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a b s t r a c t

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 (l-NC), which correlates with the
greater degree of packing observed for l-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 l-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).
. Introduction

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

In electrochemistry, carbon nanotubes (CNTs) are being used
ncreasingly in applications that include cell components for batter-
es and fuel cells, supercapacitors and electrochemical biosensors
2,3]. Important advantages in electrochemistry have been claimed
or CNTs over other carbon materials such as glassy carbon and
ighly oriented pyrolitic graphite (HOPG). These characteristics

nclude a decrease in overpotentials, low capacitance in the pris-

ine state (arising from the low density of states of CNTs) [4,5] and
ncrease in peak currents, and thus lower detection limits, provid-
ng high sensitivity and selectivity in analytical sensing.

∗ Corresponding author. Tel.: +56 29782896; fax: +56 29782988.
E-mail address: sbollo@ciq.uchile.cl (S. Bollo).
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013-4686/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2011.12.043
© 2011 Elsevier Ltd. All rights reserved.

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

dx.doi.org/10.1016/j.electacta.2011.12.043
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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Table 1
Codes of samples for short (s-) and long (l-) CNT after each oxidizing agent at different
times.

Code Oxidizing agent Oxidation time (h)

NC – –
NCO3 H2SO4/HNO3 3
64 P. Cañete-Rosales et al. / Elect

atalysts for oxygen reduction than as-received CNTs which was
xplained by the absence of metal catalysts on the surface of puri-
ed CNTs.

As grown CNTs are multicomponent materials consisting of
NTs (single-walled or multi-walled), metal nanoparticles and
ore or less graphitized carbon phases, many groups have empha-

ized the need for CNT purification. Oxidative treatments are the
ost frequently used purification methods, among which the most

ommon methods are nitric (HNO3) and sulfuric (H2SO4) acid
xidation [15], oxygen [16], ozone oxidation [17] and plasma oxi-
ation [18]. The use of acid purification processes produces side
ffects such as the cutting and opening of CNT ends, which causes
efects in the CNT sp2 structure that is functionalized with oxygen-
ontaining groups, such as carboxylic acids, ketones and alcohols
19]. A number of systematic studies have been conducted regard-
ng the effect of oxidative treatments on the chemical nature of the
raphitic structure. In 1999, Figueiredo et al. [20] described that
as phase oxidation of the carbon mainly increases the concentra-
ion of hydroxyl and carbonyl surface groups, while oxidations in
iquid phase particularly increase the concentration of carboxylic
cids. Datsyuk et al. [21] evaluated the effect of oxidation on the
tructural integrity of MWCNTs through acid and basic agents. They
oncluded that the material treated with nitric acid under reflux
onditions undergoes the highest degree of degradation, i.e., nan-
tube shortening and additional defects in the graphitic network.
n the other hand, basic oxidative treatment led to the complete

emoval of amorphous carbon and metal oxide impurities, but the
tructural integrity was found to be intact. Also, they determined
clear increase in the oxygen content on the walls of CNTs for all

reatments tested. The oxygen functionalities depend on the oxi-
ation conditions and the overall amount of oxygen increase with
he increasing power of the oxidation agents.

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

. Experimental methods

.1. Materials

MWCNTs of two different lengths were used: short (1–5 �m
ong and 30 ± 15 nm diameter), referred to as s-NC and long
5–20 �m long and 30 ± 15 nm diameter) referred to as l-NC. Both
ypes of CNTs were provided by NanoLab (USA).

Chitosan (CHI) of medium molecular weight (Cat. No. 44887-7)
as obtained from Aldrich, glutaraldehyde (GTA) (25%, v/v, aque-

us solution) was purchased from Baker and hydrogen peroxide
30%, v/v, aqueous solution) was purchased from Merck.

