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Electrochemically active composite film that contains multiwalled carbon nanotubes (MWCNTs), Nafion
(NF), and poly(malachite green) (PMG) has been synthesized on glassy carbon electrode (GCE), gold, and
indium tin oxide (ITO) electrodes by potentiodynamic method. The presence of MWCNTs in the
composite film (MWCNT–NF–PMG) enhances the surface coverage concentration (C) of PMG by fivefold.
Similarly, an electrochemical quartz crystal microbalance study revealed enhancement in the deposition
of PMG at MWCNT–NF film when compared with bare and only NF modified electrodes. The surface mor-
phology of the composite film was studied using atomic force microscopy, which revealed that the PMG
incorporated on MWCNT–NF film. The composite film exhibited enhanced electrocatalytic activity
toward the mixture of biochemical compounds catechol and quinol. The electrocatalytic responses of
analytes at MWCNT–NF–PMG composite film were measured using both cyclic voltammetry (CV) and
differential pulse voltammetry (DPV). From electrocatalysis studies, well-separated voltammetric peaks
were obtained at the composite film for catechol and quinol with a peak separation of 147 mV. The sen-
sitivity values of the composite film toward catechol and quinol by the DPV technique were 0.4 and
3.2 mA mM�1 cm�2, respectively, which are higher than the values obtained by the CV technique. Simi-
larly, the above-mentioned values are better than the previously reported electroanalytical values for the
same analytes.

� 2010 Elsevier Inc. All rights reserved.
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Catechol and quinol are phenolic compounds and often coexist
as isomers in environmental samples. Their crucial role in industrial
applications causes their coexistence as environmental pollutants
with high toxicity; therefore, several traditional and electrochemi-
cal methods have been developed for their determination [1–4].
When compared with several methods, the electrochemical method
reduces the operating complexity, time, and reagents used for the
determination of isomers. However, electrochemical analysis on
unmodified electrodes, such as glassy carbon electrode (GCE)1, has
limitations because of the overlapping of oxidation potentials of
catechol and quinol; hence, it often suffers from a pronounced fouling
effect along with poor selectivity and reproducibility. Ghanem and
others have overcome the above-mentioned problem by using chem-
ically modified electrodes for the electrocatalysis and simultaneous
determination of catechol and quinol [4–8].
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Among the various preparation methods of chemically modi-
fied electrodes, electropolymerization is a simple but powerful
method in targeting selective modification of different types of
electrodes with desired matrices. The important advantages of
electropolymerization are the easy synthesis and deposition of de-
sired electroactive polymers onto the conductive surface from
monomer solutions and the precise electrochemical control of
their formation rate and thickness. These electroactive polymers
have useful properties such as electronic conductivity and ionic
conductivity [9]. As a consequence of all these above-mentioned
advantages, the electropolymerization of electroactive polymers
along with carbon nanotube (CNT) matrices has received consider-
able attraction during recent years. Numerous conjugated
polymers have been electrochemically synthesized for their appli-
cation in the fabrication of chemical and biochemical sensor de-
vices [10–14]. These conjugated polymers used in sensor devices
exhibit enhancement in the electrocatalytic activity toward the
oxidation or reduction of several chemical and biochemical com-
pounds [15] where some of the functional groups in polymers
act as a catalyst [16,17]. In the current article, the term enhanced
electrocatalytic activity is described as both an increase in peak cur-
rent and lower overpotential [18]. The wide variety of applications
of matrices made of CNTs for the detection of chemical and
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biochemical compounds has already been reported in the litera-
ture [19–22].

Even though the electrocatalytic activity of conjugated poly-
mers and CNT matrices individually shows good results, new stud-
ies have been developed during the past decade for the preparation
of composite films composed of both CNTs and conjugated poly-
mers to improve matrix properties such as high sensitivity and
good stability [23–25]. The incorporation of CNTs in conjugated
polymers leads to the formation of new composite materials hav-
ing the properties of each component with a synergistic effect that
would be useful in particular applications [26]. These electroactive
polymer/CNT composite matrices possess good solubility in organ-
ic solvents compared with unmodified CNTs. Moreover, polymer
matrices exhibit high compatibility in the presence of CNTs [27].
There have been past attempts for the preparation of composite
and sandwiched films made of polymer adsorbed on CNTs, and
these were used for electrocatalysis studies such as selective detec-
tion of dopamine in the presence of ascorbic acid [28]. The sand-
wiched films were also used in the designing of nanodevices
with the help of noncovalent adsorption, electrodeposition, and
so forth [29].

