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The influence of chemical oxidation on the electrochemical behavior against hydrogen peroxide of long
and short multi-walled carbon nanotubes (MWCNT) has been investigated. Different degrees of oxidation
with a sulfo-nitric mixture and with nitric acid were used and a complete physical and oxygen functional
group characterization was performed by Raman spectroscopy, Fourier transform infrared spectroscopy
(FTIR), acid group titration, transmission and scanning electron microscopies (TEM/SEM), elemental
analysis, thermogravimetric analysis (TGA), nitrogen adsorption isotherms and cyclic voltammetry. The
results revealed that electrodes modified using pristine short CNT (s-NC) present higher amperometric
response against hydrogen peroxide than that obtained using long CNT (I-NC), which correlates with the
greater degree of packing observed for [-NC by SEM and the long and thin structures observed in s-NC. On
the other hand, the chemical oxidation process increases slightly the sensitivity of resulting electrodes,
in about 25%, for both s-NC and I-NC indicating that for hydrogen peroxide oxidation the metal catalyst
impurities, that are removed in the oxidation process, are not as relevant in the electrocatalysis as the
increase in the capacitance values observed in the oxidized CNTs. The presence of oxygen groups intro-
duces (a) new sites for redox reaction (pseudocapacitance) and (b) strong polar sites that would adsorb

water molecules favoring double-layer formation (double-layer capacitance).

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Metal-free heterogeneous catalysis has become a necessity for a
sustainable chemistry. The metal-based catalysts has several disad-
vantages, including their high cost, low selectivity, poor durability,
and detrimental environmental effects caused by catalyst residues
and/or undesirable side-products [1].

In electrochemistry, carbon nanotubes (CNTs) are being used
increasingly in applications that include cell components for batter-
ies and fuel cells, supercapacitors and electrochemical biosensors
[2,3]. Important advantages in electrochemistry have been claimed
for CNTs over other carbon materials such as glassy carbon and
highly oriented pyrolitic graphite (HOPG). These characteristics
include a decrease in overpotentials, low capacitance in the pris-
tine state (arising from the low density of states of CNTs) [4,5] and
increase in peak currents, and thus lower detection limits, provid-
ing high sensitivity and selectivity in analytical sensing.
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The exact origin of the electrocatalytic properties of CNTs had
not been fully explained and there is significant debate about the
fundamental electroactivity of CNTs [6,7]. A considerable body of
the literature suggests that the CNT sidewall is inert and that edge-
plane-graphite-like open ends and defect sites are responsible for
the electron transfer activity observed. In contrast, studies of well-
characterized single-walled nanotube (SWNT) modified electrodes,
either as individual tubes or as two-dimensional networks, suggest
sidewall activity [3].

Due to the interfacial nature of electrochemical processes, the
CNT surface state is very important. The presence of surface charged
groups such as oxygen functional groups, amorphous carbon or
metal nanoparticles [8] is likely to affect the behavior of CNT-based
electrodes.

The effect of CNT oxidative treatments on the electrochemi-
cal behavior of CNTs involving gas-phase [9,10], electrochemical
[11] and liquid-phase [12] oxidations have been published. Reports
relate the changes in physical and chemical properties of oxidized
CNTs with electrochemical properties such as capacitance [13] and
an change in the electroanalytical sensing properties of a CNT-
modified electrode. Recently Kruusenberg et al. [14] concluded
that the acid-treated CNT modified GC electrodes are less active
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catalysts for oxygen reduction than as-received CNTs which was
explained by the absence of metal catalysts on the surface of puri-
fied CNTs.

As grown CNTs are multicomponent materials consisting of
CNTs (single-walled or multi-walled), metal nanoparticles and
more or less graphitized carbon phases, many groups have empha-
sized the need for CNT purification. Oxidative treatments are the
most frequently used purification methods, among which the most
common methods are nitric (HNO3) and sulfuric (H,SO4) acid
oxidation [15], oxygen [16], ozone oxidation [17] and plasma oxi-
dation [18]. The use of acid purification processes produces side
effects such as the cutting and opening of CNT ends, which causes
defects in the CNT sp? structure that is functionalized with oxygen-
containing groups, such as carboxylic acids, ketones and alcohols
[19]. A number of systematic studies have been conducted regard-
ing the effect of oxidative treatments on the chemical nature of the
graphitic structure. In 1999, Figueiredo et al. [20] described that
gas phase oxidation of the carbon mainly increases the concentra-
tion of hydroxyl and carbonyl surface groups, while oxidations in
liquid phase particularly increase the concentration of carboxylic
acids. Datsyuk et al. [21] evaluated the effect of oxidation on the
structural integrity of MWCNTSs through acid and basic agents. They
concluded that the material treated with nitric acid under reflux
conditions undergoes the highest degree of degradation, i.e., nan-
otube shortening and additional defects in the graphitic network.
On the other hand, basic oxidative treatment led to the complete
removal of amorphous carbon and metal oxide impurities, but the
structural integrity was found to be intact. Also, they determined
a clear increase in the oxygen content on the walls of CNTs for all
treatments tested. The oxygen functionalities depend on the oxi-
dation conditions and the overall amount of oxygen increase with
the increasing power of the oxidation agents.

