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Prussian Dblue nanoparticles synthesized from K,[Fe(CN)s]3H,O and Fe(NOg3)3.9H,0, were
characterized by Fourier transform infrared (FT-IR), X-ray diffraction (XRD), Energy dispersive
spectroscopy (EDS), Scanning electron microscopy (SEM), and Raman spectroscopy. Prussian blue
nanoparticles were modified on a glassy carbon electrode as a mediator of carbon nanotube; three
electrodes GC-Bare, GC-PB and GC-CNT-PB were fabricated. Cyclic voltammetry were employed to
characterize electrodes at pH ranges of (3 - 7.4) in 0.1M phosphate buffer solution, in the absence or
presence of 25 uM of H,0,. Compared with Prussian blue (PB) modified on glassy carbon electrode
(GC-PB), the GC-CNT-PB electrode exhibits much electrochemical stability, much wider pH range
and high response currents for the reduction of hydrogen peroxide (H20,).
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1. INTRODUCTION

In the last two decades, coating of electrode surfaces with various electroactive materials is an
interesting area of research in designing electrochemical sensors. Several organic and inorganic
modifiers have been employed in conducting substrate electrodes to make chemically modified
electrodes [1-2]. These modifiers include tungsten oxide (WO3) and Prussian blue (PB) [3]. Prussian
blue is an inorganic polycrystalline substance which has been extensively investigated due to its
electrochemical, photophysical, electrochromic and magnetic properties and potential analytical
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applications [4-6]. In 1978, Neff et al [7] reported for the first time the successful deposition of
Prussian blue on a platinum foil as well as its electrochemical behavior [8-10]. A large number of
studies followed, and different methods for the preparation of PB-modified electrodes have been
described [11]. Prussian blue has been modified for many electrodes such as gold electrode [12],
graphite electrode [5], edge plane pyrolytic graphite electrode [13] and glassy carbon electrode [14].
Prussian blue nanoparticles can be easily synthesized by the addition of aqueous solution of iron(l11)
ions to an aqueous ferrocyanide solution under vigorous stirring at room temperature [15-16]. These
nanoparticles make two structural forms (soluble KFe'"'[Fe"(CN)g] and insoluble (Fes"'[Fe'(CN) ¢
Prussian blue).

The two forms have similar structure, but have different extents of peptization with potassium
ions. Replacement of potassium ions with ferric ions in a soluble PB would produce insoluble PB [17-
18].Since the discovery of carbon nanotubes (CNTs) by lijima in 1991 [19], research on CNTs have
improved speedily and have become one of the most attractive parts of nanotechnology in the world
[20-21]. These nanotubes are known to possess interesting chemical and physical properties such as
electric conductivity, chemical stability, mechanical and tensile strength [22-23]. The importance of
these unique properties can be improved or fine-tuned towards specific purposes by chemical
modification [24], therefore, the combination of PB and CNTSs has received research interest. CNTs are
considered to be good mediator for PB-modified electrodes due to their good electric conductivity and
the property of being particle carriers [25-26]. Electrodes modified with different electroactive
materials have the ability to detect hydrogen peroxide, H,O,, at low potentials. On the other hand,
hydrogen peroxide, H,0,, is an essential mediator in many fields such as food, pharmaceutical, clinical
diagnostic environmental protection and in industries [27-28]. Since its discovery almost two decades
ago, Prussian blue or ferric ferrocyanide, electrodeposited onto an electrode surface, could act as an
electrocatalyst for hydrogen peroxide reduction [29]. Although accurate determination of hydrogen
peroxide (H,O) is of great importance. In this study, PB deposited on multi-walled carbon nanotubes
(MWCNTs) modified glassy carbon electrode (GCE) has been used in the electrochemical
determination of hydrogen peroxide.

2. EXPERIMENTAL

2.1. Reagents and apparatus

Glassy carbon electrodes (GCE) were purchased from BAS Inc (Tokyo Jaban), and Multi-
walled carbon nanotubes (MWCNT) were obtained from our research group Ndwandwe et al.[30].
Sodium dihydrogen phosphate (NaH,PQO,), disodium hydrogen phosphate (Na,HPO,), potassium
hexacyanoferrate (K4[Fe(CN)g]3H.0, iron nitrate nonahydrate (Fe(NO3)3.9H,0O and aluminium oxide
(Al,03) were purchased from Sigma-Aldrich. Acetone (C3HgO), N,N-dimethylformamide (DMF),
hydrogen peroxide (H,O,) nitric acid (HNO3), hydrochloric acid (HCI) were also obtained from
Sigma—Aldrich. All chemicals were of analytical grade and used as received without further
purification.
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2.2. Electrochemical measurements

Electrochemical measurements were performed using an auto-lab potentiostat (663 VA stand
metrohm Swiss mode). A convectional three-electrode system was employed, Ag/AgCl (3M KCI) as
reference electrode, platinum electrode as a counter electrode and glassy carbon electrode (GC)
modified with multi-walled carbon nanotubes (MWCNT) and Prussian blue (PB) as working electrode
in all experiments. A 0.1M phosphate buffer solution (PBS) with different pH solutions was used as
electrolyte solution.

