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ABSTRACT

Electrochemical functionalization of pristine Multiwall Carbon Nanotube (MWCNT) and
oxidized MWCNT with 4-aminophenyl phosphonic acid (4-APPA) has been studied.
Electrochemical modification has been carried out by cyclic voltammetry using different upper
potential limits, what results in the incorporation of N and P functionalities through
polymerization and covalent attachment. The electrochemical characterization shows that there
are important differences among the functionalized materials derived from the pristine MWCNT
or the oxidized materials. For the pristine MWCNT, well-defined redox processes are observed.
Characterization by X-Ray photoelectron spectroscopy, Raman spectroscopy and electron
microscopy, show that oligomerization is easier for the pristine MWCNT and the presence of
polymer chains are clearly distinguished for the lowest oxidation potentials. However, the
presence of surface oxygen groups in the oxidized MWCNT maodify the interaction of the 4-APPA
with the surface promoting mainly covalent attachment.
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1. INTRODUCTION

Carbon nanotubes (CNTSs) have attracted important attention over the last decades in many
scientific and nanotechnology applications, due to the remarkable chemical stability,
biocompatibility, catalytic and electronic properties [1]. These carbon materials can be modified
through non-covalent or covalent interactions in the tip and/or the sidewall of the nanotubes [1-
3]. Nowadays, tailoring the type of surface functionalities incorporated is desirable in order to
develop new properties in the CNTs and improve their application in different areas like
electrocatalysis and biosensing, for example [4-6].

Heteroatom doping of the carbon surface is a promising method for modifying the properties
of carbon materials, which has brought remarkable improvement, for example, in the
electrocatalytic behavior towards oxidation-reduction reactions, such as oxygen evolution
reaction (OER) [7,8], oxygen reduction reaction (ORR) [8,9] and hydrogen evolution reaction
(HER) [8,10]. Surface modification of CNT with nitrogen groups has been widely studied. The
unique structure and surface properties of nitrogen-doped carbon nanotubes leads to a better
dispersion of Pt that produces higher catalytic activity toward ORR [11]. Additionally, recent
studies have proved the high catalytic activity for ORR of N-doped carbon materials, rising as a
promising alternative in the development of catalysts for fuel cells [9]. Oxygen, nitrogen and
phosphorus-doping are promising candidates to introduce functionalities, which can increase the
active sites for different reactions [12,13]. Regarding P-doping of carbon materials, Berenguer et
al. showed an important improvement in the stability of activated carbons towards
electrochemical oxidation [14].

Carbon materials functionalization can be done through covalent and non-covalent methods
[1-3]. Covalent functionalization methods employ conditions that may generate important
structural changes, which can either deteriorate their structure or inhibit some of their properties.
Non covalent functionalization methods are the preferred methods when it is necessary to
maintain the electronic properties of the CNT.

Chemical methods are the most used for CNT functionalization. In these methods, usually the
CNT are oxidized to incorporate oxygen functionalities, involving reactions of oxidation with the
media, in which can be found mix of acids, Os;, UV, H20,, KMnQO4, amount others [15,16].
Subsequently, those functionalities are either directly used or employed as intermediates to apply
different organic chemistry routes, for example to introduce acyl-chloride groups and further
substitution by other groups such as amines; which are useful for the grafting of other molecules,
immobilization of bioreceptor elements such as DNA or in the complexation of metals for sensing
applications [17-20]. Fluorination, hydrogenation, esterification, alkylation and cycle-addition,
are other examples that can be found for CNT surface chemistry modification [2,21,22].
Nevertheless, chemical functionalization involves in most of the cases aggressive conditions (i.e.,
oxidative media), high temperature, toxic chemical reagents, etc., which in some cases produce
non-controlled functionalization degree and might promote the damaging and collapse of the CNT
structure [23].

On the other hand, electrochemically assisted modification of carbon materials has emerged
in the last two decades as a flexible, simple and effective tool for controlled functionalization of
carbon materials [2]. These methods are a promising alternative for functionalization and grafting
of molecules in carbon materials, obtaining high selectivity towards the desired functional group
without damage of the CNT structure [6,24].