In accordance with the state of the art, this paper addresses the
electrochemical characterization of MWCNT (long and short) after
different degrees of oxidation with a sulfo-nitric mixture and with
nitric acid and provides their final application against hydrogen
peroxide oxidation. Hydrogen peroxide it is a redox marker of sev-
eral biological processes and CNTs have demonstrated an important
catalytic effect on their redox process [22,23].

2. Experimental methods
2.1. Materials

MWCNTs of two different lengths were used: short (1-5 um
long and 30+ 15nm diameter), referred to as s-NC and long
(5-20 pm long and 30+ 15 nm diameter) referred to as [-NC. Both
types of CNTs were provided by NanoLab (USA).

Chitosan (CHI) of medium molecular weight (Cat. No. 44887-7)
was obtained from Aldrich, glutaraldehyde (GTA) (25%, v/v, aque-
ous solution) was purchased from Baker and hydrogen peroxide
(30%, v|v, aqueous solution) was purchased from Merck.

2.2. CNT functionalization

2.2.1. Mixture of 3moldm=3 nitric (HNO3, 65%) and sulfuric
(H5504, 96%) acids

Small quantities of s-NC and [-NC (<100 mg) were immersed
in a 50 mL H,SO4/HNOs3 (3:1) solution in a round-bottomed glass
flask. The mixtures were heated to ~110°C and the experiment
was considered to have started at the moment the first reflux drops
appeared. A fraction of the CNTs was oxidized for 3 h, while another
fraction was oxidized for 6 h. Finally, oxidized MWCNTs were fil-
tered and washed thoroughly with deionized water until a neutral
pH was reached, and then dried at 50°C for 24 h.

Table 1
Codes of samples for short (s-) and long (I-) CNT after each oxidizing agent at different
times.

Code Oxidizing agent Oxidation time (h)
NC - -
NCO3 H,S04/HNO3 3
NCO6 H,S04/HNO3 6
NCO7N HNO; 6

2.2.2. Concentrated 7moldm=3 nitric acid, HNO3

250 mg of I-NC was added to 100 mL of HNO3 aqueous solution
and refluxed for 6 h. The suspension was filtered and washed with
distilled water and dried under vacuum. The code of all the samples
is presented in Table 1.

2.3. Characterization of functionalized CNTs

Pristine and functionalized MWCNT samples were characterized
by several techniques. FTIR, Raman spectroscopy, elemental anal-
ysis, acid group determination and XPS were used to estimate the
surface groups on the CNT before and after acid treatment. TGA pro-
vided information on the changes in thermal stability. Structure and
morphology were studied by high-resolution transmission elec-
tron microscopy (HRTEM) and SEM. Nitrogen adsorption isotherms
were used to investigate modifications in surface area density and
porosity. Finally, cyclic voltammetry was used to determine the
electrochemical behavior.

FTIR was carried outin a Bruker Vertex 70 spectrometer. All sam-
ples were prepared as pellets using KBr spectroscopic grade. Raman
spectroscopy was performed using a Renishaw micro-Raman spec-
trometer, working with a 532 nm He-Ne laser beam; each spectrum
was acquired using a 25 x objective. All spectra were collected with
accumulations of 10s each one and the spectra were analyzed,
base-line corrected and normalized with NGS LabSpec software.
Elemental analysis was carried out with a Flash 1112 analyzer from
Thermo Fisher Scientific. Oxygen determination was carried out
separately in the same device; the pyrolisis gases were absorbed
on carbon black, then separated and conducted to a thermal con-
ductivity detector.

The total acidic sites were determined by titration with NaOH,
and carboxylic acid groups were individually determined by titra-
tion with NaHCO3 using a modification of a previously used
titration method [24,25]. Neutralization with NaOH and NaHCOs3
was developed and the samples were then filtered and washed
thoroughly until neutral pH was reached and ICP analysis was per-
formed to determine the quantity of Na present.

X-ray photoelectron spectroscopy (XPS) was performed with an
ESCAPIus Omicron. The analysis area was 1.75 mm x 2.75 mm and
the beam energy was 150 W (10kV, 15 mA).

Cyclic voltammograms were recorded using a CHI 900 potentio-
stat. A three-electrode cell was used with an Ag/AgCl/3 moldm—3
NaCl (BAS) and a platinum wire as reference and auxiliary elec-
trodes, respectively. The modified working electrode was prepared
by polishing a glassy carbon electrode (GCE) with 0.3 wm and
0.05 pm alumina, and then was washed with abundant deionized
water. The CNTs were dispersed at 1 mgmL~! concentration with
a phosphate buffer solution (PBS) pH 7.4 and 0.1 moldm—3 NaCl
by sonication for 15 min. The sonication procedure was repeated
three times. CNT immobilization was performed by casting the
GCE with 8 pL of the CNT dispersion. The optimum conditions
were obtained by drying the dispersion dropped onto the GCE for
15min at 50°C in a stove. The resulting modified electrodes were
called GCE/CNT. Thermal studies were carried out by means of
TGA using a Setaram SETSYS Evolution 16/18 analyzer. The sam-
ples were scanned within the temperature range of 0-1500°C at a
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ramp rate of 5°Cmin~'. SEM and HRTEM samples were adsorbed
onto Formvar/carbon coated-grids and negatively stained with
2% uranyl acetate. They were observed in a Jeol 1010 transmis-
sion electron microscope, and images were digitized with an SIS
Megaview Il Camera. The specific surface areas (SSA) of CNTs were
determined by N, adsorption isotherm using a BET Micromeritics
ASAP2020.

