confirming the 

previous hypothesis.

3.4. Electrochemical functionalization of CNTs with aminophenylphosphonic 

acid isomers in acidic medium

Following with the study, it is of great interest to evaluate the effect of incorporating 

phosphonic functional groups at different positions in the aniline aromatic ring. 

Preliminary studies are performed analogously to aniline (section 3.3.) in order to define 

the optimal conditions to functionalize the CNTs and this is explained in detail in the 

supporting information (Figure S12).

From these results, different upper potential limits were employed for the 

electrochemical surface functionalization of CNTs. Figures S13 and S14 show direct 

oxidation at 1.2 V and 1.4 V in absence (black lines) and in presence (colored lines) of 1 

mM 2APPA and 1 mM 4APPA in acid aqueous solution, during 10 cycles at 10 mV s-1, 

respectively.

The monomer incorporation in the growth of PANI-like polymer usually takes place 

in para- position to the amino group [66], when possible. However, some studies reveal 

that when para- position is occupied with functional groups, the growth process could 

proceed either through the ortho- or/and meta- positions [27,36], giving rise to short-

chain oligomers with branched structure. Therefore, it is reasonable that in presence of 

2APPA, the voltammetric profile shows similar electrochemical behaviour in 

comparison with the polymerization of ANI monomers under the same conditions since 

both polymers are expected to exhibit linear polymeric structures; whereas in presence 
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of 4APPA, the polymerization is expected to occur through ortho- or meta- positions, 

thus leading to a branched structure.

3.4.1. Electrochemical characterization of N and P-functionalized CNTs

Characterization of CNTs modified with N and P species have been carried out in a 

monomer-free acidic electrolyte. Figure 3 shows the steady voltammograms during the 

tenth cycle of a-SWCNTs and hCNTs functionalized with 2APPA (blue lines) and 

4APPA (red lines) at 1.2 V (Figure 3A and C) and 1.4 V (Figure 3B and D). 

Electrochemical responses of unmodified CNTs (dashed lines), as well as those of 

CNTs modified with ANI (green lines) have also been displayed for comparison 

purposes.
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Figure 3. Cyclic voltammograms of A, B) a-SWCNT and C, D) hCNT unmodified (dashed 

lines) and electrochemically modified at A, C) 1.2 V and B, D) 1.4 V 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. 10th cycle.
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The development of electroactive species with N and P moieties onto CNTs surface is 

confirmed by the presence of several redox processes, different from the rectangular 

capacitive shape of non-electrochemically modified CNTs. The most straightforward 

effect of the incorporation of phosphonic groups onto CNTs surface is the appearance of 

new redox processes at low potentials, at around 0.10 and 0.31 V, when 4APPA is used, 

especially at higher oxidation potential (1.4 V) (Figure 3 B and D). The last process is 

also observed in presence of 2APPA and ANI, but with less intensity. Interestingly, 

these low potential redox processes seem to be related with PhzR-type structures 

(Figure S11C), which suggests that 4APPA promotes this sort of branched chains; while 

the more similar voltammetric profiles of 2APPA and ANI in Figure 3 suggest the 

development of more linear chains associated with 4ADPA (Figure S11A) dimers and 

other related oligomers and derivatives. When using 4APPA for the modification of a-

SWCNTs, more defined and narrow processes than with 2APPA and ANI are observed. 

In addition, the redox processes at around 0.50-0.55 V and 0.70-0.75 V are shifted 

towards more positive potentials when 2APPA is used with respect to the other 

monomers, possibly induced by the electron-withdrawal effect of phosphonic groups 

from the polymer backbone. 

Likewise, linear fitting of main redox processes with scan rate reveals that these are 

related to redox-active species at the electrode surface (Figures S15 and S16). 

Interestingly, the appearance of similar redox peaks was also reported for multiwall 

carbon nanotubes electrochemically functionalized with substituted amino-benzene 

acids [27]. Moreover, it is noticed again that a-SWCNT favor the interaction with 

monomers and development of these processes in terms of current density in 

comparison with b-SWCNTs (Figure S17), especially when ANI and 2APPA are used. 

