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a b s t r a c t

Double-walled carbon nanotubes (DWCNTs) of different length were submitted to acid functionalization
and investigated as chemical modifiers on glassy-carbon electrode (GCE) for the sensing of dopamine
and catechol. Acid functionalization introduced oxygenated groups and defects on the structure of
DWCNTs, as detected by infrared, Raman and X-ray photoelectron spectroscopy. However, cyclic vol-
tammetric experiments showed higher current responses on non-functionalized (NF) DWCNTs. The
decrease in response was stronger for shorter length nanotubes (S-DWCNT) modified GCE, which was
attributed to the reduction of electroactive area of functionalized nanotubes after acid treatment with
HNO3/H2SO4. Brunauer-Emmett-Teller (BET) analyses confirmed the decrease in surface area of func-
tionalized (F) DWCNTs, especially on FeS-DWCNT. Amperometric measurements also showed decrease
in sensitivity and higher detection limit values on the FeS-DWCNT, which is also due to the decrease in
electroactive area. As conclusion, DWCNT is a potential carbon-based material to the development of
highly sensitive amperometric sensors and acid functionalization is not likely required due to the higher
surface area provided by modification with the untreated material.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The use of carbon nanostructures to provide the modification of
surfaces has been intensively investigated in the development of
electrochemical sensors. Carbon nanotubes (CNTs) are one of the
major carbonaceous nanomaterials investigated and applied for
this purpose [1e4]. The reason to select such a chemical modifier is
related to the claimed electrocatalytic activity of CNTs, which is
mainly attributed to defects located along the CNT structure [5,6];
however, additional factors may contribute, such as metallic im-
purities originating from their production [7] and change of the
mass transport regime to thin-layer diffusion [8,9].

Most investigations found in the literature are devoted to multi-
walled carbon nanotubes (MWCNTs) or single-walled carbon
nanotubes (SWCNTs) while few reports demonstrating the use of
double-walled carbon nanotubes (DWCNTs) can be found. Pumera
[10] presented the first application of DWCNTs towards the detec-
tion of NADH with improved performance in comparison with
SWCNTs. The insertion of DWCNTs into carbon paste electrodes was
presented for the simultaneous determination of epinephrine, uric
acid and folic acid [11], and ascorbic acid, dopamine and uric acid
[12] as well as for the electrochemical reduction of oxygen [13].
Ferrocene encapsulated inside DWCNTs was proposed as an
improved sensor for dopamine detection in the presence of excess
of ascorbic acid [14]. DWCNTs have been proposed as a platform for
biosensors and immunosensors [15,16] and combined with gra-
phene oxide to provide a more sensitive electrochemical sensor to
nitrite [17]. The work by Pumera [10] demonstrated that DWCNTs
functionalized with concentrated nitric acid (to generate carboxylic
groups) provided improved electrochemical response for the
oxidation of NADH. Other previous works did not evaluate the ef-
fect of acid functionalization on the structure of DWCNTs. More-
over, to our knowledge there are no reports aimed to investigate
the effect of sizes of DWCNTs on the electrochemistry of different
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electroactive compounds.
In this work, we investigate the application of DWCNTs of

different dimensions and submitted to acid functionalization in the
development of amperometric sensors for model catechol com-
pounds, dopamine and catechol. DWCNTs were characterized by
Raman and infrared spectroscopies, scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-
Teller (BET) and cyclic voltammetry, and the performance of the
respective amperometric sensors were compared using a batch-
injection analysis system. The determination of catechol com-
pounds, such as dopamine and catechol, is relevant for the analysis
of biological fluids, pharmaceutical samples, natural water samples
[18,19] and for this reason these compounds were selected for this
investigation.

