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Abstract

Comparative study of electrochemical behavior of
hydrogen peroxide using Prussian Blue analogues
on poly(diallyldimethylammonium chloride)
functionalized reduced Graphene oxide
Hyojae Oh
Chemistry Education Major
Department of Science Education
The Graduate School
Seoul National University
This study reports the comparative descriptions of how hydrogen
peroxide

behaves

with

poly(diallyldimethylammonium

the

modified

chloride)-reduced

electrode
graphene

of
oxide-

prussian blue (rGO-PDDA-PB). The synthetic process of rGO-PDDA-PB
was done via drop casting and electrodeposition. The electrode was
modified by the dispersion of a rGO-PDDA aqueous solution, which
was prepared by a thermometric synthetic process. Prussian blue was
fabricated by electrochemical deposition technique on the pre-synthesized
modified electrode of rGO-PDDA. The PDDA layer supports the
synthetic addition of prussian blue on the surface of reduced graphene
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oxide. Its electrochemical detection of hydrogen peroxide (H2O2) was
studied by cyclic voltammetry technique. The morphology and structure
of the nanocomposites on the surface of the electrode was characterized
by

field-emission

scanning

electron

microscopy

(FE-SEM).

Its

electrochemical behaviors were exhibited by amperometric responses,
which was the electrocatalytic reduction behavior of hydrogen peroxide
in the acidic condition of hydrochloric acid. The cyclic voltammograms
of those materials has exhibited the detection of

H2O2 according to

different concentrations and scan rates. The amperometric responses
have been that rGO-PDDA-FePB has shown 0.0005-0.0177mM of linear
range, 738.5μA mM-1 cm-2 of sensitivity and 0.1 μM of detection limit,
when rGO-PDDA-CuPB has given 0.001-0.155mM of linear range,
124.7 μA mM-1 cm-2 of sensitivity and 0.57 μM of detection limit and
rGO-PDDA-NiPB has 0.0005-0.035mM of linear range, 340.3μA mM-1
cm-2 of sensitivity and 0.08 μM of detection limit. Those characteristics
of rGO-PDDA-PB with different metals substituted was compared and
showed the possibility of its use in applications for H2O2 detection.

Key words: Iron hexacyanoferrate (FePB), Nickel
hexacyanoferrate (NiPB), Copper hexacyanoferrate (CuPB),
Hydrogen peroxide (H2O2), Reduced graphene oxide (rGO),
Poly(diallyldimethylammonium chloride) (PDDA)

Student Number : 2014-22855
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1. Introduction

Carbon is one of the major components in formation of organic
matter. Its ability to bind to other carbons make a various series of
carbon structures such as allotropes [1-5]. According to the way the
carbons assemble itself in the structure, those carbons can display
different

chemical

and

physical

properties,

which

are

shown

in

nanoscales, or in particular shape or even in a specific dimensions [5].
As one of the carbon structures, graphene especially, performs an
outstanding properties such as mechanical, electrical, thermal and
electronic characteristics and many listed in published reports [5].
In search for a material for conductive electrodes for almost 40
years, graphene has drawn significant attention from academia for a
long time because of its following advantages [6]. It has high intrinsic
mobility

(200000cm2

v-1

s-1),

a

large

specific

surface

area

(2630m2g-1), high Young’s modulus (~1.0TPa) and thermal conductivity
(~5000Wm-1 K-1) and optical transmittance (97.7%) and good electrical
conductivity [2-4, 7-13]. The sp2 hybridization of carbon results in the
structure of the graphene as the two-dimensional (2D), crystalline
hexagonal lattice, which was first reported in 2004 [14].

Then it gives

a strong sigma bonds, giving significant mechanical strength as well as
high thermal stability due to its out-of-plane pi bonds. Graphene is also
single atomic layer, honeycomb-shaped [15, 16]. the graphene has been
widely

used

electrochemically

in

various

areas

especially

to

sense

materials

[17]. Using these properties, graphene oxide (GO)

can be easily produced with various published methods such as
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chemical phase exfoliation. Graphene oxide is the highly oxidized form
of graphene. This graphene oxide can have its oxygens reduced to
bring more restoration and the reduced graphene oxide (rGO) can make
ease of functionalization of a graphene sheet. [18] However the highly
hydrophobic characteristic of graphene may lead to decomposition and
reassemble to graphite as its unstability. The strong van der Waals
force may hinder the π-π stacking, resulting in the failure of successful
usage

of

graphene

to

various

electrochemical

applications.

[19]

Considering this drawbacks of graphene, it is very important to
supplement this issue because graphene has its unique properties of
large specific surface area, excellent thermal stability and high electrical
conductivity to enhance chemicals on its surface of the large sheets.
One of main applications of the graphene oxide is on its ability to
transfer electron at a fast rate and the vast redox-active surface area,
which can be useful as electrochemical sensors for dopamine, ascorbic
acid, caffeine, hydroquinone, and so on. Making use of electro-changes
of

reduced

graphene

oxide,

charged

chemical

such

as

poly(diallyldimethylammonium chloride) (PDDA). PDDA, also shown in
figure 1, is very attractive to expect strong π-π stacking effects [20].
Once positively charged PDDA is attached to graphene oxide sheet by
noncovalent binding, PDDA further can bind to prussian blue by
electrostatic interaction, producing Fe(CN)63- anions on rGO-PDDA.
Electrodeposition method was used for the formation of prussian blue
layer on rGO-PDDA. The agglogation of prussian blue nanoparticles
was assisted by the negative potentials applied in an acidic solution of
ferricyanide [21-23]. Electrodeposition in an aqueous solution is an
effective way to selectively deposit prussian blue at reduced graphene
oxide with PDDA previously attached.
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Prussian blue (FePB) of   
       

