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f-MWCNTs/BB modified electrode which contains functionalized multi-walled carbon nanotubes (f-
MWCNTSs) and Brilliant blue FCF (BB) has been synthesized on glassy carbon electrode (GCE) and
indium tin oxide (ITO). The presence of f-MWCNTSs enhances the surface coverage (/) and stability in
the pH range between 1.0 to 13. Electrochemical impedance spectra (EIS) was applied to monitor the
whole process of the electrode modification. UV-visible absorption spectra results confirmed that the
f-MWCNTs/BB film was successfully eletropolymerization on the electrode surface. We have studied
the surface morphology of the modified electrode using scanning electron microscopy (SEM) and
atomic force microscopy (AFM), which revealed that BB is coated on f-MWCNTSs. The cyclic
voltammetrys (CVs) has been used for the measurement of electroanalytical properties of analytes by
means of modified electrodes. The sensitivity values of -MWCNTs/BB modified glassy carbon
electrode are higher than the values which are obtained for only BB film and f-MWCNTs modified
electrode. Finally, the amperometry method has been used for the detection of hydrogen peroxide at f-
MWCNTSs/BB modified electrode under stirred condition. The f-MWCNTSs/BB modified electrode also
exhibits a promising enhanced photoelectrocatalytic activity for hydrogen peroxide under illumination.

Keywords: Multiwall carbon nanotubes; Brilliant blue; Modified electrodes; Photoelectrochemistry;
Photocatalysis; Hydrogen peroxide; Photoelectrochemical sensor

1. INTRODUCTION

Brilliant blue FCF (BB, Blue 1, Cl 42090) [1], a food processing dye, were selected as the
model compounds to determine the interactions between dye and surfactant molecules. BB is also
commonly used in cosmetics, textile, leather, paper and ink industries. Light has been used in the
chemical treatment of water since many years. In all cases, direct action of light is limited due to the
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absorption spectra of pollutants to be degraded. Thus, direct photochemical reaction has given a way to
a sensitized photochemical or photoassisted reaction [2-5]. Dye mediated photocatalysis is a promising
method for the complete removal of a variety of environmental contaminants, such as hydrogen
peroxide. It is well reported that the catalyst possess electrocatalytical activity when illuminated with
UV or solar irradiation. In photocatalytic reactions, the formation of electron-hole pair on a photo-
illuminated catalyst surface is one of the key steps. To the best of our knowledge, there were many
reports about the hydrogen peroxide solution as co-photocatalysts with dye [6].

As an environmentally and biochemically relevant species, hydrogen peroxide is considered as
the most efficient oxidant for the conversion of dissolved sulphur dioxide to sulphuric acid which is
one of main contributors to the acidification of rain water [7]. Besides, H,O; is a widely used chemical
reagent as an essential mediator in many fields such as food, pharmaceutical, clinical and bleaching-
related industries. The oxidative damage resulting from cellular imbalance of H,O, is connected to
aging and severe human diseases. It is a weak acid with strong oxidising properties and is inexpensive
and readily available for use as a common bleaching agent and disinfectant [8]. As a consequence,
intense research efforts have been directed to develop the analytical methods for the detection of H,0,
[9-10], such as amperometry [11-13], differential pulse voltammetry (DPV) [14], fluorimetry [15] and
chemiluminescence [16]. A number of spetrophotometry methods have been proposed for the
determination of H,O, [17-18]. However, most of them are based on peroxidase-catalysis reaction and
their application is limited due to the reliance of instable and high cost of enzymes such as horseradish
peroxidase.

Small particles tend to aggregate, resulting in lower or even completely lost photocatalytic
activity. For example, nanosized TiO; is one of the most promising photocatalysts. To achieve high
activities in solution-phase catalysis the dispersion of the catalyst is very important [19]. Varieties of
applications of carbon nanotubes (CNT) with dye were already reported [20-22]. Even though,
electrocatalytic activity of the conjugated dye and CNTs matrices individually shows good result;
some properties like mechanical stability, sensitivity for different techniques and electrocatalysis of
multiple compounds are found to be poor.