Among the conjugated polymers, a group of them representing
azines, such as phenazines, phenothiazines, and phenoxazines,
have been widely used in bioelectrochemistry as redox indicators
and mediators [30]. The electropolymerization of azine group com-
pounds is usually performed by anodic oxidation in acidic medium
[31,32]. Similar to these azine dyes, malachite green (MG) is also a
dye compound that has an open but ionized structure; hence, the
resulting polymer is promising in exhibiting interesting features
such as fast rate of charge transfer and ion transport and good
catalytic ability toward small biomolecules [33]. Previous studies
have reported that poly(malachite green) (PMG) can be synthe-
sized by electrochemical polymerization of MG. These studies also
reported the growth mechanism of PMG along with electrochemi-
cal, Fourier transform infrared (FT-IR), and ultraviolet–visible
(UV–vis) studies [33–35]. The chemical structures of MG and
PMG are shown in Scheme 1.

In this article, we report a novel composite film, MWCNT–NF–
PMG, made of multiwalled carbon nanotubes (MWCNTs) that were
dispersed using Nafion (NF) and then incorporated with PMG.
MWCNT–NF–PMG composite film’s characterization, enhancement
in functional properties, peak current, and electrocatalytic activity
are also reported along with its application in the simultaneous
determination of catechol and quinol. When compared with previ-
ously reported analytical values, MWCNT–NF–PMG composite film
modified electrode has enhanced electrocatalysis of catechol and
quinol [4,6–8]. The MWCNT–NF–PMG film preparation involves
two steps: (i) electrodes are modified with uniformly well-dis-
persed MWCNT–NF, (ii) which is then modified with PMG.

ww.sp
Scheme 1. Chemical structures of MG (A) and PMG (B).
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Materials and methods

Materials

MG, NF, MWCNTs (outer diameter = 10–20 nm, inner diame-
ter = 2–10 nm, length = 0.5–200 lm), catechol, and quinol obtained
from Aldrich and Sigma–Aldrich were used as received. All other
used chemicals were of analytical grade. The preparation of aqueous
solution was done with double distilled deionized water. Solutions
used for the experiments were deoxygenated by purging with pre-
purified nitrogen gas. The pH 1.5 aqueous solution was prepared
from H2SO4.

Apparatus

Cyclic voltammetry (CV), electrochemical quartz crystal micro-
balance (EQCM), and differential pulse voltammetry (DPV) studies
were performed using analytical system models CHI-405, CHI-400,
and CHI-750 potentiostats, respectively. A conventional three-elec-
trode cell assembly consisting of an Ag/AgCl reference electrode
and a platinum wire counter electrode were used for the electro-
chemical measurements. The working electrode was GCE modified
with PMG, NF–PMG, or MWCNT–NF–PMG composite films. In
these experiments, all of the potentials are reported versus Ag/AgCl
reference electrode. The working electrode for EQCM measure-
ments was an 8-MHz AT-cut quartz crystal coated with a gold elec-
trode. The diameter of the quartz crystal was 13.7 mm, and that of
the gold electrode was 5 mm. The morphological characterizations
of the films were examined by means of atomic force microscopy
(AFM) (Being Nano-Instruments CSPM-4000). All of the measure-
ments were carried out at 25 ± 2 �C.

Preparation of MWCNT–NF–PMG composite electrodes

The important challenge in the dispersion of MWCNTs was
preparation of a homogeneous solution. In general, the dispersion
of CNTs has been carried out by physical (milling) and chemical
methods (covalent and noncovalent functionalization). These
methods cause damage to CNTs and add impurities to them
[36,37]. To overcome these drawbacks, hydrophobic interaction
between NF and MWCNTs was used for our experiments [38,39].
Briefly, the dispersion of MWCNTs was done by using 5% NF
(2 ml of NF in 10 ml of water) with 10 mg of MWCNTs (MWCNT–
NF). The uniform dispersion of MWCNTs was obtained by 6 h of
ultrasonication of MWCNT–NF mixture.