has a structure that

iron(III) attached to nitrogen and iron(II) attached to carbon [24]. Just
by simply mixing the two different oxidation states, iron(II) and
iron(III), in the form of

ferric and hexacyanoferrate ions, a blue

crystalline nanoparticles are formed to create a unit cell of a cubic
structure [24, 25]. As prussian blue was found to be an excellent
electrocatalyst and biosensor of reducing hydrogen peroxide and oxygen
reduction [26]. This is because PB has a high selectivity for hydrogen
peroxide. It is often called as “Artificial enzyme peroxidase” [32, 33].
In order to synthesize PB, there have been various ways used to
synthesize and make deposition of prussian blue nanoparticles [34-36].
Many efforts have been made for even distribution and good control
over the size and morphology of prussian blue. When especially the
modified electrode is unstable, a simple preparation method such as
electrochemical deposition of PB is very useful as it provides the
controllable and rapid experimental preparation [37]. However due to its
electrochemical unstability of PB

on the electrode, search of many

chemical supports to improve this problem was studied [38]. The
method of electrodeposition of Prussian blue has been done by mixing
K3[Fe(CN)6] and FeCl3. The supporting electrolyte was 0.1M KCl and
0.1M HCl. The deposition of the prussian blue film was deposited by
the applied potential in the same supporting electrolyte solution by
cycling the applied potential [39]. Therefore, rGO-PDDA-PB composites
may improve the problems which could be caused by PB electrode,
rGO electrode, or PDDA electrode.
PB has drawn much interests in academia because of its conducting
zeolite structure. In recent studies, metal hexacyanoferrates also have
attracted the researchers for applications in separation science [40-43],
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charge storage [44-45] and corrosion protection [46].
The analogues of Prussian blues have been studied over decades.
Instead of placing Fe3+ in the structure, it was understood that other
metals were able to occupy this place such as copper, nickel, or cobalt.
As the prussian blues can make ion channels connecting the transition
metal and iron (III), it could be often used for easily exchangeable
electrons between those metals. In those stable cycling, it was used as
the redox medicator for H2O2 sensing. Among the prussian blue
analogues with other metals exchanged, nickel (II) hexacyanoferrates
(NiPB) and copper hexacyanoferrates (CuPB) have been of interest in
this

study

as

hexacyanoferrates

are

known

as

very

useful

electrocatalysts. With the support of nickel in the structure, nickel
hexacyanoferrates

provides

excellent

reversible

and

reproducible

responses while nickel acts as an active cation in the zeolite structure.
NiPB has been used in many applications already on conducting
polymers [40], electrocatalysis [48-50], enzymatic amperometric sensors
[49, 51-53, 55]. The process of deposition of NiPB is a simple method
that the NiPB-modified electrodes can be easily produced. In the bulky
condition

of

supporting

electrolyte,

the

electrodeposition

can

be

controlled with the applied potential and cycling numbers [56].
Similar application has been applied to CuPB. The formation of
CuPB also gives the reversible and reproducible responses in the
supporting electrolyte. It is viewed as the active cation for the specific
application [57] and used in various applications for microsensors [58],
biosensors [59] or detect hydrazine [60], amperometric sensor [61].
Prussian blue (Iron hexacyanoferrate) was found in the form of
KFeIII[FeII(CN)6].

CuPB

as

the
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form

of

KCuII[FeII(CN)6]

or

KCuII[FeIII(CN)6]

and

NiPB

as

the

form

of

KNiII[FeII(CN)6]

or

KNiII[FeIII(CN)6] were studied in this report. As well as the FePB and
NiPB, CuPB can be electrochemically deposited on the glassy carbon
electrode, which can enhance its effect to form a redox reactions and
reduce hydrogen peroxide [62]. It is, however, brings unstable leakage
of CuPB from the electrode surface, suggesting the need to study for
an improvement. With rGO-PDDA on the electrode, the substance is
still at an unstable status. At this point, the electrodeposition of
prussian blue can be the successful way to complete the prussian blue
deposited on rGO-PDDA. The strong specific adsorption of CN- provide
the maximum formation of prussian blue [27].
Hydrogen peroxide is one of the most common substance used for
oxidizing agent. It is often considered as a by-product of oxidative
metabolism [63, 64]. Also it is one of the harmful substances produced
by the industrial chemistry or even from the nuclear plants that it
needs to be accurately detected. [63, 64]. Therefore, various trials and
studies for the detection of H2O2 have been done such as fluorescence
[65], chemiluminescnece [66] and so on.
In this work, PDDA is a positively charged ionic polymer. The
reductive need of graphene oxide was found in order to make negative
atmosphere on its surface. The positive capacity of the PDDA layers
[30, 68]. The negatively charged reduced graphene oxide can be
stabilized with the positively charged PDDA, which can then enhance
its ability to bind to prussian blue. [28-30] Therefore, the use of this
nanocomposite of rGO-PDDA-PB has been used to sense hydrogen
peroxide in an acidic environment and the comparison of FePB, CuPB,
and NiPB in this situation were studied.
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Figure 1. Chemical structure of PDDA
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2. Experimental

2.1. Chemicals and reagents

Graphene oxide (highly concentrated graphene oxide dispersion in
water, HC-Graphene Oxide) were used without further purification,
purchased from graphene

supermarket. Poly(diallyldimethylamoonium

chloride) (20wt.% in H2O), hydrogen peroxide (H2O2, 30 wt% in H2O),
potassium ferricyanide(III) (K3Fe(CN)6, 99+%), Iron(III) chloride (FeCl3,
97%) were purchased from Sigma-Aldrich (USA). The chemicals used
in this study were of analytical grade and used without further
purification. All solutions used were prepared with deionized water
taken from an ultrapure water purification system (Human Co., Korea)
with a resistivity of not less than 18.2 MΩ cm. All measurements were
carried out at room temperature.