This paper discusses the photoelectrochemistry of Brilliant blue films composed of CNTSs
matrices on various electrodes, and the enhancement of the electropolymerization by f-MWCNTSs
modification of the electrode surface. Two-layer modified electrodes were prepared from Brilliant blue
and f-MWCNTSs films. Brilliant blue films were photoelectrocatalytically active for hydrogen peroxide.

2. EXPERIMENTAL

2.1. Materials

Multi-walled carbon nanotubes (Aldrich) was used as received. Brilliant blue FCF (BB)
(Everlight Chemical Industrial Co., Ltd, Taiwan) and hydrogen peroxide (H,0O,) were used as received.
All other chemicals used were of analytical grade and used without further purification. Aqueous
solutions of pH 7.0 were prepared using 0.1 M phosphate buffer solutions (PBS). Where pH 1.0 and
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1.5 were prepared using sulfuric acid (H,SO,). All the solutions were prepared using doubly distilled
deionized water and then deaerated by purging with high purity nitrogen gas for about 20 min before
performing electrochemical experiments. Also, a continuous flow of nitrogen over the aqueous
solution was maintained during measurements.

2.2. Apparatus

The electrochemical measurements were performed with a CH Instruments (Model CHI-627
and CHI-1205A) using CHI-750 potentiostat. Cyclic voltammetric studies were carried out with a BAS
glassy carbon electrode (GCE; area 0.07 cm?) while amperometric measurements were performed
using PINE GCE (0.19 cm?). A platinum wire served as counter electrode and an Ag / AgCl (sat KCI)
reference electrode was used to monitor the cell potentials. Prior to modification, GC electrode was
polished with 0.05 um alumina on Buehler felt pads and then ultrasonically cleaned for about a minute
in water. Finally, the electrode was washed thoroughly with double distilled water and dried at room
temperature. The morphological characterizations of the films were examined by means of SEM
(Hitachi S-3000H) and atomic force microscopy (AFM) (Being Nano-Instruments CSPM5000).
Electrochemical impedance spectroscopy (EIS) measurements were performed using an IM6ex Zahner
instrument (Kroanch, Germany). The UV-visible absorption spectra were checked by using a U3300
Spectrophotometer (HITACHI). All the experiments were carried out at room temperature (~ 25°C).

2.3. Preparation of modified electrode

2.3.1 Preparation of f- MWCNTSs

The produced functionalized multiwall carbon nanotubes ( -MWCNTS ) were suspended in a
concentrated sulfuric acid—nitric acid mixture (3:1 v/v) and sonicated in a sonication bath for 2 h. A
nanotube mat was obtained after filtration using a 0.45 mm hydrophilized PTFE membrane and
washed with deionized water until no acid was detected, followed by drying under vacuum [23]. Thus
obtained f-MWCNTs 10 mg in 10 ml water was ultrasonicated for 6 hr to get a uniform dispersion.
This functionalization process of f-MWCNTs was done to get a hydrophilic nature for the
homogeneous dispersion, in water. This process not only converts -MWCNTSs to hydrophilic nature
but this helps to breakdown larger bundles of -MWCNTSs in to smaller ones also [24].

2.3.2. Preparation of Glassy Carbon Electrodes Modified with -MWCNTs/BB

Prior to modification, glassy carbon electrode was polished with 0.05 um alumina on Buehler
felt pads and then ultrasonically cleaned for about a minute in water. Finally, the electrode was washed
thoroughly with double distilled water and dried at room temperature. The cleaned glassy carbon
electrode was coated with 2uL of -MWCNTs and the solvent allowed evaporating at room
temperature. The electropolymerization of Brilliant blue FCF (BB) was done by electrochemical
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oxidation of Brilliant blue FCF (BB) 1 x 10 M on the f-MWCNT modified glassy carbon electrode
using pH 1.5 H,SO,. It was performed by consecutive Cyclic voltammetrys over a suitable potential
range of -0.7 to 1.2 V; scan rate = 100 mVs *. The optimization of poly- Brilliant blue FCF (BB)
growth potential has been determined by various studies with different electropolymerization

potentials. After film formation, the electrode was rinsed with distilled water and used for further
characterization.