.2. CNT functionalization

.2.1. Mixture of 3 mol dm−3 nitric (HNO3, 65%) and sulfuric
H2SO4, 96%) acids

Small quantities of s-NC and l-NC (<100 mg) were immersed
n a 50 mL H2SO4/HNO3 (3:1) solution in a round-bottomed glass
ask. The mixtures were heated to ∼110 ◦C and the experiment
as considered to have started at the moment the first reflux drops
ppeared. A fraction of the CNTs was oxidized for 3 h, while another
raction was oxidized for 6 h. Finally, oxidized MWCNTs were fil-
ered and washed thoroughly with deionized water until a neutral
H was reached, and then dried at 50 ◦C for 24 h.
NCO6 H2SO4/HNO3 6
NCO7N HNO3 6

2.2.2. Concentrated 7 mol dm−3 nitric acid, HNO3
250 mg of l-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 out in 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× objective. All spectra were collected with
accumulations of 10 s 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 NaHCO3
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
ESCAPlus Omicron. The analysis area was 1.75 mm × 2.75 mm and
the beam energy was 150 W (10 kV, 15 mA).

Cyclic voltammograms were recorded using a CHI 900 potentio-
stat. A three-electrode cell was used with an Ag/AgCl/3 mol dm−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 �m and
0.05 �m alumina, and then was washed with abundant deionized
water. The CNTs were dispersed at 1 mg mL−1 concentration with
a phosphate buffer solution (PBS) pH 7.4 and 0.1 mol dm−3 NaCl
by sonication for 15 min. The sonication procedure was repeated
three times. CNT immobilization was performed by casting the
GCE with 8 �L of the CNT dispersion. The optimum conditions
were obtained by drying the dispersion dropped onto the GCE for

◦
15 min 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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Table 2
Physical parameters obtained for raw and oxidized samples.

Sample Adsorption isotherms Raman spectroscopy

SBET (m2 g−1) VMesopore (cm3 g−1) ID/IG

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

l-NC 378 0.826 1.09
l-NCO3 380 0.685 1.35
P. Cañete-Rosales et al. / Elect

amp rate of 5 ◦C min−1. SEM and HRTEM samples were adsorbed
nto Formvar/carbon coated-grids and negatively stained with
% uranyl acetate. They were observed in a Jeol 1010 transmis-
ion electron microscope, and images were digitized with an SIS
egaview III Camera. The specific surface areas (SSA) of CNTs were

etermined by N2 adsorption isotherm using a BET Micromeritics
SAP2020.

.4. Electrochemical behavior of hydrogen peroxide

CNTs were dispersed in a 1.0% (w/v) CHI solution prepared in
.0% (v/v) acetic acid solution by sonicating for 30 min with a final
oncentration of 1 mg mL−1. Prior to surface modification, the GCE
as cleaned by polishing with 0.3 and 0.05 �m alumina slurries

or 1 min. The immobilization of CNTs was performed by casting
he GCE with 8 �L of the CHI-CNT dispersion. Optimum conditions
ncluded drying the dispersion that was dropped onto the GCE for
5 min at 50 ◦C, followed by reaction with 3.0% (v/v) GTA for 2 s.
he electrode was then washed by immersion in buffer solution for
0 s.

Amperometric measurements were conducted in a stirred
.20 mol dm−3 phosphate buffer solution, pH 7.40, by applying the
esired working potential and allowing the transient currents to
ecay to a steady-state value prior to the addition of the analyte
nd subsequent current monitoring. All measurements were per-
ormed at room temperature. The experiments were conducted in
riplicate.

. Results and discussion

.1. Physical characterization

Morphological changes on l-NC and s-NC produced by the oxida-
ive treatment and time were detected using scanning electron

icroscopy. As observed in Fig. 1A and B, s-NC show long and thin
tructures while l-NC show blocks, suggesting a greater degree of
acking, i.e., l-NC present a more compact structure. Furthermore,
o 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
f the liquid media treatment, the images of treated samples do
ot show an important increase in the degree of packing, possibly
wing to the increase in the repulsive electrostatic forces between
NTs as a consequence of the incorporation of oxygenated func-
ions. The oxidized largest CNTs still seem to be more compact,
esulting in a less homogeneous, and rougher and porous surface.

CNT structures and the effect of chemical treatment on them
ere also characterized by HRTEM (Fig. 1S, supporting informa-

ion). HRTEM images show that the raw material contains CNTs
ith different internal diameters (3.76 and 6.32 nm), external
iameters (9.13 and 19.26 nm) and number of layers (8 and 19).
he presence of amorphous carbon on the edge of a pristine sample
s also observed. After oxidation with the sulfo-nitric mixture for
and 6 h, there are some differences compared with the raw sam-
les, the most important being that the treatment caused etching
f graphene sheets and an increase in the amount of amorphous
arbon on the sidewalls.