2.4. Electrochemical behavior of hydrogen peroxide

CNTs were dispersed in a 1.0% (w/v) CHI solution prepared in
1.0% (v/v) acetic acid solution by sonicating for 30 min with a final
concentration of 1 mgmL~1. Prior to surface modification, the GCE
was cleaned by polishing with 0.3 and 0.05 wm alumina slurries
for 1 min. The immobilization of CNTs was performed by casting
the GCE with 8 p.L of the CHI-CNT dispersion. Optimum conditions
included drying the dispersion that was dropped onto the GCE for
15 min at 50°C, followed by reaction with 3.0% (v/v) GTA for 2s.
The electrode was then washed by immersion in buffer solution for
10s.

Amperometric measurements were conducted in a stirred
0.20 mol dm~3 phosphate buffer solution, pH 7.40, by applying the
desired working potential and allowing the transient currents to
decay to a steady-state value prior to the addition of the analyte
and subsequent current monitoring. All measurements were per-
formed at room temperature. The experiments were conducted in
triplicate.

3. Results and discussion
3.1. Physical characterization

Morphological changes on I-NC and s-NC produced by the oxida-
tive treatment and time were detected using scanning electron
microscopy. As observed in Fig. 1A and B, s-NC show long and thin
structures while I-NC show blocks, suggesting a greater degree of
packing, i.e., I-NC present a more compact structure. Furthermore,
no metallic impurities are observed.

After the oxidative treatment with sulfo-nitric mixture
(Fig. 1C-F), the nanostructures do not seem to be harmed. In spite
of the liquid media treatment, the images of treated samples do
not show an important increase in the degree of packing, possibly
owing to the increase in the repulsive electrostatic forces between
CNTs as a consequence of the incorporation of oxygenated func-
tions. The oxidized largest CNTs still seem to be more compact,
resulting in a less homogeneous, and rougher and porous surface.

CNT structures and the effect of chemical treatment on them
were also characterized by HRTEM (Fig. 1S, supporting informa-
tion). HRTEM images show that the raw material contains CNTs
with different internal diameters (3.76 and 6.32nm), external
diameters (9.13 and 19.26 nm) and number of layers (8 and 19).
The presence of amorphous carbon on the edge of a pristine sample
is also observed. After oxidation with the sulfo-nitric mixture for
3 and 6 h, there are some differences compared with the raw sam-
ples, the most important being that the treatment caused etching
of graphene sheets and an increase in the amount of amorphous
carbon on the sidewalls.

CNT surface chemistry is of paramount importance for electro-
chemical behavior. Thus, the specific surface areas (SSAs) were
modeled using the multilayer adsorption model proposed by
Brauner, Emmet and Teller (BET). The adsorption isotherms for all
the samples are type-II according to the IUPAC classification [26]
and a little hysteresis is observed (Fig. 2S). Additionally, it can be
seen that there is an increase in the amount of nitrogen adsorp-
tion at low P/P, indicating the presence of microporosities. The

Table 2
Physical parameters obtained for raw and oxidized samples.

Sample Adsorption isotherms Raman spectroscopy
SBET (m2 gil) VMesopore (Cl’l‘l3 g,] ) In/lc

s-NC 298 0.731 1.02

s-NCO3 267 0.577 1.15

s-NCO6 266 0.556 1.33

s-NCO7N 256 0.644 1.39

I-NC 378 0.826 1.09

I-NCO3 380 0.685 1.35

I-NLO6 336 0.535 1.49

maximum nitrogen adsorption at P/P, ~ 1 decreases as long as the
sample is treated with the sulfo-nitric mixture and this decrease is
greater when nitric acid is used (s-NCO7N) (insets Fig. 2S).

The determined values of Sggr are presented in Table 2. As can
be seen, when the samples are oxidized, the BET surfaces decrease
between 10.8 and 14.1%. In general the literature reports that oxida-
tive treatments increase the BET surface areas [13,27] particularly
in gas-phase oxidations [9]; however similar findings to ours have
been described for double-walled NTs where the Sggr decreases
by approximately 35% after nitric acid oxidation [12], while oth-
ers report no significant changes after similar treatments [28],
although no explanation is given.

One explanation for our results could be that nanotubes of differ-
ent diameters and orientations interact by means of intermolecular
forces to form aggregates that decrease the SSA. On the other hand,
the samples oxidized with the sulfo-nitric mixture show a decrease
in the mesopore volume as long as the time of oxidation increases,
which indicates the formation of more compact aggregates. This
is in agreement with the SEM images, where the oxidative treat-
ment favors the formation of more compact bundles. Therefore, this
process leaves fewer surfaces exposed for nitrogen adsorption.