3. RESULTS AND DISCUSSIONS

3.1. Electrochemical characterizations of f-MWCNTs/BB film
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Figure 1. Repetitive Cyclic voltammograms of (A) only BB film, (B) -MWCNTs/BB modified from
1x10° M BB in pH 1.5 H,SO, buffer, scan rate at 100 mVs . (C) Comparison of Cyclic

voltammograms (a) only BB film, (b) -MWCNTs and (c) f-MWCNTs/BB films on GCE in pH
7.0 PBS buffer, scan rate at 100 mVs .
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The electrochemical formation of a film of adhered Brilliant blue FCF (BB) on a glassy carbon
electrode (GCE) along with enhanced electropolymerization by a f-MWCNTs modified electrode was
performed using consecutive cyclic voltammetry between suitable potentials in strongly acidic aqueous
solutions (pH 1.5 aqueous H,SO, solution). The former film was prepared using electrochemical
oxidation with an anodic wave current occurring between the potentials of -0.7 to 1.2 V. Figure 1 (A)
showed the only BB film growth of the cyclic voltammetrys current exhibiting a redox couple with a
formal potential of E® = 0.68 V (vs. Ag|AgCl). The increase in peak current at the redox couple
indicates that film formation occurred. The second type of electrochemical film formation arising from
the adherence of BB on a f-MWCNTs modified glassy carbon electrode was performed using
consecutive cyclic voltammetrys between the same conditions. Figure 1 (B) the redox couple showed a
larger growth in peak current than only BB film. The growth in the cyclic voltammetric current
showed that the redox couple occurred at a formal potential of E° = 0.45 V (vs. Ag|AgCl). The more
rapid increase in peak current, and the larger magnitude of the peak current of the redox couple in
Figure 1 (B), indicates that film formation occurred, and that this was enhanced by the f-MWCNTSs on
the modified electrode surface. Brilliant blue FCF (BB) films could also be synthesized in strong
acidic aqueous solutions using consecutive cyclic voltammetrys on ITO electrodes that had been
modified by including f-MWCNTS on the electrode surface.

Table. 1. Surface coverage (1) of Brilliant blue FCF (BB) at glassy carbon modified electrode.

GCE? Brilliant blue FCF (BB) 474 %1075
f-MWCNTSs 2.68 x 101
f-MWCNTs/BB 411 x 101

In the following experiments, each newly prepared film on glassy carbon electrode has been
washed carefully in deionized water to remove the loosely Brilliant blue FCF (BB) on the modified
glassy carbon electrode. It was then transferred to pH 7.0 PBS solution for the other electrochemical
characterizations. These optimized pH solutions have been chosen to maintain the higher stability (pH
= 7.0). Figure 1 (C) showed different types (a) only BB film, (b) -MWCNTSs and (c) -MWCNTs/BB.
The corresponding cyclic voltammetric have been measured at 100 mVs™ scan rate in the potential
range of 0.6 to -0.6 V. From Figure 1 (C), a pair of well defined redox peak has been observed at
formal potential (E®) = 0.18 V (vs. Ag|AgCl) for f-MWCNTSs/BB film (curve c). However, no peaks at
only BB film (curve a). Similar results have been observed at ITO electrodes (figure not shown).
Comparison of curve (a) and curve (c), it is found that the presence of f-MWCNTs showed the
catalytic effect on Brilliant blue FCF (BB) redox peak currents. Further, it has been observed that the
presence of f-MWCNTSs increases the overall back ground current, which is similar to that of previous
studies [25-26]. These above results showed that, Brilliant blue FCF (BB) exhibits reversible redox
peaks only in the presence of -MWCNTSs at various electrodes. The surface coverage (I') values for
Brilliant blue FCF (BB) at different modified electrodes have been calculated and given in Table 1.
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The I" value has been applied in the equation : I" = Q/nF'A. where Q is the charge, n is the number of
electrons involved, F, Faraday current and A, electrode area. Where the number of electrons transferred
is two. We can note the enhanced 7" of Brilliant blue FCF (BB) in the -MWCNTSs modified electrode.
These values indicate that the presence of f-MWCNTS increased the surface area of the electrode,
which in turn has increased the I" of Brilliant blue FCF (BB). The calculated values from the same

