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Abstract

A novel conductive composite film containing functionalized multi-walled carbon nanotubes (~MWCNTS) with poly (neutral red) (PNR) was
synthesized on glassy carbon electrodes (GC) by potentiostatic method. The composite film exhibited promising electrocatalytic oxidation of
mixture of biochemical compounds such as ascorbic acid (AA), dopamine (DA) and uric acid (UA) in pH 4.0 aqueous solutions. It was also
produced on gold electrodes by using electrochemical quartz crystal microbalance technique, which revealed that the functional properties of
composite film were enhanced because of the presence of both ~MWCNTSs and PNR. The surface morphology of the polymer and composite
film deposited on transparent semiconductor tin oxide electrodes were studied using scanning electron microscopy and atomic force microscopy.
These two techniques showed that the PNR was fibrous and incorporated on ~MWCNTS. The electrocatalytic responses of neurotransmitters at
composite films were measured using both cyclic voltammetry (CV) and differential pulse voltammetry (DPV). These experiments revealed that
the difference in ~FMWCNTSs loading present in the composite film affected the electrocatalysis in such a way, that higher the loading showed
an enhanced electrocatalytic activity. From further electrocatalysis studies, well separated voltammetric peaks were obtained at the composite
film modified GC for AA, DA and UA with the peak separation of 0.17 V between AA-DA and 0.15V between DA-UA. The sensitivity of the
composite film towards AA, DA and UA in DPV technique was found to be 0.028, 0.146 and 0.084 p.A wM1, respectively.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrochemically functional polymer films and carbon nan-
otubes (CNTs) films have been of great interest for the
past decade in the electrocatalysis reactions because of their
unique chemical and electrochemical properties. Previous stud-
ies demonstrated conjugated polymers showing interesting
electrocatalytic activities such as, reduction of acetylene in
poly-3-methylthiophene, reduction of dioxygen at 4,4',4” 4" -
tetraaminophthalocyanine macrocycles, oxidation of glucose by
polypyrrole and oxidation of NADH, reduction of I03~, BrO3 ™~
at poly (neutral red) (PNR) films [1-4]. On the other hand,

* Corresponding author. Tel.: +886 2270 17147; fax: +886 2270 25238.
E-mail address: smchen78@ms15.hinet.net (S.-M. Chen).
1 ISE Member.

0013-4686/$ — see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2007.03.047

CNTs have shown interesting electrocatalytic activities for both
bioorganic and inorganic compounds such as glutathione, homo-
cysteine, carbohydrates, NADH, nitric acid, hydrogen peroxide,
etc. [5-12]. In addition CNTs were also used for methanol oxi-
dation in the fuel cells, detection of insulin and oxidation of
acetic acid. Their wide varieties of applications have developed
agreat interest in the electrocatalysis field [13—-15]. Even though
the electrocatalytic activity of the CNTs and conjugated polymer
films were individually good, some properties like mechanical
stability, sensitivity for different techniques and electrocataly-
sis for multiple compounds were not efficient. So, new studies
have been developed in the past decade for the preparation of
the composite films, which are composed of both CNTs and
conducting polymers with enhanced electrocatalytic activity
[16-18].

The rolled-up graphene sheets of carbon, i.e., CNTs exhibit
a w-conjugative structure with a highly hydrophobic surface.
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This unique property of the CNTs allows them to interact with
some organic aromatic compounds through —r electronic and
hydrophobic interactions to form new structures [19-21]. These
interactions were used for preparing composite sandwiched
films for electrocatalytic studies such as selective detection of
dopamine in the presence of ascorbic acid [22] and in the design-
ing of nano devices with the help of non-covalent adsorption of
enzyme and proteins on the side walls of CNTSs. This resulted in
a novel CNTSs based nanostructures, which contain biochemical
units in them [23]. The electrodeposition of CNTs with polypyr-
role composite films too was studied in detail [24]. Electrodes
modified with composite films were widely used in capacitors,
battery and material science, photo electrochemistry, fuel cells,
chemical sensors and biosensors [25,26].

Ascorbic acid (AA) being a constituent of the cell has
momentous biological functions and is an analyte of great impor-
tance. Itis found in fruits, vegetables and in beverages especially
those derived from fruit juices [28], which mainly act as a
preventer of respiratory viral infections [29]. Dopamine (DA)
is one of the most important neurotransmitters in the central
nervous system of the mammals, which exist in the tissues
and body fluids in the form of cations for controlling the ner-
vous system [30]. Uric acid (UA) and other oxypurines are the
principal final products of purine metabolism in the human
body [31]. Abnormal levels of UA cause symptoms of sev-
eral diseases, including gout, hyperuricemia and Lesch-Nyan
disease [32]. However AA, DA and UA coexist in biological
fluids such as blood and urine. Due to their crucial role in
neurochemistry and industrial applications, several traditional
methods have been used for their determination. Among those,
electrochemical methods have more advantage over the other
because; in these the electrodes sense the neurotransmitters,
which are present with in the living organisms [27]. Electro-
chemical analysis on the unmodified electrodes, for example
glassy carbon has limitations because of the overlapping of
oxidation potentials of AA, DA and UA and hence often suf-
fers from a pronounced fouling effect that results in rather a
poor selectivity and reproducibility [33,34]. For electrochemical
analysis, multilayer films of shortened negatively-charged multi-
walled carbon nanotubes (MWCNTS) were homogeneously
and stably assembled on glassy carbon (GC) electrodes by
layer-by-layer (LBL) method using electrostatic interaction
of positively-charged poly(diallyldimethylammonium chloride)
(PDDA) [22]. In the past, several modified electrodes were
used for the simultaneous determination of AA and DA [35,36],
specifically PNR modified electrodes too were used [37]. Fur-
ther, the simultaneous determination of AA and UA were also
reported [38].

