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Abstract
A hybrid film (MWCNTs-RuOx · nH2O) which contains multiwalled carbon nanotubes (MWCNTs) along with the
incorporation of ruthenium oxide (RuOx · nH2O) has been synthesized on glassy carbon electrode (GCE), gold (Au),
indium tin oxide (ITO) and screen printed carbon electrode (SPCE) by potentiostatic methods. The presence of
MWCNTs in the hybrid film enhances surface coverage concentration (G) of RuOx · nH2O to �2100%. The surface
morphology of the hybrid film deposited on ITO has been studied using scanning electron microscopy and atomic
force microscopy. These two techniques reveal that the RuOx · nH2O incorporated on MWCNTs. Electrochemical
quartz crystal microbalance study too reveals the incorporation of MWCNTs and RuOx · nH2O. The MWCNTs-
RuOx · nH2O hybrid film exhibits promising enhanced electrocatalytic activity towards the biochemical compounds
such as epinephrine and norepinephrine. The electrocatalytic responses of these analytes at RuOx · nH2O, MWCNTs
and MWCNTs-RuOx · nH2O hybrid films have been measured using cyclic voltammetry. The obtained sensitivity
values from electrocatalysis studies of analytes for MWCNTs-RuOx · nH2O hybrid film are higher than the RuOx · nH2

O and MWCNTs films. Finally, the flow injection analysis has been used for the amperometric studies of analytes at
MWCNTs-RuOx · nH2O hybrid film modified SPCEs.
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1. Introduction

Ruthenium and other metal hybrid materials received great
attention in the last few years as high specific surface anodes
for electrochemical sensor applications [1 – 10]. It is a known
fact that, the direct electrochemical behavior of bare glassy
carbon electrode (GCE) does not show relatively large
difference of peak potentials; also the formed sensors show
very low sensitivity. To overcome this limitation, several
steps had been taken for the fabrication of metal oxides and
metal particle hybrid materials, which have been used for
enhancing sensing applications. Such kind of materials
includes gold [11, 12], SiO2 nanoparticles, etc [13, 14].
Among these materials, metal oxide electrodes have shown
some advantages in electrochemical analysis; and micro- or
nano-metal-oxides exhibit unique performance in electric,
optical, magnetic and catalytic aspects [15]. Ruthenium
based ferrocyanides had also been used as potential
electrode material for the electroanalysis [16 – 18], electro-
chromism [19], ion-exchange reactions [20], photoelectro-
chemical, photocatalytic devices, batteries and capacitors
[21].

Other than metal oxides, varieties of applications of CNT
matrices for the detection of inorganic and bioorganic
compounds were already reported [22 – 24]. Even though,

electrocatalytic activity of the metal oxides and CNT
matrices individually shows good result; some properties
like mechanical stability, sensitivity for different techniques
and electrocatalysis of multiple compounds are found to be
poor. To overcome this difficulty, new studies have been
developed in the past decade by preparing hybrid films
composed of both CNTs and metal oxides. The rolled-up
graphene sheets of carbon exhibit a p-conjugative structure
with a highly hydrophobic surface. This unique property of
CNTs allows them to interact with some compounds
through p-p electronic and hydrophobic interactions and
form new structures [25, 26]. There were past attempts in the
preparation of hybrid and sandwiched films for electro-
catalytic studies such as selective detection of dopamine in
the presence of ascorbic acid [27]. The sandwiched films
were also been used for the designing of nanodevices with
the help of non-covalent adsorption, electrodeposition, etc
[28]. Similar previous studies on CNT-metal oxide hybrids
show the necessity of metal oxide on the CNTs, such as
improvement in functional properties like orientation,
enhanced electron transport, high capacitance, etc. [29 – 31].

Epinephrine (EP) and norepinephrine (NEP) are the
important catecholamine neurotransmitters in the mamma-
lian central nervous system, which plays very important role
in the function of central nervous, renal, hormonal and
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cardiovascular system. The catecholamine drugs were used
to treat hypertension, bronchial asthma, organic heart
disease, and used in cardiac surgery and myocardial
infarction [32, 33]. The oxidation of these compounds is
interesting as this process occurs in the human body. Due to
their crucial role in neurochemistry and industrial applica-
tions, several traditional methods have been used for its
determination, among them; the electrochemical methods
have more advantages over the other in sensing the neuro-
transmitters in living organisms.