Considering the importance to develop procedures for CNTs surface functionalization, which
can provide controlled and non-damaging modification of CNT, in this study we use
electrochemical methods for surface functionalization of multiwall carbon nanotubes (MWCNTS)
by electrochemical oxidation in presence of 4-aminophenyl phosphonic acid (4-APPA) in
aqueous solution. This will permit to incorporate both N and P heteroatoms on the MWCNT
which are of great interest for different applications. In addition, we have studied the effect of the
surface oxygen groups of the MWCNT on the functionalization. The results show that the degree
of functionalization, electroactivity and stability of the different incorporated functionalities, is
very much dependent on the surface oxygen groups present in the MWCNTS surface.

2. EXPERIMENTAL SECTION
2.1 Reagents and equipment

Multiwall Carbon Nanotubes with purity 95% (8 nm of diameter) with 10-30 um length were
purchased to Cheap Tubes Inc. (Cambridgeport, USA). Nitric acid (65%) from Panreac was
employed to incorporate surface oxygen groups in the MWCNTSs and also to remove the metal
impurities in the CNTs. N, N-Dimethylformamide (DMF), extra pure, was provided by Scharlau
and used as solvent to disperse the non-oxidized CNTSs.

Sulphuric acid (98%) analytical reagent to prepare the electrolyte, was obtained by VWR
Chemicals. 4-Aminophenyl phosphonic acid (4-APPA, +98%) used as modifier agent was
purchased from Tokyo Chemical Industry co (TCI). Potassium dihydrogen phosphate (KH2PO,)
was obtained from Merck. Dipotassium hydrogen phosphate tri hydrate (K:HPO,3H.0O) and
Potassium Hydroxide (KOH, 85%) were purchased from VWR Chemicals, respectively. All the
solutions were prepared using ultrapure water (18 MQ cm, Purelab Ultra Elga equipment). The
gases Nz (99.999%) and H. (99.999%) were provided by Air Liquide.

2.2. Electrochemical incorporation of phosphorus and nitrogen functionalities on CNTs
2.2.1. Oxidation of pristine Multiwall Carbon Nanotubes

MWCNTSs were subjected to oxidation with nitric acid solution, according to the following
procedure. In a two-necked, round-bottom flask, 200 mg of MWCNTSs were added in 100 mL of
3 M HNO; at 120°C for 24 hours under reflux conditions. MWCNTSs were separated after 24
hours, filtered, washed with ultrapure water until the pH was neutral and dried in vacuum at 60°C
for 24 hours, and weighed. The sample was named as fMWCNTSs.

2.2.2. Functionalization of MWCNT and fMWCNT with 4-APPA

Working electrode was prepared using 1 mg mL™ of a dispersion of each type of CNTs. DMF
was used for MWCNT and water for fMWCNT, because the presence of surface oxygen groups
improves the dispersibility in agueous solution. Prior to the deposition of CNTSs, glassy carbon
electrode surface (3 mm diameter) was sanded with emery paper and polished using 1 and 0.05
pum alumina slurries and then rinsed with ultrapure water. Afterwards, 10 pL aliquot of the
dispersion was dropped onto the glassy carbon (GC) surface and dried under an infrared lamp to
remove the solvent.

Electrochemical modification was performed by cyclic voltammetry in presence of 4-APPA,
using an eDAQ Potentiostat (EA163 model) coupled to a wave generator (EG&G Parc Model
175) and the data acquisition was done with an eDAQ e-corder 410 unit (Chart and Scope
Software), using a standard three-electrode cell configuration. The CNTs were the working
electrode (WE), a graphite rod was used as counter electrode (CE) and a reversible hydrogen



electrode (RHE) introduced in the same electrolyte without 4-APPA, was the reference electrode
(RE). Electrochemical modification was carried out in 0.5 M H.SO4; + 1 mM 4-APPA aqueous
solution in a deoxygenated cell by bubbling nitrogen. The CNTs were submitted to 10 cycles at
10 mV s* by cyclic voltammetry using different positive potential limits. After electrochemical
treatment, carbon electrodes were washed with excess of water, removing the remaining
electrolyte.