The electropolymerization of neutral red (NR) from aque-
ous solution and its catalytic activity towards biomolecules
and different inorganic compounds were already reported. The
structure of the neutral red monomer (CisH17N4*) and the
possible composition of the PNR film showing the tetramer
were in the Scheme 1(a) and (b), respectively [39]. Further
the literature survey reveals that previously there were no
attempts made for the synthesis of composite film using CNTs
with PNR. In this article, we report a novel composite film
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Scheme 1. (a) Structure of neutral red monomer (C15H17N4*) and (b) possible
composition of the PNR film showing the tetramer.

(FMWCNTs-PNR) made of functionalized mutiwall carbon
nanotubes (AMWCNTS) incorporated with PNR, along with its
characterization. Different concentration effects of -MWCNTS
in the composite film, the composite film’s enhancement in
functional properties, film stability, peak current and electro-
catalytic activity are also reported. Not only limited to these, we
also report its application on effective separation of biochemical
compounds such as AA, DA and UA, even at very wide concen-
trations. The film formation process involved the modification
of glassy carbon electrode (GC) with uniform well dispersed f-
MWCNTSs aqueous solution and then electropolymerization of
the neutral red from neutral aqueous solution on the -MWCNTSs
modified GC.

2. Experimental
2.1. Apparatus

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were performed in an analytical system model CHI-
400 and CHI-900 potentiostat, respectively. A conventional
three-electrode cell assembly consisting of an Ag/AgCl refer-
ence electrode and a platinum wire counter electrode was used
for electrochemical measurements. The working electrode was
either an unmodified glassy carbon electrode or a glassy car-
bon electrode modified with the ~MWCNTs-PNR films. In this,
all the potentials were reported versus the Ag/AgCl reference
electrode. The working electrode for EQCM measurements was
an 8 MHz AT-cut quartz crystal coated with a gold electrode.
The diameter of the quartz crystal was 13.7 mm; the gold elec-
trode diameter was 5 mm. The morphological characterizations
of FMWCNTs-PNR composite films were examined by means
of scanning electron microscopy (SEM) (Hitachi S-3000H)
and atomic force microscopy (AFM) (Being Nano-Instruments

CSPM4000).
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2.2. Materials

Neutral red (NR) and multiwall carbon nanotubes (MWC-
NTs OD=10-20nm, ID=2-10nm and length =0.5-200 p.m)
were obtained from Aldrich. All other chemicals used were
of analytical grade. The preparation of aqueous solutions was
done with twice distilled deionized water. Freshly prepared solu-
tions of ascorbic acid, dopamine and uric acid were used for all
the experiments. Solutions were deoxygenated by purging with
pre-purified nitrogen gas. Buffer solutions were prepared from
H2S0O4 and KHP (potassium hydrogen phthalate) aqueous buffer
forthe pH 1.0 and 4.0, respectively. All experiments were carried
out at room temperature (i.e., 25°C + 2).

2.3. Preparation of f-MWCNTs and f-MWCNTs-PNR
modified GCs

There was an important challenge in the preparation of f-
MWCNTSs. Because of its hydrophobic nature, it was difficult
to disperse it in any aqueous solution to get a homogeneous
mixture. Briefly, the hydrophobic nature of the MWCNTSs was
converted in to hydrophilic nature by following the previous
studies [16]. This was done by weighing 10 mg of MWCNTs and
200 mg of potassium hydroxide in to a ruby mortar and ground
together for 2h at room temperature. Then the reaction mix-
ture was dissolved in 10 mL of double distilled deionized water
then precipitated many times in to methanol for the removal
of potassium hydroxide. Then the obtained MWCNT-OHs (f-
MWCNTS) in 10 mL water were ultrasonicated for 6 h to get
homogeneous dispersion.

Before starting each experiment, the glassy carbon electrode
was polished by a BAS polishing kit with 0.05 wm alumina
slurry, rinsed and was ultrasonicated in double distilled deion-
ized water. Four types of films were studied from uniformly
coated A~MWCNTs at different concentrations, 0pgcm—2
(PNR), 2.1 ug cm~2 (composite-1), 6.4 g cm—2 (composite-2)
and 12.8 wgcm—2 (composite-3). Then the electropolymeriza-
tion of NR (5 x 10> M) on ~MWCNTs modified GCs was
done by electrochemical oxidation of NR in pH 4.0, 1.0M
KHP buffer solution. It was performed by consecutive CV
over a suitable potential range of (0.9 to —0.5V) for pH 4.0
and (1.0 to —0.4V) for pH 1.0 aqueous solutions; number of
cycles for all the experiments was 20. The electrolyte used for
pH 1.0 was H2SO4 aqueous solution. The fifth type of elec-
trode studied was 12.8 wgcm=2 of ~MWCNTSs on GC without
PNR (MWCNTSs). The different concentrations of homoge-
neously dispersed ~MWCNTSs were exactly measured using
micro-syringe then coated on the GC surface and dried at about
40°C.