CNT surface chemistry is of paramount importance for electro-
hemical behavior. Thus, the specific surface areas (SSAs) were
odeled using the multilayer adsorption model proposed by

rauner, Emmet and Teller (BET). The adsorption isotherms for all

he samples are type-II according to the IUPAC classification [26]
nd a little hysteresis is observed (Fig. 2S). Additionally, it can be
een that there is an increase in the amount of nitrogen adsorp-
ion at low P/Po indicating the presence of microporosities. The
l-NLO6 336 0.535 1.49

maximum nitrogen adsorption at P/Po ∼ 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 SBET 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 SBET 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 l-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 (∼1350 cm−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 ID/IG, which is
related to the degree of nanotube disorder. An increase in the ID/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 ID/IG values are presented in Table 2. At
longer oxidation times and for the longest CNTs, the ID/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 l-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 CO2 evolution of the carboxylic
groups. The highest loss corresponds to l-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
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Fig. 1. SEM images of raw s-NC (A) and l-NC (B) MWNTs and after oxidizing

00 ◦C, the weight loss could originate from phenols, ethers and
arbonyls/quinones [20].

The sample with the greatest weight loss at all temperatures
as l-NCO7N (>10%). This appears to be due to the different major

unctional groups it contains, compared with those introduced by
he sulfo-nitric mixture. A similar situation was also observed in
he case of the shortest samples derived from s-NC.

.2. Chemical characterization

Elemental analysis was performed on raw (s-NC, l-NC) and oxi-
ized samples, as shown in Table 1S. The percentage of oxygen in
he samples shows that both raw s-NC and l-NC samples have oxy-
enated functional groups. When the samples were treated with
he sulfo-nitric mixture, the oxygen content increased and there
as a correlation between the time of oxidation and the oxygen
ercentage. On the other hand, the oxygen percentage is higher for
hose treated with 7.0 mol dm−3 HNO3 (s-NCO7N, l-NCO7N). How-

ver, these samples also show an important increase in the nitrogen
ercentage, which suggests that part of the oxygen increase could
e due to the ability of nitric acid to provide electrophilic nitronium

ons capable of nitrating aromatic rings [29,30].
2SO4/HNO3 for 3 and 6 h. (C) s-NCO3, (D) l-NCO3, (E) s-NCO6 and (F) l-NCO6.

Infrared spectroscopy was used to characterize the samples
in order to identify the CNT surface functional groups (Fig. 5S).
All spectra present the 1580 cm−1 peak corresponding to the
aromatic C C structural vibrations. This band shifts to higher fre-
quencies (1575/1580/1582 cm−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 3430 cm−1 (O H from hydroxyl or car-
boxyl groups and phenol groups), 2916 and 2848 cm−1 (C H)
and a broad band between 1050 and 1300 cm−1 (C O from
ethers, alcohols, anhydrides, lactones or carboxylic acids). All these
bands present in raw MWCNTs 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 3400 cm−1 and 1100 cm−1 and a new band
developed at about 1700 cm−1, corresponding to carboxylic acid
groups that show absorption between 1690 and 1730 cm−1. The
intensity of this band, relative to the 1560 cm−1 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 1050–1300 cm−1 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 (NaHCO3)

s-NC 0.57 0.51
s-NCO3 1.63 1.55
s-NCO6 1.92 1.91
s-NCO7N 1.96 1.39

l-NC 0.66 0.42
l-NCO3 2.35 1.83
l-NCO6 2.87 2.39
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functional groups.
l-NCO7N 3.35 3.38

ncreased intensity in the 1600–1800 cm−1 band, corresponding
o quinones (1550–1600 cm−1), lactones (1675–1790 cm−1) and
nhydrides (1790–1880 cm−1).

In the 1600–1800 cm−1 region, a shoulder appears in l-NCO3
amples at about 1630 cm−1 that can be assigned to the quinone
roups that become more prominent in sample l-NCO6, which
ncreases considerably in sample l-NCO7N. The nitric acid treat-

ent introduces higher amounts of quinone relative to carboxylic
roups than the sulfo-nitric mixture treatment. This behavior is also
bserved for s-NC but with lower intensity.