The literature survey reveals that there were no attempts
reported for the electroanalysis of EP and NEP at CNTwith
metal oxide hybrid materials. In this paper, we report about
a novel hybrid film (MWCNTs-RuOx · nH2O) made of
multiwalled carbon nanotubes (MWCNTs) which is incor-
porated with ruthenium oxide (RuOx · nH2O). MWCNTs-
RuOx · nH2O hybrid film�s characterization, enhancement
in functional properties, peak current and electrocatalytic
activity towards EP and NEP have also been reported. The
film formation process involves the modification of GCE
with uniformly well dispersed MWCNTs, and which is then
modified with RuOx · nH2O.

2. Experimental

2.1. Materials and Apparatus

RuCl3 · xH2O, MWCNTs (OD¼ 10 – 20 nm, ID¼ 2 – 10 nm
and length¼ 0.5 – 200 mm), potassium, EP and NEP ob-
tained from Aldrich and Sigma-Aldrich were used as
received. All other chemicals used were of analytical grade.
The preparation of aqueous solution was done with twice
distilled deionized water. Solutions were deoxygenated by
purging with prepurified N2 gas. The pH 3.0 aqueous
solution was prepared from 0.1 M KNO3. Cyclic voltamme-
try (CV) was performed in an analytical system model CHI-
400 potentiostat. A conventional three-electrode cell as-
sembly consisting of Ag/AgCl reference electrode and a Pt
wire counter electrode were used for electrochemical
measurements. The working electrode was either an un-
modified GCE or a GCE modified with the RuOx · nH2O,
MWCNTs or MWCNTs-RuOx · nH2O hybrid films. In these
experiments, all the potentials are reported vs. Ag/AgCl
reference electrode. The working electrode for EQCM
measurements was an 8 MHz AT-cut quartz crystal coated
with gold electrode. The diameter of the quartz crystal is
13.7 mm; the gold electrode diameter is 5 mm. The flow
injection analysis (FIA) of the analytes at screen printed
carbon electrode (SPCE) were done using Alltech 426
HPLC pump containing an electrochemical cell. The
morphological characterization of the films were examined
by means of scanning electron microscopy (SEM) (Hitachi
S-3000H) and atomic force microscopy (AFM) (Being
Nano-Instruments CSPM4000). All the measurements were
carried out at 25 8C� 2.

2.2. Fabrication of MWCNTs-RuOx · nH2O Hybrid Film
Modified Electrodes

There was an important challenge in the preparation of
MWCNTs. 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 MWCNTs was converted in to hydrophilic nature by
following the previous studies [34, 35]. This was done by
weighing 10 mg of MWCNTs and 200 mg of potassium
hydroxide in to a ruby mortar and grained together for 2 h at
room temperature. Then, the reaction mixture was dissolved
in 10 mL of double distilled deionized water, and then
precipitated many times in to methanol for the removal of
potassium hydroxide. Then, the obtained MWCNTs in
10 mL water were ultrasonicated for 6 h to get a uniform
dispersion. This functionalization process of MWCNTs is to
get hydrophilic nature, to obtain the homogeneous disper-
sion of MWCNTs in water. This process not only converts
MWCNTs to hydrophilic nature but this helps to breakdown
larger bundles of MWCNTs in to smaller ones. This was
confirmed using SEM, which is not shown in the figures.

Before starting each experiment, GCEs were polished by
a BAS polishing kit with 0.05 mm alumina slurry, rinsed and
then ultrasonicated in double distilled deionized water.
Then, the GCEs were uniformly coated with 50 mg cm�2 of
MWCNTs and dried at room temperature. The electro-
chemical formation of RuOx · nH2O was performed by
continuous cycling of potential at the working electrode.
The continuous cycling has been performed in a defined
potential range of �0.3 to 1.3 V, using 100 mV s�1 scan rate
in 0.1 M KNO3 aqueous solution at pH 3.0, which contains
Ru3þ ions (1 mM of RuCl3 · xH2O). Then the MWCNTs-
RuOx · nH2O hybrid film modified electrode was carefully
washed with double distilled deionized water. The concen-
tration of homogeneously dispersed MWCNTs was exactly
measured using micro-syringe.