In the Raman spectra of I-NC, oxidized at 0, 3 and 6 h (Fig. 3S.A)
two bands are observed in the high-frequency region of the spec-
trum, exhibiting the CNT characteristics; the D band (~1350cm~1)
is usually attributed to the presence of amorphous or disordered
carbon and the G band (~1580 cm~1) originates from in-plane tan-
gential stretching of the C-C bonds in graphene sheets, indicating
the presence of crystalline graphitic carbon in the CNTs. When
the oxidative process was performed, the main change was the
decrease in the G band. This change produced an increase in the
ratio between D and G band intensities, noted as Ip/Ig, which is
related to the degree of nanotube disorder. An increase in the Ip/Ig
value corresponds to a higher proportion of sp3 carbon, which is
generally attributed to the presence of more structural defects. This
behavior is also observed for the shortest samples but with lower
intensity (Fig. 3S.B). The Ip/Ig values are presented in Table 2. At
longer oxidation times and for the longest CNTs, the Ip/Ig value
increases, this suggests the incorporation of more functional groups
on the nanotubes.

The thermal degradation of the oxidized CNTs is greater than
that of the raw [-NC sample. Below 150 °C, a lower weight loss (<2%)
was observed for all samples, which corresponds to evaporation of
the adsorbed water (Fig. 4S). Between 150 and 350 °C, the weight
loss is mainly attributed to the CO, evolution of the carboxylic
groups. The highest loss corresponds to [-NCO7N (9.7%), which
seems to indicate a higher amount of functional groups present
in this sample. This is in agreement with FTIR and elemental anal-
ysis results, as will be shown later. Thermal degradation from 350
to 500°C may be attributed to the elimination of hydroxyl/ether
functionalities attached to the CNT walls. Finally, at temperatures
between 500 and 600°C, the observed degradation corresponds
to the decarboxylation of lactone and anhydrides, while above



166 P. Caiiete-Rosales et al. / Electrochimica Acta 62 (2012) 163-171

Fig. 1. SEM images of raw s-NC (A) and [-NC (B) MWNTs and after oxidizing with H,SO4/HNOj3 for 3 and 6 h. (C) s-NCO3, (D) I-NCO3, (E) s-NCO6 and (F) I-NCO6.

600°C, the weight loss could originate from phenols, ethers and
carbonyls/quinones [20].

The sample with the greatest weight loss at all temperatures
was [-NCO7N (>10%). This appears to be due to the different major
functional groups it contains, compared with those introduced by
the sulfo-nitric mixture. A similar situation was also observed in
the case of the shortest samples derived from s-NC.

3.2. Chemical characterization

Elemental analysis was performed on raw (s-NC, I-NC) and oxi-
dized samples, as shown in Table 1S. The percentage of oxygen in
the samples shows that both raw s-NC and I-NC samples have oxy-
genated functional groups. When the samples were treated with
the sulfo-nitric mixture, the oxygen content increased and there
was a correlation between the time of oxidation and the oxygen
percentage. On the other hand, the oxygen percentage is higher for
those treated with 7.0 mol dm~3 HNO3 (s-NCO7N, I-NCO7N). How-
ever, these samples also show an important increase in the nitrogen
percentage, which suggests that part of the oxygen increase could
be due to the ability of nitric acid to provide electrophilic nitronium
ions capable of nitrating aromatic rings [29,30].

Infrared spectroscopy was used to characterize the samples
in order to identify the CNT surface functional groups (Fig. 5S).
All spectra present the 1580cm~! peak corresponding to the
aromatic C=C structural vibrations. This band shifts to higher fre-
quencies (1575/1580/1582cm~1) when the oxidation progresses
and it is enhanced owing to the increasing density of surface
oxygen [30]. Additionally, the FTIR spectra for all samples show
absorption bands at 3430cm~! (O—H from hydroxyl or car-
boxyl groups and phenol groups), 2916 and 2848 cm~! (C—H)
and a broad band between 1050 and 1300cm~! (C—O from
ethers, alcohols, anhydrides, lactones or carboxylic acids). All these
bands present in raw MWCNTSs indicates the presence of some
oxygenated functional groups introduced during the synthesis pro-
cess.

After the MWCNT acid treatment, there was an increase in
the bands around 3400cm~! and 1100cm~! and a new band
developed at about 1700cm~!, corresponding to carboxylic acid
groups that show absorption between 1690 and 1730cm™!. The
intensity of this band, relative to the 1560cm~! band, increases
when the oxidation time with the sulfo-nitric acid treatment is
increased and with the nitric acid treatment. After oxidative treat-
ments, all bands related to oxygen groups increase their intensity
in the 1050-1300cm™! region. The oxidized samples also show
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Table 3
Total acid groups and carboxylic groups after the oxidative treatments.