Before starting each experiment, GCEs were polished using a
BAS polishing kit with 0.05 lm alumina slurry and then rinsed
and ultrasonicated in double distilled deionized water. The GCEs
studied were uniformly coated with 10 ll of MWCNT–NF mixture
(0.13 mg cm�2 MWCNTs) and dried at room temperature. Then MG
was electropolymerized on the MWCNT–NF modified GCE from
5 mM MG present in pH 1.5 H2SO4 aqueous solution. The electrop-
olymerization was performed by consecutive cyclic voltammo-
grams (25 cycles) over an optimized potential range of 0–1.2 V at
a scan rate of 100 mV s�1. After that, the modified MWCNT–NF–
PMG electrode was carefully washed with double distilled deion-
ized water.
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Results and discussion

Electropolymerization of MG at various electrodes and their
characterizations

The electropolymerization of MG (from 5 mM MG solution)
using electrochemical oxidation on unmodified, MWCNT–NF
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Table 1
Epa, Epc, and Ipc values of redox reactions of PMG and surface coverage concentration
(C) of PMG at various modified electrodes present in pH 1.5 H2SO4 aqueous solution.

Modified electrodes Epa (V) Epc (V) Ipc (lA) C (nmol cm�2)

Electrode Film

GCE PMGa 0.61 0.5 �186.9 38.13
PMGb 0.62 0.5 �38.98 7.19
PMG – – – –

Gold PMGa 0.67 0.5 �32.48 14.97
PMGb – 0.43 �5.187 3.55
PMG 0.67 0.47 �0.131 0.10

ITO PMGa 0.63 0.49 �249.5 9.02
PMGb – 0.42 �31.27 1.21
PMG 0.65 0.4 �0.173 0.008

a PMG electropolymerized on MWCNT–NF modified electrode.
b PMG electropolymerized on NF modified electrode.
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modified, and only NF modified GCEs was performed for the
preparation and comparative studies of PMG, NF–PMG, and
MWCNT–NF–PMG composite films. During electropolymerization,
on subsequent cycles the redox peak corresponding to PMG was
found to be increasing in all of the above-mentioned films (not
shown). This result indicates that during the cycles, deposition of
PMG takes place on the electrode surface. However, the redox peak
of PMG at bare GCE is not highly active when compared with the
other two electrodes. The above-prepared three films (PMG,
NF–PMG, and MWCNT–NF–PMG) were characterized using various
electrochemical techniques in pH 1.5 H2SO4 aqueous solution. Be-
fore transferring the modified GCEs to aqueous solution for other
electrochemical characterizations, they were washed carefully in
deionized water to remove the loosely attached nonpolymerized
MG monomer on the modified GCEs. Fig. 1A shows the reversible
redox couple of PMG at NF modified and MWCNT–NF modified
GCEs, whereas there is no redox couple at bare GCE. The corre-
sponding cyclic voltammograms were measured at a scan rate of
20 mV s�1 in the potential range of 0.85–0.20 V. Among these three
films, the E00 value of the redox couple for MWCNT–NF–PMG com-
posite film is at 559 mV versus Ag/AgCl in pH 1.5 H2SO4 aqueous
solution, where the redox couple represents the redox reaction of
PMG. The Epa, Epc, and Ipc values of PMG at various film modified
electrodes are given in Table 1. Interestingly, the values in Table 1
reveal that MWCNT–NF modified GCE has a higher polymerizing
current for PMG than at other modified or unmodified GCEs. The
above results represent more deposition of PMG on MWCNT–NF
modified GCE than on other GCEs.

The increase in deposition of PMG in the presence of MWCNTs
is evident with the active surface coverage concentration (C) given
in Table 1, where C of PMG is enhanced at MWCNT–NF film mod-
ified GCE when compared with only NF modified and bare GCEs.
The calculated values from the same table show that MWCNTs
enhance C of PMG by 238 nmol cm�2 lg�1, and there is a fivefold
increase in the C of PMG at MWCNT–NF film. In these C calcula-
tions, the number of electrons involved in PMG redox reactions
is assumed to be two. A comparison of PMG, NF–PMG, and
MWCNT–NF–PMG films on gold and indium tin oxide (ITO)
electrodes is given in the Supplementary material. In the above
experiments as well, MWCNT modified electrodes show a higher
polymerizing current for PMG than at other modified and unmodi-.sp
Fig.1. (A) Cyclic voltammograms of GCE modified from PMG, NF–PMG, and
MWCNT–NF–PMG films in pH 1.5 H2SO4 solution at a scan rate of 20 mV s�1. (B
and C) EQCM frequency change responses recorded together with consecutive
cyclic voltammograms (PMG formation on NF modified, MWCNT–NF modified, and
unmodified gold electrodes, potential between 0 and 1.2 V at a scan rate of
20 mV s�1), where panel B shows the gross change in the frequency shift versus
scan cycles and panel C shows the change between each consecutive scan.
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fied electrodes, consistent with the Ipc and C values given in Table 1.
The possible interactions among MWCNTs, NF, and PMG present
in the composite film are given in Scheme 2, where the interaction
between MWCNTs and NF is hydrophobic and the interaction
between NF and PMG is both hydrophobic and electrostatic.