3. Results and Discussion

3.1. Electrochemical Preparation and Characterization of
MWCNTs-RuOx · nH2O Hybrid Film

Hydrous RuOx film has been deposited on GCE from
0.01 M RuCl3 · xH2O present in 0.1 M KNO3 pH 3.0 electro-
lyte solution. The typical CVs for the growth of RuOx · nH2O
film shows two set of redox peaks in the potential range of
�0.3 to 1.3 V (figure not shown). During the negative scan, a
peak appear at 0.39 V, which is due to the reduction of Ru3þ

and thus the deposition of ruthenium (Ru) has taken place
on GCE. On the positive sweep, the deposited Ru oxidize to
hydrous oxides (RuOx · nH2O) and hydroxyl Ru4þ species
and their corresponding peaks have appeared at about
0.51 V; and the redox couple at E8’¼ 0.15 V represents the
Ru1þ/2þ redox reaction [36, 37]. Following the above growth
studies of RuOx · nH2O, it has also been deposited on
MWCNTs modified GCE at similar pH (0.1 M KNO3
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pH 3.0) using the solution containing Ru3þ ions. The
scanning potential region for film growth is �0.3 to 1.3 V
(Fig. 1a). In this above experiment, upon continuous
cycling, the redox peak currents appeared at the formal
potentials E8’¼ 0.15 and 0.45 V are found to be increasing.
This behavior indicates the deposition of RuOx · nH2O film
during cycling. The electrochemical behavior of RuOx · nH2

O, MWCNTs and MWCNTs-RuOx · nH2O hybrid film
modified GCEs have been studied after washing them in
double distilled deionized water, and transferring them in to
pH 3.0 aqueous solution. Figure 1b represents the electro-
chemical behavior of all the three films, where RuOx · nH2O
and MWCNTs doesn�t possess obvious redox couples.
Whereas, MWCNTs-RuOx · nH2O hybrid film modified
GCE shows overlapped redox couples at E8’¼0.15 and
0.65 V which reveals the redox reactions of Ru1þ/2þ and Ru3þ/

4þ at MWCNTs-RuOx · nH2O hybrid film respectively.
Further, comparison of all these films reveals that the
MWCNTs-RuOx · nH2O hybrid film possesses higher cur-
rent than RuOx · nH2O film. This is due to the more
deposition of RuOx · nH2O in presence of MWCNTs. These
results have been given in Table. 1 in the form of surface
coverage concentration values (G). The calculated values
from the same table shows that, MWCNTs enhances G of
RuOx · nH2O by 84 pmol cm�2 mg�1; and the overall increase
in percentage of RuOx · nH2O G at MWCNTs film is 2100%.
In this calculation, the charge involved in the reaction (Q)
has been obtained from CVs and applied in the equation
G¼Q/nFA where, n is the number of electron transfer
involved for a redox reaction, and A is the area of working
electrode (0.08 cm2). These above results show that
MWCNTs catalyze the RuOx · nH2O deposition.

Two similar EQCM experiments have been carried out;
one was with bare gold electrode and the other by modifying
the gold in electrochemical quartz crystal with uniformly
coated MWCNTs and then dried at 40 8C. The increase in
voltammetric peak current of RuOx · nH2O redox couples
(Ru1þ/2þ and Ru3þ/4þ) and the frequency decrease (or mass
increase) are found to be consistent with the growth of
RuOx · nH2O film on bare and MWCNTs modified gold
electrodes (figures not shown). These results too show that
the obvious RuOx · nH2O deposition potential starts be-
tween �0.3 and 1.3 V. From the frequency change, the
change in the mass of RuOx · nH2O at bare and MWCNTs
modified quartz crystal gold electrode can be calculated by
Sauerbrey Equation 1, however 1 Hz frequency change is
equivalent to 1.4 ng cm�2 of mass change [38, 39]. The mass
change during RuOx · nH2O incorporation on MWCNTs
modified and unmodified gold electrodes for total cycles are
7.04 and 0.5 mg cm�2, respectively.

Mass change (Dm)¼�1/2 (f�2
0 Þ(Df)A(K1)1/2 (1)

Where, f0 is the oscillation frequency of the crystal; Df is the
frequency change; A, the area of gold disk; K, the shear
modulus of the crystal; 1, the density of the crystal. Figure 1c
indicates the variation of frequency with increase of scan
cycles for RuOx · nH2O at MWCNTs modified and unmodi-

fied EQCM gold crystal electrodes. Figure 1d indicates
every cycle of frequency with the increase of scan cycles for
RuOx · nH2O at MWCNTs modified and unmodified
EQCM gold crystal electrodes. These EQCM results prove
that the deposition of RuOx · nH2O on the MWCNTs film is
more stabilized and more homogeneous than on the bare
gold electrode.