The nitro group ( NO2) group is isoelectronic with the carboxi-
ate group ( CO2) and both provide very similar spectra [31], which

akes identification by IR difficult. Some contributions from these
roups are probably present, as can be inferred by the elemental
nalysis.

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

The number of groups neutralized with NaHCO3 and NaOH is
hown in Table 3. l-NC shows a higher amount of acidic groups
han s-NC. Likewise, it has been observed that oxidation with the
ulfo-nitric mixture is time dependent, and oxidation with nitric
cid introduces a higher number of acid groups in l-NC than sulfo-
itric oxidation. This is not the case of s-NC, where the maximum
mount of acidic groups with the highest acidity corresponds to
ample s-NCO6. It is known that oxidative processes involving sp2

arbon atoms start with the creation of an alcohol group, followed
y a ketone group before finally yielding a carboxylic group [25,32].
aking into account the progress in the oxidative process, the higher
egree of l-NC oxidation could explain the higher content in acidic
roups compared with s-NC.

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

Additionally, in organic chemistry it is known that the ortho-
ositioned groups in an aromatic ring bonded to COOH increase
he acidity of those acids. For example, ortho NO2 groups in benzoic
cid result in a pKa decrease from 4.19 to 2.16 [36]. The elemental
nalysis shows that nitro groups, whether intercalated or bonded
o the aromatic ring, are present after our oxidative process with
itric acid, which could lead to titration results different from those

xpected in nitric acid-treated samples.

Ending with the chemical characterization X-Ray Photoelec-
ron Spectroscopy was used to identify the different oxygen
ica Acta 62 (2012) 163–171 167

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

• Group I at 531.1 eV: carbonyl/quinone groups (C O).
• Group II at 532.3 eV: alcohol/phenol ( OH), ether ( O ) groups,

as well as the C O bond from anhydride/lactone groups O (C O).
• Group III at 533.3 eV: anhydride/lactone groups O (C O).
• Group IV at 534.2 eV: carboxylic COOR groups.

The high-resolution O 1s spectrum of the l-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 3400 cm−1 and 1050–1300 cm−1 region. According
to TGA results, it must be assumed that the l-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 l-NCO3 shows an intense band centered
at 532.4 eV 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 531.1 eV is due to carbonyl/quinone
groups. The sub-band at 529.9 eV indicates the formation of iron
oxide [21].

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

l-NCO7N spectrum presents a wide band centered at around
532.3 eV. The content in carboxylic groups is lower than in the l-
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 l-NCO7N surfaces.

According the titration data the number of groups with higher
acidity neutralized with NaHCO3 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 NaHCO3
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 NO2
ortho positioned to carboxylic groups.

C 1s XPS spectra for the oxidized l-NC samples shows that the
intensity between 285 and 290 eV 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
Pristine MWCNTs 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: l-

eak could be due to Fe0. After sulfo-nitric treatment, this band
lmost disappears in sample l-NCO3 and a new band appears at
10.2 eV that could correspond to Fe3O4. Poulin et al. [42] attributed
he XPS peak position at 709.6 eV to FeII octahedral and at 710.2 eV
o FeIII octahedral. The developing of this band agrees with the pres-
nce of the sub-band at 529.9 eV in the O 2p XPS spectrum that
ndicates the formation of iron oxide.

After more severe acid treatments in samples l-NCO6 and l-
CO7N, the signal around 710 eV in the Fe 2p XPS spectrum
isappears indicating that the iron oxide has been removed, par-
icularly in sample l-NCO7N.