The MG electropolymerization was further confirmed using
EQCM experiments, which were carried out using unmodified gold
or modifying the gold in electrochemical quartz crystal with uni-
formly coated MWCNT–NF or only NF. The increase in voltammet-
ric peak current of PMG redox couple and the frequency decrease
(or mass increase) were found to be consistent with the growth
of PMG film on bare gold electrode or on MWCNT–NF or NF
modified gold electrodes (not shown). These results also show that
the obvious deposition potential started between 0 and 1.2 V. From
the frequency change, the change in mass of composite film at the
quartz crystal can be calculated using the Sauerbrey equation (Eq.
(1)); however, a 1-Hz frequency change is equivalent to
1.4 ng cm�2 mass change [40,41]. The mass changes during PMG
incorporation on MWCNT–NF modified, NF modified, and unmod-
ified gold electrodes for total cycles are 207, 70, and 52 ng cm�2,
respectively:

mass changeðDmÞ ¼ �1=2ðf�2
0 ÞðDf ÞAðKqÞ1=2 ð1Þ

where f0 is the oscillation frequency of the crystal, Df is the fre-
quency change, A is the area of gold disk, K is the shear modulus
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Scheme 2. Possible interactions among MWCNTs, NF, and PMG present in
MWCNT–NF–PMG composite film.
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of the crystal, and q is the density of the crystal. Fig. 1B indicates the
variation of frequency with an increase of scan cycles for PMG at
bare gold electrode and at NF modified and MWCNT–NF modified
gold electrodes. This result proves that the deposition of PMG on
the MWCNT–NF film is a higher concentration than that on NF mod-
ified or bare gold electrodes. Fig. 1C indicates every cycle of fre-
quency with an increase of scan cycles for PMG at bare gold
electrode and at NF modified and MWCNT–NF modified gold elec-
trodes. This result shows that the rate of PMG deposition at
MWCNT–NF film is high during the first cycle when compared with
that for the other two films, whereas from the second cycle the rate
of PMG deposition is equal for all three films.

AFM studies of MWCNT–NF, NF–PMG, and MWCNT–NF–PMG
composite films

MWCNT–NF, NF–PMG, and MWCNT–NF–PMG were prepared
with similar conditions and similar potential, as mentioned in
Materials and Methods, and were characterized using AFM. A com-
parison of Fig. 2A, B, and C reveals a significant morphological dif-
ference among all three films. The top views of nanostructures in
Fig. 2A on the ITO electrode surface shows the presence of clusters
Fig.2. (A–C) AFM topography images of MWCNT–NF (A), NF–PMG (B), and MWCNT–NF
MWCNT–NF–PMG (F) films.

www.sp
of NF together with MWCNTs. The NF–PMG film in Fig. 2B shows
smaller beads of NF and PMG deposited over the electrode surface.
However, there are no bead formations if only NF is coated over the
electrode; instead, a porous NF film is formed. Similarly, a uniform
thin film with no morphology is formed for only PMG deposited
over the electrode surface [35]. The MWCNT–NF–PMG composite
film in Fig. 2C shows plateaus of PMG formed over MWCNT–NF
film. Furthermore, in Fig. 2C, MWCNTs are not obviously visible
as they are in Fig. 2A because PMG deposition covers over
MWCNTs. The results in Fig. 2C can be explained as the increase
in deposition of PMG over MWCNT–NF, which creates plateaus
instead of beads and covers over MWCNTs. The higher concentra-
tion of PMG deposited on MWCNT modified ITO electrode when
compared with other modified electrodes is consistent with the
C values shown in Table 1. Furthermore, the thicknesses of
MWCNT–NF, NF–PMG, and MWCNT–NF–PMG obtained using
AFM results were 350, 180, and 900 nm, respectively. These values
also show that MWCNT–NF–PMG has higher thickness than the
other two films. To further confirm the results, AFM amplitude
images are included for these three films in Fig. 2D, E, and F,
respectively. These AFM results reveal the coexistence of
MWCNT–NF and PMG in the composite film.