It is worth noting that hCNTs modified with 4APPA show a lower response than with 

ANI and 2APPA, suggesting that 4APPA seems to be “deactivated” for the 

development of oligomeric species when interacts with the carbon atom edges in a 

higher extent than 2APPA and ANI. Therefore, the development and distribution of 

final monomeric/oligomeric products can be controlled by the chemical nature and 

structure of monomers and CNTs, as well as the electrochemical conditions used, 

among other factors [70].

Moreover, to shed more light on the nature of the electroactive polymeric species and 

their interaction to the carbon nanotubes, the a-SWCNTs and hCNTs modified with 
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APPA monomers at 1.2 V were subjected to a stability test in H2SO4 solution free of 

monomers by cyclic voltammetry during 150 cycles at 50 mV s-1 (Figure S18). Cyclic 

voltammograms clearly show the vanishing of some redox processes with successive 

cycling, mainly those that appear at 0.70-0.75 V and at 0.31 V (the last one only with 

4APPA), whereas the peak at 0.50-0.55 V remains unchanged. This suggests the 

formation of different oligomeric materials, which interact predominantly by physical 

adsorption, together with some covalently attached species at the most reactive sites and 

probably related to monomers, dimers and short-chain species. Interestingly, hCNTs 

seem to promote more stable species, since the loss of signal of redox processes occurs 

to a lower degree than with the a-SWCNTs. Actually, XPS analysis after the stability 

test confirm these results (see next section).

The effect of electrochemical responses and electroactivity with the pH of the 

medium has also been studied. Figure S19 shows the cyclic voltammograms for CNTs 

electrochemically modified at 1.2 V, in monomer-free electrolytes with different pH. In 

general, an increase in irreversibility and a decrease in current density is promoted by 

increasing the pH of the solution. Consequently, only the process at around 0.70-0.75 V 

is slightly observed in alkaline medium, as in the case of modification with ANI 

(Figures S7 and S8).

Table S3 compares gravimetric capacitance before and after modification at 1.2 V 

and at different pH. Capacitances of CNTs submitted to the same polarization 

conditions in absence of monomers are also shown. The gravimetric capacitance values 

before and after modifying CNTs at 1.2 V in absence of monomer do not show 

significant changes, thus suggesting that the electrochemical oxidation under mild 

conditions does not affect the structure of CNTs. Therefore, it can be assumed that the 

contribution of the double-layer in the capacitance remains unchanged. In general, 

functionalized CNTs have higher capacitance compared to unmodified CNTs. 

Therefore, the improved capacitance values after electrochemical functionalization are 

mainly ascribed to pseudocapacitive contribution of redox processes due to organic 

electroactive species formed over CNTs surface. The best results of capacitance are 

achieved when ANI is used for the functionalization of CNTs, due to steric hindrances 

of voluminous chain-anchored phosphonic substituents. It is also noteworthy the 

influence of pH of the medium on the electroactivity of the species and, therefore, on 

the capacitance values. In this sense, the acid pH reveals the best responses in all cases. 
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However, the presence of surface redox species that can increase the capacitance in 

neutral and alkaline medium is very interesting for the further preparation of carbon 

materials. 

The amount of functionalities introduced on the CNTs surface can be estimated from 

the differences in the electric charge determined in the voltammogram between the 

functionalized CNTs at 1.2 V in presence and in absence of monomers, taking into 

consideration that each redox process is associated to one electroactive species in which 

only one electron is transferred (Table S4). We have also assumed that all 

functionalities are electroactive in acid electrolyte.

3.4.2. Physico-chemical and morphological characterization of CNTs modified 

with N and P functional groups

XPS analysis were performed to gain more information about the chemical 

composition, the content of N and P species and the atomic environment of the 

functionalized CNTs. Table 1 shows the atomic percentages after the electrochemical 

incorporation of N and P functionalities on CNTs at different upper potential limits, 

together with those of unmodified CNTs for comparison purposes. Data for 1.0 V are 

not included since the low degree of modification produces inaccuracies in the 

measurement with values close to the detection limit of the XPS technique. An increase 

in oxygen content is observed with the upper potential limit, which can be related to 

both the phosphonic functionalities in oligomeric chains and the overall 

electrooxidation process of the oligomers and the CNTs. It can be observed that hCNTs 

suffer a higher oxidation degree under the same modification conditions, since they 

show higher oxygen increase at lower potential limits with respect to unmodified 

hCNTs. N/P atomic ratio sets the proportion of both functional groups, which should 

theoretically be 1:1. Table 1 reveals the release of some phosphonic groups, possibly 

due to the oxidizing conditions employed. Consequently, phosphonic groups are 

oxidized to phosphate or phosphoric species and subsequently hydrolyzed [32,77].