table showed that, the overall percentage of increase in I” of Brilliant blue FCF (BB) in -MWCNTSs
film is 1.43 x 10 ** mol cm™.
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Figure 2. (A) Cyclic voltammograms of the -MWCNTSs/BB transferred to various pH solutions (a) 1;
(b) 3; (c) 5; (d) 7; (e) 9; () 11; (g) 13. The inset shows the formal E* vs. pH. (B) Cyclic
voltammograms of pH 7.0 PBS at -MWCNTs/BB electrode at different scan rate from 10 mV

s to 3500 mV s, respectively. Calibration curve for data in (a) shows lpa & lpc VS. scan rate;
(b) Epa & Epc vs. log(scan rate).
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Figure 2 (A) showed the cyclic voltammetric of -MWCNTSs/BB on electrode obtained in pH
1.5 aqueous H,SO, solution, then washed with deionized water and was transferred to various pH
aqueous buffer solutions. This showed that the film is highly stable in the pH range between 1.0 to 13.
The values of Ep, and Epc depends on the pH value of the buffer solution. The inset in Figure 2 (A)
showed the potential of f-MWCNTs/BB plotted over a pH range from 1.0 to 13. The response showed
a slope of -60 mV/pH, which is close to that given by the Nernstian equation for equal number of
electrons and protons transfer [27-28]. The values of E°, which depend on the pH, also showed that
the redox couple of the polymeric film includes proton transfer in the reduction and oxidation
processes. The chemical composition and possible electropolymerization of a Brilliant blue FCF (BB)
film is analogous to that of polyaniline and its analogues [29-34].

Figure 2 (B) showed that the -MWCNTSs/BB film on a glassy carbon electrode had one
chemically reversible redox couple at 0.18 V in the pH 7.0 PBS when cyclic voltammetry was
performed at different scan rates (10 to 3500 mVs™). The anodic and cathodic peak currents of both
the film redox couples which have increased linearly with the increase of scan rates. The inset
calibration curve for data in Figure 2 (B) showed (a) lpa & I VS. scan rate, (b) Epa & Epc vs. log (scan
rate). The ratio of lp/lpc from the inset has demonstrated that the redox process has not been controlled
by diffusion. This behavior perhaps occurs because of a reversible electron transfer process involving
the Brilliant blue FCF (BB) on the f-MWCNTS layer, with a proton exchange process occurring along
with the electron transfer process. However, the AE, of each scan rate reveals that the peak separation
of composite redox couple increases as the scan rate is increased.

3.2. Electrochemical impedance spectra (EIS) of analysis

Electrochemical impedance spectra (EIS) was applied to monitor the whole process of the
electrode modification. EIS can give useful information of the impedance changes on the electrode
surface between each step. Figure 3 (A) showed the results of EIS for different type modified
electrodes in the presence of equimolar 5 mM [Fe(CN)s]>™ in pH 7.0 PBS. The EIS includes a
semicircular part and a linear part. The semicircular part at higher frequencies corresponds to the
electron transfer limited process and the diameter is equivalent to the electron transfer resistance (R).
The linear part at lower frequencies corresponds to the diffusion process. During the fabrication,
significant differences were observed. R of a bare GCE is 941 Q (curve b). The GCE was modified
with Brilliant blue FCF (BB), R value was increased dramatically (figure not shown). R of a f-
MWCNTSs is 1526 Q (curve c). EIS results for the electrode modified with the f-MWCNTSs/BB are
showed in curve a and R was considerably increased to 1560 Q. These results confirmed that the f-
MWCNTs/BB film was successfully immobilized on the GCE surface. From these observations, we
can conclude that the -MWCNTSs were highly conductive and expected as a good platform for sensing
applications.
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Figure 3. (A) Electrochemical impedance spectra (EIS) of (a) -MWCNTSs/BB; (b) bare GCE and (c) f-
MWCNTSs in pH 7.0 PBS containing 5 x 10 M [Fe(CN)s] ¥ (Amplitude: 5 mV). (B) UV-vis
absorption spectra of -MWCNTs/BB, only BB film and bare modified on ITO electrode.

