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ABSTRACT
Functionalized carbon nanotubes (CNTs) using three aminobenzene acids with different functional groups (carboxylic, sulphonic, phosphonic) in para position have been synthesized through potentiodynamic treatment in acid media under oxidative conditions. A noticeable increase in the capacitance for the functionalized carbon nanotubes mainly due to redox processes points out the formation of an electroactive polymer thin film on the CNTs surface along with covalently bonded functionalities. The CNTs functionalized using aminobenzoic acid rendered the highest capacitance values and surface nitrogen content, while the presence of sulfur and/or phosphorus groups in the aminobenze structure yielded a lower functionalization degree. The oxygen reduction reaction (ORR) activity of the functionalized samples was similar to that of the parent CNTs, independently of the functional group present in the aminobenzene acid. Interestingly, a heat treatment in N2 atmosphere with a very low O2 concentration  (3125 ppm) at 800º C of the CNTs functionalized with aminobenzoic acid produced a material with high amounts of surface oxygen and nitrogen groups (12 and 4% at., respectively), that seem to modulate the electron-donor properties of the resulting material. The onset potential and limiting current for ORR was enhanced for this material. These are promising results that validates the use of electrochemistry for the synthesis of novel N-doped electrocatalysts for ORR in combination with adequate heat treatments.
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Introduction
[bookmark: OLE_LINK3]One of the main challenges for the development of fuel cells is the design of new catalysts for the cathode. The most evident disadvantage of the current state-of-the-art catalysts, i.e. platinum and other noble metals, is, among others, the price of the material, which renders economically and sustainably inviable a widespread production of fuel cells. Thus, a huge effort is currently underway in the replacement of platinum by new electrocatalyts based in non-noble metals or carbon materials for the oxygen reduction reaction (ORR). This reaction can proceed through a two or a four-electron reaction pathway that leads either to hydrogen peroxide or water formation as the final product. Given the lower efficiency of the 2-electron reaction and the undesirable side effect of producing large amounts of highly oxidizing peroxide, selectivity to the water formation via the 4-electron process along with a high stability and a kinetic rate comparable to that of platinum are also required features of materials that could potentially reduce and even replace the use of platinum as catalyst [1,2].
Nitrogen-containing nanostructured carbon materials are one of the most promising candidates for non-precious metal catalysts. These materials have noteworthy ORR activities, selectivity to water and stability as well as their excellent properties and tunable surface chemistry [3].  
The role of nitrogen functionalities is not still well understood. The electron donor character of N functionalities together with the redistribution of electron density in the surroundings of the N-atom, seem to be the main reasons for the catalytic activity [4,5] [6]. The positively charged carbon atom in the vicinity of nitrogen species, promote O2 chemisorption what weakens the O-O bond [7,8] [9]. Apart from the role of nitrogen atoms as the possible catalyst by themselves, the structural changes that induces in the carbon lattice are also mentioned as an additional boost for the electroactivity of the resulting material [10], being related to the increased occurrence of edge sites in the vicinity of the nitrogen group [7,11], which are electroactive by themselves [12], and the induction of curvature in the graphene layers through the formation of Stone-Wales defects [13,14]. Among then, N-doped Carbon nanotubes (N-CNTs) have shown outstanding activity for ORR probably because of a combination of the about mentioned factors [9,15,16]. In consequence, intensive studies in the field have produced novel synthesis methodologies and/or doping processes for attaining nitrogen-containing nanostructured carbon materials [15,17–30]. They can be obtained either by the reaction between a carbon material and a N-containing compound or by synthesis of a carbon material using a N-rich carbon precursor [20,30,31,33,34].
Selective generation of nitrogen functionalities is difficult to achieve when using the most common chemical methods for nitrogen doping, such as the reaction of a carbon material with nitrogen containing molecules, chemical vapor deposition (CVD) using a N-containing molecule, template methods using N-rich precursors, etc.[33–39].
In this sense, functionalization and grafting of molecules by electrochemical methods can produce modified materials with a higher selectivity towards specific functional groups [40,41]. This method combined with further heat treatment can be very useful to generate tailored N-species [42]. In the case of CNTs, while electrochemical functionalization with nitrogen groups using reductive conditions has been profusely studied, the use of oxidative conditions has not been analyzed in detail, being more dedicated to the preparation of composites and thin films of nitrogen-containing polymers, such as polyaniline [43,44]. However, oxidation of aliphatic and aromatics amines for their grafting on carbon surfaces has been studied in the past and this method could be used with CNTs [45]. The process is a one-electron oxidation of the amine group that gives a radical which then is attached to the surface by a C-N bond. An interesting and illustrative example of the potentiality of this method is the modification of glassy carbon surfaces using 4-aminobenzoic acid (4-ABA) [46,47], 4-aminobenzenesulfonic acid (4-ABSA) [48] and 4-aminobenzylphosphonic acid (4-ABPA) [49] in aqueous solution. These examples show that the grafting of species with a terminal carboxyl, sulfonic and phosphonic groups, respectively, is possible. This variety of terminal groups in the functionalized aminoacids could be beneficial for delivering different properties to a carbon surface. Furthermore, covalently anchored or non-convalently adsorbed aminoacids could also polymerize. The obtained homopolymers from p-aminobenzoic, benzensulfonic or benzylphosphonic acids would be short-chain polymeric materials, where the preferential growth of polymer could take place through the incorporation of monomers at the ortho position to the carboxylic group, although some contribution of meta-substituted rings cannot be discarded [50]. These modified carbon materials could be used as synthesized or subjected to further heat treatment to induce their controlled decomposition to obtained highly selective N-doped carbon materials. 
Thus, one of the objectives of this work is to study the electrochemical functionalization of CNTs with differently substituted aminobenzene acids (namely 4-ABA, 4-ABSA and 4-ABPA), since sulfur and phosphorus groups have also been proposed as electroactive for the ORR [38,51,52]. The functionalization has been achieved by potentiodynamic treatment in oxidative conditions that can promote both the covalent bonding to the carbon nanotubes and the polymerization of the aminoacids. The effect of the different functional groups in the para position of the employed aminobenzene acids in the electrochemical behavior and catalytic activity for ORR has been studied. Furthermore, heat treated N-doped CNTs obtained from the electrochemically functionalized CNTs have also been characterized, showing important changes when the atmosphere during the heat treatment is changed from an inert to a slightly oxidative one. This has an important influence in the activity towards ORR.
Materials and methods
Reagents
Multiwall CNTs were purchased from Cheap Tubes Inc. (Brattleboro, Vt, USA) with a 95% of purity and a BET surface area of 484 m2 g-1 and they were used without further purification. 4-aminobenzoic acid (4-ABA) was purchased from Merck. 4-aminobenzenesulfonic acid (4-ABSA), 4-aminobenzylphosphonic acid (4-ABPA), N,N-dimethylformamide (DMF) and potassium hydroxide were purchased from Sigma-Aldrich. Sulfuric acid (98%) and perchloric acid (70%) were purchased from VWR Chemicals Prolabo. Oxygen with 99.99% of purity was purchased from Linde.