In all cases, the functionalization of different CNTs with 2APPA results in a higher 

degree of N and P heteroatoms in their atomic composition than with 4APPA, probably 

due to the impeded polymerization for para-substituted aminobenzenes [78]. Therefore, 

a maximum atomic content of around 2.3-2.6 % N and 1.4-1.6 % P is obtained, which 

also depends on the carbon nanotube structure, surface chemistry and the applied 
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potential (the optimum is found between 1.2 and 1.4 V). As can be observed in Table 1, 

hCNTs modified with 2APPA and 4APPA show a higher content of these heteroatoms, 

despite the lower development of polymeric chains, where the attachment of monomers 

and short-chain species seems to be favored in a larger extent through the highly 

reactive edge and defect sites forming more stable species. Table 1 also shows the XPS 

analysis after the stability test by cyclic voltammetry during 150 cycles (Figure S18), 

which confirms that species incorporated on hCNTs are electrochemically more stable, 

especially those obtained by using 2APPA. In the other cases, it seems that atomic 

content of P decreases in a higher degree than N heteroatoms, thus increasing the N/P 

ratio. 

In addition, Table S5 shows an estimation of the molar percentages from active 

species determined by CV in Table S4 for 2APPA and 4APPA. When comparing the 

values in Table S5 with those of Table 1 at the same conditions (1.2 V), it can be 

observed that for the a-SWCNTs, they are around half, thereby it follows that a high 

proportion of the functionalities incorporated are electrochemically active. Nevertheless, 

the molar percentages in Table S5 for the hCNTs are quite lower than the atomic ones 

obtained by XPS. This effect corroborates that the anchoring of monomers or shorter 

oligomeric chains on hCNTs gives rise to different structures of functionalities with 

respect to the polymeric chains expected on a-SWCNTs, with a predominance of 

covalent attachment, thus changing their redox properties and resulting in a decrease in 

the electron transfer as observed in cyclic voltammograms (Figure 3C and D).

Table 1. Atomic composition obtained from the XPS spectra of a-SWCNT and hCNT 

electrochemically modified with 2APPA and 4APPA at different applied potentials. Percentages 

are referred to the respective atomic total.

Sample Monomer Potential / V vs 
RHE O / at. % N / at. % P / at. % N / P*

Unmodified 6.38 0.44 - -

1.2 14.80 2.34 1.62 1.2

1.2** 12.93 1.73 0.66 2.0
1.4 16.07 1.44 1.12 0.9
1.6 17.56 1.40 0.59 1.6

2APPA

1.8 27.55 1.23 0.45 1.8

a-SWCNT

4APPA 1.2 8.45 1.03 0.51 1.2
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1.2** 6.22 0.82 0.20 1.9
1.4 13.76 0.96 0.57 0.9
1.6 15.28 1.16 0.68 1.1
1.8 22.31 1.36 0.54 1.7

Unmodified 3.71 - - -

1.2 13.70 1.65 0.84 2.0
1.2** 11.67 1.59 0.81 2.0
1.4 17.89 2.58 1.35 1.9
1.6 20.55 2.42 1.18 2.1

2APPA

1.8 12.46 1.48 0.52 2.8

1.2 7.22 1.26 0.57 2.2
1.2** 6.31 1.10 0.40 2.8
1.4 11.54 1.96 0.79 2.5
1.6 15.74 2.01 0.54 3.7

hCNT

4APPA

1.8 17.13 2.04 0.41 5.0
* The N content of unmodified CNT has been subtracted for the calculation
** Measurements obtained after the stability test by cyclic voltammetry during 150 cycles in 0.5 M 

H2SO4

Different species could be figured out from the deconvoluted N1s and P2p spectra 

(Figure 4 and Figure 5, respectively) for the different CNTs functionalized at 1.2 and 