3.3. UV-visible absorption spectra of analysis

Figure 3 (B) showed the UV-visible absorption spectra for electropolymerization only BB film,
f-MWCNTs/BB and bare modified ITO electrodes. For the electropolymerization f-MWCNTs/BB film
(black line), a strong UV absorption peak centered at 448 nm has been noticed corresponds to the
presence of -MWCNTSs on the ITO surface. For only BB film (green line), UV absorption peak
appears at 459 nm. Therefore, the absorption peak shift slightly validates the -MWCNTSs/BB. Finally,
the UV spectrum studies clearly represent the presence of -MWCNTSs can enhance intensity of the
absorption. These results confirmed that the -MWCNTs/BB film was successfully immobilized on the
ITO surface.

3.4. Morphological characterization of f-MWCNTs/BB film

Figure 4 represents the top view SEM images of different films coated on ITO surfaces taken at
a resolution. In prior to modification, ITO surfaces were cleaned and ultrasonicated in acetone—water
mixture for 15 min and then dried. Only BB film, -MWCNTs and -MWCNTs/BB have been prepared
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on the ITO electrode. From Figure 4, it is significant that there are morphological differences between
both the films. The top views of structures Figure 4 (A) on the ITO electrode surface showed only BB
film on this electrode. Figure 4 (B) was -MWCNTSs top view. The -MWCNTSs/BB film in Figure 4
(C) reveals that the BB had covered the entire -MWCNTSs to form f-MWCNTs/BB modified electrode.
The same modified ITO electrodes have been used to measure the AFM topography images of Figure
5 (A) only BB film, (B) f-MWCNTSs and (C) -MWCNTs/BB electrode. In all these cases the observed
morphological structure is similar to that of SEM.

Figure 4. SEM images of (A) only BB film; (B ) f-MWCNTs and (C) f-MWCNTs/BB on ITO
electrode.
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Figure 5. AFM images of (A) only BB film; (B) -MWCNTs and (C) f-MWCNTs/BB on ITO
electrode.

3.5. Electrocatalytic response of hydrogen peroxide

Figure 6 (A) showed the electrocatalytic response of hydrogen peroxide by Cyclic
voltammograms, at f-MWCNTSs/BB with a scan rate of 100 mVs™. In Figure 6 (A), curve (a) is the f-
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MWCNTSs/BB in pH 7.0 PBS; curve (a’) represents bare GCE and curve (b) is -MWCNTs/BB both at
the highest concentrations of hydrogen peroxide (1.1 mM). The cyclic voltammetric for f-
MWCNTSs/BB exhibit a reversible redox couple in the absence of hydrogen peroxide, and on the
addition of analytes a new growth in the response peak of analytes appeared at Ep, = -0.45 V.
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Figure 6. (A) The electrocatalytic of hydrogen peroxide by Cyclic voltammograms, at -MWCNTs/BB
modified GCE with a scan rate of 100 mV s™. (a) and (b) f-MWCNTSs/BB are absence and
presence hydrogen peroxide in pH 7.0 PBS; (a’) bare GCE at the highest concentrations of
hydrogen peroxide (1.1 mM). (B) Amperometric response at -MWCNTs/BB electrode to the

successive injection of 100 uL of 10 mM hydrogen peroxide. Applied potential -0.45 V.
Rotation rate: 1000 rpm. Insert shows different concentration vs. current.