.cn
–PMG (C) films. (D–F) AFM amplitude images of MWCNT–NF (D), NF–PMG (E), and
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Fig.3. (A) Cyclic voltammograms of MWCNT–NF–PMG film synthesized using pH
1.5 H2SO4 solution on GCE and transferred to various pH solutions. The inset shows
Epa, Epc, and the formal potential versus pH from 1.5 to 13.0 (slope = �35 mV/pH),
where the slope is almost nearer the Nernstian equation for nonequal number of
electrons and protons transfer. (B) Number of minutes cycled versus current
decrease (in %) for NF–PMG and MWCNT–NF–PMG films, showing that MWCNT–
NF–PMG is highly stable when compared with NF–PMG film.
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Electrochemical and stability studies of MWCNT–NF–PMG composite
film

The cyclic voltammograms of MWCNT–NF–PMG composite film
on GCE in pH 1.5 H2SO4 aqueous solution at different scan rates
show that the anodic and cathodic peak currents of the composite
film’s redox couple increases linearly with the increase of scan
rates (not shown). The Ipa/Ipc ratio for MWCNT–NF–PMG film is
small, demonstrating that the redox process is surface confined.
However, the DEp of each scan rate reveals that the peak separation
of MWCNT–NF–PMG film’s redox couple increases as the scan rate
increase. From the slope values of DE versus log scan rate, by
assuming the value of a � 0.5 and the number of electrons in-
volved as two, the electron transfer rate constant (ks) was calcu-
lated using the Eq. (2) based on Laviron’s theory [42]:

log ks ¼ a log ð1� aÞ þ ð1� aÞ log a� log ðRT=nFmÞ
� að1� aÞnFDE=2:3RT: ð2Þ

In Eq. (2), the scan rate and DE values are in unit volts. The ks

value of MWCNT–NF–PMG modified GCE is 18.3 ms�1. Fig. 3A
shows the cyclic voltammograms of MWCNT–NF–PMG modified
GCE in various pH aqueous buffer solutions, where the film was
prepared in pH 1.5 H2SO4 aqueous solution and then washed with
deionized water before transferring to various pH solutions. The
results show that the film is stable in the pH range between 1.5
and 13.0; however, there is no redox activity of PMG in alkaline
pH. The values of Epa and Epc depend on the pH value of buffer solu-
tion. The inset in Fig. 3A shows the formal potential of MWCNT–
NF–PMG plotted over the pH range from 1.5 to 13.0. The slope
value is�35 mV pH�1, which is close to that given by the Nernstian
equation for nonequal number of electrons and protons transfer.

The enhancement in stability of PMG in the presence of
MWCNTs was examined, and the percentages of degradation of
MWCNT–NF–PMG and NF–PMG were calculated using an equation
given in previous literature [43,44]. The experimental results in
Fig. 3B display the successive 280 min of cycling (scan rate = 20 -
mV s�1) applied over the potential range of 0.2–0.8 V on
MWCNT–NF–PMG and NF–PMG in pH 1.5 H2SO4 aqueous solution.
The cyclic voltammograms were recorded at an interval of 30 min
each, and the values of Ipc were plotted against time. From these
results, it is clear that after 200 min the response of MWCNT–
NF–PMG becomes constant with time and cycling, indicating that
it is a stable film. However, the NF–PMG continues to degrade on
cycling. The amounts of degradation after 280 min of cycling for
MWCNT–NF–PMG and NF–PMG are 12 and 48%, respectively. From
the above result, the percentage decrease in degradation of PMG in
the presence of MWCNTs is approximately 36% for 280 min of
cycling. Similar enhancements in CNTs with polymer composite
properties when compared with CNT or polymer alone have
already been reported in the literature [26,27].www.sp
Electroanalysis of catechol and quinol individually at PMG, NF–PMG,
and MWCNT–NF–PMG film modified GCEs