1.4 V with both APPA monomers. Additionally, XPS full survey spectra are shown in 

Figure S20. The N1s core-level spectra were fitted with two main contributions related 

to distinct nitrogen species. The first peak observed at lower binding energies, at around 

400.0 eV, can be assigned to neutral amine species (-NH-) [34] and commonly found in 

PANI-like structures [79,80]. Additionally, this peak can also have some contribution 

from amide groups (–C(=O)NH–) formed from condensation reactions between amino 

groups of monomers and oxygen groups in CNTs, thus producing covalent grafting 

[81,82]. The second contribution at higher binding energies (401.8 eV) is attributed to 

oxidized and positively charged N-species (N+), such as radical cation (–N•+–) or 

protonated nitrogen (–NH2
+–,–N+H=) [83]. Moreover, an increase in the amount of N+ 

species with the potential is observed. This contribution can be related to strong 

interactions between the amino groups and the surface oxygen groups or surface 

defects, as well as to the charge stabilization or the doping efficiency of oligomeric 

materials [84]. It is also possible that some contribution to the oxidized N-species 

comes from the oxidizing pre-treatment with nitric acid, thereby leading to N-O species. 
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Some differences in the environment surrounding the nitrogen atoms are appreciated in 

hCNTs, with a higher contribution of N+ species, probably as a consequence of stronger 

interactions and covalent attachments of the monomers and the reactive edge sites [30].

Figure 4. N1s spectra of: A, B) a-SWCNT and C, D) hCNT modified with A, C) 2APPA and 

B, D) 4APPA at 1.2 V and 1.4 V (vs RHE) determined by XPS.

The P2p spectra in Figure 5 reveal a main peak at around 133.5 – 134.0 eV that can 

be deconvoluted in one or two contributions composed of two asymmetric doublets. The 

first peak at 132.7 eV is characteristic of P-C species [85] and seems to be connected 

with the phosphonic groups from the APPA monomers. The second doublet, much more 

intense, lies at around 133.7 eV, in the range of binding energies related to P-O 

compounds [86], and it is probably ascribed to phosphate or phosphoric groups (R–O–

P(OH)2) produced during the electrochemical functionalization at oxidative conditions. 

It could be also possible for phosphonic groups to interact with carbon atoms through 

oxygen atoms. However, this trend is reversed when PANI-APPA copolymers are 

synthesized by chemical methods in the absence of carbon materials [84]. 
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It is noteworthy that the P2p profiles for the CNTs modified with 2APPA shows only 

the contribution of more oxidized P atoms (Figures 5A and C). This is probably due to 

an increased reactivity of the phosphonic groups due to higher interactions between the 

phosphonic groups and the nitrogen species, which are favored in the linear 2APPA-

related oligomers. Contrarily, the resulting branched structures with 4APPA seems to 

increase the resistance to oxidation of phosphorus atoms during the electrooxidation 

process. Figures S21 and S22 show the XPS full survey spectra, as well as the N1s and 

P2p spectra, respectively, for b-SWCNT electrochemically modified with both APPA 

monomers, revealing species similar to those of a-SWCNTs, but with less contribution 

of N+ species when 2APPA is used. This behaviour corroborates different interactions 

between linear oligomers and a-SWCNTs surface, probably due to changes in their 

surface chemistry after treatment with the acid mixture. Additionally, Figures S23 and 

S24 display the XPS full survey spectra, as well as the N1s and P2p spectra, 

respectively, after the stability test, which reveal more changes for those CNTs modified 

with 4APPA than with 2APPA. This suggests that the interactions between the 

phosphorus and nitrogen groups in the linear 2APPA-related oligomers seems to 

stabilize their chemical environment under oxidative conditions.
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Figure 5. P2p spectra of: A, B) a-SWCNT and C, D) hCNT modified with A, C) 2APPA and 

B, D) 4APPA at 1.2 V and 1.4 V (vs RHE) determined by XPS.