2.2. Apparatus and measurements

Field

emission

scanning

electron

microscopy

(FESEM)

were

performed using a SUPRA 55VP field emission scanning elecron
microscope. Fourier Transform Infrared (FT-IR) spectrum was taken
using Nicolet 6700 FT-IR spectrometer (from Thermo Scientific) with
KBr pellet samples. Absorptions are described as the following : very
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strong (vs), strong (s), medium (m), weak (w), shoulder (sh), and broad
(br).
A computer-controlled CHI 842 B potentiostat was used to collect
cyclic voltammetry (CV) and amperometry in a three-electrode system;
For the preparation of the modified electrodes, glassy carbon working
electrode (3mm diameter, GCE) was used. The working electrode for
the

three-electrode

system

was

the

previously

prepared

modified

electrode. As the other electrodes of the system, a platinum (Pt) counter
electrode and a silver/silver chloride (Ag/AgCl, 3 M KCl) reference
electrode were used for operation. Field emission scanning electron
microscopy (FESEM) measurements were performed using a SUPRA
55VP field emission scanning electron microscope, where the sample
was prepared with a glassy carbon plate. Fourier transform infrared
spectra (FT-IR) were recorded with a Perkin-Elmer Spectrum 2000

–

FT-IR spectrometer in the range of 400 4000 cm-1 using a KBr pellet.
X-ray diffraction (XRD) analyses were performed on a New D8
Advance diffractometer. All ultrasonic cleaning was done using a
US-2510 Ultrasonic Cleaner (Branson, USA).

2.3. Formation of rGO-PDDA nanocomposites

Functionalization and reduction of GO with PDDA was proceeded
according to the following method. To prepare rGO-PDDA, 15mg of
GO

was

dissolved

in

deionized

water

which

is

well

dispersed

previously for at least 2 hours. PDDA (0.4mL, 20wt%) was then added
to the dispersed GO solution, which was then rapidly stirred and
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sonicated for 1 hour until homogeneous. 0.24g of NaBH4 was made
into solution in 10mL DI water, which was added to the GO solution
very slowly while continuous stirring. Continuous stirring was applied.
Subsequently, the mixture was heated at 80 °C for 2 hours. When the
reaction completed, rGO-PDDA was collected by centrifugation at
3000rpm for 1 hour until it is well washed with H2O

to remove the

excessive PDDA. The collected rGO-PDDA was well dried overnight in
oven at 40 °C and redispersed into DI water for further use and
characterization. (0.5mg/ml).

2.4. Electrochemical Preparation of rGO-PDDA-FePB
nanocomposites

The

rGO-PDDA

nanocomposite

dispersion

deposited

on

the

previously polished glassy carbon electrode and dried. Before the
deposition, a glassy carbon electrode (GCE)

was cleaned with 0.3 and

0.5 µm alumina slurry and rinsed thoroughly with deionized water. It
was then ultrasonicated in deionized water for 3 mins twice. When the
clean

electrode

was

well

dried

in

air,

5µL

of

rGO-PDDA

nanocomposite dispersion (0.5mg/ml) was dropped on the surface of the
electrode and dried at 40 °C for at least 2 hours.
In a electrolytic cell, FeCl2 (4mM, 5mL) and K3[Fe(CN)6] (4mM,
5mL) was prepared in 0.1mol/L KCl + 0.01mol/L HCl with the
electrode of rGO-PDDA deposited. A cathodic current was applied to it
with the potential of 0.5 to

–0.2V between cyclic voltammetry scan 25
- 10 -

laps (sweep rate of 50mV/s). As shown in figure 10, the cyclic
voltammogram

(CV)

showed

the

successful

electrodeposition

of

rGO-PDDA-FePB. This range of the applied potential was decided after
several trials.

2.5. Electrochemical Preparation of rGO-PDDA-CuPB
and rGO-PDDA-NiPB nanocomposites

The electrodeposition of rGO-PDDA-CuPB and rGO-PDDA-NiPB was
prepared by the preparation of a rGO-PDDA electrode as mentioned in
section 2.3. But in the electrolytic cell, rGO-PDDA-CuPB had CuCl2
(4mM, 5mL) and K3[Fe(CN)6] (4mM, 5mL) in 0.1mol/L KCl +
0.01mol/L HCl with the potential from 0.95V to

–0.4V between cyclic

voltammetry scan 25 laps (sweep rate of 50mV/s. For rGO-PDDA-NiPB
had NiSO4·6H2O (4mM, 5mL) and K3[Fe(CN)6] (4mM, 5mL)

in

0.1mol/L KCl + 0.01mol/L HCl in the electrolytic cell. The applied
potential was 0.75 to 0.05V between cyclic voltammetry scan 50 laps
(sweep rate of 50mV/s). This is shown in figure 11 and 12.
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Figure 2. Demonstrated scheme of the synthesis of rGO-PDDA-PB.