2.2.3. Electrochemical characterization

Electrochemical behavior of the CNTs functionalized with 4-APPA were evaluated in 0.5 M
H>S04 solution without 4-APPA, employing a three-electrode configuration cell. The potential
range was fixed between 0 and 1 V vs. RHE at 50 mV s,

2.3. Physicochemical characterization.

X-Ray photoelectron spectroscopy (XPS) was performed in a VG-Microtech Mutilab 3000
spectrometer and Al Ka radiation (1253.6 eV). The deconvolution of the XPS P2p and N1s peaks
was done by least squares fitting using Gaussian-Lorentzian curves, while a Shirley line was used
for the background determination. The P2p spectra have been analyzed considering the spin-orbit
splitting into P2p3/2 and P2p1/2 with a 2:1 peak area ratio and 0.87 eV splitting [25].

Transmission electron microscopy measurements (TEM) were carried out using JEOL TEM,
JEM-2010 model, INCA Energy TEM 100 model, and GATAN acquisition camera.

Temperature programmed desorption (TPD) experiments were performed in a DSC-TGA
equipment (TA Instruments, SDT 2960 Simultaneous) coupled to a mass spectrometer
(Thermostar, Balzers, GSD 300 T3) which was used to follow the m/z lines ascribed to the
decomposition of surface functional groups from the surface of the carbon materials. The
thermobalance was purged for 2 hours under a helium flow rate of 100 mL min and then heated
up to 950°C (heating rate 20°C min‘?).

The textural properties of the materials have been evaluated by N, adsorption isotherms at -
196 °C in an automatic adsorption system (Autosorb-6, Quantachrome). Prior to the
measurements, the samples were degassed at 250 °C for 4 h. Apparent surface areas have been
determined by BET method (Sger) and total micropore volumes (pores of size < 2 nm) have been
assessed by applying the Dubinin-Radushkevich (DR) equation to the N, adsorption isotherms.
Mesopore volume (Vmeso) Was determined from the difference between the volume of micropores
(Vor) and the volume adsorbed at a relative pressure of 0.9.

Raman spectra were collected with a Jasco NRS-5100 spectrometer. A 3.9 mW He-Ne laser
at 633 nm was used. The spectra were acquired for 120 s. The detector was a Peltier cooled charge
coupled device (CCD) (1024 x 255 pixels). Calibration of the spectrometer was performed with
a Si slice (521 £ 2 cm™).

3. RESULTS AND DISCUSSION
3.1. Physicochemical characterization of pristine MWCNTs and fMWCNTSs

MWCNT and fMWCNT were studied by temperature programmed desorption (TPD) in order
to analyze the surface oxygen groups incorporated during the oxidation with HNOs.
Figure 1 shows the evolution of CO and CO; during the TPD for pristine MWCNTSs and
fMWCNTSs. Table 1 reports the amount of CO and CO; desorbed, as well as the total oxygen



amount (calculated as CO + 2CO,) obtained from the TPD experiments for both samples. In the
case of pristine MWCNTs CO and CO- desorptions are very small and can be associated with the
presence of some surface oxygen groups, most of them, at the end-tips of the CNTSs. In the case
of fIMWCNT, the oxidation treatment increases the amount of surface oxygen groups, as deduced
from the increase of CO and CO;evolution. Surface oxygen groups decompose as CO, between
200-400°C, 400-550°C and 700-900°C associated with carboxylic acid, anhydrides and lactones,
respectively [26-28]. The CO profile of fMWCNT shows main desorption peaks above 600°C
associated with phenol and carbonyl/quinone groups [26-30]. The contribution below 600°C
corresponds to anhydrides [28,30]. The results from the nitric acid treatment are in agreement
with previous studies from our research group [30] and the abundant literature regarding wet
oxidation of porous carbons (see for example, references [26,27,29]).
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Figure 1. TPD profiles for: A) CO, and B) CO for pristine MWCNT and fMWCNT.
Additionally, this oxidation treatment causes an increase in the specific surface of the

MWCNTSs from 208 m? g for pristine MWCNT to 460 m? g for MWCNT as can be observed
in the N2 isotherms in Figure 2 and Table 1.
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Figure 2. N adsorption isotherms at -196 °C for MWCNT and fMWCNT samples.