3. Resultsand discussions

3.1. Electrochemical preparation and characterization of
PNR and f-MWCNTs-PNR composite films

The electropolymerization of NR (5 x 10~° M) by electro-
chemical oxidation on the -MWCNTs modified GC in aqueous

Fig. 1. Repetitive CVs of GC (A) modified from 5 x 10~° M NR in 0.1 M KHP
buffer pH 4.0 aqueous solution, scan rate at 100 mVs~1; (B) composite-3 film at
similar conditions; (C) CVs of (a) PNR; (b) composite-1; (c) composite-2 and
(d) composite-3 films at similar conditions, here the peak current and calculated
values (Table 1) reveals the increase in I” of PNR when increasing f-MWCNTSs
loading.

solutions (pH 1.0 and 4.0) were preformed for preparing dif-
ferent kinds of -MWCNTSs-PNR composite films. The growth
of the CV current in Fig. 1(A) corresponds to two redox cou-
ples of PNR in pH 4.0, the formal potentials were E° = —0.35
and 0.2 V versus Ag/AgCI. In this, the E°” at —0.35 V represents
redox reaction of monomer and oligomer formed during the elec-
tropolymerization. The E°” at 0.2 V represents the redox reaction
of oligomer and polymer [40]. Fig. 1(B) shows the electropoly-
merization of NR (5 x 10~° M) on composite-3 film modified
GCinpH4.0,1.0 M KHP buffer solution, where there was a huge
increment in the electropolymerizing current when comparing
PNR film. Fig. 1(C) shows the comparison of the CVs of GC with
(a) PNR; (b) composite-1; (c) composite-2 and (d) composite-3
films at similar conditions; here all four films showed the same
formal potential for electropolymerization. However, there was
an increase in peak currents for both the redox couples when
increasing the ~MWCNTSs loading. These results clearly differ-
entiated between the polymer and the three kinds of composite
films. Further the formed films were characterized using elec-
trochemical and microscopic methods such as CVs, weighing
method in quartz crystal microbalance, SEM, AFM, etc. The
PNR surface coverage concentrations (I7) for different loads
of FMWCNTSs were listed in Table 1, these values clearly indi-
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Table 1
Surface coverage concentrations of PNR on different modified electrodes for
different techniques in 0.1 M KHP buffer pH 4.0 aqueous solution

Technique NR? (M) Type of film (I")P of PNR (mol cm~2)

cve 5x107° PNR 9.49 x 10712
Composite-1 1.26 x 1071
Composite-2 1.97 x 10711
Composite-3 3.13x 1071

EQCMY 5x 1074 PNR 2.43x 10711
FMWCNTs-PNR 7.85x 10711

@ Concentration of NR in the 0.1 M KHP buffer pH 4.0 aqueous solution.

b (I") represents surface coverage concentration.

¢ GC electrode was used for CV technique.

4 Quartz crystal coated with gold electrode was used for EQCM technique.

cated that, increase in concentration of ~MWCNTSs on GC leads
to the increase in I" of PNR deposited on the electrode. These
results too showed that, the increase in surface area of electrode
occurred due to the increase in ~MWCNTSs loading. The plots
in Fig. 2(A-D) were the electrochemical properties of PNR and
composite-3 films at different scan rates (up to 500 mVs~1) in the
potential range of 0.8 to —0.5V (CV figures not shown). These
CVs were carried out in pH 4.0 of 0.1 M KHP buffer aqueous
solution in the absence of NR. The anodic and cathodic peak cur-
rentsin Fig. 2(A) of the PNR film and the composite-3 film redox
couples increased linearly with the increase of scan rates. But
the peak currents in Fig. 2(B) increased slower than the square
root of scan rate until 300 mVs~1, indicating that the redox pro-
cess was surface controlled until 300 mVs~! for composite-3
film. Similarly, Fig. 2(C) reveals that the redox process of PNR
film was diffusion limited for above 220 mVs~! scan rates. The
inset in Fig. 2(D) is the comparison of peak separations of redox
couple (E°'=0.2V) for the PNR and composite-3 films, here
the peak separation for composite-3 was lower than PNR until
300 mVs~L. This result indicates that the electron transfer rate
for composite-3 film was higher than that of PNR film. This was
evident from the calculated values of electron transfer rate (Ks)
using the Eq. (1) based on Laviron theory [41].

logKs = alog(l —a) + (1 — «)loga — log <RFT>
nrv

B a(l . ;xl)enTFAE 1)

By assuming « as 0.5 (from the slopes in Fig. 2(D)) and the
number of electrons and protons involved as two [42,43], the
Ks for PNR and composite-3 films were calculated as 0.142 s~ 1
(20.005) and 0.109 s~ (4-0.002), respectively. In this, the scan
rate and AE valuesare in unit volts. The percentage of increase in
the electron transfer rate in the presence of ~MWCNTS in com-
posite film was 30.5%. Fig. 2(E) shows the CVs of composite-3
film in various pH aqueous buffer solutions, where the elec-
tropolymerization of the composite film was done in pH 1.0
aqueous buffer solution. These showed that the film was stable
in pH range between 1 and 13 and the values of E°’ (—0.35
and 0.2V) depends on the pH value of the buffer solution.

