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Abstract. Multi-walled carbon nanotubes wrapped by polyethyleneimine (PEI) and functionalized with a
carboxylic acid group (CNT-COOH) were deposited with gold nanoparticles (AuNPs) which has been utilized as a platform to immobilize poly(acriﬂavine)(PAF) and used as modiﬁed electrode (AuNPs/PEI/CNTCOOH/PAF). Electrocatalytic reduction of hydrogen peroxide(H2 O2 ) on the surface of the modiﬁed electrode
was investigated by cyclic voltammetry and electrochemical impedance spectroscopy (EIS) methods. The
cyclic voltammetric results indicated the ability of modiﬁed Au electrode to catalyze the reduction of H2 O2 .
AuNPs/PEI/CNT-COOH nanocomposite combined the advantages of PEI, well dispersed CNT-COOH and in
situ formed AuNPs, endowed with high stability to the enzyme-free sensor.
Keywords.

Hydrogen peroxide; polyethyleneimine; gold nanoparticles; electrocatalytic reduction.

1. Introduction
Acriﬂavine, ﬁrst synthesized in 1912, is a kind of antiseptic agent, orange or brown dye and a medicine
against sleeping sickness. The monomer is widely used
for photosensitizer,1 analytical regents for sensing,2
acid–base indicator3 and luminescence sensors4 among
many others. Nevertheless, poly(acriﬂavine) (PAF) is
rarely studied. In the literature,5,6 the PAF ﬁlm was
proposed to sense nicotinamide adenine dinucleotide
(NADH), nitrite and sulfur oxoanions. Also, PAF ﬁlm
entrapped ﬂavin adenine dinucleotide (FAD) was used
to catalyze NAD+ . There is a redox reaction (in which
the redox peak potential is around 0.25V vs. Ag/AgCl)
of poly(acriﬂavine) ﬁlm in acidic solution and the
PAF-modiﬁed ﬁlm can lower the oxidation potential of
NADH from 0.65 to 0.22 V (vs. Ag/AgCl). This class
of polymer ﬁlms, containing phenyl or amine groups
in the structure such as polyaniline, has been proposed
for use in biosensors7 and electrochemical devices,8
Generally, acriﬂavine exists in two forms: anacriﬂavine
hydrochloride in acidic solution and in neutral solution
as anacriﬂavine.2,9,10
The detection of hydrogen peroxide (H2 O2 ) is very
important in various ﬁelds including clinical, food,
pharmaceutical and environmental analysis. Because
H2 O2 is a chemical threat to the environment and the
∗ For
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production of enzymatic reactions, at the same time,
it has been recognized as one of the major factors in
the progression of important diseases.11 Accurate and
reliable determination of H2 O2 has been widely investigated using chromatography,12 spectrophotometry13
and electrochemistry.14–16 Among these methods, electrochemistry technique based on a simple and low
cost electrode has been extensively applied for accurate determination of H2 O2 . Some inorganic materialmodiﬁed electrodes for the determination of H2 O2 have
attracted more attention owing to its stability and convenience of electron transfer. The materials include
nanoparticles, perovskite-type oxide, inorganic–organic
composite materials, inorganic-incorporated biology
complex membranes, polyelectrolytes (PEs), and carbon nanotubes (CNTs).17–20 CNTs have high aspect
ratio, nanometer dimensions and good electrical conductivity compared with conventional carbon materials
used in electrochemistry such as glassy carbon (GC),
graphite and carbon ﬁber.21
However, the dispersion of CNTs is not good enough
to form an even ﬁlm on the surface of the electrode.22
Based on the electron donor and acceptor interaction
between PEs and CNTs, PEs are used to disperse CNTs
to overcome this shortage. Another interesting nanomaterial is gold nanoparticles (AuNPs). Because the
electrons can move freely, the electric ﬁeld of the
surface of AuNPs is largely enhanced which caused the
wide application of AuNPs. Based on the respective
257
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advantages of CNTs and AuNPs, the composites containing both PEs-dispersed CNTs and AuNPs will bring
some special properties and potential of applications.
Guo et al.,23 deposited AuNPs on the composite which
was layer-by-layer assembly of CNTs and chitosan. The
obtained nanomaterial was then grown on polystyrene
templates to detect dopamine. Si et al.,24 prepared a positively charged AuNPs which were further immobilized
on the negatively charged CNTs/GC by electrostatic
interaction. Importantly, when the AuNPs were formed
in situ on the surface of CNTs instead of simply mixing
of these materials, the stability of the composites would
be improved greatly, which made the performance of
sensor more stable.
In this work, we prepared a composite containing
polyethyleneimine (PEI)-dispersed CNTs and AuNPs
which were formed in situ on the surface of CNTsPEI. Using PEI catalyzed reduction of HAuCl4 25 and
thus greatly improved the binding stability of AuNPs
onto the CNTs. The acriﬂavine was immobilized on
the modiﬁed Au electrode through electrodeposition by
consecutive potential cycling of the working electrode
between −0.05 V and +0.8 V (vs. Ag/AgCl) in an
acetate buffer solution (pH 4) containing 1.5× 10−3 M
acriﬂavine and then the modiﬁed electrode was utilized
as an electrochemical sensor for the highly sensitive
determination of hydrogen peroxide.
2. Experimental
2.1 General methods and materials
Multiwalled carbon nanotubes with 95% purity (10–
20 nm diameter) and 1 μm length were obtained
from Nanolab (Brighton, MA). Polyethylenimine (PEI,
branched, Mw 10,000), hydrochloric acid (37%),
potassium ferricyanide (K3 Fe(CN)6 ), potassium ferrocyanide (K4 Fe(CN)6 .4H2 O), hydrogen tetrachloroaurate (HAuCl4 .4H2 O) and potassium chloride (KCl)
were purchased from Merck (Germany) and Fluka. 3,
6-diamino-10-methylacridinium chloride (acriﬂavine)
was produced by Sigma and used as received without
further puriﬁcation. All other chemicals were of analytical reagent grade and used without further puriﬁcation. Solutions were deaerated by bubbling high purity
(99.99%) of nitrogen gas through them prior to the
experiments. All experiments were carried out at ambient temperature of 25 ± 1◦ C.
2.2 Apparatus
Electrochemical experiments were performed via using
a μAutolab III (Eco Chemie B.V.) potentiostat/