The electrochemical oxidation of catechol and quinol at differ-
ent film modified GCEs was carried out using pH 1.5 H2SO4

solution at 20 mV s�1 in the potential range of 0.10–0.85 V (see
Supplementary material). The different electrodes used were bare
GCE and PMG, NF–PMG, and MWCNT–NF–PMG composite film
modified GCEs. All of the cyclic voltammograms were recorded at
a constant time interval of 2 min with nitrogen purging before
the start of each experiment. The cyclic voltammograms for
NF–PMG and MWCNT–NF–PMG films exhibit a redox couple in
the absence of analytes, whereas no redox peak for bare and
PMG modified GCEs is observed. In the presence of analytes, new
growth in the oxidation peaks of respective analytes appears. The
Epa and Ipa values of analytes at different modified and unmodified
GCEs are given in Table 2. The Ipa values reveal that MWCNT–NF–
PMG film modified GCE has a higher peak current than the other
modified and unmodified GCEs. Similarly, among the Epa values,
MWCNT–NF–PMG film shows a new peak at 302 mV for catechol
that is not present at other modified and unmodified GCEs. Both
this decrease in overpotential and the increase in peak current
are considered as enhancement of electrocatalysis [18]. Further-
more, MWCNT–NF–PMG film has catechol’s peak current at a low-
er positive potential than that of quinol. Among the Epa values,
302 mV (catechol) and 449 mV (quinol) peaks were chosen for
further investigation. The above-mentioned peaks were chosen
because of their lower overpotential and the obvious peak poten-
tial difference of 147 mV between catechol and quinol.

An increase in concentration of catechol or quinol simulta-
neously produces a linear increase in the oxidation peak currents
of respective analyte at MWCNT–NF–PMG film, as shown in the
inset plots in the Supplementary material. However, there is no in-
crease in the analyte oxidation peak currents at bare GCE and PMG
and NF–PMG modified GCEs. From the slopes, the sensitivity values
of MWCNT–NF–PMG film modified GCE toward the analytes were



Table 2
Electroanalytical results for catechol and quinol individually and in mixture at various modified GCEs using the CV technique in pH 1.5 H2SO4 solution.

Analyte Epa (mV) Ipa (lA) Concentration range (lM) Sensitivity (mA mM�1 cm�2)

Lowest Highest

Individual Catechol a 724 99.10 – 3921.0e –
b 757 24.23 – 740.7e –
c 740 54.37 – 2063.5e –
d 302, 623 19.34, 225.4 49.8 3650.8 0.08

Quinol a 593 110.4 – 3921.0e –
b 723 44.25 – 2156.9e –
c 548, 680 11.62, 17.45 – 2156.9e –
d 449, 621 43.83, 211.0 49.8 3921.0 0.22

Mixture Catechol d 302 20.06 184.7 4054.1 0.07
Quinol d 449 32.06 73.9 1621.6 0.23

a Bare GCE.
b PMG modified GCE.
c NF–PMG modified GCE.
d MWCNT–NF–PMG modified GCE.
e No increase in oxidation peak of respective analyte.
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calculated and are given in Table 2. The correlation coefficients are
0.9831 and 0.992 for catechol and quinol, respectively. These sen-
sitivity values and the Ipa values show that the peak currents of
both analytes are high at MWCNT–NF–PMG composite film when
compared with other modified and unmodified GCEs. The calcu-
lated limits of detection (LODs) at MWCNT–NF–PMG are 31.0 lM
for catechol and 18.1 lM for quinol individually. The above results
reveal that the enhanced electrocatalysis of both analytes takes
places at MWCNT–NF–PMG film when compared with other GCEs.
Voltammetric resolution of analytes present in the mixture at PMG,
NF–PMG, and MWCNT–NF–PMG film modified GCEs

Fig. 4 shows the electrochemical oxidation cyclic voltammo-
grams that were obtained for catechol and quinol coexisting
(analyte mixture) at bare GCE and PMG, NF–PMG, and MWCNT–
NF–PMG film modified GCEs in pH 1.5 H2SO4 solution at 20 mV s�1