Fig. 2. (A) Shows the plot of peak currents (E°'=0.2V) of both PNR and
composite-3 film vs. scan rate (up to 500 mVs~1). The plots in (B) PNR and (C)
composite-3 film were peak current vs. square root of scan rate. These three fig-
ures revealed that both the films were not diffusion controlled until 220 mVs—1
for PNR and 300 mVs~! for composite-3 films. (D) Shows a plot of AE vs. log
of scan rate and the inset in (D) shows the plot of Epa and Epc vs. scan rate
for both the films, from these results it was clear that the electron transfer rate
was higher for composite-3 film comparing PNR. (C) CVs of the composite-3
film synthesized at pH 1.0 on GC and transferred to various pH solutions. The
inset shows the formal potential vs. pH, the slope —68 mV/pH almost nearer to
Nernstian equation.

The pH dependent E°’ value reveals that, redox couples of the
composite-3 film include some proton transfer during the redox
reactions. The inset in Fig. 2(E) shows, the formal potential of
composite-3 film plotted over a pH range of 1 to 13 with a slope
of —68 mV/pH. This value was close to that given by the Nern-
stian equation, for two electrons and two protons involved in
the redox reaction. These results are similar to the previously
reported literatures for PNR [42,43].
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The electrochemical quartz crystal microbalance (EQCM)
experiments were carried out by modifying the gold coated
quartz crystals, with a minimum concentration of uniformly
coated ~MWCNTSs and dried at 40°C. It was carefully done
to avoid the over deposition of ~MWCNTSs, which could cause
the crystal to be inactive. The maximum concentration of f-
MWCNTSs could be deposited before the inactivation of the
crystal was found to be 0.61 wgcm~2. On the other hand, the
concentration of the NR was also optimized according to the sur-
face activity of the EQCM gold electrode; only at 5 x 10~* M
NR there was an obvious decrease in frequency noted for
the polymer growth. The concentration below 5 x 10~4 M NR
does not show any frequency change for the polymer growth.
Fig. 3(A) shows the consecutive CVs and electrochemical quartz
crystal microbalance (EQCM) results for the PNR film from
the solution containing 5 x 10~* M NR. Fig. 3(B) indicates the
change in the EQCM frequency recorded during the cycles of the
consecutive CV. The increase in the voltammetric peak current
of PNR redox couple in Fig. 3(A) and the frequency decrease
(or mass increase) in Fig. 3(B) were found to be consistent with
the growth of the PNR film on the gold electrode. Fig. 3(E)
shows the consecutive CVs and electrochemical quartz crystal
microbalance (EQCM) results for the MWCNTs-PNR com-
posite from the solution containing 5 x 10~* M NR. Fig. 3(F)
indicates the change in the EQCM frequency recorded during
the cycles of the consecutive CV. The increase in the voltam-
metric peak current of composite redox couple in Fig. 3(E) and
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the frequency decrease (or mass increase) in Fig. 3(F) were
found to be consistent with the growth of the PNR film on the
fMWCNTs modified gold electrode. These results too showed
that the obvious deposition potential that was started between
+0.9 and —0.5V. From the frequency change, the change in
the mass in composite film at the quartz crystal can be cal-
culated by the Sawerbery equation. However, 1 Hz frequency
change was equivalent to 1.4 ng of mass change [44,45]. The
mass change during PNR incorporation on the gold electrode
and F~MWCNTs modified gold electrode for total cycles was
found to be 728 ngcm—2 and 374 ng cm~2, respectively. How-
ever, the values of I" in Table 1 for EQCM shows an increase in
I' of PNR on f~MWCNTSs modified electrode than on the bare
gold electrode. This major contradiction between both the val-
ues (mass change and I") could be because of the instability of
f-MWCNTSs during first 5-6 cycles of electropolymerization on
the gold electrode. Comparing the frequency change in Fig. 3(B)
and (F) we noticed that the deposition of PNR was higher up to
6 cycles for unmodified electrode and then followed by much
un-stabilized deposition. But on ~MWCNTSs modified electrode
highly stabilized deposition of PNR taken place after 6 cycles.
The relatively large electrodeposition for the first 6 cycles shows
the more adherence property of PNR to the electrode surface.
This also proves that the ~MWCNTS stability on the gold elec-
trode increased because of PNR deposition. Fig. 3(C and G)
indicates the variation of (a) cathodic peak current with the
increase of the scan cycles and (b) every cycle of cathodic peak
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Fig. 3. Consecutive potential CVs of a gold electrode modified from (A) 5 x 10~ M NR and (E) composite-3 in 0.1 M KHP buffer pH 4.0 aqueous solution. (B)
and (F) are the EQCM frequency change responses recorded together with the consecutive CVs between +0.9 and —0.5 V, scan rate: 20mVs 2. (C) and (G) (a) Plot
of cathodic peak current vs. scan cycle; (b) every cycle of cathodic current change vs. scan cycle. (D) and (H) (a) Every cycle frequency change Af vs. scan cycle;
(b) total frequency change Afvs. scan cycle. These results show the composite was a stabilized one and more homogeneously deposited.



5990 U. Yogeswaran, S.-M. Chen / Electrochimica Acta 52 (2007) 5985-5996

current with the increase of the scan cycles. Fig. 3(D and H)
indicates the variation of (a) every cycle frequency change with
the increase of scan cycles and (b) frequency change with the
increase of the scan cycles. Fig. 3(C and G)(a) and Fig. 3(D and
H)(b) were found to be consistent with a linear change in the
growth of PNR film on the gold electrode and -MWCNTs mod-
ified gold electrode, respectively. Also there was only one redox
couple for PNR film and two redox couples for the f-MWCNTs-
PNR composite film on the gold electrode. This clearly shows the
formation of the composite film. From these EQCM results we
could conclude that the deposition of the -MWCNTs-PNR com-
posite film was more stabilized and more homogeneous and the
PNR plays an important role in the stability of the AMWCNTs on
the electrode surface. Similar previous studies on CNTs-polymer
composites showed the necessity of the polymer on the carbon
nanotubes for improving the functional properties such as orien-
tation, enhanced electron transport (higher conductivity), high
capacitance, etc. [46,47].