2. Experimental

2.1. Materials

Two types of double-walled carbon nanotubes were used in this
work, the first one named as DWCNT (D x L: 3.5 nm� 1e10 mm,
90%) and a shorter one (D x L: 3.5 nm� 3 mm, 95%) named as S-
DWCNT, both obtained from Sigma Aldrich (Milwaukee, WI, USA).
Catechol (<99%) and dopamine (<99%) were obtained from Acros
(New Jersey, USA), Sigma Aldrich (St. Louis, USA), respectively. The
Britton-Robinson (BR) buffer solution was composed by a mixture
of 0.1mol L�1 acetic acid (99.7%), boric acid (PA), and phosphoric
acid (85%) were obtained from Synth (Diadema, Brazil), QM (Cotia,
Brazil) and Reagen (Rio de Janeiro, Brazil), respectively, and its
different pH values were adjusted with sodium hydroxide from
Dinâmica (Diadema, Brazil). Perchloric acid (70% v/v) from Reagen
(Rio de Janeiro, Brazil) was used to prepare the supporting elec-
trolyte. Hexaammine-ruthenium(III) chloride was purchased from
Sigma Aldrich (Milwaukee, WI, USA). Deionized water with a re-
sistivity of 18.2MU cm obtained from a Milli Q water purification
system (Millipore, Bedford, MA, USA) was used for preparing all
aqueous solutions. All stock solutions of the analytes were prepared
just before the experiments by dilution in 0.1mol L�1 HClO4.

2.2. Instrumentation

The electrochemical measurements were all performed using a
PGSTAT128 N controlled by NOVA 1.11 software, responsible for the
acquisition and processing of data. It was used an electrochemical
cell with three distinct electrodes. A platinum wire, used as auxil-
iary electrode or counter electrode; a miniaturized Ag/AgCl/KCl
saturated electrode as reference [20] and a glassy carbon electrode
(GCE) (Ø¼ 1.6mm diameter acquired from Basi - West Lafayette,
USA), as working electrode.

2.3. Electrochemical measurements

Cyclic voltammetric experiments were carried out using a 10mL
glass electrochemical cell containing the three-electrode system.
Amperometric measurements were performed in a labmade batch-
injection analysis (BIA) cell developed by our research group [21].
This technique requires an injector, an electronic micropipette in
the case of this work, which injects controlled aliquots of solution
over the working electrode placed at the bottom of the cell, in a
“wall jet” configuration. The BIA electrochemical cell is constituted
by a cylindrical vessel filled with 200mL of supporting electrolyte
with a top cover that fits reference and counter electrodes beside
the entrance of the micropipette tip. The motorized electronic
pipette (Eppendorf Multipette® stream) connected with the
Multipette® Combitip® tip was maintained at fixed distance of
2mm from the surface of the working electrode and was pro-
grammed to inject 100 mL under a dispensing rate of 153 mL s�1. The
BIA cell representation is shown in Fig. 1. These conditions were
optimized in previous works to provide fast analytical responses
[22].

All electrochemical measurements were performed at room
temperature and in the presence of dissolved oxygen.

2.4. Functionalization of DWCNTs

An amount of 500mg of raw DWCNTs was first treated with a
3:1 (v/v) mixture of concentrated H2SO4 and HNO3 acids (550mL).
This mixture was then sonicated for 3 h at 40 �C in an ultrasonic
bath to introduce oxygenated groups on the DWCNT surface. After
cooling to room temperature, the functionalized DWCNTs were
added dropwise to 1000mL of cold deionized water and then
vacuum-filtered through a filter paper with pore size of 0.05mm.
The filtrate was then washed with deionized water continuously
until the pH became neutral. The sample was then dried in a vac-
uum oven at 80 �C for 8 h [23].

2.5. Electrode modification with the DWCNTs

The cleaning of the working electrode surface was executed
mechanically before and after the analysis on a felt-polishing pad
using an alumina powder suspension (0.3 mm) and rinsing copi-
ously with deionizedwater followed by sonication inwater/ethanol
solution. The DWCNT dispersion was prepared by adding
0.5mgmL�1 in dimethylformamide (DMF), the dispersion of the S-
DWCNT was prepared by adding 1.0mgmL�1 in DMF. The disper-
sion was sonicated using ultrasonic bath for 10min and high-
frequency sonication tip for 20min (amplitude: 30% with a pulse
of 5 to 2 s). The dispersions were selected based on the optimiza-
tion study that evaluated the ideal dispersion for each DWCNT. A
dispersion of 10 mL was placed on the surface of the bare GCE and
the electrode was then heated for 30min at 50 �C, resulting in the
modified electrode.

2.6. Characterization of DWCNTs

The infrared spectroscopy analyses were performed using an
equipment Spectrum two model of Perkin Elmer, with ATR crystal.
Samples were evaluated in their powder form, without the need for
any previous treatment. Eight scans were carried out in the range of
4000 to 600 cm�1 at a resolution of 4 cm�1.