Raman spectroscopy was used to study the physico-chemical and structural changes 

in the different CNTs before and after the electrochemical modification with 2APPA 

and 4APPA at different oxidation potentials. Figure 6 shows the most important 

characteristic features in the Raman spectra of graphene-based carbon materials, 

including the first-order G band and the disorder-induced D band at around 1570-1590 

cm-1 and 1350 cm-1, respectively [57,58]. An additional band of lower intensity can be 

clearly appreciated at around 1130 cm-1 after modifying the a-SWCNTs with both 

APPA monomers (Figure 6A and B), which could be ascribed to asymmetric C-N-C 

stretching mode in quinoid structures [34], C-H aromatic in-plane bending mode 

[84,87], as well as to P-O-C out-of-plane stretching in an aromatic system [34,88]. 

Therefore, the lack of this band in modified hCNTs confirms the non-favorable effect of 

this carbon structure for the oligomerization process. In this case, the inset images at 

Figures 6C and D reveal a shoulder of the G band at around 1620 cm-1 (D’ band), which 

is sensitive to defects and strain induced in the graphene flakes by electrochemical 

functionalization and covalent interactions [58]. This is in agreement with the prevailing 

covalent attachment of APPA species in hCNTs through the numerous reactive sites and 

heterogeneities present in this material compared to a-SWCNT. In addition, when the 

anodic potential is increased in the modification process, a shift of the G band towards 

more positive wavenumbers is induced, probably due to covalent interactions with 

APPA monomers. This shift is especially noticed when hCNTs are modified with 

4APPA (Figure 6D). Moreover, no significant differences are distinguished when 

comparing electrochemically modified a-SWCNTs (Figure 6A and B) with b-SWCNTs 

(Figure S25).

The ID/IG ratio was calculated by deconvolution of the D and G regions (Figures S26-

S29), where the D and G bands have been fitted to Lorentzian curves [89,90]. The ID/IG 

ratio in Figure S30 reveals that a-SWCNTs modified at lower potentials do not present 

substantial structural damage, since the oxidation occurs mainly in the APPA 

monomers. Contrarily, hCNTs show considerably higher ID/IG ratio, which could be 

related to the covalent incorporation of functionalities that increases stacking defects. 

The ID/IG ratio comes to a maximum at around 1.4 V and 1.6 V. The maximum can be 
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explained considering that at more aggressive conditions (i.e., at higher potentials) some 

loss carbon material may occur, probably due to electrochemical gasification reactions 

[91]. Nonetheless, as seen in Figure S7 and S8 for ANI monomers, both the double-

layer capacitance and pseudocapacitance contributions do not seem to be negatively 

affected up to higher potentials (1.6 and 1.8 V).

1000 1500 2000
0.0

0.2

0.4

0.6

0.8

1.0

1.2
A)

1480 1520 1560 1600 1640 1680
0.0

0.5

1.0

1.5

2.0
D'' band G band

N
or

m
al

iz
ed

 R
am

an
 In

te
ns

ity
 / 

a.
u.

Raman shift / cm-1

1130 cm-1

G bandD band

 Unmodified a-SWCNT
 a-SWCNT-Modified_2APPA_1.2 V
 a-SWCNT-Modified_2APPA_1.4 V
 a-SWCNT-Modified_2APPA_1.6 V
 a-SWCNT-Modified_2APPA_1.8 V

N
or

m
al

iz
ed

 R
am

an
 In

te
ns

ity
 / 

a.
u.

Raman shift / cm-1
1000 1500 2000

0.0

0.2

0.4

0.6

0.8

1.0

1.2
B)

1480 1520 1560 1600 1640 1680
0.0

0.5

1.0

1.5

2.0
D'' band G band

N
or

m
al

iz
ed

 R
am

an
 In

te
ns

ity
 / 

a.
u.

Raman shift / cm-1

G bandD band

 Unmodified a-SWCNT
 a-SWCNT-Modified_4APPA_1.2 V
 a-SWCNT-Modified_4APPA_1.4 V
 a-SWCNT-Modified_4APPA_1.6 V
 a-SWCNT-Modified_4APPA_1.8 V

N
or

m
al

iz
ed

 R
am

an
 In

te
ns

ity
 / 

a.
u.

Raman shift / cm-1

1130 cm-1

1000 1500 2000
0.0

0.2

0.4

0.6

0.8

1.0

1.2
C)

1480 1520 1560 1600 1640 1680
0.0

0.5

1.0

1.5
D' bandG band

N
or

m
al

iz
ed

 R
am

an
 In

te
ns

ity
 / 

a.
u.