Further, the PNR and the f-MWCNTs-PNR composite films
were prepared on the indium tin oxide (ITO) with similar condi-
tions and similar potential as that of GC and were characterized
using the SEM and AFM techniques. The top SEM views of nano
structures in Fig. 4(A) PNR (5 x 10~° M) on the ITO electrode
shows PNR was formed as fibrous structures on the surface; (B)

Jf-MWCNTSs-PNR on the ITO electrode shows f~MWCNTSs with

PNR an obvious formation of composite film. The topographic
images obtained from AFM Fig. 4(C) PNR (5 x 10~° M) on the
ITO electrode shows PNR was formed as globular and fibrous
structures on the surface similar to SEM result; (D) shows f-
MWCNTSs-PNR on the ITO electrode. In a large area point of
view (in nano scale ~ 13000 nm) the surface of F~MWCNTSs-
PNR was uneven comparing to that of PNR film. So the tip
deflection to generate the root mean square amplitude (RMS)
value in tapping mode AFM measurement was not enough for
graphing the /~-MWCNTs-PNR surface amplitude. Because of
these complications the large scale measurement was not possi-
ble and not equivalent to PNR film measurement. However, here
we reduced the area of measurement so that the surface would be
more evenly scanned. From these images we can clearly identify
the difference between both the films formed on ITO. Further,
Fig. 4(E and F) shows the three-dimensional AFM images of the
same modified 1TO electrodes.

3.2. Electrocatalytic oxidation of AA, DA and UA at the
f-MWCNTs-PNR film modified electrodes

The CVs of the electrochemical oxidation of AA, DA and
UA at different film modified and unmodified electrodes were

Fig. 4. SEM images of (A) PNR and (B) -MWCNTSs-PNR composite films. AFM and its 3D images of (C and E) were PNR and (D and F) were /-MWCNTs-PNR

composite films. These show the obvious formation of composite film.
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Fig.5. CVsofthe composite-3filmin 0.1 M KHP buffer pH 4.0 aqueous solution
with various concentration of (A) AA = (a) 0.0; (b) 1.5 x 10~%; (c) 3 x 10~%; (d)
45x107% (e) 6 x 107%; (f) 7.5 x 10~*M; (g) 9 x 10~4; (h) 1.05 x 10~2 and
(i) 1.2 x 1073 M. (B) DA =(a) 0.0; (b) 1.5x10~*; (c) 3x10~%; (d) 4.5 x 10~%;
(€)6x107%; () 7.5 x 1074; (g) 9 x 10~%; (h) 1.2 x 10~3 M. (C) UA = (a) 0.0;
(b) 1.5 x 107%; (c) 3 x 107%; (d) 4.5 x 10~*; () 7.5 x 10~%; (f) 9 x 10~* and
(9) 1.2 x 103 M. Where (a') and (b’) represents bare GC and only ~-MWCNTs,
respectively, in the highest concentration of the analytes. The insets in (A); (B)
and (C) shows the plot of current vs. different concentration of AA, DA and UA,
respectively with: (a) composite-1; (b) composite-2 and (c) composite-3 films.

shown in Fig. 5. In all these figures (a’) represents electrocatal-
ysis at bare GC electrode and (b’) represented at ~MWCNTSs
modified GC with similar conditions to that of composite-3 film.
The electrolyte used for all the following electrocatalysis exper-
iments was pH 4.0 KHP buffer solution. The CVs exhibited a
reversible redox couple for composite-3 film in the absence of
AA. Upon the addition of AA, a new oxidation peak of AA sim-
ilar to the anodic peak potential of composite-3 redox couple
was appeared at Epa=0.25 V. An increase in the concentration
of AA (a—i) simultaneously produced an increase in the oxida-
tion current of AA with good film stability. Another observation
was, from 0.45 mM AA a new peak (Epa=0.19 V) appeared and
the peak (Epa=0.25V) diminished. Comparison of this result
with that of b’ (Epa=0.17 V) reveals that the appearance of new
peak was because of the electrocatalytic activity of ~MWCNTs
present in the composite film towards the analyte. Also, b’
showed lower overpotential than composite-3 film. However,
the electrocatalytic peak current of b’ was smaller than AA oxi-
dation at composite-3 (Table 2). Fig. 5(B) shows the CVs of the
electrochemical oxidation of DA at composite-3 film. The CVs
exhibited a reversible redox couple for composite-3 film in the
absence of DA. Upon the addition of DA, a new growth in the oxi-
dation peak of DA appeared at Epa=0.46 V. An increase in the
concentration of DA (a—h) simultaneously produced an increase
in the oxidation current of DA with good film stability. Compar-
ison of electrocatalytic activity of ~MWCNTSs and composite-3
film reveals that b” has lower overpotential, but with lower peak
current, which was similar to AA. In Fig. 5(C) the electro-
chemically active film of composite-3 was deposited on GC
and performed the electrocatalytic oxidation of UA. Here (a—g)
represents six different concentrations of UA at composite-3
film; (b’) represents ~MWCNTs modified GC and (a’) repre-
sents bare GC electrode at similar conditions. The CVs exhibited
a reversible redox couple for composite-3 film in the absence of
UA. Upon the addition of UA, a new growth in the oxidation