To obtain the Raman spectra of the non-functionalized and
functionalized DWCNTs, a Renishaw spectrophotometer coupled to
an optical microscope with a spatial resolution of 1 mmwas used. A
HeeNe laser (632.8 nm) was used with 2mW incidence power.
Samples were used in their powder form, in the region between
130 and 3000 cm�1 and accumulation time of 20 s.

The scanning electron microscopic (SEM) images of DWCNT in
high resolutionwere performed using a Mira FEG-SEM (TESCAN) at
10 kV. For the analysis of the GCE surfaces modified with DWCNTs
was used a Vega 3 LMU (TESCAN, Brno-Kohoutovice, Czech Re-
public) operated at 20 kV.

X-ray photoelectron spectroscopy (XPS) analyses were per-
formed on a Scienta Omicron, model ESCA þ spectrometer using
monochromatic AlKa (1486.6 eV) radiation. Peak decomposition
was performed using a Gaussian-Lorentzian line shape with a
Shirley nonlinear sigmoid-type baseline. The binding energies were
corrected for charging effects by assigning a value of 284.8 eV to the
adventitious C 1s line. The data were analyzed using CasaXPS
software (Casa Software Ltd., U.K.).



Fig. 1. (A) Representation of the ‘wall jet’ electrochemical cell for BIA system; (B) electronic pipette positioned in the BIA cell, conformation used for amperometric measurements.
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The N2 adsorption-desorption isotherms were performed
at �196 �C using a NOVAtouch surface area analyzer with Quan-
tachromeTouchWin software (version 1.1.). Specific surface area
was calculated using the Brunauer, Emmett and Teller method
(BET) [24,25]. All powders samples were degassed in vacuum at
200 �C during 4 h for the surface area determination.
3. Results and discussion

3.1. Characterization of DWCNTs

Both DWCNT and S-DWCNT powders were characterized by
different techniques before and after acid functionalization in order
Fig. 2. Infrared spectra obtained using ATR mode for (NF) non-funct
to investigate surface modification due to the acid treatment. The
infrared spectra for DWCNT and S-DWCNT are presented in Fig. 2.

DWCNT and S-DWCNT present coincident bands at 2901 and
2836 cm�1, equivalent to the symmetric and asymmetric stretching
modes of CeH groups [26], respectively. The region between 1520
and 1433 cm�1 for both DWCNTs corresponds to the deformation of
the CeH bond [27]. Functionalized DWCNT and S-DWCNT present
bands in the range between 3700 and 3000 cm�1 that indicate the
presence of carboxylic and hydroxyl groups resulting from the axial
deformation of the eOH bond [26]. The width of these bands in-
dicates that different groups containing hydroxyls, such as car-
boxylic, alcoholic or phenolic groups, are probably present [28]. In
the region between 2900 and 2836 cm�1, increase in the intensity
ionalized ( ) and (F) functionalized (▬) DWCNT and S-DWCNT.



Table 1
XPS of C1s and O1s peaks area of components to total area.

C 1s (3)
287.3 eV

C 1s (4)
288.7 eV

O¼C
531.7 eV

NF e S-DWCNT 3.4% 2.3% 11.2%
F e S-DWCNT 3.9% 10.8% 18.6%
NF - DWCNT 5.9% 1.4% 5.0%
F - DWCNT 5.9% 4.1% 8.0%

Table 2
Specific surface area of DWCNTs obtained by BET analyses.

Surface area/m2 g�1

NFeS-DWCNT 331.7
FeS-DWCNT 194.5
NF-DWCNT 411.0
F-DWCNT 378.3
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of the bands occurs, which corresponds to the symmetrical and
asymmetric stretching of CeH groups [29]. Functionalized DWCNT
and S-DWCNT exhibit intense bands in the region between 1850
and 1650 cm�1, corresponding to the stretching of C]O bonds
[30,31]. The bands in the region between 1540 and 1565 cm�1 are
attributed to the stretching of C]C bonds and their higher intensity
is mainly due to the induction of dipole moments by creating de-
fects in the walls of nanotubes [26]. Functionalized DWCNT and S-
DWCNT also present bands in the region between 1300 and
900 cm�1 corresponding to the stretching of the CeO bond [32,33].
Bands in the region between 900 and 600 cm�1 are typically from
C]C bonds of CNTs [27]. Therefore, it is clear from the analysis of
spectroscopic data that both DWCNT and S-DWCNT were func-
tionalized with oxygenated groups after the acid treatment.