in the potential range of 0.10–0.85 V. The MWCNT–NF–PMG film is
given in the presence and absence of analyte mixture. Bare GCE
and PMG and NF–PMG modified GCEs are given at the highest
concentration of analyte mixture. The lowest and highest concen-.sp
Fig.4. Cyclic voltammograms of catechol and quinol present in analyte mixture at
various electrodes using pH 1.5 H2SO4 solution at 20 mV s�1, where MWCNT–NF–
PMG is shown in the presence and absence of analytes. Similarly, bare GCE, PMG
modified, and NF–PMG modified GCEs are shown in the presence of the highest
concentration of analyte mixture, where the concentration range is given in Table 2.
The insets show the plots of peak current versus concentration of catechol (upper
left) and quinol (lower right) at MWCNT–NF–PMG.
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trations of the analyte mixture are given in Table 2. The cyclic vol-
tammograms of bare GCE and PMG and NF–PMG film modified
GCEs in Fig. 4 exhibit only one broad peak in high potential without
any peak separation for the analyte mixture. Here the broad peak
represents the voltammetric signals of the analyte mixture. More-
over, the peak current decreases in the subsequent cycles for all
three of these GCEs. These observations indicate that bare GCE
and PMG and NF–PMG film fail to separate the voltammetric sig-
nals of analytes in the mixture. The fouling effect of the electrode
surface with the oxidized products of analytes is the reason for
obtaining the weak single peak for analytes in the mixture [4,5].
The cyclic voltammogram for MWCNT–NF–PMG exhibits a redox
couple in the absence of the analyte mixture. In the presence of
the analyte mixture, new growth in the oxidation peaks of respec-
tive analytes appears at the Epa values given in Table 2. From these
Epa values, the peak separation between catechol and quinol at
MWCNT–NF–PMG composite film was calculated as 147 mV. An
increase in concentration of analyte mixture simultaneously pro-
duces a linear increase in the oxidation peak currents of both ana-
lytes with good film stability, as shown in the Fig. 4 insets.

The Ipa values from Table 2 show that the anodic peak current of
both analytes at MWCNT–NF–PMG is higher than that at other film
modified and unmodified GCEs. In these results, both the increase
in current and the decrease in potential are considered as the
enhancement of electrocatalysis [18]. The electroanalytical values
such as linear range, slope and its correlation coefficient, standard
error of slope, LOD, and limit of quantification (LOQ) for the analyte
mixture at MWCNT–NF–PMG film are given in Table 3. From the
slope values, sensitivity values of the MWCNT–NF–PMG film mod-
ified GCE were calculated and are given in Table 2. From all of the
above results, it is obvious that MWCNT–NF–PMG composite film
is more efficient for the simultaneous determination of catechol
and quinol present in the mixture.

m.co
m.c
DPV studies of catechol and quinol at MWCNT–NF–PMG composite
film

The differential pulse voltammograms were obtained with an
increase in catechol and quinol concentrations individually at
MWCNT–NF–PMG composite film modified GCE in pH 1.5 H2SO4

solution (see Supplementary material). All of the differential pulse
voltammograms were recorded at a constant time interval of 2 min
with nitrogen purging before the start of each experiment. The
peak currents for both catechol and quinol increase linearly with
the increase in concentration of respective analytes. They demon-
strate that the calibration curves for both analytes are linear for a



Table 3
Electroanalytical results for catechol and quinol present in mixture at MWCNT–NF–PMG composite film using the CV and DPV techniques in pH 1.5
H2SO4 solution.

Analyte Catechol Quinol

CV DPV CV DPV

Linear range (mM) 0.36–4.05 0.03–1.19 0.22–1.62 0.01–0.48
Slope (lA mM�1)/correlation coefficient 5.502/0.9955 27.71/0.9514 18.5/0.9908 256.29/0.9596
Standard error of slope 0.1020 1.0823 0.4944 6.8796
Intercept (lA) 0.2952 19.539 4.0777 22.092
LOD (lM) 29.3 5.8 22.3 1.6
LOQ (lM) 88.8 17.6 67.4 4.8
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wide range of concentrations—from 0.4 to 1.3 mM for catechol and
from 0.4 to 1.0 mM for quinol. From the slope values, the sensitiv-
ity values of MWCNT–NF–PMG film modified GCE toward the ana-
lytes are 1.3 mA mM�1 cm�2 for catechol and 0.9 mA mM�1 cm�2

for quinol. The correlation coefficients are 0.9536 and 0.9757 for
catechol and quinol, respectively. Comparing these sensitivity val-
ues with those obtained in CV studies reveals that the DPV tech-
nique possesses higher sensitivity than the CV technique. In DPV,
the calculated LODs at MWCNT–NF–PMG are 2.5 lM for catechol
and 3.5 lM for quinol individually.