galvanostat and NOVA 1.8 software. A conventional
three electrode cell was used with an Ag/AgCl electrode (KCl 3 M) as the reference electrode, a Pt wire as
counter electrode and a modiﬁed Au as working electrode. The cell was a one compartment cell with an
internal volume of 10 mL. JENWAY pH meter (model
3345) was used for pH measurements. To obtain information about the morphology and size of the particles,
scanning electron microscopy (SEM) was performed
using an X-30 Philips instrument.
2.3 Preparation of AuNPs/PEI/CNT-COOH
composites
CNTs were puriﬁed by reﬂuxing in 3 M nitric acid
for 12 h at 150◦ C. After subsiding, the sediments were
washed with double deionized water. The suspension
was suction ﬁltered and subsequently dried at 60◦ C.
Then, washed and ﬁltered until the ﬁltrate was neutral,
and the resultant solid was sonicated in the mixed solution of HNO3 and H2 SO4 (1:3, v/v) for 3 h. Then, the pH
of the CNTs was adjusted to 8.0 using NaOH (15%) and
centrifuged and dried subsequently. Then, the expected
acid-oxidized carbon nanotube was obtained.
The preparation of the nanocomposite was according to the method in literature.25 Brieﬂy, 3.4 mg of
CNT-COOH was distributed in 10 mL double deionized water. Subsequently, 0.7 mL PEI aqueous solution
(1 M) and 2 mL HAuCl4 (18 mM) were added to it and
the mixture was heated in a 70◦ C water bath for 2 h to
reduce HAuCl4 to AuNPs. Next, 1.5 mL double deionized water was added to the precipitation to obtain the
sensing nanocomposite of AuNPs/PEI/CNT-COOHas
demonstrated in ﬁgure 1.
Cationic PEI was coated onto CNT-COOH by electrostatic force. More critically, amines on PEI possessed
high afﬁnity for physisorption along the CNT-COOH
surface which was similar to the polymer wrapping
process.26,27 The high density of imino-groups on PEI
played an important role in the adsorption of anionic
AuCl−4 followed by its reduction. For comparison, PEI
was fabricated by preparing 5 μL of 5% (v/v) PEI
in ethanol.To investigate the role of CNT-COOH in
this nanocomposite, AuNPs/PEI was also prepared as
described above without CNT-COOH.
2.4 Electrode modiﬁcation
The working electrode was an Au disk electrode with
a diameter of 3 mm. Prior to each treatment, the Au
working electrode (Metrohm) was polished with alumina slurry down to 0.05 mm on a polishing cloth
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Figure 1. Overall preparative process of the Au/AuNPs/PEI/CNT-COOH electrode.