Electrochemical modification of CNTs
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8]The working electrode was prepared using a dispersion of 1mg ml-1 of CNTs in DMF. A glassy carbon electrode was polished and 10µl of the mentioned dispersion was added on the glassy carbon surface, with the solvent being evaporated using an infrared heating lamp. The study of the electrochemical modification of CNTs was performed in a three-electrode cell, the glassy carbon electrode charged with CNTs being used as the working electrode, a platinum wire being used as the counter electrode and Ag/AgCl electrode as the reference electrode, but the potentials are referred to a reversible hydrogen electrode (RHE).  Potentiodynamic functionalization was achieved submitting the sample to cyclic voltammetry in a 0.1 M HClO4 solution containing 1 mM of the respective aminoacid (4-ABA, 4-ABSA, 4-ABPA), where the potential was scanned between 0.7 and 1.6 V (vs. RHE) at 10 mV s-1 during 10 cycles. 
The preparation was scaled-up for the production of 25mg of functionalized CNTs through the same procedure than before. A paste was prepared by mixing the CNTs with a binder (PTFE, 60 wt.%) in a ratio 95:5 wt.%; this mixture was spread and pressed uniformly and thinly with a spatula onto a graphite sheet collector that was used as the working electrode.
Heat treatment
Functionalized CNTs with 4-ABA were heat treated into a tubular furnace at 800°C for 30 minutes using a heating rate of 20ºC/min. Two different atmospheres were used in this treatment: one with pure nitrogen and the other one a slightly oxidizing mixture of gases (3125 ppm O2 in N2). 
Chemical and electrochemical characterization
The surface composition and oxidation states of the species in the materials were studied by using XPS in a VG-Microtech Mutilab 3000 spectrometer and Al Kα radiation (1253.6 eV). The C1s peak position was set at 284.8 eV and used as reference to shift the position of the whole spectrum. Elemental analysis of the surface of the sample was obtained comparing the areas under the main peak of each atom found in the sample, that have corrected by the corresponding Scofield sensitivity factors and the kinetic energy raised to the 0.6 power of each peak. Deconvolution of the XPS N1s spectra was done by least squares fitting using Gaussian–Lorentzian curves, while a Shirley line was used for the background determination. The deconvoluted N1s peaks were assigned to different surface groups and oxidation states of nitrogen according to those described in previous works [53].
The electrochemical characterization of the electrodes was performed in an Autolab PGSTAT302 (Metrohm, Netherlands) potentiostat using the same standard three-electrode cell configuration already described in section 2.2. Two aqueous electrolytes with different pH were used: acid medium (1 M H2SO4) and basic medium (0.1 M KOH). The electrochemical behavior was studied by cyclic voltammetry (CV) between 0 and 1V (vs. RHE) at 50 mV s-1. 
Electrochemical activity towards ORR
Electrochemical activity tests towards ORR were conducted in a three-electrode cell using 0.1 M KOH, a platinum wire as the counter electrode and RHE electrode as the reference electrode. A rotating ring-disk electrode (RRDE, Pine Research Instruments, USA) equipped with a glassy carbon disk (5.61 mm diameter) and a attached platinum ring was used as the working electrode. The glassy carbon disk was modified with the functionalized nanotubes using 25 µl of a 1 mg ml-1 dispersion, obtaining a catalyst charge of 0.1 mg cm-2.  For comparison purpose, a Pt/C electrocatalysts prepared according to procedure described in [54] on Vulcan XC-72F has been used. For the measurements of Pt/C catalyst, 2.5 µl of a dispersion consisting in 10 mg ml-1 of catalyst and 5 mg ml-1 of Nafion® (from a 5% weight Nafion® perfluorinated resin solution, Aldrich) were deposited over the surface of the glassy carbon disk. Cyclic voltammetry and linear sweep voltammetry (LSV) were performed between 0 – 1 V (vs. RHE). The first one was done in a N2-saturated and O2-saturated atmosphere at 50 mV s-1. The last one was performed in an O2-saturated atmosphere at different rotation rates between 400 and 2025 rpm at 5 mV s-1, while the potential of the ring was held constant at 1.5 V (vs. RHE). The electron transfer number was calculated on basis of Koutecky-Levich equation [55]:
			(1)
			(2)
					(3)
Where j is the measured current density, jK and jL are the kinetic and diffusion limiting current densities respectively, ω is the angular velocity of the disk (ω = 2πN, N refers to linear rotation speed), n is the total number of electrons transferred, F is the Faraday constant, ν is the kinetic viscosity of the electrolyte, C0 is the bulk concentration of O2, D0 is the diffusion coefficient of O2 in the electrolyte, κ is the electron transfer rate constant. The values for 0.1 M KOH are: C0 = 1.2 x 10-3 mol L-1, D0 = 1.9 x 10-5 cm2 s-1, ν = 0.01 cm2 s-1. It is also possible to calculate the number of electrons during the hydrogen peroxide oxidation from the RRDE measurements:
					(4)
Where Ir and Id stands for the intensities measured at the ring and the disk, respectively, and N is the collection efficiency of the ring, which was experimentally determined to be 0.37.
Results and discussion