Fig. 3 presents Raman spectra for DWCNT and S-DWCNT. The D
band is formed by vibrational stretchingmodes of CeC that become
active by loss of symmetry when there are defects in the hexagonal
network of graphene [34]. Therefore, the D band is induced by
structural disorder, such as vacancies, heteroatoms, pentagonal-
heptagon pairs, junctions, folds, sp2 to sp3 hybridization, which
may also be present in any graphitic material [35,36]. The G band is
associated to the vibration mode in graphitic materials (sp2 hy-
bridization), in which two carbon atoms in the graphene sheet
move tangentially against each other [37]. The 2D band corre-
sponds to the D band overtones and is related to the changes in the
electronic structure of the nanotubes and to the two-dimensional
order of graphene [38].

DWCNT and S-DWCNT present similar Raman spectra. The
change in the intensity of the bands proves that the functionali-
zation occurred effectively. Functionalization typically causes an
increase in the D band and consequently the ID/IG ratio increases
when comparing the spectra for the functionalized and non-
functionalized CNTs, which is correlated with the degree of CNT
disorder and with the presence of more structural defects. The ID/IG
ratios for non-functionalized DWCNT and S-DWCNT were 0.33 and
0.44, respectively, while for functionalized DWCNT and S-DWCNT
were 0.50 and 0.63, respectively. The ID/IG values are higher for the
functionalized DWCNTs probably due to more structural defects in
their CNT structures.

XPS data were used to examine the chemical states of the
samples. Figs. S1 and S2 present the XPS analyses of DWCNT and S-
DWCNT before and after the functionalization process. The high-
resolution C1s spectra (Fig. S1) presented five components,
labeled as C1s(1), C1s(2), C1s(3), C1s(4) and C1s(5). The component
Fig. 3. Raman spectra for non-functionalized ( )
at approximately 285.6 eV (C1s (2)), and the two subsequent peaks
at 286.9 eV, 288.5 eV were assigned to different oxygen-containing
functional groups, as CeO, C]O, eCOO respectively [39]. The
relative concentration of each component to total area calculated
based on the deconvoluted XPS C1s spectra was summarized in
Table 1. It can be seen that the amount of components C1s(3) and
C1s(4) which are assigned to carboneoxygen double bonds in
carboxylic acids, carboxylic anhydrides and esters (eCOO)
increased after functionalization process. The high-resolution O1s
spectra were also measured and deconvoluted into two compo-
nents, as illustrated in Fig. S2. The lower energy peak at 531.7 eV
was attributed to the oxygen doubly bound to carbon (i.e., O]C).
The second component at approximately 533.0 eV was assigned to
oxygen singly bound to carbon (i.e., OeC). Indeed, according to the
amount of ratio of the peak areas obtained from XPS analysis
(Table 1), an increase in the first component was observed for the
functionalized CNTs. Thus XPS results confirm the functionalization
of CNTs with oxygen-containing functional groups after acid
treatment, as related in infrared studies.

In order to investigate the effect of acid treatment in the surface
area of the carbonaceous materials, BET analyses were performed
and the results are summarized in Table 2. It is clear that treatment
using the mixture of HNO3 and H2SO4 acids decreases the surface
area of both types of CNTs. The introduction of functional groups
and intercalated acid molecules acts blocking the entry of the
and functionalized (▬) DWCNT and S-DWCNT.
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adsorbing gas, resulting in decrease in surface area [40]. The
decrease in surface area was more intense in the NFeS-DWCNTs
due to the smaller dimension of this DWCNT and consequently the
acid attack was more effective. On other hand, the unexpected
lower surface area of NFeS-DWCNT in comparison with NF-
DWCNT (before acid treatment) may be explained by agglomera-
tion of the smaller NFeS-DWCNT particles.

3.2. Electrochemical measurements of model catechol compounds

Dopamine and catechol were selected as model analytes to
Fig. 4. Cyclic voltammograms of 1.0mmol L�1 for CA and DA in 0.1mol L�1 HClO4 solution. A
(▬); and C: S-DWCNT, (NF) ( ) and (F) (▬). Scan rate: 50mV s� 1, potential scanned from
compare the performance of DWCNT-modified electrodes with
previous works. Fig. S3 shows cyclic voltammetric experiments for
both compounds in different electrolyte solutions, including
Britton-Robinson buffer solution (pH 2.0, 4.0 and 6.0) and
0.1mol L�1 HClO4. Slightly higher current responses were obtained
in 0.1mol L�1 HClO4 which was selected for further experiments in
this work. Cyclic voltammetric measurements of these compounds
in 0.1mol L�1 HClO4 using non-functionalized and functionalized S-
DWCNT and DWCNT are presented in Fig. 4.