Table 1. Porous texture and surface chemistry characterization for both carbon nanotubes.

2 1 Vor (N2) / Vmeso (N2) / CO,/ CO/ Total O/

Sample Seer/ m*g 31 341 1 1 1
cmig cmig pmol g umol g pmol g
MWCNT 208 0.08 0.29 148 954 1250
fMWCNT 460 0.18 0.57 2477 3502 8456

3.2. Electrochemical modification with 4-APPA
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Optimal electrochemical functionalization conditions for MWCNT and fMWCNT with
4-Aminophenyl phosphonic acid were stablished by step-wise opening of the upper potential limit
of the cyclic voltammogram from 0.8 to 1.8 V, in presence and absence of the 4-APPA (Figure
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Figure 3. Cyclic voltammograms of the open step-wise positive potential limit for: A) MWCNT
in 0.5 M H,SO04, B) MWCNT in 0.5 M H,SO4 + 1 mM 4-APPA, C) fMWCNT in 0.5 M H2SO4
and D) fMWCNT in 0.5 M H;SO, + 1 mM 4-APPA.

The voltammograms for MWCNT until 1.2V present the typical rectangular-shape capacitive
behavior with lack of redox processes [31,32]; however, when the upper potential limit increases
over 1.4V, oxidation/reduction processes appear at around 0.6 V, which can be associated with
the surface oxygen groups produced during the oxidation of the CNTSs at high potentials [33]. In
contrast, fMWCNT presents from the first cycle the oxidation/reduction processes at around
0.6 V, which are related with the surface oxygen groups produced with the nitric acid treatment
[30,33]. In this case, treatment with nitric acid solution induces the formation of different oxygen
functionalities, among which quinone species have electrochemical activity at those potential
ranges [30]. Interestingly, negligible increase in the current of these processes is observed when



the upper potential limit increases, suggesting that additional oxidation of the fMWCNT during
the electrochemical treatment is not significant.

Once, 4-APPA is incorporated in the electrolyte (Figures 1-B and 1-D), no variation of the
electrochemical behavior for both carbon nanotube samples occurs until 1.0 V. When the potential
increases to values higher than 1 V, an over oxidation current at higher potentials occurs and
different redox processes are observed in the voltammograms at around 0.75 V, 0.31 V and
0.12 V, suggesting the formation of different electrochemical species from the 4-APPA oxidation.
Continuous increase in the upper potential limit generates other redox processes in the whole
voltammogram, which at the same time shows an important increase in the electric charge with
cycling.

From these results, the direct oxidation of both CNTs was performed with different samples
in absence (black line) and presence (red line) of the 4-APPA in the electrolyte and at different
positive potential limits (Figures S1 and S2). Interestingly, both CNTs show the formation of
different redox processes during the oxidation of 4-APPA, and the increase in their current with
cycling. It is well-known that oxidation of substituted anilines produces the polymerization of the
molecule through the formation of aniline-type polymers [34,35]. Then, the oxidation of 4-APPA
can promote the formation of species that can be anchored on the CNT surface or oligomers that
interact with the surface of the CNTs. However, the electrochemical homopolymerization of
4-APPA on platinum electrodes is not produced, being necessary the copolymerization with
aniline [36].