Electrochemical functionalization of CNTs
[bookmark: OLE_LINK18]In order to study the optimal conditions to functionalize CNTs with different aminoacids, several working conditions were tested. The first one was done by cyclic voltammetry in 1 M H2SO4 + 1 mM of 4-ABA. The voltage window was step-wise opened from 0 to 0.5 – 1.2 V (vs. RHE). The results (Fig. 1a) show a rectangular shape for the cyclic voltammograms (CVs) until 1V, characteristic of the double layer formation on the surface of the CNTs. When the potential window is opened to 1.1 and 1.2 V, an oxidation current appears showing a maximum at 1.08 V. These potential onsets for the oxidation current resemble those obtained over a platinum electrode for the same para-substituted aminoacid [50]. Thus it is expected that the current corresponds to the polymerization rather than the covalent functionalization of the 4-ABA on the CNTs surface. After the first sweep up to 1.2 V, several peaks appear at 0.53 and 0.77 V in the subsequent cycles. Fig. 1b shows the voltammograms obtained with the electrode of Fig. 1a immersed in H2SO4 solution free of ABA between 0 to 1 V (vs. RHE). It can be observed that the peak at 0.77 V decreases with successive cycling, while the one at 0.53 V is maintained. This seems to be connected to the formation of different dimers and oligomers of 4-ABA over the carbon surface, which are not covalently attached to the CNTs surface. Therefore, the fate of these species is to slowly diffuse out the carbon surface, explaining the decrease of the redox peaks. Further confirmation of this hypothesis is obtained when the electrode is rinsed in abundant water for one day, Fig 1b (dashed line). The CV recorded after cleansing of the electrode clearly shows the vanishing of the redox peaks, confirming that no electroactive polymer attachment to the CNTs was achieved. Nevertheless, a wide and low intense peak is shown at the 0.4 - 0.9 V potential range, so the presence of a noticeable amount of non-covalently functionalized polymer remaining over the CNTs cannot be discarded.
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Fig. 1. Cyclic voltammetry of CNTs in: (a) 1 M H2SO4 + 1 mM 4-ABA, (b) 1 M H2SO4 at different cycles. Scan rate: 10 mV s-1.
These starting tests evidenced that a higher potential could be needed to covalently functionalize the CNTs with aminobenzene acids. Previously reported studies about the functionalization of glassy carbon electrodes support this requirement, since potentials up to 1.6 V  are needed to effectively decorate the surface of the electrode with aminoacids [46–49]. Fig. 2a shows the CVs recorded from 0.7 to 1.4 (red lines) or 1.6 V (black lines) (vs. RHE) using 0.1 M HClO4 solution. This experimental strategy will allow assessing the effect of the upper potential limit reached during the synthesis in the electrochemical properties of the functionalized samples. In Fig. 2a two irreversible peaks are now observed, the first one at about 0.97 V, and the second one starting at 1.3 V (vs. RHE). The first one decreases and slightly shifts  to a more positive potential with the number of scans, and it can be related with the oxidation of the amino group to its corresponding radical [48,49]. This radical can be either the initiator of the polymerization of the aminoacid, or be attached on the surface of the CNTs. The second oxidation current has the onset potential at around 1.3 V (vs. RHE). The intensity of this peak decreases gradually with the number of scans and it can be due to the oxidation of the CNTs and the formation of C-N bonded anchored species, together with the over-oxidation of the formed polymer [46,48,49]. 
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Fig. 2b shows the CVs of functionalized CNTs at the two limit potentials of Fig. 2a in absence of 4-ABA in H2SO4 solution. These CVs were obtained just after functionalization and cleaning with ultrapure water. The most straightforward difference with the voltammograms of Fig. 1b is the appearance of a new redox process at 0.37 V, as well as the increase in the current of the other redox processes. At these potential limits (1.4 V and 1.6 V (vs.RHE)), the CNTs edge sites could also be oxidized and electroactive quinone surface groups can be formed and contribute to pseudocapacitance [56,57]. Thus, it seems that the current increase obtained at 1.4 and 1.6 V is related to a further increase in the polymeric thin film deposited on the carbon nanotube, as well as the electrochemical oxidation of their edge sites. 
In order to attain functionalization with other functional groups, the synthesis with the para substituted sulfonic and phosphonic aminobenzene acids were also carried out using 1.4V as the upper potential limit. Fig. 3 shows CV of glassy carbon electrodes modified with 10µg of CNTs in a 0.1 M HClO4 aqueous solution with 1 mM of 4-ABSA and 4-ABPA at 10 mV s-1. It can be seen a similar voltammetric behavior with an oxidation peak at around 0.95 V in which the substituted aminobenzene acid is oxidized, and the second one at potentials higher than 1.3 V, in which the CNTs are oxidized or the radical anchors on the CNTs surface. 4-ABA and 4-ABSA behave similarly in terms of their oxidation current intensity (peak at 0.97V), while that of 4-ABPA is lower. 