Figure 3. Scheme of the experimental procedure of rGO-PDDA and
electrodeposition.
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3. Results and Discussion

3.1. Characterization and comparison of the rGO-PB
and rGO-PDDA-PB nanocomposites

The synthesis process of rGO-PDDA-PB has been exhibited in
figure 2. The nanoparticles were prepared by the synthetic processes.
The as-synthesized graphene oxide was first prepared in the neutral
condition with distilled water. The strong alkaline agent, sodium
borohydride was used to make alkaline condition of the solution of
graphene oxide. In order to prepare rGO-PDDA composites, prepared
GO solution and PDDA solution were mixed with addition of reducing
agent, sodium borohydride. The reduced graphene oxide and assisted
PDDA were then synthesized on the surface of graphene oxide [69-71].
Next, the morphology of the nanocomposites were observed using the
SEM images. In order to compare the existence of prussian blue
nanoparticles on the surface, the SEM images were taken. The figure
has shown the successful. It was archived that the π-π stacking
between the delocalized sp2 carbon structure of graphene and the
crystalline structured molecules bound to prussian blue nanoparticles.
The graphene oxide is composed of the delocalized sp2 carbon
structure. The π-π stacking interaction was obtained between the
delocalized sp2 carbon structure and the prussian blue nanostructures.
This indicates that PDDA played an important role in binding prussian
blue nanoparticles on the reduced graphene oxide sheets. This graphene
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sheet with PDDA and prussian blue were observed with SEM images,
by simulating exactly the same experimental environment. A glassy
carbon plate was coated with 5μl of rGO-PDDA solution (0.5mg/ml).
After air-drying it on the film, the glassy carbon plate was modified by
electrochemically deposition after several cycles according to each
conditions for FePB, NiPB, and CuPB electrodeposition.
Although the morphology of the rGO-PDDA-PB was not clearly seen
on the SEM images, it is archieved that the PB nanoparticles were well
capped on the surface of the graphene oxide. There are not much clear
difference on the SEM images between rGO-PDDA and rGO without
any modification of PDDA on its surfaces. However when the PB were
synthesized on either rGO-PDDA or rGO, some of PB nanoparticles
were observed. We observed much more PB

nanoparticles captivated

on rGO-PDDA than on rGO sheets. This indicates PDDA plays an
important role in assisting Prussian Blue to effectively self-assembly on
the functionalized graphene oxide sheet.
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Figure 4. SEM images of (a) rGO-PDDA and (b) rGO at different
magnifications.
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Figure 5. SEM images of (a)rGO-PDDA-FePB, (b) rGO-FePB, (c)
rGO-PDDA-CuPB, (d) rGO-CuPB, (e) rGO-PDDA-NiPB, (f) rGO-NiPB
nanocomposites at different magnifications with comparisons of PB
existence.
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The morphology and size of nanocomposites were characterized by
the SEM images. The synthesis of PB nanoparticles was processed on
the surface of the glassy carbon plate, modified with rGO or
rGO-PDDA. The analysis of the SEM images confirms that Prussian
Blue nanoparticles were densely packed onto the PDDA-modified
graphene oxide sheets. Although the size of prussian blue depends on
various factorsuch as its rate of nucleation or small changes of ionic
concentrations and so on, The sizes of the FePB nanoparticles on the
SEM images are close to consistency [72]. The size of the FePB
particles was about 0.7μm, taken from the SEM images (fig. 5).
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As

shown

in

the

scheme

of

the

formation

mechanism

of

rGO-PDDA-PB and rGO has been stored in an acidic condition (0.01M
of hydrochloric acid in 0.1M potassium chloride) (Fig. 2). As the
scheme of the synthetic mechanism of rGO-PDDA-PB nanocomposites
is shown in the following figure (Fig. 2), it was prepared with the
one-pot synthesis method according to the following literatures. In order
to reduce GO, the reducing agent, sodium borohydride was used. The
purchased well mixed GO solution was sonicated to make sure its
homogeneity for about 1 hour. The PDDA monomer was added to the
dispersed solution of GO. About extra 15 minutes of another sonication,
the reducing agent, sodium borohydride was slowly added. Slight
separation of solution was observed. The solution was immersed in a
80

℃ oil bath and heated for at least 2 hours with steady stirring to

ensure that the polymerization took placed adequately. Throughout this
process, the PDDA polymer were

onto the reduced graphene oxide

and had π-π interaction polymerized on reduced graphene oxide [31,
47].

- 18 -

Figure

6.

FT-IR

spectra

of

(a)

nanocomposites, (c) rGO-PDDA, (d) rGO
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FePB,