Fig. 3 shows a histogram of the distribution of oxygen groups
n l-NC and s-NC pristine and oxidized samples. Given that XPS is
nly surface sensitive, the distribution of the total oxygen deter-
ined directly by elemental analysis according to the proportion

iven by XPS is depicted. The oxygen corresponding to the iron
xide has been discounted in this distribution. The analysis of the

ata indicates that both treatments, nitric and sulfo-nitric acid, pro-
ressively increase the amount of carbonyl/quinone groups (C O)
nd group II oxygenated groups corresponding to alcohol/phenol

OH) and ether ( O ) groups, as well as the C O bond from
), l-NCO3 (B), l-NCO6 (C), and l-NCO7N (D).

anhydride/lactone groups O (C O). The content of these groups
is greatest with nitric acid treatment, and the same behavior is
observed for both l-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 6 h but is
lower in samples treated with nitric acid. Both l-NCO6 and s-NCO6
samples contain the maximum amount of carboxylic groups. Group
III, corresponding to anhydride/lactone groups O (C O), shows a
different tendency for l-NC and s-NC. These groups in l-NC samples
increase by passing from l-NCO3 to l-NCO6 and l-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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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
Fig. 3. Quantification of the oxyge

ur study shows higher degree of oxidation in long CNTs. According
o elemental analysis the amount of oxygen in long CNT samples is
igher (for both 3 and 6 h of treatment) and this is consistent with
he higher ID/IG value of long CNT after oxidative treatment. Other
ata that support the higher oxidation of long CNT are TGA data
howing higher weight loss in long CNTs, and higher number of
xygen functional groups as determined by XPS and titration with
aOH. One possible explanation would be that in the conditions
sed for the oxidative treatment, the side wall functionalization is
ore important than tip functionalization.

.3. Electrochemical characterization

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

When GCE/CNT are generated using oxidized samples, a redox
ouple 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
ncorporated in the CNT structure, but we estimated that other oxy-
enated groups, such as quinone, contribute because they are also
lectroactive [3].

The electrodes modified with sulfo-nitric oxidized CNT revealed
n increase in the current intensities as the oxidation time increases
Fig. 4B) and there is a correlation with the incorporated oxy-
en content determined by elemental analysis (wt%O). Thus, we
an corroborate that higher oxidation time leads to higher cur-
ent due to a high incorporation of carboxylic electroactive groups.
ccordingly, it would be possible to predict the oxygen content
y performing cyclic voltammetry, creating the opportunity for a
ew application of electrochemistry in CNT characterization. On

he other hand, the same Fig. 4B shows a comparison between the
xidative protocols, sulfo-nitric mixture (s-NCO6) and nitric acid
s-NCO7N) being possible to observe that there is an increase in the
urrent intensity when the electrode was modified using s-NCO7N
p contents from O 1s XPS spectra.
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),
s-NCO3 (c), s-NCO6 (d), s-NCO7N (e). (B) Relation of the cyclic voltammetric cur-
rent intensities (�) and the oxygen content (wt%) (�) with chemical treatment of
MWCNTs.
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Fig. 5. Effect of the length of pristine CNT on the electrochemical response of

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
70 P. Cañete-Rosales et al. / Elect

ontent is concordant with more quinones than carboxylic groups
n s-NCO7N which suffers a two electron redox process and then

ore current intensity than the one electron process of carboxylic
cids.

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

The HNO3 treatment leads to a higher degree of oxidation and
he introduction of an electroactive group, according to XPS data.

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

Analyzing the reversibility of the redox process oxidized s-NC
amples show lower �EP values than oxidized l-NC samples (100 vs.
40 mV, respectively), indicating that the electrochemical process
ccurs with a faster electron transfer rate on s-NC. Finally, no signif-
cant changes in the electron transfer rate were observed when the
xidation time was increased since the corresponding �EP values
id not change in a significant way.

The CNT-modified electrodes using short (s-NC, s-NCO3 and
-NCO6) and long (l-NC, l-NCO3 and l-NCO6) CNTs were also char-
cterized by cyclic voltammetry in 0.2 mol dm−3 PBS pH 7.4,
etermining the capacitance values as reflect of the electroactive
rea of each electrode. When pristine CNTs are used to modify the
lectrodes, the resulting capacitances are similar, with values of 310
nd 332 �F for s-NC and l-NC, respectively. After 6 h of oxidation,
he capacitance values increase to 394 and 890 �F for s-NCO6 and
-NCO6, respectively, i.e., there is a correlation with the amount of
xygen function incorporated and the resulting capacitance when
he sulfo-nitric treatment is used. On the other hand, when CNTs
ere oxidized with nitric acid, the resulting capacities are 432

nd 653 �F for s-NCO7N and l-NLO7N, respectively. The increased
alues would imply an increase in double-layer capacitance and
lso in pseudocapacitance as results of newly incorporated elec-
roactive groups. The increase in double-layer capacitance due to
unctionalization (i.e., oxidation) can be attributed to an enhanced
ccessibility to hydrophilic carbon coverage in aqueous electrolyte.