[image: ]
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Fig. 2. (a) Functionalization of CNTs with 4-ABA at different potential windows using 0.1 M HClO4 + 1 mV 4-ABA, v=10 mV s-1 (b) Cyclic voltammetry of bare CNTs (dashed line) and functionalized nanotubes with 4-ABA obtained using two different potential windows in 1 M H2SO4 solution, v=50 mV s-1 (c) Cyclic voltammetry of bare CNTs (dashed line) and functionalized nanotubes with 4-ABA using a potential window up to 1.6 V in 0.1 M KOH solution, v=50 mV s-1.
[image: ][image: ]
Fig. 3 - Electrochemical functionalization of CNTs in 0.1 M HClO4 + 1 mM of (a) 4-ABSA, (b) 4-ABPA. v= 10 mV s-1.
Chemical and electrochemical characterization
Figs. 2b and 2c show the voltammograms of the bare CNTs and NT_4ABA in acid and alkaline solutions, respectively. The same characterization in acid and alkaline solutions for the functionalized CNTs with 4-ABSA and 4-ABPA are presented in Figs. 4 and 5.
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Fig. 4 - Cyclic voltammetry of CNTs (dashed line) and functionalized nanotubes with 4-ABSA (solid line) in (a) 1 M H2SO4 and (b) 0.1 M KOH. v= 50 mV/s.
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Fig. 5 - Cyclic voltammetry of CNTs (dashed line) and functionalized nanotubes with 4-ABPA (solid line) in (a) H2SO4 1 M and (b) KOH 0.1 M. v= 50 mV/s.
Unmodified CNTs voltammograms have a rectangular shape in both media, which is typical of carbon materials where the capacitance is determined by electric double layer formation. In contrast, in the modified CNTs a much higher capacitance and different oxidation-reduction processes are observed.  This is due to the presence of functionalized electroactive species at the surface of the CNTs. Table 1 includes the capacitance of the different electrodes in the two electrolytes. The materials show a net increase in the capacitance, as consequence of the pseudocapacitance contribution of the redox processes associated to the organic molecules, which in some cases is up to 240% (Table 1). The position of the main redox peaks seems to be similar independently of the ABA selected for the functionalization, although they seem to be slightly shifted due to the different mediating effect of each functional group (carboxylic, sulfonic or phosphonic).  Since the best results in terms of capacitance increase are achieved for NT_4-ABA, it seems that the polymeric functionalization is favored in that case, while the presence of the sulfonic acid at para position could restrict the growth of the polymer. As for the NT_4-ABPA, it seems that the presence of the large phosphonic group hinders both the polymerization and the appearance of the electroactivity in the functionalized CNTs, especially the redox couple at 0.7 V, being probably connected to steric effects. It is also important to mention that the behavior of each material varies depending on the medium, owing to the change of electroactivity of the species with the pH. Moreover, the solubility of some of the obtained polymers is higher in basic pH than in acid pH, what can explain the lower capacitance measured in 0.1 M KOH [58].  
Table 1 - Gravimetric capacitance of pristine and functionalized samples
	Sample
	C H2SO4
(F g-1)
	Increase
(%)
	C KOH 
(F g-1)
	Increase
(%)