(b)

rGO-PDDA-FePB

Figure 7. FT-IR spectra of (a) rGO-PDDA-CuPB nanocomposites, (b)
rGO-PDDA, (c) rGO, (d) CuPB
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Figure 8. FT-IR spectra of (a) rGO-PDDA-NiPB nanocomposites, (b)
rGO-PDDA, (c) rGO, (d) NiPB
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The chemical functional groups have been investigated further using
FT-IR, shown in fig 6, 7 and 8. Fig. 6 shows the FT-IR spectrum of
FePB, rGO-PDDA, rGO and rGO-PDDA-FePB. Although the noise
have been observed in FePB peaks only, it is clear to see C ≡ N
stretching of [FeII-CN-FeIII] structure at 2073 cm-1 (fig. 6). The
formation of [FeII-CN-FeIII] is also observed in 601.36 cm-1. For
absorption peaks for rGO-PDDA, the distinctive peaks are shown at
1466.00 cm-1 of weak absorption for –CH2 and 1081.20 cm-1 of weak
absorption for C-N. Also for rGO, the corresponding peak is observed
at C=C at 1630.11 cm-1. For rGO-PDDA-FePB, the C ≡ N stretching of
[FeII-CN-FeIII] is also observed at 2085.74 cm-1 as well as C=C bond
for rGO at 1608.24 cm-1 and formation of [FeII-CN-FeIII] is shown at
603.39 cm-1. From figure 7, C ≡ N stretching peaks of [CuII-CN-FeIII]
for copper hexacyanoferrate was at 2102.11 cm-1 and 2171.75 cm-1. The
formation peak was shown at 592.88cm-1. This two peaks are due to
the mixed formation of Cu(II) and Cu(III). For rGO-PDDA-CuPB, the
C ≡ N stretching of [CuII-CN-FeIII] is also observed at 2101.20 cm-1
when the C=C banding for rGO at 1607.02 cm-1 and formation of
[CuII-CN-FeIII] is shown at 594.55 cm-1. From figure 8, the C ≡ N
stretching of [NiII-CN-FeIII] was located at 2098.19 and 2166.83 cm-1.
Also the formation of the [NiII-CN-FeIII] was at 593.90 cm-1, where the
assigned C ≡ N stretching for rGO-PDDA-NiPB was at 2066.33 and
1625.23

cm-1.

The

formation

of

[NiII-CN-FeIII]

was

observed

at

591.85cm-1. This C=C stretching vibration located around 1600-1630
cm-1 shows that rGO is well attached with prussian blue. The peaks
observed indicate the formation of rGO-PDDA-PB.
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3.2. Potentiodeposition of FePB, CuPB, NiPB

on

rGO-PDDA modified GCE

In order to successfully deposit the PBs on the rGO-PDDA modified
GCE. Many other methods were tried in advanced and found the best
method. Simple mixing method was not successful that the PBs were
broken only after some short time of applying potential, as shown in
the rapidly decreased peak currents and dramatic changes of peak
locations. As a solution to this problem, the electrodeposition was
carried out with cyclic voltammetric method. Also, the purpose of
comparing prussian blues of different metals in H2O2 detection, the
experimental conditions were optimized for each PB. First, for iron
hexacyanoferrates, the electrodeposition was carried out with cyclic
voltammetric method in a solution of 0.1 M KCl and 10mM HCl with
0.002 M FeCl2 and 0.002 M K3[Fe(CN)6] (fig. 9). The cyclic potential
sweep was between 0.5 to 0.2 V with 25 scan laps at a scan rate of
50mVs-1. With the potential sweep going on, the peak currents of
cyclic voltammograms (CVs) increased at 0.17 V and 0.23 V because
of the gradual formation of FePB on the modified electrode. As it
processed, the increasing peaks were stabilized and the peaks were no
longer increased at the end of the cycles. After cycling several more
times, it was made sure that the cycling went to the maximum in its
growth. This growth of iron hexacyanoferrates in interacting with
PDDA-rGO was confirmed as shown in the following figure (fig.9).
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Figure

9.

CVs

of

(a)

FePB

electrodeposition

on

rGO-PDDA

electrode, (b) FePB electrodeposition on rGO electrode in a solution of
0.1M KCl and 10mM HCl
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The cyclic volammetry was also applied in order to proceed the
electrodeposition

of

other

hexacyanoferrate

(CuPB)

metal
on

hexacyanoferrates.

rGO-PDDA

modified

For

cupper

electrode

or

rGO-PDDA-CuPB, a solution of 0.002 M CuCl2·2H2O and K3[Fe(CN)6]
was prepared in a solution of 0.1 M KCl and 10mM HCl. The cyclic
potential was applied between 0.95 V to

–0.4 V with scan of 25 laps

at a sweep rate of 50 mVs-1. Same procedure was applied to the rGO
modified electrode instead of rGO-PDDA electrode. Without PDDA on
rGO, the potential current could not be higher than 60 μA when the
highest rGO-PDDA-CuPB went uptil 100μA. Overall, the peak currents
raised, which is similar to FePB formation. This increase showed the
formation of CuPB as shown in figure 10. For NiPB formation on
PDDA-rGO

formation

(fig.

11),

a

20ml

solution

of

0.002M

NiSO4·6H2O and K3[Fe(CN)6] was used as the electrolyte. They were
also prepared in solution of 0.1 M KCl and 10mM HCl. The cyclic
potential was between 0.75V to 0.05V between cyclic voltammetry scan
50 laps at a sweep rate of 50mVs-1. This was also repeated for
rGO-NiPB, which was observed with similar peak location or its
electrochemical transform. However as more potential was applied
during the rGO-NiPB formation, no more increase of peak current was
observed and distruction of the peaks was observed at some times.
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Figure 10. CVs of (a) CuPB electrodeposition on rGO-PDDA
electrode, (b) CuPB electrodeposition on rGO electrode in 0.1M KCl +
10mM HCl
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Figure 11. CVs of (a) NiPB electrodeposition on rGO-PDDA
electrode, (b) NiPB electrodeposition on rGO electrode in 0.1M KCl +
10mM HCl
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After the addition of Fe(CN)63- to the solution of interest, the
synthesis of Fe(CN)63-

anions on the surface of the composite happens.