2.3. Synthesis of Prussian blue nanopatrticle

Prussian blue nanoparticles were synthesized as follows: An aqueous solution of
Fe(NO3)3.9H,0 was added to an aqueous solution of same equal molar mass of Ks[Fe(CN) s]3H-0.
The reaction mixture was vigorously stirred for 10 min. Dark blue precipitate obtained were
centrifuged, washed with distilled water three times and with methanol once , and then dried in an
oven at 80°C to yield insoluble Prussian blue nanoparticles [31].

2.4. Preparation of modified electrodes

The GCE surfaces (3 mm in diameter) were cleaned by gentle polishing in aqueous slurry of
alumina on a mesh paper. The electrode was then subjected to ultrasonic vibration in acetone to
remove residual alumina particles that might be trapped at the surface of the electrode, and then
subjected to ultrasonic vibration in deionized water before drying. GC-MWCNTSs was prepared with
50 mg of MWCNTs was dispersed in 5 ml of N,N-dimethylformamide (DMF) with the aid of
ultrasonic mixing for 30 min to form a stable black suspension. About 20 uL drop of MWCNTs/DMF
solution were dropped on bare GC electrode and dried in an oven at 50°C for 5 min. The modified
electrode is herein designated as GC-MWCNTSs. The PB film was prepared by sequential deposition
method as described by Han et al [32]. GC-Bare or GC-MWCNTSs electrodes were immersed in
Fe(NO3)3.9H,0 solution for 30min, with stirring after which the electrodes were rinsed, dried and then
immersed in K4;[Fe(CN)g].3H20 solution and stirred for another 30 min, followed by a re-rinsing and a
re-drying processes to complete the deposition cycle. The electrode obtained thereafter, were described
as GC-PB and GC-MWCNTSs-PB respectively.

2.5. Characterization

The morphological features of Prussian blue nanoparticles were analyzed by Raman
spectroscopy, FE-SEM, EDS, and XRD. The Raman spectra were obtained by a Raman spectroscope,
Jobin-Yvon HR800 UV-VIS-NIR Raman spectrometer equipped with an Olympus BX 40 attachment.
The excitation wavelength was 514.5 nm with an energy setting of 1.2 mV from a coherent Innova
model 308 argon-ion laser. The Raman spectra were collected by means of back scattering geometry
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with an acquisition time of 50 seconds. The surface morphology and EDS measurements were
recorded with a JEOL 7500F Field Emission scanning electron microscope. Powder X-ray diffraction
(PXRD) patterns were collected with a Bruker AXS D8 Advanced diffractometer operated at 45 kV
and 40 mA with monochromated copper Kol radiation of wavelength (A = 1.540598) and Ka2
radiation of wavelength (A = 1.544426). Scan speed of 1 s/step and a step size of 0.03°.

3. RESULTS AND DISCUSSION
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Figure 1. Fourier Transform infrared (FTIR) spectra of (a) Prussian blue, before and after drying and
(b) composite Prussian blue with multiwall carbon nanotube.

The Fourier transform infrared spectra of synthesized Prussian blue nanoparticles before and
after drying and that of a composite formed between Prussian blue and multiwall carbon nanotube are
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presented in figure 1. FT-IR spectra were measured in the range of 4000.0 — 650.0 cm™. The spectrum
of Prussian blue before drying, figure 1(a), shows a strong broad band at 3336 cm™ which is assigned
to the stretching modes of O—H group and H-O—H bending mode of water. This band shows that water
molecules in the Prussian blue is coordinated in the shell of high spin iron or occupying interstitial
positions as uncoordinated water. The sharp peak at 2077cm™ is a characteristic peak of Fe-CN bond
and is linked to the stretching vibration of Fe-CN. The strong peak at 2057 cm™ is a characteristic
vibrational peak of PB which is attributed to the stretching vibration of the CN group. The FTIR of
dried PB nanoparticle show a reduced broad band at 3325 cm™ indicating the removal of water. The
spectra of the PB/MWCNT composite, figure 1(b), show a broad band centered around 3350 cm™ and
a new sharp band at 1637 cm™. These two bands are due to the presence of OH and CN groups in the
nanocomposite. The presence of these two bands further demonstrates the formation of the composite.
The X-ray diffraction (XRD) spectrum of Prussian blue nanoparticle is presented in figure 2.
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Figure 2. X-ray Diffraction (XRD) spectra of Prussian blue nanoparticles