	CNTs
	35
	-
	32
	-

	NT_4-ABA
	119
	240
	65
	103

	NT_4-ABSA
	84
	140
	64
	100

	NT_4-ABPA
	55
	57
	49
	53



The chemical composition of the surface and the oxidation states of the species were studied by XPS.  The functionalized CNTs show an increase in oxygen and nitrogen content (Table 2) compared to the unmodified CNTs for all the samples. These results were expected due to the nature of the molecules attached to the nanotubes, but it is important to note that NT_4-ABA shows the most significant nitrogen increment that reaches a 4.2% of nitrogen in its atomic composition. The oxygen increment is variable, depending on the attached aminobenzene acid. The increase for NT_4-ABA is due to the presence of the carboxylic group in the aminobenzene acid, and also to the oxidation of the CNTs during the functionalization. Keeping in mind that 4-ABA possesses 2 oxygen atoms in its structure, the expected oxygen increase when one considers the measured amount of nitrogen would be 8.4%. The difference between the XPS value (12.6%) and this one, should correspond to the CNTs oxidation, which is not very high for functionalization with 4-ABA (4.2%). This low CNTs oxidation is also observed for 4-ABSA, but it is important for functionalization with 4-ABPA because the reactivity of this last compound is lower and the incorporation to the CNTs is less important. This is in agreement with the change in increase in capacitance for the prepared materials (Table 1) which is the lowest for the 4-ABPA. 
Table 2 – Atomic composition obtained from XPS
	Sample
	C (At.%)
	N (At.%)
	O (At.%)
	S (At.%)
	P (At.%)