The CVs of RuOx · nH2O and MWCNTs-RuOx · nH2O
hybrid film on GCE in pH 3 at different scan rates reveal
that, anodic and cathodic peak currents of the redox couple
(E8’¼ 0.15 V) for both the films increases linearly with the
increase of scan rates (figures not shown). The ratio of Ipa/Ipc

in the same experiments demonstrates that the redox
process is not controlled by diffusion for both the films.
However, the DEp of each scan rate reveals that the peak
separation of hybrid�s redox couple (E8’¼ 0.15 V) increases
as the scan rate increase (figure not shown). From the slope
values of DE vs. log scan rate, by assuming the value of a�
0.5, number of electrons involved as one, the electron
transfer rate constant (ks) has been calculated using

Fig. 1. a) Consecutive CVs of 50 mg cm�2 MWCNTs-GCE
modified from 0.1 mM RuCl3 · xH2O present in 0.1 M KNO3

pH 3 aqueous solution, scan rate at 100 mV s�1. b) CVs of GCE
modified from RuOx · nH2O, MWCNTs and MWCNTs-RuOx ·
nH2O hybrid film, in 0.1 M KNO3 pH 3 aqueous solution, scan
rate at 20 mV s�1. EQCM frequency change responses recorded
together with the consecutive CVs (RuOx · nH2O formation on
MWCNTs modified and unmodified electrode, potential between
�0.3 and 1.3 V; scan rate: 20 mV s�1), where c) shows the gross
change in the peak current and frequency shift for the first five
scan cycles, whereas d) shows the change between each consec-
utive scans.
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Equation 2 based on Laviron theory [40]. The ks value is
3.1 cm s�1 for MWCNTs-RuOx · nH2O hybrid film modified
GCE.

log ks¼a log(1�a)þ (1�a) log a� log(RT/nFu)�a

(1�a)nFDE/2.3RT (2)

In the Equation 2, the scan rate and DE values are in unit
volts. For various pH studies, the MWCNTs-RuOx · nH2O
hybrid film modified GCE prepared in pH 3 aqueous
solution has been washed with deionized water, and has
been transferred to various pH aqueous buffer solutions
without the presence of RuCl3 · xH2O (figures not shown).
The results reveal that the film is highly stable in the pH
range between 1 and 7, where the values of Epa and Epc

depends on the pH value of buffer solution. The formal
potential of MWCNTs-RuOx · nH2O plotted over the pH
range from 1 to 7. The response shows a slope of �59 mV/
pH, which is close to that given by Nernstian equation for
equal number of electrons and protons transfer. All these
above results show the enhanced functional properties of
MWCNTs-RuOx · nH2O hybrid film in the presence of both
RuOx · nH2O and MWCNTs.

3.2. Topographic Characterization of MWCNTs-RuOx ·
nH2O Hybrid Film Using SEM and AFM

Three different films; MWCNTs, RuOx · nH2O and
MWCNTs-RuOx · nH2O hybrid films have been prepared
on indium tin oxide (ITO) with similar conditions and
similar potential as that of GCE and have been character-
ized using SEM. From Figure 2, it is significant that there are
morphological differences between MWCNTs, RuOx · nH2

O and RuOx · nH2O covered MWCNTs films. The top views
of structures Figure 2a on the ITO electrode surface shows
uniformly coated high concentration of MWCNTs, which
completely covered the ITO surface. Similarly, Figure 2b is
the deposition of RuOx · nH2O on the ITO electrode surface,
where the RuOx · nH2O forms networks of beads embed
together. This above mentioned RuOx · nH2O morphology
present throughout the entire electrode surface. However,
they are not as denser as MWCNTs on the electrode surface.
Figure 2c indicates the deposition of RuOx · nH2O, which
covers over MWCNTs, where patches of RuOx · nH2O
formed on MWCNTs instead of beads which are shown in
Figure 2b. This Figure 2c shows an obvious formation of
MWCNTs-RuOx · nH2O hybrid film on ITO. Where, the
RuOx · nH2O deposition over MWCNTs is more uniform

and high in concentration than the RuOx · nH2O on ITO.
Similarly, Figure 3a and b shows the AFM images of only
RuOx · nH2O and MWCNTs-RuOx · nH2O on ITO respec-
tively. These AFM results are similar to SEM results for both
RuOx · nH2O film and MWCNTs-RuOx · nH2O hybrid film.