In this sense, Figure 4 shows the cyclic voltammograms obtained during the subsequent
characterization of the different modified MWCNTs and fMWCNTS electrodes in acid media.
Interestingly, well defined redox peaks observed at high potential (processes B and C) in the
electrochemically modified MWCNTs do not appear in the electrochemically modified
fMWCNTSs, where only process A is clearly distinguished. In this last case, an increase in the
charge is observed with respect to the fMWCNT treated up to the same potential limit; however,
the shape of the voltammograms are similar to that of the fMWCNT. These results indicate that
the presence of the surface oxygen groups in the fMWCNT affects the electrochemical oxidation
of 4-APPA and the interaction with the CNT surface.
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Figure 4. Cyclic voltammograms in 0.5 M H,SO, at 50 mV s* of both CNTSs after

electrochemical modification in absence (black line) and presence (red line) of 4-APPA: A)
MWCNT modified at 1.2 V, B) fMWCNT modified at 1.2 V, C) MWCNT modified at 1.4 V,
D) fMWCNT modified at 1.4 V, E) MWCNT modified at 1.6 V, F) fMWCNT modified at 1.6

V, G) MWCNT modified at 1.8 V, and H) fMWCNT modified at 1.8 V.



Two different phenomena can be considered during the electrochemical oxidation in presence
of 4-APPA. The first one, could be associated with a covalent attachment of the aminophenyl
phosphonic acid onto the carbon nanotube through the formation of Ccent-N bonds. The second
phenomenon that can occur during the electrochemical functionalization, is the formation and
growing of different oligomers, which can interact with the carbon nanotube walls. At the
conditions used in the electrochemical oxidation, the phosphonic and the amine groups are
protonated and the interaction with the surface of pristine MWCNT should mainly occur through
n-1 interactions between the aromatic ring of the 4-APPA molecule and the surface of the CNTs
[37], what may favor polymerization reactions, thus producing electroactive species as observed
in the voltammograms. In the case of the oxidized MWCNT, the presence of surface oxygen
groups decreases the point of zero charge of the fMWCNT sample what would favor 4-APPA
adsorption. However, the presence of electron withdrawing oxygen groups decreases the «
electron density of the fMWCNT and, consequently the dispersive potential, what may result in
an important decrease in 4-APPA adsorption, since the adsorption of aromatic compounds in
carbon materials may be determined by dispersive forces [38]. In addition, the surface oxygen
groups may also modify the orientation of the 4-APPA molecule, thus reducing the incorporation
of 4-APPA parallel to the surface of the CNTs. All these factors contribute to impeding the
polymerization reaction.

The current peak of the different redox processes observed in the voltammograms of the
MWCNT and fMWCNT functionalized with 4-APPA (See Figures S3, S4 and S5), shows a
linear-dependence with the scan rate what indicates that redox processes are surface-controlled
processes [39]. At the same time, the values of the peak potential separation for all the redox
processes are lower than 50 mV and the ratio of the peak currents (lox/lred) is near 1 for redox
processes B and C (See Table S1) suggesting a reversible behavior. Slope of the linear-fitting
with the scan rate (Vscan) can be associated with the coverage of the active species on the surface
[39]. The decrease in the slope with the potential (See Figure S5), observed in process B for
MWCNT, suggests that a high oxidation potential over 1.4 V causes a decrease in the
concentration of the surface species. This could be a consequence of an over oxidation of those
species generated during the electrochemical functionalization onto the CNTs. Thus, in the case
of the oxidation in absence of 4-APPA, the no appearance of clear redox processes in the
voltammograms indicates the formation pseudocapacitive processes due to electroactive species
with slightly different energy formed at the MWCNT surface, that is, electroactive oxygen
functional groups. However, in presence of 4-APPA and for pristine MWCNT, a highly
homogenous material seems to be formed what is in agreement with oligomerization. Some
contribution from covalent 4-APPA molecules attachment on the CNT wall should not be
discarded in both cases although the heterogeneity of the different sites where the reaction may
occur would produce wider peaks.

3.3. Morphological characterization

Figure 5 shows the TEM images of the pristine MWCNT, the fMWCNT and after
electrochemical modification with 4-APPA at different potentials.