At this process, the electrostatic interaction works due to the positive
charge of PDDA at rGO-PDDA and its attraction towards anion. This
process may be called of smooth binding of Fe3+ and Fe(CN)63- on the

—

surface of rGO-PDDA modified electrode, resulting FeIII FeIII(CN)63-.
Considering that prussian blue is formed by the combination of Fe3+
and Fe(CN)63-, this chemistry happens with copper hexacyanoferrate
formation process where CuPB is the coordination of Cu2+ and
Fe(CN)63-. [54, 67] Due to the electron transfer in the formation of

—

FeIII FeIII(CN)63-, hydrogen peroxide reduction may be possible at an
easy control of applied potential.

Especially the electrochemically

deposition happens well at an acidic condition because ferricyanide ion
and the free iron ions (Fe3+ and Fe2+) process through exchangeable
redox reactions, which indicate that ferricyanide experience dissociation
process in such acidic condition [23, 77].
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3.3. Volummetric response of H2O2 at rGO-PDDA-PB

The cyclic voltammetry peaks were studied in comparing the
phenomena

the

bare

GCE,

rGO,

rGO-PDDA,

rGO-FePB,

and

rGO-PDDA-FePB modified glassy carbon electrode. Fig. 12 was drawn
to illustrate the effect of FePB and PDDA on its redox reactions in the
bare condition in a 0.1M KCl aqueous solution in the presence of
10mM hydrochlorid acid. The reversible pair of the redox peaks for
rGO-PDDA-FePB was increased than other compared electrodes. For
rGO glassy carbon electrode (Fig. 12 (b)), the redox peaks were shown
higher than the peaks for rGO-PDDA (Fig. 12 (c)). However those
peaks were almost negligible, compared to the redox peaks for
rGO-PDDA-FePB (Fig. 12 (e)). The same phenomena was observed in
the one of CuPB and NiPB. However it seems that the redox peaks for
rGO-PDDA-CuPB and rGO-PDDA-NiPB were shown at higher currents,
where almost no redox pair peaks were observed for the bare GCE

）

(fig. 12 (a), fig. 13 (a), fig. 14 (a) The reversible peaks for
rGO-PDDA-PB (fig. 12 (e), fig. 13 (e), fig. 14 (e)) were observed to
be well-defined. The rGO peaks were rather higher at currents than the
peaks

for

rGO-PDDA,

probably

due

to

rather

less

stability

of

rGO-PDDA due to higher electrocharges and electrical conductivity of
PDDA on the surface of rGO. From this observation, PB nanoparticles
play an important role in excellent electrocatalytic activity to reduce
H2O2. However the more detailed work on comparison may be needed
in the further investigation in the later part.
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In regards to the previous studies, the electrocatalytic process of
prussian blue can be demonstrated as below [73]:

FeIII[FeII(CN)6] (PB) + K+ + 4e2K2FeII[FeII(CN)6] (PW) + H2O2

→ K Fe [Fe (CN) ] (PW)
(1)
+ 2H → 2KFe [Fe (CN) ] (PB)
2

+

II

II

6

III

II

6

+ 2H2O + 2K+

(2)

2K2CuII[FeII(CN)6] (PW) + H2O2 + 2H+

→ 2KCu

III

[FeII(CN)6] (PB)

+ 2H2O + 2K+

(3)

2K2NiII[FeII(CN)6] (PW) + H2O2 + 2H+

→ 2KNi

III

[FeII(CN)6] (PB)

+ 2H2O + 2K+

(4)

As shown in the above equations, PB is easily reduced to Prussian
white (PW), when referred to equation (1). On the surface of the
electrode, the electron transfer occurs so that the PB is reduced to PW
and PW is reoxidized to PB with the support of H2O2. With the help
of H2O2 as a role of electrocatalyst, PB, the redox peaks increased in
the amount of currents in the CVs, explained by equation (2). The
equation (3) and (4) shows how CuPB and NiPB reduces hydrogen
peroxide. This process can be observed in figure 15, 16 and 17 with
the presence of 1mM H2O2 in the electrolyte solution.
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Figure 12. CVs of (a)

Bare GCE, (b) rGO, (c) rGO-PDDA, (d)

rGO-FePB, (e) rGO-PDDA-FePB on a glassy carbon electrode in 0.1M
KCl aqeuous solution with 10mM HCl at a scan rate of 50mVs-1.
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Figure 13. CVs of (a)

Bare GCE, (b) rGO, (c) rGO-PDDA, (d)

rGO-CuPB, (e) rGO-PDDA-CuPB on a glassy carbon electrode in 0.1M
KCl aqeuous solution with 10mM HCl at a scan rate of 50mVs-1.
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Figure 14. CVs of (a)