Raman shift / cm-1

G bandD band

 Unmodified hCNT
 hCNT-Modified_2APPA_1.2 V
 hCNT-Modified_2APPA_1.4 V
 hCNT-Modified_2APPA_1.6 V
 hCNT-Modified_2APPA_1.8 V

N
or

m
al

iz
ed

 R
am

an
 In

te
ns

ity
 / 

a.
u.

Raman shift / cm-1
1000 1500 2000

0.0

0.2

0.4

0.6

0.8

1.0

1.2
D)

1480 1520 1560 1600 1640 1680
0.0

0.5

1.0

1.5
D' bandG band

N
or

m
al

iz
ed

 R
am

an
 In

te
ns

ity
 / 

a.
u.

Raman shift / cm-1

G bandD band

 Unmodified hCNT
 hCNT-Modified_4APPA_1.2 V
 hCNT-Modified_4APPA_1.4 V
 hCNT-Modified_4APPA_1.6 V
 hCNT-Modified_4APPA_1.8 V

N
or

m
al

iz
ed

 R
am

an
 In

te
ns

ity
 / 

a.
u.

Raman shift / cm-1

Figure 6. Raman spectra of A, B) a-SWCNT and C, D) hCNT electrochemically modified 

with A, C) 2APPA and B, D) 4APPA at different positive potentials. Inset: Enlargement of the 

D’’, G and D’ region.
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Figure 7. TEM images of A, B) a-SWCNT and C, D) hCNT electrochemically modified with 

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

Figure 7 displays the TEM images of the different CNTs electrochemically modified 

in presence of 2APPA and 4APPA, which can be compared with unmodified CNTs in 

Figure 1. The formation of amorphous material onto the surface of the CNT is observed 

(marked with white arrows), which is associated with the oligomers developed during 

the electrooxidation, especially in the case of a-SWCNTs (Figures 7A and B). These 

polymeric materials seem to be located not only on the outer surface of the nanotubes 

but also inside the channel of the nanotubes as a consequence of the opening of tips and 

some defective walls. Local attachment of radicals might take place at the most reactive 

sites, such as defects, edges or surface oxygen groups, followed by the development of 

oligomeric species [67]. Therefore, a heterogeneous and non-uniform oligomeric 

coating wraps the surface of CNTs in form of agglomerates with no apparent damage in 

their structure, suggesting that APPA monomers are preferentially oxidized rather than 
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the CNTs. It should be noted in Figures 7A and B that the functionalized a-SWCNTs 

generates more aggregates in comparison to functionalized b-SWCNTs and that the 

carbon nanotube channel in b-SWCNTs seems not to be filled (Figure S31), in 

agreement with the lack of CNT tip opening that occurs in this case. Besides, it is 

observed that a-SWCNTs modified with 4APPA give rise to few linear chains; 

however, loops due to inter- and intra-chain entanglements are observed, whereas 

2APPA shows longer linear chains. Regarding the modified hCNTs (Figures 7C and D), 

the presence of amorphous material located at the edges and defect sites suggest their 

oxidation due to their high reactivity together with the anchoring of monomers or short-

chain oligomers. However, as expected, oligomeric chains are less appreciable than with 

a-SWCNTs.

3.5. Density functional theory calculations (DFT)

The Self-Consistent Field (SCF) energy of the monomers and CNTs have been 

obtained for the evaluation of the energy involved in the functionalization mechanisms. 

A SWCNT with a (5,5) chiral vector and 0.7 nm of diameter was selected to model the 

mechanisms of the monomer adsorption. It is widely known that the electronic 

properties of carbon nanotubes highly depend on the chiral vector and diameter; 

however, by using the selected SWCNT model and B3LYP/6-31G(d) level of theory, a 

good balance between computational cost and high-quality results is reached. 

Nevertheless, as mentioned, the results obtained in this DFT calculation do not provide 

a general statement that can be applied to all carbon nanotubes, but give useful insights 

to better understand the interactions between SWCNT and the studied monomers.

 Geometries of 2APPA, 4APPA and ANI have been optimized for 1, 2, 3 and 5 

monomer-containing polymeric chains. Figure S32 displays the SCF energy per 

monomer units, in which an increase in the SCF energy is observed when increasing the 

number of monomers that form the polymer chain. Interestingly, slight differences can 

be observed depending on the monomer. 2APPA and ANI show similar SCF energy 

profiles for the whole range of monomer units, whereas in the case of 4APPA the 

required energy to continue with the polymerization is lower. 