Table 2
Comparison of Epa and Ipa for AA, DA and UA using CV technique on different
types of modified electrodes in 0.1 M KHP buffer pH 4.0 aqueous solution

Analytes Electrode type Epa (V) Ipa (nA)
AA (Oxidation) Bare GC 0.40 29.38
PNR 0.65 16.70
Only ~-MWCNTSs 0.17 84.99
Composite-1 0.23 31.40
Composite-2 0.22 67.08
Composite-3 0.19 97.97
DA (Oxidation) Bare GC 0.46 31.88
PNR 0.72 19.80
Only ~MWCNTSs 0.44 161.3
Composite-1 0.41 59.77
Composite-2 0.43 124.0
Composite-3 0.45 169.3
UA (Oxidation) Bare GC 0.57 91.82
PNR 0.72 5.124
Only ~-MWCNTs 0.56 93.78
Composite-1 0.56 29.13
Composite-2 0.58 85.74

Composite-3 0.61 112.0
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peak of UA appeared at Epa=0.61V. An increase in the con-
centration of UA simultaneously produced an increase in the
oxidation current of UA with good film stability. Comparing
these results it was clear that (b") showed reduced overpotential,
but with lower peak current as given in Table 2. The general
electrocatalytic oxidation reaction of AA, DA and UA at the
electrode surface could be represented by the Scheme 2(a, b
and c), respectively [48,49]. The insets in Fig. 5(A, B and C)
represents the current of AA, DA and UA respectively versus
the concentration of each analyte, which showed the effect of
different concentrations of ~MWCNTSs on the each analyte’s
oxidation peak current, where a = composite-1, b = composite-2
and ¢ = composite-3. When comparing these insets with that of
Ipa values in Table 2 we can clearly note the increase in elec-
trocatalytic peak currents due to the increase of MWCNTSs
concentration present in the composite film.

The concentration effects of ~MWCNTs and PNR on elec-
trocatalysis (lower overpotential) for individual analytes can be
explained from Table 2. In this, all the three analytes showed that
bare GC and PNR modified electrodes has similar Epa. But for
composite-3 film, the Epa of all analytes showed lower overpo-
tential. However, the composite film modified electrodes have
different effects on each analytes as given below. The oxidation
of AA at the higher concentration of -MWCNTs composite film
shows lower overpotential. Controversially, (b") shows less posi-
tive potential peak when comparing all the composite films. This
was because of the adsorption of AA on the high surface area of
FSMWCNTSs. Moreover, it was a well known fact that at pH 4,
less molar fractions of ascorbate anion exists, so the interaction
with positively charged PNR film and negatively charged ascor-
bate anion will be very low. This can also be a reason for the
higher positive potential shift of AA at composite films, when
comparing only ~MWCNTs modified GC. Then, the oxidation
of DA at the different concentrations of MWCNTSs was almost
similar. However, in high concentrations of ~MWCNTS, DA has
higher positive peak potential shift when comparing with other
composite films. This could be explained by the increase in peak
current, which makes the DA oxidation in to a quasi reversible
reaction with peak shifting. This reveals that, the DA oxidation

(a) 0 OH O o]
—> +2H" +2¢’
HO (o) HO (o}
OH OH

(b)
HO, H 0, H
):)7 A m +2H" +2¢"
HO H \ 0 H \
H H

c) Q (o]
NH — > H N w2 426"
o) (o]

H
o’J‘NH NH

Scheme 2. Electrocatalytic oxidation of (a) AA; (b) DA and (c) UA at f
MWCNTSs-PNR film modified electrodes.

could be more efficient with more recovery on composite-1 film
rather than the other films. The insoluble nature of UA enhances
its adsorption on ~-MWCNTSs, thus (b’) have lower overpotential
for UA than the composite films. Anyhow, all the three analytes
do not show much difference in potential shift related to con-
centration effect of AMWCNTSs. But there were higher peak
currents for all three analytes noted when F~MWCNTS concen-
tration increased at the composite film. Finally, these Ipa and
Epa observations clearly state that the enhancement in the peak
current and lower overpotential for all the three analytes at the
composite were due to the presence of ~MWCNTSs. From the lit-
erature, by comparing polymer [37] and CNTs [50,51] modified
electrodes, it is inferred that the CNTs-polymer composite film
modified electrodes exhibited enhanced catalytic activity with
excellent functional properties. This was due to the presence of
both CNTs and polymer, where the CNTs enhanced the electro-
catalytic activity and the polymer provided the film stability with
excellent functional properties [46,47]. This was similar to our
above presented results, where PNR shows excellent functional
properties (EQCM) such as enhancement in ~MWCNTSs adhe-
sion on the electrode surface. Then, the ~MWCNTSs enhanced
the electrocatalytic activity (CVs) of the composite film.