Sample %Na (NaOH) %Na (NaHCOs3)
s-NC 0.57 0.51
s-NCO3 1.63 1.55
s-NCO6 1.92 1.91
s-NCO7N 1.96 1.39
I-NC 0.66 0.42
I-NCO3 2.35 1.83
I-NCO6 2.87 2.39
I-NCO7N 335 3.38

increased intensity in the 1600-1800cm~! band, corresponding
to quinones (1550-1600cm™1), lactones (1675-1790cm~!) and
anhydrides (1790-1880cm™1).

In the 1600-1800cm~"! region, a shoulder appears in I-NCO3
samples at about 1630cm~"! that can be assigned to the quinone
groups that become more prominent in sample [-NCO6, which
increases considerably in sample [-NCO7N. The nitric acid treat-
ment introduces higher amounts of quinone relative to carboxylic
groups than the sulfo-nitric mixture treatment. This behavior is also
observed for s-NC but with lower intensity.

The nitro group (—NO,) group is isoelectronic with the carboxi-
late group (—CO5 ) and both provide very similar spectra[31], which
makes identification by IR difficult. Some contributions from these
groups are probably present, as can be inferred by the elemental
analysis.

The quantification of acidic oxygenated groups introduced by
oxidation was employed modifying a previously published titra-
tion method [24,25]. Na adsorption on the as-grown nanotubes was
also quantified in order to determine the signal not coming from
the neutralization of newly formed acidic groups. It is generally
accepted that the total acidic sites — carboxylic, lactonic and phe-
nolic - can be determined by titration with NaOH, while most acid
groups - carboxylic - can be determined by titration with NaHCO3
(pK=6.37) [29].

The number of groups neutralized with NaHCO3 and NaOH is
shown in Table 3. I-NC shows a higher amount of acidic groups
than s-NC. Likewise, it has been observed that oxidation with the
sulfo-nitric mixture is time dependent, and oxidation with nitric
acid introduces a higher number of acid groups in [-NC than sulfo-
nitric oxidation. This is not the case of s-NC, where the maximum
amount of acidic groups with the highest acidity corresponds to
sample s-NCO6. It is known that oxidative processes involving sp2
carbon atoms start with the creation of an alcohol group, followed
by a ketone group before finally yielding a carboxylic group [25,32].
Taking into account the progress in the oxidative process, the higher
degree of [-NC oxidation could explain the higher content in acidic
groups compared with s-NC.

With regard to the type of acidic oxygenated groups, several
studies [33-35] have demonstrated that a distribution of oxy-
genated groups is introduced by oxidation, but only those with
pK; between 3 and 10 can be determined. Groups below or over
this range will not be detected by titration experimentally, so the
results in Table 3 could underestimate the amount of acid groups.

Additionally, in organic chemistry it is known that the ortho-
positioned groups in an aromatic ring bonded to —COOH increase
the acidity of those acids. For example, ortho NO, groups in benzoic
acid result in a pK, decrease from 4.19 to 2.16 [36]. The elemental
analysis shows that nitro groups, whether intercalated or bonded
to the aromatic ring, are present after our oxidative process with
nitric acid, which could lead to titration results different from those
expected in nitric acid-treated samples.

Ending with the chemical characterization X-Ray Photoelec-
tron Spectroscopy was used to identify the different oxygen

functionalities incorporated on the MWCNT structure. The inter-
pretation of O 1s spectrum was done according to the following
sub-band classification [20,37]:

e Group I at 531.1 eV: carbonyl/quinone groups (C=0).

e Group Il at 532.3 eV: alcohol/phenol (—OH), ether (—O—) groups,
as well as the C=0 bond from anhydride/lactone groups O—(C=0).

e Group IIl at 533.3 eV: anhydride/lactone groups O=(C—0).

e Group IV at 534.2 eV: carboxylic —COOR groups.

The high-resolution O 1s spectrum of the [-NC sample shows a
very low intensity (Fig. 2) owing to its low oxygen content. The band
is centered at 532.2 eV, which is the position of alcohol, phenol, and
ether groups. This is consistent with the IR spectrum absorption
bands around 3400cm~! and 1050-1300cm™! region. According
to TGA results, it must be assumed that the I-NC sample has cer-
tain amounts of carbonyl and anhydride groups, although their XPS
signal would be embedded into the main alcohol/ether band.

The spectrum of sample [-NCO3 shows an intense band centered
at 532.4eV with a shoulder at 529.9 eV. The sub-bands bands at
532.3 and 533.3 eV indicate a high content in anhydride groups.

Alternatively, the combination of both bands could be due to cer-
tain amounts of alcohol/phenol and lactone groups. The sub-band
at 534.2 eV confirms the formation of a few carboxylic acid groups.
The sub-band at around 531.1eV is due to carbonyl/quinone
groups. The sub-band at 529.9 eV indicates the formation of iron
oxide [21].

[-NCO6 sample spectrum has a main band at 533.0eV with a
shoulder between 531 and 532eV. The sub-band of carboxylic
groups at 534.2eV increases substantially. Lactone, anhydride,
hydroxyl and carbonyl group bands can be also found in
the spectrum. I-NCO3 and [-NCO6 XPS data are in agreement
with the development of the 1708 cm~! IR bands correspond-
ing to carboxylic acid groups and the increase in intensity
of the C=0 stretching at 1120-1200cm~! and C—O in ethers
(1000-1300cm™1), lactones (1160-1370cm~!) and anhydrides
(980-1300cm~1) [38].