3.3. Electroanalytical Studies of EP and NEP at
RuOx · nH2O, MWCNTs and MWCNTs-RuOx · nH2O
Hybrid Film

Figure 4a and b are the electrocatalytic oxidation of EP and
NEP respectively. The electrolytes used for the electro-
catalytic reactions were pH 3 aqueous solutions. The CVs
have been recorded at the constant time interval of 2 min
with N2 purging before the start of each experiment. The
scan rate used for these electrocatalysis experiments is
10 mV s�1. For comparison, in both sections of Figure 4,
highest concentration of the analytes at bare GCE, RuOx ·
nH2O and MWCNTs are given along with the MWCNTs-
RuOx · nH2O hybrid film in presence and absence of
analytes. The CVs of MWCNTs-RuOx · nH2O hybrid film
in Figure 4a and b exhibits reversible redox couples for
RuOx · nH2O in the absence of analytes, upon the addition of
analytes a new growth in the oxidation peak of EP and NEP

Table 1. Surface coverage concentration (G) of RuOx · nH2O at
MWCNTs modified and unmodified GCE using CV technique in
pH 3.

Films modified on GCE G (nmol cm�2)

RuOx · nH2O 0.2
MWCNTs-RuOx · nH2O 4.4

Fig. 2. SEM images of a) MWCNTs, b) RuOx · nH2O and c)
MWCNTs-RuOx · nH2O hybrid films.
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appeared at Epa¼ 0.46 V. These peak currents show that
electrocatalytic oxidation of both the analytes took place at
Ru3þ/4þ, and could be represented by the Scheme 1.

During the electrocatalysis experiments, an increase in
the concentration of analytes simultaneously produced a
linear increase in the oxidation peak currents of the analytes
with good film stability as shown in the insets in Figure 4a
and b. It is obvious that, the MWCNTs-RuOx · nH2O hybrid
film shows higher peak current for both the analytes when

comparing to all other modified GCEs. The values of Ipa and
Epa for the analytes at different films are given in Table 2.
The anodic peak currents are linear with the concentration
of both analytes in the range of 0.1 to 0.6 mM, and the
detection limit of MWCNTs-RuOx · nH2O hybrid film using
CV technique is 0.1 mM for both the analytes. From the
slopes of the linear calibration curves, the sensitivity of the
various film modified GCEs and their correlation coeffi-
cient have been calculated and given in Table 3. These above
results show that the sensitivity of MWCNTs-RuOx · nH2O
hybrid film is higher for both the analytes. From the redox
peaks of analytes given in Figure 4, ks values has been
calculated using Laviron theory, where the number of
electrons involved are two [40, 41]. The ks values for EP at
bare GCE, RuOx · nH2O, MWCNTs and MWCNTs-RuOx ·
nH2O are 1.8� 10�5, 1.9� 10�4, 2.1� 10�4 and 2.4� 10�4 cm
s�1 respectively. Similarly, the ks values for NEP at bare
GCE, RuOx · nH2O, MWCNTs and MWCNTs-RuOx · nH2

O are 3.8� 10�4, 2.8� 10�3, 4.5� 10�3 and 6.8� 10�3 cm s�1

Fig. 3. AFM images of a) RuOx · nH2O and b) MWCNTs-RuOx ·
nH2O hybrid films.

Scheme 1. Electrochemical oxidation of a) EP and b) NEP.

Fig. 4. CVs of a) EP and b) NEP at various electrodes using
pH 3 aqueous solution at 10 mV s�1. In both figures, MWCNTs-
RuOx · nH2O hybrid film in the absence of analytes are shown with
(square boxes line), where others are at the highest concentration
of analytes. The inset in both figures is the plots of peak current vs.
analyte concentration (0.1 to 0.6 mM) at different electrodes.
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respectively. Further, the interference studies have been
carried out by varying the concentration of EP and NEP in
presence of 1 mM of ascorbic acid at MWCNTs-RuOx · nH2

O hybrid film (figures not shown) [39]. The results show that
there is no change in the ascorbic acid peak current while
increasing EP or NEP concentration, which reveals that
there are no interference between the analytes and ascorbic
acid. These results show that the MWCNTs-RuOx · nH2O
hybrid film can be efficiently used for the detection of EP
and NEP.