	CNT
	98.1
	--
	1.9
	--
	--

	NT_4-ABA
	83.2
	4.2
	12.6
	--
	--

	NT_4-ABSA
	91.3
	0.9
	6.8
	1.0
	--

	NT_4-ABPA
	86.3
	1.6
	11.7
	--
	0.4



Fig. 6 shows the N1s XPS spectra for the different functionalized CNTs. For all samples, a N1s peak was observed at 399.8 eV, which can be deconvoluted in two contributors at 399.5 and 400.5 eV and FWHM of 1.4 eV, assigned to neutral and positively charged amines, respectively [53]. The presence of these nitrogen species suggests that functionalization was produced by the formation of secondary amine species via C-N bonding to the surface of the carbon nanotube [46] or by the formation of ramified polymers from the linkage of several aminoacids molecules in orto position [50].  Table 3 shows the percentage of nitrogen groups for all the samples. 
Table 3 – Percentage of nitrogen groups obtain from N1s XPS spectra
	Sample
	% Neutral amine
	% Positively Charged Nitrogen

	NT_4-ABA
	44.7
	55.3

	NT_4-ABSA
	63.2
	36.9

	NT_4-ABPA
	59.7
	40.3
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Fig. 6 – XPS spectra N1s for: (a) NT_4ABSA, (b) NT_4-ABA, (c) NT_4-ABPA. Empty dots stands for the raw data; dashed lines represent the deconvoluted curves and the solid line is the fitting curve.
N-doped CNTs from NT_4ABA
In order to prepare N-doped CNTs, the functionalized CNTs with 4-ABA were thermally treated in different atmospheres. These functionalized CNTs were selected because of their larger amount of nitrogen incorporation in comparison with the other aminobenzene acids. Two different heat treatments were carried out; one in inert atmosphere (N2) and another in a slightly oxidant atmosphere with 3125 ppm of O2 in N2. The oxygen concentration fed to the furnace was fixed at such a low value to minimize undesired gasification of CNTs. 
Heat treatment of NT_4-ABA under inert atmosphere rendered the thermal decomposition of most of the functionalized 4-ABA, leaving almost no nitrogen on the CNT surface (sample NT-4-ABA_800_N in Table 4). These results indicate that the electrochemical oxidation of the 4-ABA on the CNTs produces oligomers with very short chains because of the para position being blocked by the carboxylic acid what prevents the formation of polyaniline chains. Differently to all these results, XPS measurements revealed that, when NT_4-ABA was heat treated in the presence of a small concentration of oxygen (NT-4-ABA_800_O), negligible changes are produced in the nitrogen amount (Table 4). . Fig. 7 shows the N1s XPS peak for the NT_4-ABA_800_O sample.  The peak can be deconvoluted into three contributions. The peak at 398.5 eV can be assigned to pyridine groups and the one at 400.7 eV to positively charged nitrogen like pyridone and pyrrole [54]. Interestingly, a peak at 399.5 eV appears which assignation is not straightforward. The binding energy could correspond to amine groups, although these species will not exist considering the temperature of the heat treatment and the atmosphere used, or more probably to C-N [59] or N-C-O groups [60].  
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Fig. 7 - XPS spectra N1s for NT_4-ABA_800_O. Empty dots stands for the raw data; dashed lines represent the deconvoluted curves and the solid line is the fitting curve.
Fig. 8 shows the cyclic voltammetry in N2-saturated atmospheres obtained for these samples in alkaline solution. The results for both heat treated samples show a trapezoidal shape with a higher double layer than the one in the original nanotubes. They resemble the triangular shape observed for N-containing CNTs in basic media [61], in agreement with the presence of nitrogen in these materials. The capacitance of the sample heat treated in presence of oxygen increases in alkaline solution to 42 F g-1 which corresponds to an increase of 32% with respect to the original CNTs. 
Table 4– Atomic composition obtained from XPS
	Sample
	C (At.%)
	N (At.%)
	O (At.%)