followed by sonication in distilled water and absolute
ethanol. Then the Au electrode was electrochemically
cleaned by cycling the electrode potential between -0.4
and 1.2 V vs. Ag|AgCl electrode in 0.5 M H2 SO4 at
a scan rate of 100 mVs−1 until the cyclic voltammetry
characteristics for a clean Au electrode were obtained.
Then, 10 μL of AuNPs/PEI/CNT-COOH solution was
cast on the surface of Au electrode and dried in air to
form a ﬁlm at electrode surface. Afterward, the electrode was thoroughly rinsed with water and kept at
room temperature for further use. The nanocomposite
could adhere on the surface of gold electrode strongly
due to the good ability to form ﬁlm of the polyelectrolyte and strong adsorption of AuNPs.28 Furthermore,
the use of polymers as anchors for CNT has been
justiﬁed.29 The nanocomposite contains a large number of amine groups that bind to the COOH–CNT by
an amide linkage.30 Concerning the COOH–CNT interaction to PEI, when the electrode was prepared without PEI ﬁlm, there was not a stable COOH–CNT binding to the electrode surface. In order to quantitatively
determine the stability of the COOH–CNT binding to
the electrode surface, cyclic voltammograms were performed with three electrodes immersed in the electrochemical cell in the presence of a 5mM K3 Fe(CN)6
solution. The coefﬁcient variation of the redox peaks
were 94.9% and 0.9% in ﬁve cycles, for the electrode
prepared without and with PEI ﬁlm, respectively.
For acriﬂavine immobilization, the Au/AuNPs/PEI/
CNT-COOH modiﬁed electrode was immersed in 0.1

M acetate buffer solution containing acriﬂavine. Electrodeposition of acriﬂavine onto Au/AuNPs/PEI/CNTCOOH electrode was carried out by the consecutive
potential cycling of the working electrode between 0.05 V and +0.8 V (vs. Ag/AgCl) in accetate buffer
(pH 4) containing 1.5 × 10−3 M acriﬂavine monomers
at a scan rate of 50 mVs−1 for 50 cycles. The other
electrodes used such as Au/PEI and Au/AuNPs/PEI
were fabricated by casting 10 μL of 5% (v/v) PEI
and AuNPs/PEI on the surface of bare Au electrode,
respectively.

3. Results and Discussion
3.1 Characterization of the modiﬁed electrode by SEM
Figure 2 shows the SEM images of the CNT-COOH (A)
AuNPs/PEI/CNT-COOH (B) and Au/AuNPs/PEI/CNTCOOH/PAFelectrode (C). It can be seen in ﬁgure 2a
that the CNT-COOH are endless with a rather smooth
surface. Figure 2b shows a representative image for
the AuNPs attached to PEI/CNT-COOH. It is interesting to see that the AuNPs preferentially adhere to the
surfaces of CNT-COOH rather than to other regions
without CNT-COOH. It was assumed that the presence of CNT-COOH catalyzes the reduction of HAuCl4
to Au0 , which makes the reduction of HAuCl4 preferably occur on the surfaces of CNT-COOH.25 Therefore, the AuNPs are selectively present at the side walls
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Figure 2. (a) Typical SEM image of CNT-COOH, (b) AuNPs/PEI/CNTCOOH and (c) Au/AuNPs/PEI/CNT-COOH/PAF electrode.

of CNT-COOH and are not found in the areas without
CNT-COOH. After PAF immobilization (ﬁgure 2c), the
surface of the AuNPs/PEI/CNT-COOH nanocomposite
became rougher and the morphology of the electrode
surface is obviously changed,31 which implies that the
PAF was successfully deposited on the surface of the
AuNPs/PEI/CNT-COOH nanocomposite.
3.2 Electrochemical Polymerization of acriﬂavine
Figure 3 shows the consecutive cyclic voltammograms of poly(acriﬂavine) ﬁlm deposition onto
Au/AuNPs/PEI/CNT-COOH in 0.1 M acetate buffer
solution containing 1.5×10−3 M acriﬂavine monomer.
During the ﬁrst forward scan, acriﬂavine monomer
started to oxidize at above +0.3V whereas on the
reverse scan, one new cathodic peak appeared at around
−0.15 V and its counter part oxidation peak appeared
at +0.08 V in the subsequent cycle. Moreover, when
the number of cycles increased, the peak current corresponding to the new reversible redox couple was
increased. This result indicates that the oxidized product of acriﬂavine leads to the deposition of PAF onto the
Au/AuNPs/PEI/CNT-COOH surface. In second type,
electropolymerization of acriﬂavine onto electrode surface was also performed by holding the potential at
+0.8 V for 10 min in the buffer solution containing
1.5× 10−3 M acriﬂavine.5 The cyclic voltammogram