3.3. Voltammeric resolution of AA with DA and UA at PNR,
f-MWCNTs and -MWCNTs -PNR film modified electrodes

Fig. 6(A-C) depicts the cyclic voltammograms that were
obtained for AA, DA and UA coexisting (AADAUA) in pH
4.0 KHP aqueous buffer solution at the PNR, FMWCNTSs,
composite-3 film modified GCs and (&) bare GC. The cyclic
voltammogram on bare GC (?') in Fig. 6(A-C) exhibited with
one broad peak and another peak with less difference in peak
potential (0.10 V) for AADAUA mixture. Here, the broad peak
represents the voltammetric signals of AA and DA and the sec-
ond peak represents the voltammetric signals of UA. Moreover,
the peak current decreased in the subsequent cycles. These obser-
vations clearly indicated that the bare glassy carbon electrode
failed to separate the voltammetric signals of AA, DA and UA
in a mixture. The fouling effect of the electrode surface with the
oxidized products of AA and DA were the reasons for obtain-
ing the weak single peak for AA, DA and UA mixture [52]. The
electroactive PNR film Fig. 6(A) also did not show any peak sep-
aration for the three analytes, the sluggish reaction kinetics with
fouling effect and no Ipaincrease higher than (a’), all these cause
the failure to separate the peak potentials of the three analytes.
Fig. 6(B) and (C) shows the CVs of the electrochemical oxida-
tion of eight different concentrations (a—i) of AADAUA mixture
at only ~MWCNTSs and composite-3 respectively (Epa values
in Table 3). From these two figures, it is clear that, the peak sep-
aration of AA and DA on only ~MWCNTS was higher than that
of composite films, which can be explained as the adsorption of
AA on the high surface area of ~FMWCNTSs. In Fig. 6(C) the CVs
exhibited a reversible redox couple for composite-3 films in the
absence of AADAUA mixture. Upon the addition of AADAUA,
three new growths in the oxidation peak for AA, DA and UA
were appeared. An increase in the concentration of AADAUA
mixture simultaneously produced an increase in the oxidation
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Fig. 6. CVs of the (A) PNR; (B) only /~MWCNTSs and (C) composite-3 film
in 0.1 M KHP buffer pH 4.0 aqueous solution with various individual con-
centrations of AA, DA and UA mixture (represented by AADAUA): (&’) bare
GC and [AADAUA] =3 x 10~* M; [AADAUA] = (a) 0.0; (b) 3.75 x 10~5; (c)
7.5 % 107%(d)1.125 x 10%; (e) 1.5 x 10~4; (f) 1.875 x 10~%;(g) 2.25 x 10~%;
(h) 2.625 x 10~* and (i) 3 x 10~* M.

current of AA, DA and UA with good film stability. The obvi-
ous peak separation between the analytes in composite-3 film
were because of the electrostatic and hydrophobic interaction
between the three analytes with the fixed cationic sites on PNR
(pKy =6.8) [53] and also the negatively charged fixed sites on f-
MWCNTSs. The Scheme 3 shows the interactions of all the three
analytes at the -MWCNTs-PNR composite modified in the pH
4.0 KHP buffer electrode, which involves a two electron and

Table 3
Peak separation of AA, DA and UA in a mixture of all three analytes, using CV
technique on different types of electrodes in 0.1 M KHP buffer pH 4.0 aqueous
solution

Electrode type AA(Epa DA (Epa UA(Epa AA- DA-
inV) inV) inV) DA? (V)  UAP (v)

Bare GC 0.45 0.45 0.55 - 0.10
PNR 0.72 0.72 0.72 - -

Only 0.17 041 0.56 0.24 0.15
FMWCNTSs

Composite-1 0.24 0.38 0.56 0.14 0.18
Composite-2 0.24 0.39 0.56 0.15 0.17
Composite-3 0.26 0.43 0.58 0.17 0.15

@ Peak separation of AA and DA in the mixture.
b peak separation of DA and UA in the mixture.

two proton process [42,48,49]. This too shows the redox reac-
tion, which was involved for PNR, during the electrocatalysis
of analytes at composite film. Further, the difference in the con-
centration of #MWCNTSs on the composite film too affected the
peak separation as shown in Table 3, where AA and DA peak
separation increased because of the increase in concentration of
f-MWCNTSs. On the other hand, the DA and UA peak separation
decreased. Comparing the Fig. 5 (A) and Fig. 6 (C) we confirmed
also that the appearance of two oxidation peaks for AA was, one
because of the PNR and the other because of -MWCNTSs.

Fig. 7 shows the plot of individual concentrations of AA
(a), DA (b) and UA (c) in the mixture versus current at (A)
composite-1; (B) composite-2 and (C) composite-3 film mod-
ified GC electrodes. From these graphs it was clear that by
increasing the concentration of ~MWCNTSs, more increase in
electrocatalytic peak current of DA occurred when comparing
to that of AA and UA. This was because of the higher diffu-
sion rate of the DA [54]. It can be explained as the electrostatic
attractive effect between the positively charged DA species and
the negatively charged fixed sites on the ~MWCNTS [16], which
facilitated the faster diffusion of the DA in to the FMWCNTSs-
PNR composite film. The results based on this concept in
Fig. 5(B) with Fig. 7 graphs were concordant. Also, we could
see the overall current increase in CV because of the increase
in ~MWCNTSs concentration. So, this plays an important role in
sensitivity in the detection of different analytes.

3.4. The differential pulse voltammograms of AA with DA
and UA at f-MWCNTs-PNR film modified electrodes

Fig. 8(A) shows the differential pulse voltammograms (DPV)
which were obtained during the simultaneous change of the con-
centrations of AADAUA mixture at composite-3 film modified
electrode. The DPVs were recorded at a constant time interval of
2 min with nitrogen purging before the start of each experiment.
They demonstrated that the calibration curves for AA, DA and
UA were linear for a wide range of concentrations from 0.075
to 0.2mM. These were one of the widest concentrations used
for the detection of AA, DA or UA in aqueous solution [50,51].
The slopes of the linear calibration curves between the peak cur-
rent and the concentration were estimated as 0.028, 0.146 and
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Scheme 3. Different interactions of AA, DA and UA at -MWCNTs-PNR composite modified electrode.