Previously performed BET analysis showed that the oxidation
rocess produces a slight reduction in the surface area and meso-
orosity, implying less area available for double-layer formation.
owever, according to Hsieh et al. [45], this postulation is not com-
letely true because not all carbon surfaces are electrochemically
ctive, i.e., surface heterogeneity. Thus, the capacitance enhance-
ent can be attributed to an increase in active coverage, and,

herefore, the double-layer capacitance is directly proportional to
he surface freely accessible to the electrolytes rather than the SSA
btained by the Brunauer–Emmett–Teller (BET) method [46].

.4. Electrochemical behavior of hydrogen peroxide on CNTs
odified electrodes

No significant change respect to GCE was observed for hydrogen
eroxide reduction using CNT and oxidized CNT. However, a clear
atalytic effect of CNTs on the oxidation of hydrogen peroxide was
bserved. Fig. 5 shows the voltammetric response obtained with
CE, GCE/CHI-s-NC and GCE/CHI-l-NC. Compared with the GCE,
NT-modified electrodes showed a decrease in the overvoltage for
he oxidation of hydrogen peroxide by about 200 mV (700 mV for
CE and 500 mV for the s-NC and l-NC modified GCEs). Furthermore,

here was an increase in the current intensities at potential higher

han 600 mV.

From the amperometric hydrogen peroxide concentration study
erformed at 700 mV (Fig. 5 inset), higher currents were obtained
ith s-NC than l-NC, by about 200%. The lower sensitivity observed
0.4 mol dm−3 hydrogen peroxide solution. Hydrodynamic voltammetry at GCE (�),
GCE/CHI-l-NC (�) 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 l-NC could be due their greater degree of packing, as was deter-
mined by SEM, i.e., l-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
Fig. 6. Effect of the oxidation time on short CNTs with regard to the hydrodynamic
electrochemical response of hydrogen peroxide solution. s-NC (�), s-NCO3 (©) and
s-NCO6 (�). Inset: calibration curves obtained at 0.700 vs. (Ag/AgCl/3 mol dm−3

NaCl)/V from successive additions of hydrogen peroxide. The experiments were
conducted in triplicate.
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esponse of modified electrodes, either there is a loss of sensitivity
s has been reported for oxygen reduction recently [14].

. Conclusions

The amount and type of oxygenated functional groups incorpo-
ated onto a CNT surface are strongly dependent on the reaction
edia and treatment time. Specific area and mesopore volume

ecrease with the treatments probably due to the CNTs become
ore compacted. SEM and Raman spectra showed that the integrity

f the nanotube patterns was not damaged substantially by the
cid treatment. With regard to the degree of oxidation, nitric acid
reatment introduces a higher amount of total acidic groups (as
etermined by NaOH) than sulfo-nitric treatment (6 h). Infrared
pectra and XPS indicate that nitric acid treatment leads to higher
mounts of quinone, lactone and anhydride groups, whereas
he sulfo-nitric mixture introduces higher amounts of carboxylic
roups.

With regard to the electrochemical behavior, when the elec-
rodes are modified with non-oxidized CNTs (s-NC and l-NC), no
ignal is observed, indicating that the small amount of oxygenated
unctional groups (≈1% O2) mainly phenol, alcohol and ether exist-
ng in the pristine nanotubes are not electroactive, nor is the iron
resent in the pristine nanotubes.

The oxidized CNT-modified electrodes show a clear difference
n current intensities which correlate with the incorporated oxy-
en content. Likewise, the longest CNT shows a higher degree of
xidation and higher current values, indicating that more groups
re incorporated, possibly owing to its higher SBET. Oxidized s-NC
hows lower �EP than l-NC, indicating a faster electron transfer
ate. Oxygen incorporation to CNTs leads to higher capacitance,
.e., higher electroactive surface, which can be attributed to an
nhanced accessibility to hydrophilic carbon coverage in aqueous
lectrolyte.

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