[-NCO7N spectrum presents a wide band centered at around
532.3eV. The content in carboxylic groups is lower than in the [-
NCO6 sample. The sub-band at 533.3 eV indicates an increase in the
amount of lactone groups and the sub-band at 531.1 eV increases,
this correlates with the increase of the quinone band (1650 cm~1) in
the IR absorption spectra. Anhydride, hydroxyl and carbonyl groups
are also present on I-NCO7N surfaces.

According the titration data the number of groups with higher
acidity neutralized with NaHCOs3 increases by increase the oxida-
tion time for both short and long CNTs that is consistent with the
increase of COOR groups in XPS data. After oxidation with nitric
acid the number of groups determined by titration with NaHCO;
is lower than with sulfo-nitric mixture for short and long CNTs as
determined by XPS. However according titration data the number
of acid groups in long CNTs is higher in nitric acid treated samples.
As mentioned before this seems to indicate that the titration data
for this sample could be overestimated due to the presence of NO,
ortho positioned to carboxylic groups.

C 1s XPS spectra for the oxidized I-NC samples shows that the
intensity between 285 and 290eV increases with the degree of
oxidation (Fig. 6S). In agreement with previous reports [39,40],
deconvolution of the C 1s region of the spectra leads to mislead-
ing and ambiguous results in terms of the calculated distribution
of oxygen-containing functional groups owing to the proximity of
the binding energies associated with different oxygen-containing
functional groups.

Pristine MWCNTSs have a low iron content (0.94 wt.%) and a low
intensity band appears in the XPS 2p spectrum (Fig. 7S) at 707.5 eV.
According to the assignations reported by Yang and Sacher [41], this
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Fig. 2. High-resolution O 1s spectra for: I-NC (A), I-NCO3 (B), I-NCO6 (C), and I-NCO7N (D).

peak could be due to Fel. After sulfo-nitric treatment, this band
almost disappears in sample [-NCO3 and a new band appears at
710.2 eV that could correspond to Fe;O4. Poulin et al. [42] attributed
the XPS peak position at 709.6 eV to Fe!l octahedral and at 710.2 eV
to Felll octahedral. The developing of this band agrees with the pres-
ence of the sub-band at 529.9eV in the O 2p XPS spectrum that
indicates the formation of iron oxide.

After more severe acid treatments in samples I-NCO6 and [-
NCO7N, the signal around 710eV in the Fe 2p XPS spectrum
disappears indicating that the iron oxide has been removed, par-
ticularly in sample [-NCO7N.

Fig. 3 shows a histogram of the distribution of oxygen groups
in [-NC and s-NC pristine and oxidized samples. Given that XPS is
only surface sensitive, the distribution of the total oxygen deter-
mined directly by elemental analysis according to the proportion
given by XPS is depicted. The oxygen corresponding to the iron
oxide has been discounted in this distribution. The analysis of the
dataindicates that both treatments, nitric and sulfo-nitric acid, pro-
gressively increase the amount of carbonyl/quinone groups (C=0)
and group II oxygenated groups corresponding to alcohol/phenol
(—OH) and ether (—O—) groups, as well as the C=0 bond from

anhydride/lactone groups O—(C=0). The content of these groups
is greatest with nitric acid treatment, and the same behavior is
observed for both [-NC and s-NC nanotubes. Conversely group IV,
corresponding to carboxylic/carboxylate groups, increases when
the sulfo-nitric treatment time is increased from 3 to 6h but is
lower in samples treated with nitric acid. Both [-NCO6 and s-NCO6
samples contain the maximum amount of carboxylic groups. Group
IlI, corresponding to anhydride/lactone groups O=(C—0), shows a
different tendency for I-NC and s-NC. These groups in [-NC samples
increase by passing from [-NCO3 to [-NCO6 and [-NCO7N. Never-
theless, the number of these groups in s-NC does not increase with
nitric acid treatment and reaches a plateau. This could be explained
owing to the fact that quinone, lactone and anhydride moieties
are generated in greater quantity than carboxylic groups with such
oxidative treatment.

On the other hand, deconvolution of N 1s XPS (Fig. 8S) results in
two peaks at 400.5 and 405.7 eV that can be attributed to nitrogen
atoms bound to carbon (N—C) and to oxygen (N—O), respectively,
confirming the incorporation of nitrogen into the CNT structure.

It was expected that as short CNTs have more tips and conse-
quently more defects, more reaction sites will be oxidized. However
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Fig. 3. Quantification of the oxygen group contents from O 1s XPS spectra.

our study shows higher degree of oxidation in long CNTs. According
to elemental analysis the amount of oxygen in long CNT samples is
higher (for both 3 and 6 h of treatment) and this is consistent with
the higher Ip/Ig value of long CNT after oxidative treatment. Other
data that support the higher oxidation of long CNT are TGA data
showing higher weight loss in long CNTs, and higher number of
oxygen functional groups as determined by XPS and titration with
NaOH. One possible explanation would be that in the conditions
used for the oxidative treatment, the side wall functionalization is
more important than tip functionalization.