0.084 pA M1 for AA, DA and UA, respectively. The corre-
lation co-efficient of the slopes for AA, DA and UA were found
0.900, 0.995 and 0.987, respectively. Interestingly, the peak cur-
rents for DA and UA were higher when comparing AA, this
phenomenon occurred due to the reason that the diffusion of
DA and UA through the composite film was much faster com-
pared to that of AA [54]. Also, the AA oxidation peak has two
peaks, one because of the activity of PNR and the other because
of ~FMWCNTSs; these were similar to the CV results. Fig. 8(B)
shows the DPV of the simultaneous change in concentrations of
AADAUA mixture at MWCNTs modified electrode without
PNR. The calibration curves of all the analytes were not lin-
ear; the interactions between the three analytes were high and
complicated for each addition of concentration. For the oxida-
tion of AA there appears only a broad peak. This result clearly
shows that, only ~AMWCNTs modified GC electrode was not
suitable for the DPV technique. This was because of the reduced

hydrophaobic interaction in the ~FMWCNTS, which is due to its
preparation methods [16].

Fig. 8(C) exhibits the DPVs that were obtained for the dif-
ferent concentrations of DA and UA (a—e) in the presence of
20 mM concentration of AA at composite-3 film modified elec-
trode. The ratio of AA with DA and UA was 266:1, which was
higher than the previously reported ratios [49,50]. The voltam-
metric peak corresponding to the oxidation of DA and UA was
found increased linearly in consonance with the increase of the
bulk concentration of DA and UA whereas the peak current for
oxidation of AA slightly got decreased as the number of cycles
increased. This was due to the UA accumulation on sidewalls;
the accumulation takes place because of its less solubility and
high adsorption nature. Inset in Fig. 8(C) shows that the cali-
bration plots for DA and UA were linear with a slope of 0.099
and 0.159 pA wM~1; and the correlation co-efficient of DA and
UA was found to be 0.923 and 0.908. By comparing the slope
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Fig. 7. (A); (B) and (C) shows the plot of current vs. different individual concentrations of AA, DA and UA mixture at composite-1, composite-2 and composite-3
films, respectively with: (a) AA,; (b) DA and (c) UA, this shows the obvious increase in the activity of DA when increasing ~-MWCNTSs concentration.
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values from the insets in Fig. 8 (A) and (C), revealed that in an
AADAUA mixture, increasing concentration of AADAUA by
each addition will decreases the increasing peak current rate of
DA atabout 106.75 A for 1 wM~1 AA. But for UA, there was an

Fig. 8. DPVs of the (A) composite-3 film and (B) only -MWCNTSs in 0.1 M
KHP buffer pH 4.0 aqueous solution with various individual concentrations of
AA, DA and UA in a mixture: (a) 7.5 x 10~5; (b) 1.125 x 10~4; (¢) 1.5 x 104
and (d) 1.875 x 10~* M. Comparison of (A) and (B) shows the interference of
three analytes between each other were higher in only /-MWCNTs modified
GC. The inset in (A) shows the plot of current vs. different concentration of
(1) UA; (2) AA and (3) DA in a mixture. (C) DPVs of composite-3 film at
similar conditions with AA =2 x 10~2 M and various individual concentrations
of DA and UA inamixture: (a) 7.5 x 10~%; (b) 1.125 x 10~%; (c) 1.5 x 10~%; (d)
1.875 x 10~* and (e) 2.25 x 10~* M; in this AA peak current decreases when
increasing DA and UA concentration. The inset in (C) shows the plot of current
vs. different concentration of (1) UA and (2) DA in a mixture.

increase in the increasing peak current rate at about 106.67 WA
for 1 M~ AA. However, these changes were not visible from
DPV waves. From these above DPV results, we conclude that
composite-3 was suitable for the simultaneous detection of AA,
DA and UA using DPV technique.

4. Conclusions

In conclusion, we have developed a novel composite material
composed of functionalized MWCNTSs with conjugated poly-
mer (FMWCNTs-PNR) on the GC, gold and ITO electrode
surface using aqueous solutions. The EQCM confirmed the
incorporation of PNR on the MWCNTs modified GC. The
SEM and AFM results confirmed the difference between PNR
and -MWCNTSs-PNR composite films morphological data. The
Jf-MWCNTSs-PNR composite film had excellent functional prop-
erties with good catalytic activity on a biochemical compounds
such as AA, DA and UA. A detail study about the role of
MWCNTSs and its concentration effect on Epa and Ipa has been
reported. The experimental method of CV and DPV with com-
posite film biosensor integrated into a GC presented in this paper
provides an opportunity for qualitative, quantitative character-
ization and simultaneous determination of AA, DA and UA at
physiologically relevant conditions. Moreover, the DPV showed
that the oxidation current of all three analytes was not affected by
their coexistence in high concentrations. At the same time, the
oxidized electrodes alleviate fouling problems, good repeata-
bility of the voltammograms and stability. Therefore, this work
establishes and illustrates, in principle and potential, a simple
and novel approach for the development of a simultaneous AA,
DA and UA voltammetric sensor, which is based on the modified
GC, ITO and Au electrodes.
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