Figure S33 shows the optimized geometry for each monomer. It is observed that 5 

monomers of 2APPA leads to a linear polymeric chain, similar to the obtained by the 

ANI, while 5 monomers of 4APPA result in a folded structure of the polymer chain as a 
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consequence of the interaction between -PO3H2 groups, which is in full agreement with 

TEM observations. The para- disposition of the phosphonic groups in 4APPA-based 

chains leads to a configuration in which the phosphonic groups are found closer than in 

2APPA-based chains. This results in the interaction between the P-containing functional 

groups of different monomers that decreases the polymerization energy. These 

computational results provide important information about the experimental differences 

of 2APPA and 4APPA polymerization and the electrochemical and physicochemical 

properties since the chain structure determines many properties, such as the electrical 

conductivity. The modelling is in excellent agreement with the experimental 

assumptions, in which the molecules adsorbed on the CNTs are mainly related to 

polymeric species characteristic of the first stages of ANI polymerization, especially 

4ADPA dimers or short oligomeric-related chains in the case of 2APPA, and more 

branched species related to PhzR-type structures and derivatives in the presence of 

4APPA.

Furthermore, the adsorption energies of ANI, 2APPA and 4APPA on the outer 

surface of carbon nanotubes have also been evaluated (Figure 8 and Table 2). The 

model structures and computational details can be found in the experimental section. It 

should be noted that, despite recent theoretical studies have indicated preferences in the 

intermolecular interaction of aromatic molecules on the inner surface of the CNTs [44], 

this configuration has not been studied due to the small diameter associated to them in 

order to obtain adequate calculation times in this fundamental study. Nevertheless, it is 

important to consider this possibility, especially in the case of a-SWCNTs, since 

experimental results have demonstrated the opening of the tips and the availability of 

the internal surface for their functionalization, as seen in TEM images (Figure 7). 

Two possible orientations have been considered for modelling the interaction of a-

SWCNT with ANI and APPA-based monomers: parallel and perpendicular to the 

longitudinal axis of the nanotube. However, only parallel configuration was found to be 

stable, probably due to interactions of the π electrons of the CNTs and the hydrogen 

atoms of the N and P groups. Moreover, π-π interactions can also be possible from the π 

electrons of the CNTs and the benzene rings. One aspect that must be pointed out is the 

different adsorption energies depending on the monomer. The adsorption energy for 

aniline is found to be -39.28 kJ mol-1, while the adsorption energy for both APPA-based 

monomers is significantly more negative, showing a stronger interaction between 
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2APPA and 4APPA and the carbon nanotube. This can be explained through an 

interaction between the P-containing functional group and the nanotubes walls. If the 

CNTs are oxidized (as it occurs for a-SWCNT), the interaction seems to be stronger for 

ANI and 4APPA with respect to the non-oxidized SWCNTs, although the higher values 

are found for APPA monomers (Figure 8 and Table 2). 

From these values, it can be deduced that the interaction of 2APPA is more likely to 

occur on the CNTs through π-π interactions and the linear polymeric growth of the 

chain could easily occur (as with ANI), whereas 4APPA-derived polymer has no 

relevant π-π interactions with the CNTs due to the folded structure (Figure S33) and 

thus the polymerization along the CNTs surface is hampered. Therefore, in the last case, 

the radical 4APPA* that act as nucleation point can be formed at parallel position to the 

CNTs, but the growth is highly hampered due to the non-linear structure. Thus, the 

polymerization of 4APPA can likely occur in solution and then deposited on the carbon 

nanotube surface, so the proportion of oligomers and the size of the chains must be 

smaller, in agreement with the lower N content of 4APPA functionalization in XPS 

results.

Figure 8. Optimized geometries for the adsorption of ANI, 2APPA and 4APPA in SWCNTs 

and oxidized SWCNTs. H is white, C is grey, N is blue, O is red, and P is orange.

Table 2. Adsorption energies for ANI, 2APPA and 4APPA monomers onto SWCNTs and 

oxidized SWCNTs.