Fig. 5 shows the differential pulse voltammograms obtained
during the simultaneous change of concentrations of catechol
and quinol mixture at MWCNT–NF–PMG film modified GCE. The
differential pulse voltammograms were recorded at a constant
time interval of 2 min with nitrogen purging before the start of
Fig.5. Differential pulse voltammograms of catechol and quinol present in analyte
mixture (0.01–1.4 mM for catechol and 0.004–0.6 mM for quinol) at MWCNT–NF–
PMG in pH 1.5 H2SO4 solution. The insets show the plots of peak current versus
concentration of catechol (upper right) and quinol (lower left).

Table 4
Comparison detection limit values of catechol and quinol obtained in variou

Technique Analyte

Electrochemical using MWCNT–NF–PMG Mixture of
Belousov–Zhabotinskii-type oscillating system Catechol
Use of catecholoxygenase Catechol
Titrimetric Catechol
Spectrophotometric Catechol
Polarographic Catechol
High-performance liquid chromatography Quinol
Second ratio spectra derivative spectrophotometry Mixture of
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each experiment. The electroanalytical values from DPV such as
linear range, slope and its correlation coefficient, standard error
of slope, LOD, and LOQ for the analyte mixture at MWCNT–NF–
PMG film are given in Table 3. From the slope values, the sensitiv-
ity values of MWCNT–NF–PMG film modified GCE toward the
analyte mixture are 0.4 mA mM�1 cm�2 for catechol and 3.2 mA
mM�1 cm�2 for quinol. The above-mentioned electroanalytical
values are better than the previously reported values for the simul-
taneous determination of catechol and quinol [4,6–8]. Similarly,
Table 4 shows a comparison of MWCNT–NF–PMG film (electro-
chemical method) with other techniques and reveals that most
determinations were carried out for catechol or quinol but not in
the mixture.

Fig. 6 exhibits the differential pulse voltammograms obtained
for the different concentrations of catechol in the presence of
708.2 lM quinol at MWCNT–NF–PMG film modified GCE in pH
1.5 H2SO4 solution. The differential pulse voltammograms were
recorded at a constant time interval of 2 min with nitrogen purging.co

m.cn
s techniques.

LOD References

catechol and quinol 5.8/1.6 lM This work
2.1 lM [45]
5 lM [46]
20 lg [47]
5 lg [47]
1 lg [47]
0.278 lg ml�1 [48]

catechol and quinol 0.01009 mg ml�1 [49]

Fig.6. Differential pulse voltammograms of MWCNT–NF–PMG composite film
shown in the presence of 708.2 lM quinol with increasing concentrations of
catechol from 0.5 mM (a) to 1.8 mM (i) in pH 1.5 H2SO4 solution.
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before the start of each experiment. The voltammetric peak corre-
sponding to the oxidation of catechol increases linearly with the
increase in the concentration of catechol, whereas the peak current
for oxidation of quinol decreased slightly as the number of cycles
increased. This result reveals that there is not much interference
between catechol and quinol. From the above DPV results, it is
obvious that MWCNT–NF–PMG composite film modified GCE is
suitable and efficient for the simultaneous detection of catechol
and quinol.

Conclusions

A composite material that is highly stable in pH 1.0–4.0 aque-
ous solutions has been developed using MWCNTs, NF, and PMG
at GCE, gold, and ITO electrodes. The developed MWCNT–
NF–PMG composite film for the electrocatalysis combines the
advantages of ease of fabrication and sufficient stability. The EQCM
results confirmed the incorporation of PMG on MWCNT–NF
modified electrode. The AFM results showed the morphological
differences among MWCNT–NF film, NF–PMG film, and MWCNT–
NF–PMG composite film. Furthermore, it was found that
MWCNT–NF–PMG composite film has excellent functional proper-
ties along with good electrocatalytic activity toward catechol and
quinol. The experimental methods of CV and DPV with MWCNT–
NF–PMG composite film integrated at the GCE presented in this
article provide an opportunity for simultaneous determination of
catechol and quinol. Therefore, this work has established and illus-
trated, in principle and potential, a simple and novel approach for
the development of a simultaneous catechol and quinol voltammet-
ric sensor based on MWCNT–NF–PMG composite film modified
GCE.
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