The first evidence observed from the cyclic voltammetric ex-
periments is the facilitated electron transfer observed on all
: Unmodified GCE ( ); B: DWCNT, non-functionalized (NF) ( ) and functionalized (F)
0 to þ1.0 V. Dashed lines correspond to blanks.



Fig. 5. Amperometric responses obtained in BIA using unmodified GCE (A), NFe DWCNT (B), F-DWCNT (C), NFeS-DWCNT (D), and FeS-DWCNT (E) for triplicate injections of CA
standard solutions 1, 5, 10, 50, 100, 300, 500, 600, 800 and 1000 mmol L�1 in 0.1mol L�1 HClO4. On the right side, the respective analytical curves highlighting the linear working
ranges. Working potential: þ0.7 V, injected volume: 100 mL; dispensing rate: 153 mL s�1.

A.P. Lima et al. / Electrochimica Acta 299 (2019) 762e771 767



Fig. 6. Amperometric responses obtained in BIA using unmodified GCE (A), NFe DWCNT (B), F-DWCNT (C), NFeS-DWCNT (D), and FeS-DWCNT (E) for triplicate injections of DA
standard solutions 1, 5, 10, 50, 100, 300, 500, 600, 800 e 1000 mmol L�1 in 0.1mol L�1 HClO4. On the right side, the respective analytical curves highlighting the linear working ranges.
Working potential: þ0.7 V, injected volume: 100 mL; dispensing rate: 153 mL s�1.
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Table 3
Analytical characteristics calculated from calibration curves (1e1000 mmol L�1) for
catechol and dopamine obtained on unmodified GCE and after modification with
NF-DWCNT, F-DWCNT, NFe S-DWCNT, and FeS-DWCNT.

Electrodes Slope mA L mmol�1 R LOD mmol L�1

Catechol GCE 0.1385± 0.0011 0.9997 0.87
NF - DWCNT 0.2824± 0.0007 0.9999 0.046
F - DWCNT 0.2874± 0.0051 0.9987 0.014
NF e S-DWCNT 0.2685± 0.0024 0.9996 0.024
F e S-DWCNT 0.2478± 0.0040 0.9989 0.072

Dopamine GCE 0.0870± 0.0021 0.9977 1.03
NF - DWCNT 0.1891± 0.0007 0.9999 0.058
F - DWCNT 0.1784± 0.0037 0.9982 0.049
NF e S-DWCNT 0.1911± 0.0004 0.9999 0.037
F e S-DWCNT 0.1478± 0.0014 0.9996 0.174

The limits of detection (LOD) were calculated according to IUPAC, where LOD¼ 3sB/
S (sB is the standard deviation of the intercept and S is the slope of the calibration
curve) [47].
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modified electrodes with DWCNT in comparison with the un-
modified GCE as shown by the reduced peak-to-peak separation
(DE) values. DE values for the electrochemical oxidation of catechol
and dopamine on unmodified GCE were around 500mV, while this
value was not higher than 200mV for the voltammograms per-
formed using the modified surfaces.

The acid functionalization of DWCNT affected the cyclic vol-
tammetry of both analytes, especially when the electrode surface
was modified with S-DWCNT. IR, XPS and Raman spectroscopy data
in combination with SEM images (Fig. S4) evidenced the successful
functionalization of DWCNTs by insertion of oxygenated groups
and higher density of defects on the nanotubes maintaining their
morphological properties. Smaller length DWCNTs are more
affected by the acid treatment, which corroborated with XPS re-
sults. Previous works have demonstrated that acid functionaliza-
tion of CNTs with sulfonitric acid mixture leads to decrease in the
electroactive area [41e44]. Therefore, the smaller currents espe-
cially obtained on the functionalized S-DWCNT-modified GCE may
be a result from the decrease in electroactive area, which was more
intense on the S-DWCNT due to its reduced length. These results
are also corroborated by BET analysis displayed in Table 2, in which
S-DWCNTs were more affected by acid treatment compared with
DWCNTs. Higher background currents (blank experiments in Fig. 4)
also indicate the higher electroactive area of non-functionalized S-
DWCNT in comparison with functionalized DWCNT. Blank experi-
ments obtained on NFeS-DWCNTs reveal slight current signals
between þ0.2 and þ 0.3 V that may be a contribution of residual
metallic impurities on NFeS-DWCNTswhich are removed after acid
functionalization as described in the literature [44].