CNT type Adsorption energy / kJ mol-1
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ANI 2APPA 4APPA

SWCNT -39.28 -86.21 -81.51
Oxidized SWCNT -68.60 -80.22 -101.07

Additionally, the adsorption of ANI and APPA monomers in hCNTs have been 

modelled through the adsorption energies at the edges of the carbon nanotube in order 

to deepen into the differences between both CNTs structures. To that end, Figure 9 and 

Table 3 show the optimized geometries and SCF energies of the adsorption of all 

monomers, respectively. Interestingly, in comparison with the SCF energies obtained at 

the basal plane (Figure 8 and Table 2), the adsorption energies of ANI, 2APPA and 

4APPA are significantly higher in this modelling, which means a stronger interaction of 

monomers in the edges of carbon nanotubes (as in hCNTs), what is especially 

remarkable when CNTs are oxidized. It is worth mentioning that ANI tends to enter into 

the carbon nanotube, possibly due to high adsorption potential through the π-π 

interaction. In this regard, the optimized geometries shown in Figure 9 seem to indicate 

the APPA monomers mainly interact with the edges and the oxygen group through the 

P-containing functional group. However, experimentally we have observed that the 

electrooxidation of APPA monomers in presence of hCNTs leads to smaller redox 

processes in CV profiles in comparison with a-SWCNTs (see Figure 3). This means that 

despite the higher functionalization degree of hCNTs (detected by XPS, see Table 1), 

the APPA-derived functional groups do not form a polymer-like functionalization with 

the polyaniline-type characteristic redox processes and it is mainly limited to covalent 

attachment of monomers.

Figure 9. Optimized geometries for the adsorption of ANI, 2APPA and 4APPA at the edges 

of SWCNTs and oxidized SWCNTs. H is white, C is grey, N is blue, O is red, and P is orange.
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Table 3. Adsorption energies for ANI, 2APPA and 4APPA monomers at the edges of 

SWCNTs and oxidized SWCNTs.

Adsorption energy / kJ mol-1

CNT type
ANI 2APPA 4APPA

SWCNT -69.73 -87.93 -107.21
Oxidized SWCNT -85.29 -123.86 -127.38

According to these results, it is suggested that in presence of hCNTs, in which edges 

predominate, APPA monomers tend to react more strongly with the carbon atoms 

located at the edges of the carbon nanotubes, probably through covalent bonding and 

such strong interaction does not allow the polymerization reaction. However, in 

presence of a-SWCNTs, in which basal plane atoms predominate, the interaction with 

APPA monomers occur through weaker (but favorable) physical phenomena, which 

does allow the oligomeric growth.

4. Conclusions

The electrochemical functionalization of SWCNTs and hCNTs has been carried out 

in presence of aminophenylphosphonic acid isomers (2APPA or 4APPA), with an 

excellent level of control regarding the N and P species incorporated. Interestingly, a-

SWCNTs seem to favor the correct adsorption of the monomers onto the CNTs wall 

through interaction with the π electrons of the walls, followed by the oligomeric growth, 

while hCNTs promote a covalent attachment of the monomers and short-chains 

formation according to their heterogeneity and higher reactivity, where a high 

functionalization level can be reached but the development of polymers is not favored. 

Local attachment of radicals could take place at the most reactive sites, giving rise to a 

heterogeneous distribution of functionalities with no apparent damage in the structure of 

CNTs. 

Not only the structure of CNTs, but also the position of the phosphonic groups in the 

monomer are key factors for the resultant polymer formation and its electrochemical 

stability. Hence, the functionalization in presence of 2APPA reveals similar 

electrochemical profiles to the modification in presence of ANI under the same 
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conditions since linear chain growth is expected. Nevertheless, when 4APPA is used, 

the resulting oligomers show folded structures that impede their growth on the CNTs 

wall. Modelling results support these findings and help us to gain a deeper 

understanding of the functionalization mechanism of CNTs with different structures. 

Therefore, modification of CNTs with 2APPA provides a higher presence of N and P 

heteroatoms under the optimal conditions (1.2 and 1.4 V vs RHE), which can be a 

promising methodology to develop electrocatalysts and electrocatalysts support for 

next-generation electrochemical energy devices.
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