	NT_4-ABA
	83.2
	4.2
	12.6

	NT_4-ABA_800_N
	96.2
	0.2
	3.3

	NT_4-ABA_800_O
	83.5
	4.1
	12.4
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Fig. 8. Cyclic voltammetry of bare CNTs (dashed line), NT_4-ABA_800_N (dotted line) and NT_4-ABA_800_O (solid line) in 0.1 M KOH at 50 mV s-1.
Electrochemical activity towards ORR
The catalytic activities of all the materials towards ORR were studied in O2-saturated 0.1 M KOH electrolyte by linear sweep voltammetry analysis using a RRDE at different rotation rates. The ring current registered in the Pt ring electrode is related to the concentration of hydroperoxide ion, the intermediate found in the 2-electron pathway, while that measured in the disk comes from the electrons consumed in the oxygen reduction reaction that takes place on the disk electrode covered with the samples. The functionalization of CNTs with aminobenzene acids only rendered a small increase in the onset potential and in the case of NT-4-ABA a slight increase in the limiting current density (see ESI). These results point out the absence of significant electroactivity of the amine and imine species found in the surface of these materials. 
Fig. 9 shows the weight-normalized LSV curves at 1600 rpm for all the NT_4-ABA samples after heat treatment. In order to compare, the CNTs were subjected to the same heat treatment under oxygen atmosphere (NT_800_O sample) and 20% Pt/Vulcan has been used in the same conditions. Table 5 compiles the most relevant ORR kinetic parameters derived from the RRDE measurements.
[image: ]
Fig. 9. Linear sweep voltammetry for NT_4ABA based samples in O2-saturated 0.1 M KOH at 5 mV s-1 and 1600 rpm.
The onset potential and limiting specific current increase for NT_4-ABA_800_O sample with respect to the pristine CNTs reach values closer to the Pt-based catalyst. It should be noted that all the NT-based samples show the same pattern in their LSV curves, while the onset of the ORR reaction is shifted to different potentials that depends on the surface chemistry resulting from the functionalization treatment.  Heat treatment of the functionalized CNTs in nitrogen atmosphere (NT-4ABA_800_N) decreases the electrocatalytic activity with respect to the pristine CNTs. It seems that these functionalized CNTs thermally decompose without leaving a relevant nitrogen-rich residue as consequence of the low degree of polymerization which produces a high amount of oligomers with low length which are easily decomposed without residues. Moreover, thermal treatment results in a lower polarity of the oxygen-cleansed surface of the nanotubes, favouring the CNTs agglomeration in water, lowering their dispersability and reducing the accessible surface area of the electrode. 
[bookmark: OLE_LINK21][bookmark: OLE_LINK22]In clear contrast, the NT_800_O sample that has been oxidized using the same protocol as NT_4-ABA_800_O delivered a better response than pristine CNTs. The thermal oxidation of carbon nanotubes can produce a greater number of unsaturated edge sites, which have been demonstrated to be active sites for oxygen chemisorption and reduction [12,18]. Furthermore, the presence of furans, pyrones and other oxygen basic functionalities, which can be introduced by thermal treatments under oxygen rich atmosphere [62], has been proposed by Strelko as promoters of the oxygen reduction reaction [5]. 
Bearing this result in mind, the enhancement of the electrocatalytic activity observed for the functionalized sample heat treated in presence of small concentration of oxygen can be better understood. Firstly, as mentioned before, it has been long proven in the literature that nitrogen content in carbon materials, and more specifically the pyridinic and pyrrolic-like nitrogen, has an important role in electrocatalytic performance towards ORR. It was shown in the XPS results that there are different nitrogen species in the surface of the prepared samples (Fig. 7), with NT_4-ABA_800_O being the one that shows the largest amount of nitrogen, including positively charged nitrogen species, which seems to be important to ORR catalytic performance. Furthermore, oxygen species are also found in that sample which may contribute to the electrocatalytic activity. Strelko postulated that a combination of oxygen and nitrogen heteroatoms allows a more extensive pi-conjugation of the graphene layer and promotes the electron-donor property of the carbon surface [5], and that amide groups could be transformed into pyrrole groups by pyrolysis at high temperatures [4]. Thus, the presence of oxygen during the heat treatment could be a key factor that favors both the formation of oxygen functionalities of basic character and different nitrogen functionalities that can also contribute to the activity.
Fig. 10a shows the results of the ring and disk currents for the sample NT_4-ABA_800_O. The appearance of a maximum in the ring current can be attributed to the formation of HO2- from the 2-electron reduction of O2, being also concomitant with the steep increase of measured current in the disk. Beyond the onset potential, the current registered in the ring slightly decreases, while the one of the disk still rises, pointing out that a limiting current was no attained in this electrode. This seems to support that the oxygen reaction is happening through two subsequent steps in this catalyst, the first one due to the 2-electron reduction to hydroperoxide, and the second one being the subsequent 2-electron reduction of the hydroperoxide intermediate to water, involving a 4-electron mechanism. The intermediate values for the number of electrons (Table 5) obtained for these samples indicate a combination of both mechanisms at the more negative potentials. A similar behavior was also observed in the other CNTs samples, but with a higher ring-to-disk current ratio, i.e lower value of n. All the obtained values are far from those measured for the Pt-Vulcan sample. The electron transfer number obtained during ORR was also analyzed by applying the Koutecky-Levich (K-L) equation in the RDE results recorded at different rotation rates (insert Fig. 10b). It can be observed that K-L plots exhibit a good linearity and the slope is constant in the selected potential range, which means that the electron transfer numbers are similar at different potentials. The calculation of the electron transfer number done with the K-L equation and the RRDE measurements are also in close agreement, demonstrating the preponderance of the 2-electron pathway for most of the obtained samples (Fig. 10b) and the shifting to a 4-electron reaction mechanism at more negative potentials.