The electroactive area of the modified electrodes was estimated
using the Randles-Sevick equation applied to the cyclic voltam-
metric data for 1mmol L�1 hexaammine-ruthenium(III) chloride in
0.1mol L�1 KCl in the range of 10 and 100mV s�1. The values ob-
tained from the electroactive area were 17.97mm2 (NF-DWCNT),
14.88mm2 (F-DWCNT), 19.78mm2 (NFeS-DWCNT), 12.70mm2

(FeS-DWCNT). These data corroborate with BET analyses, which
showed decrease in surface area after acid functionalization and
that S-DWCNTs were more affected by the acid treatment.

Next, the effect of scan rate (10e100mV s�1) of cyclic voltam-
metry was evaluated to investigate the electrode kinetics in all
modified surfaces for both analytes. The plots of log Ip vs. log vwere
linear with slope values around 0.5 in all modified surfaces, which
indicates a diffusion-controlled regime mass transfer (see Fig. S5
and Table S1). Nevertheless, voltammetric experiments per-
formed in blank solution immediately after a voltammetric exper-
iment in the presence of analyte showed current responses due to
the entrapment of the phenolic compounds within the DWCNT
film, demonstrating that adsorption-controlled processes also
occur (see Fig. S6). This result was also observed in previous works
for electrodes modified with CNT [8,9,44e46], and it may
contribute to the variation of current observed in the cyclic vol-
tammetric experiments.

Amperometric measurements were performed with the aid of
BIA. First, the applied potential for further amperometric mea-
surements were selected based on the plot of current vs. applied
potential. The average current for triplicate injections of the analyte
solution was obtained using the amperometric technique and this
experiment was repeated for different applied potentials. The less
positive applied potential which produced higher current re-
sponses under hydrodynamic conditions wasþ0.7 V on unmodified
and modified electrodes, and thus was selected for further
amperometric detection of dopamine and catechol. Additional pa-
rameters to be optimized were related to the BIA technique, such as
injection volume and rate. The values, which generated higher
current responses, were 100 mL and 153 mL s�1 within the ranges of
10e200 mL and 28e257 mL s�1, respectively. Next, calibration curves
were obtained under these optimized conditions for dopamine and
catechol on unmodified and modified GCE with non-functionalized
and functionalized DWCNTs. Figs. 5 and 6 presents all ampero-
metric measurements corresponding to the calibration curves, and
Table 3 summarizes the analytical characteristics calculated from
the data of Figs. 5 and 6.

Analytical curves presented wide linear range with adequate
correlation coefficients. Slope values followed similar trend
observed in the cyclic voltammetric experiments, in which lower
currents were observed for the functionalized S-DWCNT-modified
GCE. Detection and quantification limits were improved when the
modified electrode was employed and higher difference of slope
values was observed for the functionalized S-DWCNT-modified
GCE. Therefore, the analytical sensitivity obtained using ampero-
metric detection is likely to be proportional to the electroactive
area of the modified electrode, in agreement with cyclic voltam-
metry and BET experiments.

Hence, the results show that the effect of acid functionalization
of DWCNTs on the generation of more oxygenated groups and de-
fects on the structure was not relevant on the construction of
amperometric sensors for phenolic compounds, considering the
use of DWCNTs. The values of detection limits and linear concen-
tration range obtained for catechol and dopamine are compared
with data from the literature as presented in Table 4. The values of
both analytical parameters obtained using DWCNTs indicate
improved performance in comparisonwithmost of theworks listed
in this table. Additional information on DWCNT-modified elec-
trodes was the high precision using the different DWCNTs
(respective amperometric recordings are shown in Fig. S7);
repeatability study showed relative standard deviation values
lower than 1.4% (n¼ 10). The inter-electrode reproducibility studies
were performed in triplicate for all DWCNTs and the relative
standard deviations obtained were lower than 4.4% (Table S1).

Comparing the analytical sensitivity of such modified electrodes
with GCE modified with MWCNTs using the same BIA system (and
GCE of similar geometric area), the sensitivity values (mA L mmol�1)
for the determination of CA and DA were similar, corresponding to,
respectively, 0.301 and 0.259 on NF-MWCNT/GCE, 0.180 and 0.148
on F-MWCNT/GCE [44], 0.167 and 0.138 on MWCNT/GCE [48]. A
previous study [44] also showed higher analytical sensitivity for the
detection of catechol compounds when NF-MWCNTs were used
instead of F-MWCNTs.