3.3. Electrochemical characterization

CNT film-modified glassy carbon electrodes (GCE/CNT) are gen-
erated using non-oxidized CNTs (s-NC) reveal no electrochemical
signal (Fig. 4A), indicating that the small amount of oxygenated
functional groups observed with XPS (alcohol/phenol and ether)
are not electrochemically active, nor is the iron present in the pris-
tine nanotubes. The CV curves are rectangular with good symmetry
forall the electrodes prepared, showing typical electric double layer
behavior [43].

When GCE/CNT are generated using oxidized samples, a redox
couple is observed by cyclic voltammetry in PBS solution at pH 7.4
(Fig. 4A dashed lines), in a similar way to that previously described
[14,44]. The redox couple corresponds to the carboxylic acid group
incorporated in the CNT structure, but we estimated that other oxy-
genated groups, such as quinone, contribute because they are also
electroactive [3].

The electrodes modified with sulfo-nitric oxidized CNT revealed
anincrease in the currentintensities as the oxidation time increases
(Fig. 4B) and there is a correlation with the incorporated oxy-
gen content determined by elemental analysis (wt%0). Thus, we
can corroborate that higher oxidation time leads to higher cur-
rent due to a high incorporation of carboxylic electroactive groups.
Accordingly, it would be possible to predict the oxygen content
by performing cyclic voltammetry, creating the opportunity for a
new application of electrochemistry in CNT characterization. On
the other hand, the same Fig. 4B shows a comparison between the
oxidative protocols, sulfo-nitric mixture (s-NCO6) and nitric acid
(s-NCO7N) being possible to observe that there is an increase in the
current intensity when the electrode was modified using s-NCO7N

but the oxygen content remains constant. These results corroborate
that the oxygen groups incorporated with nitric acid are differ-
ent than that incorporate when sulfo-nitric mixture is used. The
increase in the current intensity without the increase in the oxygen
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Fig. 4. (A) Cyclic voltammograms of s-NC films onto GCE. The electrochemical
response corresponds to the redox couple of carboxylic acids: GCE (a), s-NC (b),
5s-NCO3 (c), s-NCO6 (d), s-NCO7N (e). (B) Relation of the cyclic voltammetric cur-
rent intensities (W) and the oxygen content (wt%) (®) with chemical treatment of
MWCNTs.
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content is concordant with more quinones than carboxylic groups
in s-NCO7N which suffers a two electron redox process and then
more current intensity than the one electron process of carboxylic
acids.

Also, the longest CNT shows a higher degree of oxidation and
higher current values, indicating that more electroactive groups
are incorporated as was determined previously by Raman Spec-
troscopy and Elemental Analysis.

The HNO;3 treatment leads to a higher degree of oxidation and
the introduction of an electroactive group, according to XPS data.

Nevertheless, the number of carboxylic groups is the highest for
the 6-h sulfo-nitric treatment, indicating that in addition to the car-
boxylic groups, higher amounts of quinone, lactone and anhydride
groups are being introduced with nitric acid treatment.

Analyzing the reversibility of the redox process oxidized s-NC
samples show lower AEp values than oxidized [-NC samples (100 vs.
140 mV, respectively), indicating that the electrochemical process
occurs with a faster electron transfer rate on s-NC. Finally, no signif-
icant changes in the electron transfer rate were observed when the
oxidation time was increased since the corresponding AEp values
did not change in a significant way.

The CNT-modified electrodes using short (s-NC, s-NCO3 and
s-NCO6) and long (I-NC, I-NCO3 and [-NCO6) CNTs were also char-
acterized by cyclic voltammetry in 0.2moldm~3 PBS pH 7.4,
determining the capacitance values as reflect of the electroactive
area of each electrode. When pristine CNTs are used to modify the
electrodes, the resulting capacitances are similar, with values of 310
and 332 wF for s-NC and I-NC, respectively. After 6 h of oxidation,
the capacitance values increase to 394 and 890 wF for s-NCO6 and
I-NCOG6, respectively, i.e., there is a correlation with the amount of
oxygen function incorporated and the resulting capacitance when
the sulfo-nitric treatment is used. On the other hand, when CNTs
were oxidized with nitric acid, the resulting capacities are 432
and 653 wF for s-NCO7N and I-NLO7N, respectively. The increased
values would imply an increase in double-layer capacitance and
also in pseudocapacitance as results of newly incorporated elec-
troactive groups. The increase in double-layer capacitance due to
functionalization (i.e., oxidation) can be attributed to an enhanced
accessibility to hydrophilic carbon coverage in aqueous electrolyte.

Previously performed BET analysis showed that the oxidation
process produces a slight reduction in the surface area and meso-
porosity, implying less area available for double-layer formation.
However, according to Hsieh et al. [45], this postulation is not com-
pletely true because not all carbon surfaces are electrochemically
active, i.e., surface heterogeneity. Thus, the capacitance enhance-
ment can be attributed to an increase in active coverage, and,
therefore, the double-layer capacitance is directly proportional to
the surface freely accessible to the electrolytes rather than the SSA
obtained by the Brunauer-Emmett-Teller (BET) method [46].