was characterized by one reversible redox couple, with
the formal potential (E◦ = (Epa + Epc )/2) occurring at
0.2 V (vs. Ag/AgCl). The reversible redox couple was
attributed to the reduced and oxidized forms of PAF.
As the number of cycles increased, the redox
peak current of PAF was found to be increased.
This is an indication of PAF ﬁlm growth onto
Au/AuNPs/PEI/CNT-COOH. To ascertain the effect
of positive potential on the subsequent generation of
reversible redox couple centered at 0.2 V, voltammograms were carried out in which positive potential limit
was progressively increased. The generation of new
wave increased as the positive potential limit increased
and reached maximum value at about 1 V. Sweeping
the potentials to more positive values did not result in
the generation of additional material. These results conﬁrmed that the oxidation of acriﬂavine results PAF ﬁlm
deposition onto Au/AuNPs/PEI/CNT-COOH.5
Cyclic voltammograms of PAF onto bare Au (a),
Au/PEI (b),Au/AuNPs/PEI (c) and Au/AuNPs/PEI/
CNT-COOH (d) in 0.1 M acetate buffer solution
(pH 4) at a scan rate of 50 mVs−1 were carried out.
As can be seen in ﬁgure 4, a pair of weak redox
peaks were observed when Au/PAF and Au/PEI/PAF
electrodes were used (curves a and b) compared to
the other modiﬁed electrodes (curves c and d). As
was previously reported, the anodic and cathodic process correspond to the PAFox /PAFR redox couple.5 In
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Figure 3. Consecutive cyclic voltammograms of Au/AuNPs/PEI/CNTCOOH electrode in 0.1 M acetate buffer solution containing 1.5×10−3 M
acriﬂavine at a scan rate of 50 mV s−1 .

order to improve the performance of the Au/PEI modiﬁed electrode, improvement of the mentioned electrode with other compounds with different properties (AuNPs and AuNPs/CNTs-COOH) were carried
out (Au/AuNPs/PEI and Au/AuNPs/PEI/CNTs-COOH
electrodes) and their CV recorded and compared with
those obtained with other tested electrodes. As seen in
ﬁgure 4, the Au/AuNPs/PEI/CNT-COOH/PAF (curve
d) electrode improves the reversibility of the electrodic
process (peaks potential separation was decreased
to 85 mV). Also, the corrected peak current (after
background correction) of the Au/AuNPs/PEI/CNTCOOH/PAF was calculated to be 309 μA which is 1.47
times larger than that of Au/AuNPs/PEI/PAF (210 μA).
Electrochemical impedance spectroscopy (EIS) technique is proven to be an effective method for probing the features of surface modiﬁed electrodes. EIS
technique is capable of detecting small changes occurring at the solution–electrode interface. The interaction between a charged redox couple and the
electrode surface is reﬂected by the charge-transfer
resistance (Rct ). The choice of the redox probe depends
on various parameters such as the charge, hydrophobicity/hydrophilicity, size of the redox couple, and the
chemical and physical properties of the modiﬁed electrodes. The interesting thing is to watch the changes
that occur when the electrode surface is modiﬁed and
it is best to select the redox probe that yields higher
redox changes. Among the different redox probes, ferricyanide/ferrocyanide indicates the fastest Nernstian
one-electron transfer reaction, for a kinetically facile
system. So, normally this redox couple is chosen in the
construction of the Nyquist plot.

Figure 4. Cyclic voltammograms of Au/PAF (a), Au/PEI/
PAF (b), Au/AuNPs/PEI/PAF (c) and Au/AuNPs/PEI/CNTCOOH/PAF (d) in 0.1 M acetate buffer solution (pH 4) at a
scan rate of 50 mVs−1 .

Figure 5 shows the typical Nyquist plots for bare
Au, Au/PEI, Au/AuNPs/PEI, Au/AuNPs/PEI/CNTCOOH and Au/AuNPs/PEI/CNT-COOH/PAF electrodes recorded in 0.1 M KCl solution containing
as the electrochemical redox
0.5 mM Fe(CN)3−/4−
6
marker. The impedance spectra were ﬁtted to a modiﬁed Randle’s equivalent circuit, as shown in the inset of
ﬁgure 5, where Rs represents the electrolyte resistance,
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Figure 5. Nyquist plots for bare Au (curve a), Au/PEI (curve b), Au/AuNPs/PEI (curve c),
Au/AuNPs/PEI/CNT-COOH (curve d) and Au/AuNPs/PEI/CNT-COOH/PAF (curve f) electrodes recorded
3−/4−
in 0.1 M KCl solution containing 0.5 mM Fe(CN)6
in the frequency range of 10 kHz-0.1 Hz.