Figure 5. TEM images of: A) MWCNT, B) fMWCNT, C) MWCNT modified at 1.2 V, D)
fMWCNT modified at 1.2 V, E) MWCNT modified at 1.6 V, F) fMWCNT modified at 1.6 V,
G) MWCNT modified at 1.8 V and H) fMWCNT maodified at 1.8 V. All the modified CNT in

presence of 4-APPA.
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Pristine MWCNT in Figure 5-A shows a typical tubular shape; on the other hand, fIMWCNTSs,
which were oxidized with nitric acid, present important morphological changes with high amount
of wall defects, as can be observed in figure 5-B, where broken-walls can be found. These results
are in agreement with the N adsorption results in which the BET surface area increases with the
nitric acid treatment. Then, this treatment may permit that the inner side of the nanotubes could
be accessible to the electrolyte.

Figures 5-C to H show the TEM images of the CNTs modified by electrochemical oxidation
in presence of 4-APPA at different upper potential limits. The formation of agglomerates can be
clearly observed onto the surface of samples MWCNT in all the positive potential limits used.
These agglomerates are clearly observed in the MWCNT surface compared to fMWCNT,
suggesting that oligomer chains are formed during the electrochemical modification with the
4-APPA, which can be anchored and adsorbed on the surface of the MWCNT. Interestingly, no
important structural changes, as broken-walls in the graphene layers of the MWCNT sample can
be observed, suggesting that despite the oxidative conditions used during the electrochemical
modification most of the oxidation occurs in the 4-APPA molecules which have higher reactivity.

In the case of fIMWCNT the same structures surrounding the CNT walls are also observed
although in lower quantities; however, in these samples, the presence of these oligomers seem to
be also observed in some cases inside the nanotubes (Figures 5-F and H), what is in agreement
with the wall discontinuities observed for this material that permit the monomer and electrolyte
molecules to enter into the inner part of the fIMWCNT.

3.4. XPS characterization

Incorporation of different species on the CNTSs surface was studied by XPS analysis. Table 2
summarizes the amount of O, N and P incorporated in the CNTSs.

Table 2. Composition obtained from XPS of the electrochemical modified MWCNTSs and
fMWCNT with 4-APPA at different positive potentials.

Carbon Positive @] N P
nanotube potential [V vs. (at%) (at%) (at%)
RHE]
Pristine 1.79 0.0 0.0
1.2 253 049 025
MWCNT 1.4 535 097 058
1.6 700 105 0.46
1.8 1064 1.10 0.27
Pristine 8.60 0.65 0.02
1.2 930 0.89 0.15
fMWCNT 14 13.68 217 0.82
1.6 10.28 156  0.47
1.8 13.67 190 0.43

Oxygen content increases with the upper potential limit in modified MWCNT sample. This
can be understood considering that, at the same time that functionalization and oligomer-chains
formation take place, oxidative conditions promote the over oxidation of the polymer and of the
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CNT in some extent. However, in the case of fMWCNT the oxygen content seems to reach a
maximum value for oxidation potentials above 1.4V. Due to the initial strong degree of oxidation
of this material, the incorporation of further oxygen species is smaller compared to the MWCNT
sample which has an initial low oxygen content (Table 2). In the case of nitrogen content, it
reaches a maximum value for oxidation potentials above 1.4V for both CNT samples. On the
contrary, phosphorus species show a maximum value of concentration at 1.4 V, for both materials.
Therefore, a desorption or decomposition process of the phosphorus groups take place at higher
upper potential limits probably due to oxidation of phosphonic groups followed by hydrolysis
reactions.