The detection limit of -MWCNTs/BB modified electrodes for hydrogen peroxide was 0.09
mM. The sensitivity of f-MWCNTs/BB modified electrodes was 160.1 pA mM™ cm? More
specifically, the enhanced electrocatalysis of -MWCNTs/BB can be explained in terms of higher peak
current than that of -MWCNTSs and both lower overpotential and higher peak current than that of only
BB film, where the increase in peak current and lower overpotential both are considered as the
electrocatalysis [35]. It is obvious (figure not shown) that the sensitivity of f-MWCNTs/BB is higher
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for analytes when compared with f-MWCNTSs and only BB film. The overall view of these results
clearly reveals that -MWCNTSs/BB is efficient for s hydrogen peroxide detection.

In order to utilize the -MWCNTSs/BB have been synthesized on GCE for hydrogen peroxide
determination, amperometry under stirred condition was used in the further investigation to construct
calibration curve. Figure 6 (B) showed amperograms obtained by holding the potential of f-
MWCNTSs/BB film electrode at -0.45V and successive injection of 100 uL of 10 mM hydrogen
peroxide to pH 7.0 PBS supporting electrolyte. For each addition, a well defined current response was
obtained. As showed in figure 6 (B), the current in whole concentration range, 9.9 x 10" to 1.1 x 103
M. The sensitivity of f-MWCNTs/BB film electrode was found to be 48.85 nA mM™ with a correlation
coefficient of 0.9896. The sensor achieves 98% of steady-state current in less than 5 s. Such a short
response time indicates fast mass transfer across the film and also fast electron exchange between f-
MWCNTSs and analyte.

3.6. photoelectrocatalytic responses of the hydrogen peroxide at -MWCNTs/BB
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Figure 7. The photoelectrocatalytic of hydrogen peroxide by Cyclic voltammograms, at f-
MWCNTSs/BB modified ITO electrode (1 x 1 cm?) with scan rate 100 mVs . Light source, Xe
lamp (100 mWecm ). (a) unirradiation and (b) irradiation with -MWCNTs/BB film in 1.1 mM
hydrogen peroxide in pH 7.0 PBS; (a’) bare GCE in the of hydrogen peroxide (1.1 mM) at
irradiation.

A typical photocurrent response of -MWCNTSs/BB film modified ITO electrode (area : 1 x 1
cm?) with scan rate 100 mVs * under illumination (light source, Xe lamp 100 mWcm ?) by Cyclic
voltammograms is presented in Figure 7. As the figure indicates, a broad background current was first
observed for the response of f-MWCNTSs. With the injection of a higher hydrogen peroxide
concentration, the photocurrent increases with the increase of concentration. In figure curve (a) and (b)
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were f-MWCNTSs/BB in 1.1 mM hydrogen peroxide in pH 7.0 PBS; curve (a’) was bare GCE in
hydrogen peroxide (1.1 mM) at irradiation. Comparison of curve (a) and curve (b), it is found
increased the photocatalytic effect of peak currents under illumination. Above these results validates
that the -MWCNTSs/BB modified electrode is capable for the electro catalytic response of hydrogen
peroxide in lower and higher concentration ranges.

4. CONCLUSIONS

We have demonstrated application of -MWCNTs/BB modified electrode for determination of
hydrogen peroxide. It is found increased the catalytic effect of peak currents under illumination. The
modified electrode showed stable response. This feature provides a favorable for fule cell at
electrocatalytic response of hydrogen peroxide under illumination. High sensitivity and stability
together with very easy preparation makes -MWCNTSs/BB electrode as promising candidate for
constructing simple electrochemical sensor for hydrogen peroxide determination. The SEM and AFM
results have showed the difference between f-MWCNTs and f-MWCNTSs/BB films morphological
data. Further, it has been found that the -MWCNTs/BB has an excellent functional property along
with good photoelectrocatalytic activity on hydrogen peroxide. The experimental methods of Cyclic
voltammograms and amperometry with film biosensor integrated into the GCE and ITO which are
presented in this paper, provide an opportunity for qualitative and quantitative characterization, even at
physiologically relevant conditions. Therefore, this work establishes and illustrates, in principle and
potential, a simple and novel approach for the development of a voltammetric sensor which is based on
the GCE and ITO electrodes.
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