Cdl is the double-layer capacitance, Rct is the chargetransfer resistance and Zw is the Warburg impedance.
The straight line at low frequency is related to the diffusion process known as Warburg element, while the high
frequency semicircle is related to the electron transfer resistance (Rct ), which controls the electron transfer
kinetics of the redox probe at the electrode interface.
The EIS at a bare Au electrode displays a very small
semicircle and charge transfer resistance, which is a
characteristic feature of the diffusion controlled electrochemical processes (ﬁgure 5a). After immobilization of
PEI, the value of Rct is signiﬁcantly increased to about
7.49 k (ﬁgure 5b). It indicates hindrance to the electron transfer, conﬁrming the successful immobilization
of PEI onto the Au electrode surface.
After modiﬁcation of PEI with AuNPs the electron transfer resistance (Rct ) decreased, which proved
that the assembly of AuNPs makes the electron transfer easier (ﬁgure 5c). Finally, when AuNPs/PEI/CNTCOOH was cast at the surface of Au electrode the
value of Rct is signiﬁcantly decreased compared with
Au/PEI and Au/AuNPs/PEI electrodes (ﬁgure 5d).
These results may be attributed to the positive charge

of the AuNPs/PEI/CNT-COOH nanocomposite and
the negative charge of the [Fe(CN)6 ]3−/4− that causes
the electrostatic attraction between [Fe(CN)6 ]3−/4−
and AuNPs/PEI/CNT-COOH nanocomposite with the
result of lowering electron transfer kinetics on
the electrode surface. Therefore, immobilization of
AuNPs/PEI/CNT-COOH at the surface of Au electrode facilitates the electron transfer of the redox
probe on the modiﬁed electrode. After modiﬁcation of
Au/AuNPs/PEI/CNT-COOH with PAF, the value of Rct
is signiﬁcantly decreased to about 760  (ﬁgure 5f),
conﬁrming the successful immobilization of PAF
onto Au/AuNPs/PEI/CNT-COOH electrode surface.
These results indicate that the Au/AuNPs/PEI/CNTCOOH/PAF electrode could provide good electron conduction pathways between the electrode and electrolyte.

3.3 Properties of the nano-structured Au/AuNPs/PEI/
CNT-COOH/PAF electrode
The recorded cyclic voltammograms of Au/AuN
Ps/PEI/CNT-COOH/PAF ﬁlm in 0.1 M acetate buffer
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solution (pH 4) at different scan rates were recorded.
Anodic and cathodic peak currents vs. the scan rate
were plotted and the data revealed that both the anodic
and cathodic peak currents are linearly proportional to
the scan rate in the range of 10-75 mVs−1 , indicating
a surface conﬁned electrode process. The peak-to-peak
potential separation is about 86 mV at scan rates below
75 mV s−1 , suggesting facile charge transfer kinetics
over this range of sweep rates. At higher sweep rates
peak separations begin to increase, indicating the limitation due to charge transfer kinetics.32 The shifts of
peak potentials were proportional to the logarithm of
the scan rate for scan rates higher than 100 mVs−1 .
The cyclic voltammograms of the Au/AuNPs/
PEI/CNT-COOH/PAF was also found to be stable in the
pH range between 1 to 7. However, in basic solution
the cyclic voltammogram of the Au/AuNPs/PEI/CNTCOOH/PAF was diminished. This behavior may arise
due to the instability of the polymer ﬁlm in basic solution. Since the modiﬁed electrodes had limited stability
in buffers at pH >7, we investigated the stability and
electrochemical properties of prepared modiﬁed electrode in buffer solutions in the pH range 1-8 by recording the cyclic voltammograms. The results exhibited pH
dependent voltammetric peak potentials, i.e., the anodic
and cathodic peak potentials of the modiﬁed electrode
were shifted to a less positive value with increasing pH
of the electrolyte solution. In addition, the peak current
values and peak area also decreased. The formal potential (E◦ ) of the PAF ﬁlm was evaluated as the mean of
the anodic and cathodic peak potentials of the cyclic
voltammograms recorded at various pH values. The E◦
vs. pH plot yields a straight line with a slope of 64
mV per unit pH. It suggests that the overall redox reaction of the polymer ﬁlm comprises a two-electron and
two-proton process.33