Bare GCE, (b) rGO, (c) rGO-PDDA, (d)

rGO-NiPB, (e) rGO-PDDA-NiPB on a glassy carbon electrode in 0.1M
KCl aqeuous solution with 10mM HCl at a scan rate of 50mVs-1.
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The effect of H2O2 concentration to rGO-PDDA-PB and the effect of
scan rates on rGO-PDDA-PB at a constant H2O2 concentration were
investigated using CVs in figure 15 to figure 20. Figure 15 (A)
displays the CV of rGO-PDDA-FePB in a 0.1M KCl aqueous solution
with 10mM HCl at a scan rate of 50mVs-1. As the H2O2 concentration
increases, the cathodic current peak was constantly increased. In
comparison to that, figure 15 (B) shows that rGO-FePB has not as
good cathodic current peak as the peaks for rGO-PDDA-FePB. Figure
16

shows

the

cyclic

voltammograms

of

rGO-PDDA-CuPB

and

rGO-CuPB in 0.1M KCl aqueous solution with 10mM HCl at a scan
rate of 50mVs-1 constant increasing cathodic current peak as well. he
constant

increase

of

cathodic

current

peak

was

observed

for

rGO-PDDA-CuPB and rGO-CuPB (fig. 16) and rGO-PDDA-NiPB and
rGO-NiPB (fig. 17).
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Figure 15. CVs of (A) rGO-PDDA-FePB in the increasing H2O2
concentration (1mM, 2mM, 3mM, 4mM, 5mM) (B) rGO-FePB in the
increasing H2O2 concentration (1mM, 2mM, 3mM, 4mM, 5mM) in
0.1M KCl aqeuous solution with 10mM HCl at a scan rate of 50mVs-1.
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Figure 16. CVs of (A) rGO-PDDA-CuPB in the increasing H2O2
concentration (1mM, 2mM, 3mM, 4mM, 5mM) (B) rGO-CuPB in the
increasing H2O2 concentration (1mM, 2mM, 3mM, 4mM, 5mM) in
0.1M KCl aqeuous solution with 10mM HCl at a scan rate of 50mVs-1.
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Figure 17. CVs of (A) rGO-PDDA-NiPB in the increasing H2O2
concentration (1mM, 2mM, 3mM, 4mM, 5mM) (B) rGO-NiPB in the
increasing H2O2 concentration (1mM, 2mM, 3mM, 4mM, 5mM) in
0.1M KCl aqeuous solution with 10mM HCl at a scan rate of 50mVs-1.
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From figure 18, the cyclic voltammogram of rGO-PDDA-FePB was
done in 0.1M KCl aqueous solution with 10mM HCl solution in the
presence of 1mM H2O2 with different scan rates increasing from 10,
20, 50, 100, 200 mVs-1. The constant increase of the cathodic peak
was observed as the scan rates were increased. It was displayed as the
correlation coefficient of 0.9930 (inserted in fig. 18). Figure 19 also
exhibits the cyclic voltammogram of rGO-PDDA-CuPB in 0.1M KCl
aqueous solution with 10mM HCl with 1mM H2O2 at different scan
rates (from 10, 20, 50, 100, 200 mVs-1). This cyclic voltammogram
shows a linear relationship with the constant hydrogen peroxide
concentration with the correlation coefficient of 0.9882 (inset in fig.
19). Figure 20 displays the relationship between the current and the
scan rate for rGO-PDDA-NiPB. The scan rates were increased at the
scan rates of 10, 20, 50, 100, and 200 mVs-1. The graph of the
correlation was inserted inside the figure 10, which indicated that
correlation coefficient was 0.9867.
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Figure 18. CVs of rGO-PDDA-FePB in 0.1M KCl aqueous solution
with 10mM HCl solution in the presence of 1mM H2O2 with different
scan rates ( from 10, 20, 50, 100, 200 mVs-1 )
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Figure 19. CVs of rGO-PDDA-CuPB in 0.1M KCl aqueous solution
with 10mM HCl solution in the presence of 1mM H2O2 with different
scan rates ( from 10, 20, 50, 100, 200 mVs-1 )
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Figure 20. CVs of rGO-PDDA-NiPB in 0.1M KCl aqueous solution
with 10mM HCl solution in the presence of 1mM H2O2 with different
scan rates ( from 10, 20, 50, 100, 200 mVs-1 )
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3.4. Amperometric response of H2O2 at rGO-PDDA-PB

The amperometric responses of rGO-PDDA-FePB was displayed in
figure 21. As shown in this figure, the injection of H2O2 was done in
0.1M KCl + 10mM HCl with the applied potential of +0.17V. The
peaks are the responses for each injection of H2O2. After the injection
of H2O2, it reached a steady current linear line after some time. The
elctrocatalyst, PB reacts to reduce H2O2 successfully, showing its
excellent

electrocatlaytic

effects.

The

linearity

is

0.9947

for

rGO-PDDA-FePB with the sensitivity of 738.5 μA mM-1 cm-2 . From
figure 22, the amperometric responses of rGO-PDDA-CuPB was shown.
It was also done in 0.1M KCl and 10mM HCl with the applied
potential of +0.17V. The linearity was 0.9991 and the sensitivity was
124.7 μA mM-1 cm-2. From figure 23, the amperometric responses of
rGO-PDDA-NiPB was exhibited. The applied potential was +0.17V. The
sensitivity was given as 340.3 μA mM-1 cm-2 where the linearity
correlation coeffiecient was 0.9974. Taking a look at table 1, the limit
of

detection

for

rGO-PDDA-FePB

was

0.1μM,

one

for

rGO-PDDA-CuPB was 0.57μM, rGO-PDDA-NiPB was 0.08μM. This
comparison has given a clue that rGO-PDDA-NiPB has very low limit
of detection. Comparing the sensitivities, the rGO-PDDA-FePB has the
highest sensitivity values.
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Figure 21. (A) Amperometric response of the rGO-PDDA-FePB
nanocomposite modified glassy carbon electrode with injection of H2O2
in 0.1M KCl aqueous solution with 10mM HCl under stirring. The
applied potential was +0.17V. (B) Calibration curve of the reduction
peak

current

of

rGO-PDDA-FePB

concentration

- 43 -

modified

electrode

vs.