3.4. Electrochemical behavior of hydrogen peroxide on CNTs
modified electrodes

No significant change respect to GCE was observed for hydrogen
peroxide reduction using CNT and oxidized CNT. However, a clear
catalytic effect of CNTs on the oxidation of hydrogen peroxide was
observed. Fig. 5 shows the voltammetric response obtained with
GCE, GCE/CHI-s-NC and GCE/CHI-I-NC. Compared with the GCE,
CNT-modified electrodes showed a decrease in the overvoltage for
the oxidation of hydrogen peroxide by about 200 mV (700 mV for
GCE and 500 mV for the s-NC and I-NC modified GCEs). Furthermore,
there was an increase in the current intensities at potential higher
than 600 mV.

From the amperometric hydrogen peroxide concentration study
performed at 700 mV (Fig. 5 inset), higher currents were obtained
with s-NC than [-NC, by about 200%. The lower sensitivity observed
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Fig. 5. Effect of the length of pristine CNT on the electrochemical response of
0.4 moldm~3 hydrogen peroxide solution. Hydrodynamic voltammetry at GCE (a),
GCE/CHI-I-NC (O) and GCE/CHI-s-NC (®). The experiments were conducted in trip-
licate. Inset: amperometric response at 0.700 vs. (Ag/AgCl/3 mol dm~3 NaCl)/V.

with [-NC could be due their greater degree of packing, as was deter-
mined by SEM, i.e., I-NC are more compact while s-NCs show long
and thin structures.

When the electrochemical behavior of hydrogen peroxide was
tested using oxidized CNTs, the hydrodynamic voltammograms
revealed no significant changes in the response between s-NC,
s-NCO3 and s-NCO6 (Fig. 6). Only at 800 mV there was a signif-
icant increase in the observed current for s-NCO6. Indeed, from
the amperometric hydrogen peroxide study performed at 700 mV
(inset Fig. 6), similar calibration curves were obtained with elec-
trodes modified with s-NCO3 and s-NCO6 samples, and a 25%
increase in the response with respect to the GCEs modified with
pristine CNTs was obtained. The same behavior was observed for
long CNTs. Consequently it is possible to conclude that the sensing
properties of CNT-modified electrodes against hydrogen peroxide
are strongly dependent on the length of the nanotube more than the
oxidation. An explanation could be related to the size of hydrogen
peroxide which permits a fast diffusion through the double layer to
easily reach the surface of the CNTs, allowing electron transfer to
occur. On the other hand, our results show that although the oxida-
tion of the CNT does not improve dramatically the electrochemical
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Fig. 6. Effect of the oxidation time on short CNTs with regard to the hydrodynamic
electrochemical response of hydrogen peroxide solution. s-NC (H), s-NCO3 (O) and
s-NCO6 (a). Inset: calibration curves obtained at 0.700 vs. (Ag/AgCl/3 moldm3
NaCl)/V from successive additions of hydrogen peroxide. The experiments were
conducted in triplicate.
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response of modified electrodes, either there is a loss of sensitivity
as has been reported for oxygen reduction recently [14].

4. Conclusions

The amount and type of oxygenated functional groups incorpo-
rated onto a CNT surface are strongly dependent on the reaction
media and treatment time. Specific area and mesopore volume
decrease with the treatments probably due to the CNTs become
more compacted. SEM and Raman spectra showed that the integrity
of the nanotube patterns was not damaged substantially by the
acid treatment. With regard to the degree of oxidation, nitric acid
treatment introduces a higher amount of total acidic groups (as
determined by NaOH) than sulfo-nitric treatment (6 h). Infrared
spectra and XPS indicate that nitric acid treatment leads to higher
amounts of quinone, lactone and anhydride groups, whereas
the sulfo-nitric mixture introduces higher amounts of carboxylic
groups.

With regard to the electrochemical behavior, when the elec-
trodes are modified with non-oxidized CNTs (s-NC and [-NC), no
signal is observed, indicating that the small amount of oxygenated
functional groups (~1% O, ) mainly phenol, alcohol and ether exist-
ing in the pristine nanotubes are not electroactive, nor is the iron
present in the pristine nanotubes.

The oxidized CNT-modified electrodes show a clear difference
in current intensities which correlate with the incorporated oxy-
gen content. Likewise, the longest CNT shows a higher degree of
oxidation and higher current values, indicating that more groups
are incorporated, possibly owing to its higher Sger. Oxidized s-NC
shows lower AEp than I-NC, indicating a faster electron transfer
rate. Oxygen incorporation to CNTs leads to higher capacitance,
i.e., higher electroactive surface, which can be attributed to an
enhanced accessibility to hydrophilic carbon coverage in aqueous
electrolyte.

In concordance, the electrochemical performance of oxidized
CNT is strongly determined by the chemical characteristic of the
CNT surface rather than the surface morphology.
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