3.4 Electrocatalytic reduction of H2 O2 at Au/AuNPs/
PEI/CNT-COOH/PAF electrode
Application of the modiﬁed electrode for reduction of H2 O2 was evaluated by cyclic voltammetry. Reduction of H2 O2 at Au/AuNPs/PEI/CNT-COOH
and Au/AuNPs/PEI/CNT-COOH/PAF electrodes was
investigated in the phosphate buffer solution (PBS)
(pH 2). Figure 6 shows recorded cyclic voltammograms
in the absence and presence of 2 mM of H2 O2 at scan
rate of 50 mV s−1 . As can be seen in ﬁgure 6, H2 O2 did
not undergo reduction at Au/AuNPs/PEI/CNT-COOH
electrode in the potential window of -0.5 to 0.8 V
in PBS (pH 2). However, presence of PAF ﬁlm on
Au/AuNPs/PEI/CNT-COOH electrode had a catalytic

263

Figure 6. CVs of Au/AuNPs/PEI/CNT-COOH (a and b)
and Au/AuNPs/PEI/CNT-COOH/PAF (c and d) in the
absence (a and c) and the presence (b and d) of 2 mM of
H2 O2 , respectively, at a scan rate of 50 mVs−1 .

effect for reduction of H2 O2 (ﬁgure 6, curve d).This
result reveals that PAF has excellent catalytic activity
toward H2 O2 determination.
To gain further insight into the electrochemical reactions at the different modiﬁed electrodes, the EIS experiments were performed in the presence of 4 mM of
H2 O2 in 0.1 M PBS (pH 2). As can be seen in
ﬁgure 7 for Au electrode, a semicircle curve was
observed over the whole frequency region and the value
of Rct is 948 , indicating that the reaction is kinetically controlled (curve a). After immobilization of PAF
at the surface of gold electrode, the value of Rct was
signiﬁcantly decreased to about 210  (curve b). The
results indicate that the immobilized PAF decreased the
charge transfer kinetics to about one-fourth of that at
the bare Au electrode and it also conﬁrmed that the
presence of PAF ﬁlm on Au electrode had a catalytic
effect for reduction of H2 O2 . For Au/AuNPs/PEI/CNTCOOH/PAF, the calculated charge transfer resistance
is decreased (curve c), which proves that the assembly of AuNPs/PEI/CNT-COOH nanoparticles makes
the electron transfer easier.
The deposition of AuNPs/PEI/CNT-COOH on the
surface of modiﬁed electrode facilitated the electron transfer of the electrochemical probe on the
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Figure 7. Nyquist plots of bare Au electrode (curve a), Au/PAF (curve b) and
Au/AuNPs/PEI/CNT-COOH/PAF (curve c) in 0.1 M PBS (pH 2) containing 4
mM H2 O2 in the frequency range of 10 kHz-0.1 Hz.

modiﬁed electrode. For further investigation of the
electrocatalytic properties of different modiﬁed electrodes, cyclic voltammograms of these electrodes in
the presence of H2 O2 at a wide potential range were
recorded. The cyclic voltammetric responses of Au
bare, Au/PAF and Au/AuNPs/PEI/CNT-COOH/PAF
electrodes in the absence and presence of 4 mM H2 O2
were recorded. H2 O2 did not undergo reduction at Au
electrode and weak catalytic effect was observed when
Au/PAF was used. However, presence of PAF ﬁlm
on Au/AuNPs/PEI/CNT-COOH electrode had excellent catalytic effect for reduction of H2 O2 . The result
showed that in the absence of H2 O2 a pair of redox
peaks corresponding to the PAFox/PAFR were observed
at the surface of the tested electrodes. Upon addition
of H2 O2 , an enhancement in the cathodic peak current was observed and the anodic peak current tended
to decrease. The reason for this increase is that, along
with the anodic potential sweep, H2 O2 oxidises PAFR to
PAFox , with simultaneous reduction of the regenerated
PAFox which causes an increase in the cathodic current.
For the same reason, the anodic current is smaller in
the presence of H2 O2 , indicating that PAFR is consumed
during a chemical step. Moreover, the electrocatalytic
reduction peak current of H2 O2 at Au/AuNPs/PEI/CNTCOOH/PAF electrode was −640 μA, which was 4.5
times larger than that at Au/PAFelectrode (−142 μA),
which is in agreement with EIS data for charge transfer kinetics on different modiﬁed electrodes. These