3.4. Flow Injection Analysis of EP and NEP at MWCNTs-
RuOx · nH2O Hybrid Film

Figures 5a and b show the FIA studies of EP and NEP at
MWCNTs-RuOx · nH2O hybrid film respectively, which
have been synthesized on SPCE at similar conditions to
that of GCE. Before the start of each experiment, the
modified SPCE has been washed carefully with deionized
water to remove the loosely bounded RuCl3 · xH2O on the
modified SPCE. The carrier stream used was pH 3 aqueous
solution with the flow rate of 0.03 mL s�1 and the volume of
analytes injected at each cycle was 10 mL. Figure 5a
represents the successive addition of EP in the concentra-
tion range from 1 to 4 mM at the potential of 0.46 V. These
optimized experimental conditions such as buffer and
potential have been obtained from CV studies mentioned
in section 3.1 and 3.3 respectively. Similarly, the optimiza-
tion of flow rate for these FIA experiments has been done by
conducting experiments in various flow rates and choosing
the flow rate with has the highest response for both analytes.
Similar to Figure 5a, Figure 5b represents the successive
addition of NEP in the concentration range from 1 to 4 mM
at the potential of 0.46 V. In both Figure 5a and b, the rapid
amperometric response of the MWCNTs-RuOx · nH2O

hybrid film is proportional to the respective analyte
concentrations. The results obtained from both FIA have
been plotted as shown in Figure 5 insets, where current vs.
concentration of analytes are given. From the slopes of the
linear calibration curves, sensitivity of the MWCNTs-
RuOx · nH2O hybrid film have been calculated, and they
are 688.3 and 888.6 nA mM cm�2 for EP and NEP
respectively. The performance of MWCNTs-RuOx · nH2O

Table 2. Comparison of Epa and Ipa of analytes obtained from
electrocatalysis reactions using CV technique at different mod-
ified GCEs in pH 3 aqueous solution.

Analytes Reaction type Ep (V) Ip (mA)

[a] [b] [c] [d] [a] [b] [c] [d]

EP Oxidation 0.58 0.46 0.46 0.46 5.89 6.56 4.48 8.69
NEP Oxidation 0.59 0.46 0.44 0.46 5.98 5.35 4.48 7.26

[a] bare GCE
[b] RuOx · nH2O modified GCE
[c] MWCNTs modified GCE
[d] MWCNTs-RuOx · nH2O modified GCE

Table 3. Sensitivity and correlation co-efficient of different modified GCEs for analytes in CV technique. Values in brackets: slope�s
correlation coefficient

Analytes Reaction type Sensitivity (mA mM�1 cm�2)

RuOx · nH2O MWCNTs MWCNTs-RuOx · nH2O

EP Oxidation 141.0 (0.9974) 95.9 (0.9904) 174.7 (0.9954)
NEP Oxidation 118.1 (0.9932) 97.4 (0.9941) 155.6 (0.9976)

Fig. 5. FIA signal of MWCNTs-RuOx · nH2O hybrid film with
various concentration of a) EP¼ 1, 2, 3 and 4 mM; b) NEP¼ 1, 2, 3
and 4 mM. The potential applied¼ 0.46 V for both EP and NEP,
and the carrier stream used was pH 3 aqueous solution; flow
rate¼ 0.03 mL s�1 and injected volume¼ 10 mL. The insets show
the plot of current vs. different concentration of analytes at
MWCNTs-RuOx · nH2O hybrid film.
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hybrid film modified SPCE has been tested using FIA by
applying it to the determination of EP present in EP
injection. The concentration added, found and the relative
standard deviations are 0.2 mM, 0.19 mM and 1.28% respec-
tively. The recovery of EP is �94.8%. These above results
show that MWCNTs-RuOx · nH2O hybrid film is efficient
for EP and NEP detection.

4. Conclusions

Novel hybrid material made of MWCNTs and RuOx · nH2O
(MWCNTs-RuOx · nH2O) at GC, Au, ITO and SPC electro-
des have been prepared, which are stable in aqueous
solutions. The developed MWCNTs-RuOx · nH2O hybrid
film for the electrocatalysis combines the advantages of ease
of fabrication, high reproducibility and sufficient long-term
stability. The EQCM results confirmed the incorporation of
RuOx · nH2O on MWCNTs, and the SEM and AFM results
show the difference between combinations of MWCNTs
and RuOx · nH2O film�s morphology. Further, MWCNTs-
RuOx · nH2O hybrid film has excellent functional properties
with good catalytic activity on EP and NEP. The exper-
imental method of CV and FIA with hybrid film biosensor
integrated into a GCE presented in this paper provides an
opportunity for qualitative, quantitative characterization of
EP and NEP. Therefore, this work establishes and illustrates,
in principle and potential, a simple and novel approach for
the development of EP and NEP voltammetric and am-
perometric sensor based on modified GCE.
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