H2O2

Figure 22. (A) Amperometric response of the rGO-PDDA-CuPB
nanocomposite modified glassy carbon electrode with injection of H2O2
in 0.1M KCl aqueous solution with 10mM HCl under stirring. The
applied potential was +0.17V. (B) Calibration curve of the reduction
peak

current

of

rGO-PDDA-CuPB

concentration
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modified

electrode

vs.

H2O2

Figure 23. (A) Amperometric response of the rGO-PDDA-NiPB
nanocomposite modified glassy carbon electrode with injection of H2O2
in 0.1M KCl aqueous solution with 10mM HCl under stirring. The
applied potential was +0.17V. (B) Calibration curve of the reduction
peak

current

of

rGO-PDDA-NiPB

concentration
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modified

electrode

vs.

H2O2

Linear range
(mM)

Sensitivity
(μA mM-1 cm-2)

Limit of
detection
(μM)

Applied
Potential
(V)

References

GCE/rGO-CNT/NiPB

0.0002-0.15

-

0.08

0.45

[75]

GCE/rGO/Cu2O(one-pot)

-

219.3

79.0

0.3

[76]

0.02-0.2

196.6

1.9

-0.05

[74]

GCE/rGO-PDDA-FePB

0.0005‒0.077

738.5

0.1

0.17

This work

GCE/rGO-PDDA-CuPB

0.001-0.155

124.7

0.57

0.17

This work

GCE/rGO-PDDA-NiPB

0.0005-0.035

340.3

0.08

0.17

This work

Electrode

GCE/graphene/FePB

Table 1. Electrochemical characteristics of various rGO-PB modified electrodes in determining hydrogen peroxide
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4. Conclusion
In

conclusion,

the

comparison

of

rGO-PDDA-FePB,

rGO-PDDA-CuPB, and rGO-PDDA-NiPB has shown its possibility of
sensitive electrochemical detection of H2O2. PDDA has definitely helped
prussian blue analogues to be attached and well-defined onto rGO
sheets. The studies of sensitivity of the amperometric responses of those
materials has shown that a selective choice can be made according to
appropriate applications. As each substance has its own characteristics,
the further studies on its application should be considered. The high
sensitivity and low limit of detection of those modified electrode is
useful for the reduction of H2O2.
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국문 요약

환원 그래핀
옥사이드-폴리(디알릴디메틸암모늄
클로라이드)과
니켈, 철, 구리 프러시안 블루의
합성과 과산화수소의 검출 비교 연구
본 연구는 환원 그래핀 옥사이드 (reduced graphene oxide, rGO) 폴리(디알릴디메틸암모늄 클로라이드) (poly(diallyldimethylammonidum
chloride, PDDA)-프러시안 블루 (Prussian blue, PB) 나노복합물을 합
성하는 방법을 제시하고, 그에 따른 과산화수소 검출을 연구하였다.
먼저 환원 그래핀 옥사이드와 폴리(디알릴디메틸암모늄 클로라이드)
와 수산화 붕소 나트륨을 사용하여, 환원 그래핀 옥사이드-폴리(디알
릴디메틸암모늄

클로라이드)를

합성한

후,

전극(glassy

carbon

electrode, GCE)에 합성된 물질의 용액형태로 올린 후 건조하였다.
개질된

전극에

니켈,

철

구리

프러시안

블루를

전해석출방법

(electrodeposition)을 사용하여 전착하도록 하였다.
푸리에 변환 적외분광법 (Fourier transform infrared spectroscopy,
FT-IR)과 주사형 전자 현미경 사진 (scanning electron micrograph,
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SEM)을 주로 사용하여 구조와 화학적 구성을 연구하였다.
니켈, 철, 구리 프러시안 블루와 환원 그래핀 옥사이드-폴리(디알릴
디메틸암모튬 클로라이드) 개질 전극을 이용하여 연구를 진행하였
다. 불안정한 그래핀 옥사이드에 폴리(디알릴디메틸암모늄 클로라이
드)는 프러시안 블루가 잘 형성되도록 도우며, 프러시안 블루가 과
산화수소 측정 및 검출에 대한 시너지 효과를 높이며 촉매능력을
하도록 도와줌을 확인할 수 있었다.
본 연구에서는 10mM 염산과 0.1M 염화칼륨인 용액을 기본 수용액
으로 사용하여 순환전류법(CV)와 시간전류법 (Amperometry)의 분석
방법으로

분석을 하였으며, 산성 용액에서 전기화학적 촉매역할을

하는 것을 보였다. 특히 니켈, 철, 구리 프러시안 블루가 환원 그래
핀 옥사이드-폴리(디알릴디메틸암모늄 클로라이드)에 개질되었을 때
나타나는 현상을 비교함으로서 철 프러시안 블루의 높은 감도
(738.5 μA mM-1 cm-2)은 과산화수소의 전기화학적 검출에 철 프러시
안 블루가 감도가 높으며, 낮은 검출한계를 보여준 rGO-PDDA-NiPB
는 비록 높은 과산화수소 농도에는 높은 감도를 보이지 않지만, 낮은
검출한계를 보이고 있어 선택적으로 사용할 수 있을 것으로 기대한다.

주요어: 철 프러시안 블루, 니켈 프러시안 블루, 구리
프러시안 블루, 과산화수소, 환원 그래핀 옥
사이드,

폴리(디알릴디메틸암모늄

드)

Student Number : 2014-22855

- 62 -

클로라이