results indicate that the presence of PAF in the modiﬁed
electrode has excellent catalytic activity toward H2 O2
oxidation.
Cyclic voltammograms of different concentrations
of H2 O2 (ranging from 0.5 to 120 mM) at the modiﬁed electrode in 0.1 M PBS (pH 2) was recorded.
The calibration curve based on the cathodic peak current is linear with the H2 O2 concentration in the range
of 0.5-120 mM and a correlation coefﬁcient of 0.996
(ﬁgure 8). The response of modiﬁed electrode was deviated from the linearity for H2 O2 concentration above
120 mM. This behavior may be attributed to saturation
of some redox sites on the surface of electrode, which
are involved in the catalytic reaction. As can be seen
from ﬁgure 8 by increasing the concentration of H2 O2 ,
the cathodic peak current of the modiﬁed electrode
is increased while its anodic peak current decreased,
indicating a typical electrocatalytic reduction process
(EC ). Therefore, an enhancement of peak current for
the reduction of H2 O2 indicates strong catalytic activity
of Au/AuNPs/PEI/CNT-COOH/PAF electrode.
In order to optimize the electrocatalytic response of
the modiﬁed electrode, the effect of pH on the catalytic behavior of modiﬁed electrode was investigated.
The cyclic voltammograms of the modiﬁed electrode
in the presence of 2 mM of H2 O2 in 0.1 M buffer
solution at different pH values were recorded. At pH
range of 1–3, the modiﬁed electrode showed electrocatalytic activity, but catalytic currents decreased with

Immobilized Acriﬂavine as electrochemical sensing platform

(a)

(b)

265

is controlled by diffusion of analyte as expected for a
catalytic system (ﬁgure 9b). It can also be noted that by
increasing the sweep rate the peak potential for the catalytic reduction of H2 O2 shifts to more negative values
and the plot of peak current vs. square rate of scan rate
deviates from linearity (at v >100 mVs−1 ), suggesting a
kinetic limitation in the reaction between the redox sites
of the PAF and H2 O2 . Based on the observed results, the
following catalytic mechanism describes the reaction
sequence in the reduction of H2 O2 .
PAF(OX) + 2e− + 2H+ −→ PAF(R)
PAF(R) + H2 O2 + 2H+ → PAF(OX) + 2H2 O

(1)

(2)

3.5 Amperometric detection of H2 O2 at the modiﬁed
electrode

Figure 8. (a) CVs of the Au/AuNPs/PEI/CNT-COOH/
PAF in the presence of different H2 O2 concentration: 0.5, 3,
7, 14, 19, 26, 37, 65, 90 and 120 mM, respectively in 0.1
M PBS (pH 2) at a scan rate of 50 mV s−1 . (b) The plot of
catalytic peak vs. H2 O2 concentration.

increasing pH and at pH 4 the catalytic effects of the
modiﬁed electrode were negligible. The higher peak
currents were observed at pH 2 and this value was chosen as optimized. Owing to much higher reduction current obtained in solutions with lower pH values, we
selected 2 as the suitable pH value for the detection of
H2 O2 .
For investigation the electrocatalytic mechanism of
the modiﬁed electrode toward H2 O2 reduction, cyclic
voltammograms of modiﬁed electrode in 4mM H2 O2 at
different scan rates were recorded. Figure 9a illustrates
cyclic voltammograms of 4mM H2 O2 using modiﬁed
electrode that were recorded at potential sweep rates
ranging from 10 to 200 mV s−1 .
The magniﬁcation in the low scan rate (10 mVs−1 )
was put in the ﬁgure 9a. As can be seen, for a low
scan rate a catalytic effect for reduction of H2 O2
was observed and a pair of redox peaks corresponding to PAFox /PAFR completely disappeared. While by
increasing the scan rate, redox peaks corresponding
PAFox /PAFR appeared conﬁrming a typical electrocatalytic reduction process (EC ). The peak current for
the cathodic reduction of H2 O2 is proportional to the
square root of the scan rate, suggesting that the process

Since amperometry under stirred conditions has a much
higher current sensitivity than cyclic voltammetry, it
was used to estimate the lower limit of detection. As
discussed above, the Au/AuNPs/PEI/CNT-COOH/PAF
electrode has excellent and strong mediation properties and facilitates the low potential amperometric
measurements of H2 O2 . Figure 10 displays the typical steady-state catalytic current time response of
Au/AuNPs/PEI/CNT-COOH/PAF electrode with successive injection of H2 O2 at an applied potential 0.01
V. A well-deﬁned response was observed under the
successive addition of 10 nM of H2 O2 , which suggested a stable and efﬁcient catalytic property through
the AuNPs/PEI/CNT-COOH/PAF composite ﬁlm. The
reduction currents at the modiﬁed electrode were proportional to the concentration of H2 O2 in the range of
10 nM– 150 nM. The limit of detection (LOD) of this
method was calculated by using 3Sb /b, where Sb is the
standard deviation of the blanks, and b is the slope of
the calibration graph (Inset in ﬁgure 10).
The detection limit, linear calibration range and
applied potential for H2 O2 detection are reported in
table 1. These analytical parameters for the proposed
modiﬁed electrode are comparable or better than the
results recently reported for H2 O2 determination at the
surface of fabricated modiﬁed electrodes.34–41