4. Conclusions

We have demonstrated the potential application of DWCNTs to



Table 4
Comparison of the different analytical results obtained in the determination of CA and DA using DWCNT/GCE and S-DWCNT/GCE, non-functionalized (NF) and functionalized
(F).

Electrodes Analyte Technique Linear range mmol L�1 LD mmol L�1 Reference

PDDA-G/GCE CA CV 1e400 0.2 [49]
GR - chitosan/GCE CA DPV 1e400 0.7 [50]
GR/GCE CA DPV 1e50 0.01 [51]
RGO-MWCNT/GCE CA CV and DPV 5.5e540 1.8 [52]
NiO/MWCNT/GCE CA DPV 7.4e56 0.015 [53]
MnPc/MWCNT/GCE CA CV and DPV 1e600 0.095 and 0.096 [54]
*MWCNT/GCE CA AMP 0.5e1000 0.170 [48]
NF - *MWCNT/GCE CA AMP 0.5e1000 0.06 [44]
NFe DWCNT/GCE CA AMP 1e1000 0.046 This work
Fe DWCNT/GCE CA AMP 1e1000 0.014 This work
NF e S-DWCNT/GCE CA AMP 1e1000 0.024 This work
F e S-DWCNT/GCE CA AMP 1e1000 0.072 This work
Fc-SWCNT/GCE DA CV and DPV 5e30 0.0500 [55]
MWCNT/GCE DA DPV 0.05e5 0.0110 [56]
MWCNT-EDAS-AuNPs/GCE DA CV and DPV 0.1e80 0.080 [57]
[Co(phen)3]2þ/MWCNT/GCE DA AMP 5e453 1.760 [58]
CoNPs/MWCNT/GCE DA SWV 0.05e3.0 0.150 [59]
PMB/MWCNT/GCE DA CV 2.5e755 67 [60]
*MWCNT/GCE DA AMP 0.1e1000 0.030 [48]
NF - *MWCNT/GCE DA AMP 0.5e1000 0.040 [44]
NF - DWCNT/GCE DA AMP 1e1000 0.058 This work
F - DWCNT/GCE DA AMP 1e1000 0.049 This work
NF e S-DWCNT/GCE DA AMP 1e1000 0.037 This work
F e S-DWCNT/GCE DA AMP 1e1000 0.174 This work

PDDA-G - poly (diallyldimethylammonium chloride) - graphene; GR - graphene, RGO reduced graphene oxide; NiO - nickel oxide nanoparticles, MnPc - manganese
phthalocyanine azo-macrocycle.; *MWCNT - multi walled carbon nanotube (dimension D x L: 6e9 nm x 5 mm); Fc- Ferrocene; EDAS - N-[3(trimethoxysilyl)propyl]ethyl-
enediamine; AuNPs - Gold nanoparticles; Co(phen) - Cobalt phenanthroline; CoNPs - cobalt nanoparticle; PMB - poly(methylene blue); CV - cyclic voltammetry; DPV -
Differential pulse voltammetry; AMP - amperometric detection; SWV - square wave voltammetry.
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develop highly sensitive amperometric sensors to catechol and
dopamine. Acid treatment of DWCNTs of different lengths was
evaluated and IR, Raman, and XPS spectroscopy revealed the suc-
cessful functionalization of the nanotube structure. However, the
insertion of oxygenated groups as well as the increase in defects on
the DWCNT structure did not provide improved electroanalytical
performance of the modified electrodes as amperometric sensors.
On the other hand, the changes of electroactive area due to acid
functionalization measured by BET and cyclic voltammetric ex-
periments presented a strong influence on the current responses.
Cyclic voltammetry, XPS, and BET analyses indicated that smaller
length DWCNTs were more affected by the acid functionalization
which resulted in a more intense decrease in the electroactive area
of the respective modified electrode. As a consequence, the
amperometric sensitivity towards the detection of dopamine and
catechol on the functionalized S-DWCNT-modified electrode was
more reduced and is likely to be a result of decrease in the elec-
troactive area. Therefore, the use of untreated DWCNT seems to be
the best choice in the development of amperometric sensors.
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