Figure 6 presents the XPS spectra for the CNTs modified at different positive potentials. Both
CNTs show a N1s signal that can be deconvoluted into two or three contributions, which relative
intensity is dependent on the functionalization potential. The three contributions observed appear
at 398.5, 400 and 402.2 eV. The first and second can be assigned to imine and amine species
related to the formation of oligomers similar to polyaniline structure [40,41]. The peak at
402.2 eV appears for oxidation potentials over 1.2V for the MWCNT and increases with
increasing the oxidation potential. It can be associated with oxidized and positively charged
nitrogen species formed from the over oxidation of the polymer at these high potentials. This
tendency is also observed for the modified fMWCNT sample; however, it must be noted that this
material already contains N corresponding mainly to oxidized N species due to the nitric acid
oxidation pretreatment (See Table 1), what explains that this peak is also observed for the lowest
oxidation potential used.
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Figure 6. N1s XPS spectra for CNT electrochemically modified with 4-APPA at different
applied potentials: A), C), E) and G) corresponds with MWCNT, B), D), F) and H) corresponds
with fMWCNT.
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Regarding the P2p spectra of the functionalized CNTSs, phosphorus species present a main
peak at 133.5 eV that can be deconvoluted into two contributions (Figure 7). The first doublet at
132.6 eV is associated with C-P-O species, corresponding to phosphonic group [36,42,43]. A
second major contribution at 133.3 eV is clearly observed that can be associated to phosphoric
species (C-O-P) [44] as consequence of the oxidation of the phosphonic group during the
electrochemical oxidation conditions.

Table 3 shows the percentage of distribution for the main N and P species determined by XPS
for the different functionalized CNTSs. In the case of MWCNT sample, the amount of neutral N
species decreases with potential with a corresponding increase in oxidized N. However, in
fMWCNT the amount of neutral nitrogen species is lower since the lowest potential used and do
not suffer critical oxidation, suggesting that an important amount of 4-APPA is bonded to the
CNT through reactions with surface oxygen groups or surface defects. In the case of phosphorus
species, most of them correspond to oxidized phosphorus species.
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Figure 7. P2p XPS spectra for CNT electrochemically modified with 4-APPA at different upper
positive limits: A), C), E) and G) corresponds with MWCNT, B), D), F) and H) corresponds
with fMWCNT.
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Table 3. Distribution of N1s and P2p contributions for MWCNT and fMWCNT
electrochemical modified with 4-APPA at different potentials.

Carbon pPOOtZ'rt]'t‘i’; % Neutral 9% Oxidized % C-O-P % C-P-O
nanotube [V vs. RHE] N species nitrogen (133.3eV) (132.6eV)
1.2 93 7 86 14
MWCNT 14 71 29 89 11
1.6 72 28 87 13
1.8 46 54 83 17
1.2 67 33 -- --
14 75 25 89 11
PMWENT 1.6 70 30 94 6
1.8 60 40 74 26

*All the percentages correspond with the total amount of each N1s and P2p determined.
3.5.Raman spectroscopy

Structural and physicochemical changes were studied by Raman spectroscopy for the pristine
MWCNTSs and after the electrochemical modification. Figure 8 presents the Raman spectra
recorded for MWCNT, fMWCNT and after electrochemical modification with 4-APPA. The first-
order G and D bands (at around 1585 and 1350 cm, respectively) are observed in all the spectra.
These bands are characteristic of graphene based carbon materials, the G band corresponds to an
ideal graphitic lattice vibration mode and the D band is related to the presence of defects [45-48].
More specifically, D band is related to the presence of amorphous carbon [46]. In the case of
fMWCNT, the D band increases compared to MWCNT due to the nitric acid treatment that
produces important damage and carbon material removal from the tube walls. In the fMWCNT
sample a shoulder at around 1620 cm™ is observed that can be associated to D’ band (Figure 8D)
due to defects along the tube induced by functionalization and strain in the C-C carbon bonds
[46,47].

A low intensity band at around 1150 cm-! can be clearly observed for MWCNT after
modification with 4-APPA (Figure 8A). This band can be associated to C-O stretching mode in
P-0-Caromatic Species [49] or to C-N-C asymmetric stretching in quinoid structure [35, 49-51]. This
feature is in agreement with oligomer formation; however, this band is not clearly distinguished
for fTMWCNT derived materials, what is in agreement with the lower degree of oligomer
incorporation that can be achieved for the functionalized material.
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Figure 8. Raman spectra of carbon nanotubes electrochemically modified with 4-APPA at
different positive potentials: A) MWCNT, B) fMWCNT, C) enlargement of G and D" region for
MWCNT and D) enlargement of G and D" region for fIMWCNT.