3.6 Stability study
The long term stability of the Au/AuNPs/PEI/CNTCOOH/PAF modiﬁed electrode and the reversibility of
its electrochemical behavior were also investigated. It
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Figure 9. (a) Cyclic voltammograms of the modiﬁed electrode in the presence of 4 mM H2 O2 at various scan rates: 10, 25, 50, 75, 100, 150 and 200
mV s−1 in 0.1 M PBS (pH 2). (b) Variation of anodic peak currents vs. square
root of potential scan rate. (c) dependence of the anodic peak potential versus
log (υ).

Figure 10. Amperometric response at Au/AuNPs/PEI/
CNT-COOH/PAF in 0.1 M PBS (pH 2) held at 0.01 V for
successive addition 10 nM H2 O2 . Inset: Plot of chronoamperometric currents vs. H2 O2 concentration.

was found that after storing the electrode in ambient condition for one week, the current and potential response of the recorded cyclic voltammograms
remained almost unchanged. In addition, the operational stability of the modiﬁed electrode was examined by recording of the repetitive cyclic voltammograms in 0.1 M acetate buffer solution. The results indicated that after 100 repetitive cycles at a scan rate of
50 mV s−1 , no detectable change was observed in the
peak height and potential separation. The high stability of Au/AuNPs/PEI/CNT-COOH/PAF modiﬁed electrode may be related to the mechanical and chemical
stability of PAF ﬁlm which leads to its stability against
desorption and avoids its leaching into the solution.
In order to study the reproducibility of the electrode
modiﬁcation, ﬁve Au/AuNPs/PEI/CNT-COOH/PAF
modiﬁed electrodes were prepared independently and
their responses to 5 mM of H2 O2 were measured
under identical conditions.The relative standard deviation (RSD) of measured cathodic peak currents was
6.4%, which indicates that the fabrication method
exhibits appreciable reproducibility. Similarly, the RSD
for 5 successive H2 O2 measurements (5 mM) was
1.98% which indicates acceptable repeatability of the
sensor.
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Table 1.

Comparison of the performances of various hydrogen peroxide sensors.

Matrix

LOD (μmol dm−3 )

Linear range (μmol dm−3 )

Ref.

0.83
2.00
60
0.81
0.12
1.00
68.0
0.0349
0.0056

10–6000
8.00–1350
Up to 1000
1.00–200
10.0–200
4–2000
2.00–1050
0.10–516
0. 01–0.15

34

TH1 /MWCNTs2 /GC3
chitosan/AgNWs4
PTH5 /Naﬁon/HRP6 /GC
Co3 O4 /GCE
CuO/GCE
MB7 -HRP/NME8
NiO/BmimBr9 /Hb-CPE10
Naﬁon/Hb-GR-MWCNT/CILE11
This Work

35
36
37
38
39
40
41

–

1

Thionine; 2 Multi Wall Carbon Nanotube; 3 Glassy Carbon; 4 silver nanowires; 5 Poly(thionine);
Hourseradish peroxidase; 7 Methylen blue; 8 Nanotube modiﬁed Electrode; 9 1-Butyl3-methylimidazolium bromide; 10 Carbon Pate Electrode; 11 Carbon Ionic Liquid
Electrode.

6

4. Conclusions
We have demonstrated the suitability of Au/AuNPs/
PEI/CNT-COOH/PAF as an ideal electrode catalyst for
low-potential determination of H2 O2 with a high sensitivity. The experimental results reported herein demonstrate that (i) the PAF can be ﬁrmly deposited on the
Au/AuNPs/PEI/CNT-COOH by the consecutive potential cycling of the working electrode between −0.05 V
and +0.8 V (vs. Ag/AgCl) in an acetate buffer solution
(pH 4) containing 1.5×10−3 M acriﬂavine; (ii) the
Au/AuNPs/PEI/CNT-COOH/ PAF can catalyze the
reduction of H2 O2 at pH 2; (iii) the kinetics of catalytic reaction is fast; and (iv) it is stable and has
short response time, low detection limit, high sensitivity and low operation potential. It can be used as an
amperometric electrochemical sensor for monitoring of
H2 O2 .
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