Table 5.  Electrochemical parameters as onset reduction potential and number of electron at 0.3V calculated from RRDE experiments for the different electrocatalyst in O2-saturated 0.1 M KOH at 5 mV s-1 and 1600 rpm.
	Sample
	E  (V vs. RHE)
	N

	CNT
	0.73
	2.24

	NT_800_O
	0.77
	2.45

	NT_4-ABA
	0.75
	2.35

	NT_4-ABA_800_N
	0.69
	2.11

	NT_4-ABA_800_O
	0.81
	2.49

	20% Pt/Vulcan
	0.91
	3.81
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Fig. 10.  (a) Linear sweep voltammetry curves of NT_4-ABA_800_O in O2-saturated 0.1 M KOH at 5 mV s-1 at different rotation speeds (from 400 to 2025 rpm). (b) Electron transfer number at different potential calculated from RRDE measurements, the insert shows Koutecky-Levich plots at different potentials. 


CONCLUSIONS 
The electrochemical functionalization of CNTs with aminobenzoic, aminosulfonic and aminobenzylphosphonic acid in 1 M HClO4 has been carried out using a potentiodynamic method. The functionalization is achieved through the oxidative formation of an aminobenzene radical that can form an electroactive polymer layer. If the upper potential limit is increased enough, the generation of surface oxygen groups takes place over the edge sites and defects of the carbon nanotubes, together with covalent functionalization of aminobenzenes present in the media. It has been observed a negative effect of the presence of sulfonic or phosphonic functionalities on the functionalization degree. The heat treatment of the NT-4-ABA sample in nitrogen atmosphere produces the almost complete decomposition of the oligomers and functionalities formed. However, when the heat treatment is done in presence of a low concentration of O2, the sample maintains most of the nitrogen content of the starting functionalized sample indicating that O2 favors reactions that stabilize the polymer formed. 
The functionalized materials did not render a relevant modification of the parent CNTs activity towards ORR. Similarly, the substitution of the carboxylic function of the aminobenzoic acid for sulphonic or phosphonic ones does not seem to have any effect on the electrocatalytic activity. Nevertheless, heat treatment of the functionalized CNTs in a slightly oxidizing atmosphere produces a material with an enhanced onset potential for the reaction. Since the material obtained by pyrolysis in inert atmosphere of NT_4-ABA even rendered a worse activity than that measured for the parent CNTs, the presence of oxygen and nitrogen functionalities seem to be critical for such enhancement.  The existence of this combination of high amounts of surface oxygen and nitrogen groups, seem to modulate the electron-donor properties of the resulting material. Thus, pyridine, pyrrole/pyridone and N-C-O/C-N species seem to have a higher contribution to the catalytic activity, whereas amine and imine species do not have a relevant activity for this reaction. Selectivity to the 4-electron pathway was not achieved in any case. Nevertheless, these promising results opens the door for using oxidative treatments coupled with electrochemical functionalization for the preparation of metal-free, nitrogen-containing electrocatalysts.
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