Once MWCNT and fMWCNT are submitted to a high anodic polarization in presence of
4-APPA, the D and D’ bands increase. In the case of MWCNT a shoulder at around 1620 cm™
can be distinguished and the D’ band increases importantly for fMWCNT. The anodic
polarization is inducing the formation of defects which is more important for IMWCNT. Those
defects, which are present in a higher concentration for IMWCNT, can be anchoring points for
4-APPA thus unfavouring the polymerization process.

Figure 9 presents the 1°/1° and 1°/1° ratios calculated after deconvolution of the G band (See
Figures S6 and S7). For curve fitting, Lorentzian shape has been used for G band and Gaussian
shape for D’ band [52]. The evolution of I°/1° and I°/I€ ratios with potential follows a similar
trend; in the case of MWCNT materials they increase with potential and for fMWCNT it goes
through a maximum. In addition, the 1°/1° and I°/IC ratios are higher for fMWCNT derived
materials for all the potentials studied except for the sample prepared at 1.8V. The increase in the
ratio of bands for functionalized MWCNTSs indicates some oxidation of the pristine MWCNT
generating defects. It must be noted that there is an important increase after modifying the material
at 1.2 V compared to the pristine MWCNT and, afterwards, the increase is not important until
1.6V. However, the increase of the ratio from the pristine fMWCNT and after modification at
1.2V is not so high because the functionalization with HNO3 already produces important amount
of defects in the MWCNT. Upon modification of fIMWCNT with increasing potential the ratios

17



I/1 and I° /1€ goes through a maximum indicating that at such potential some removal of the
most reactive carbon sites and amorphous carbon may occur through carbon gasification reactions
or the formation of species in solution. This is in agreement with previous observations with
nanostructured carbon materials [48].
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Figure 9. A) I%/1€ ratio and B) I°/1°, both as a function of the positive potential limit used in
the electrochemical modification with 4-APPA.

4. Conclusions

MWCNT and fMWCNT were successfully functionalized with N and P species during
electrochemical oxidation of 4-APPA employing cyclic voltammetry. The oxidation of 4-APPA
promotes the formation of electroactive oligomers onto the CNT surface; however, covalently
bonded redox species cannot be discarded. It has been observed a negative effect of the surface
oxygen groups in the CNTSs in the degree of functionalization. Thus, for the fMWCNT the amount
of phosphorus incorporated is lower than in the non-oxidized MWCNT. However, the amount of
P incorporated shows a maximum in both CNTs at an upper potential limit of 1.4 V; further
potential increase causes an overoxidation of the oligomers or the oxidation of the phosphorus
groups without producing severe damage of the carbon nanotube structure.

In the case of MWCNTS, different redox processes with high reversibility are observed, which
produces a remarkable increase in the electric charge stored compared to the pristine MWCNT.
In addition, oligomer chains are clearly observed by TEM. In the case of the fMWCNT, the
oligomerization reaction is not favored compared to pristine MWCNT. In this material, the
presence of electron withdrawing oxygen groups that decrease the © electron density of the CNT
and modify the orientation of the 4-APPA molecule, thus reducing the incorporation of 4-APPA
parallel to the surface of the CNTs, impede the polymerization reaction.

The evolution of 15/1° and I°/I° Raman band ratios with potential in presence of 4-APPA
follows a similar trend for functionalized MWCNT and functionalized fMWCNT. For MWCNT
they increase importantly from 1.4 V, indicating that some oxidation of the MWCNT occurs from
this potential, generating defects. However, in the case of fMWCNT these ratios go through a
maximum indicating that some loss of carbon material occurs through carbon gasification
reactions or the formation of species in solution. These reactions may also make difficult the
functionalization by 4-APPA.
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Thus, the presence of surface oxygen groups in the MWCNT are detrimental to achieve the
functionalization through polymerization reactions, being covalent attachment the prevailing
mechanism.
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