X-ray diffraction discovers the geometry or shape of a molecule using x-ray diffraction
technigque which is based on the elastic scattering of x-rays from structures that have long range order.
The spectra show a diffraction peaks at 17.380, 24.600, 35.180 and 39.250 which can be allocated to
the Prussian blue phase (200, 220, 222, and 400) crystal planes respectively. These peaks can be
related to face-centered cubic structure of PB with space group Fm3m. The energy dispersive
spectroscopy (EDS) spectrum of Prussian blue nanoparticle is presented in figure 3. Energy dispersive
x-ray spectroscopy (EDS) is an analytical technique used for the elemental analysis or chemical
characterization of a sample. The EDS spectra of synthesized Prussian blue nanoparticles indicate the
presence of the elements carbon, oxygen, potassium, iron and chlorine employed during synthesis.
This confirms the successful synthesis of Prussian blue. The scanning electron micrograph (SEM)
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image of Prussian blue nanoparticles is presented in figure 4. The SEM was used to determine the
particle size and distribution of the as-synthesized Prussian blue nanoparticles.
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Figure 3. Energy Dispersive Spectroscopy (EDS) of Prussian blue nanoparticles

Figure 4. Scanning Electron Micrograph (SEM) of Prussian blue nanoparticles

The SEM image at 100 um, show the PB as aggregates of nanoparticles of high dimension with
no precise shape. The Raman spectra of Prussian blue nanoparticles are presented in figure 5.The
Raman spectra of Prussian have shown that there is a strong vibrational band at 2154.96cm-1 which is
caused by the stretching vibration of carbon nitrogen triple bond group of Prussian blue. Where the
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other peaks at 1254.35, 507.47 and 275.49cm™ are expected to have relation to the presence of co-
precipitated ferricyanide ion.
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Figure 5. Raman Spectra of Prussian blue nanoparticles
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Figure 6. Cyclic voltammograms of bare-GC electrode (a) before and (b) after injection of 25ul H,O,
in 0.1M PBS pH 7.4 (c) overlay of the two voltammograms.
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Figure 7. Cyclic voltammograms of GC-PB electrode (a) before and (b) after injection of 25ul H,O; in
0.1M PBS at different pH values.
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The electrochemical properties of bare GC, GC-PB and GC-MWCNT-PB electrodes were
studied in 0.1 M phosphate buffer solution at different pH values and at a scan rate of 100 mV/s. The
cyclic voltammograms of bare GC electrode in the presence and absence of hydrogen peroxide in 0.1
M phosphate buffer solution pH 7.4 is presented in figure 6 (a and b). The overlay of the electrode
response in the presence and absence of hydrogen peroxide is presented in figure 6(c). As can be seen,
a small anodic response is observed. The bare GC electrode does not have the ability to detect
hydrogen peroxide.

The cyclic voltammogram of GC-PB electrode in the presence and absence of hydrogen
peroxide in 0.1 M phosphate buffer solution at pH 3, pH 5.12 and pH 7.4 are presented in figure 7. The
GC-PB electrode in the absence of hydrogen peroxide, figure 7(a) does not show any electrochemical
response at pH 5.12 and pH 7.4, while at pH 3, anodic and cathodic responses are observed. In the
presence of hydrogen peroxide, figure 7(b), responses are observed at pH 7.4, pH 5.12 and pH 3. The
highest response is observed at pH 3 and the lowest response is observed at pH 7.4. The high response
at pH 3 is due to the fact that at high pH, Prussian blue losses its stability. Hydrogen peroxide also
affects the response of the modified electrode significantly at pH 7.4 and pH 5.12. The cathodic
responses are greater than the anodic responses at all pH values. The anodic response at pH 3 for the
electrode in the absence of hydrogen peroxide, is also greater than the anodic response in the presence
of hydrogen peroxide. On the other hand, the cathodic responses at all pH values in the presence of
hydrogen peroxide are greater than the cathodic responses in the absence of hydrogen peroxide.

The cyclic voltammograms of GC-MWCNT-PB electrode in the presence and absence of
hydrogen peroxide in 0.1 M phosphate buffer solution at pH 3, pH 5.12 and pH 7.4 are presented in
figure 8. In the absence of hydrogen peroxide, figure 8(a), electrochemical responses are observed at
pH 5.12 and 7.4 with a very negligible response observed at pH 3. The anodic response at pH 5.12 and
7.4 are very significant with the peak at pH 5.12 higher than at pH 7.4. The cathodic responses at pH
5.12 and 7.4 are also significant but less than the anodic response.
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Figure 8. Cyclic voltammograms of GC-MWCNT-PB electrode (a) before and (b) after injection of
25ul H,O; in 0.1M PBS with different pH values.

Again, at pH 5.12, a higher cathodic response is observed than at pH 7.4. In the presence of
hydrogen peroxide, figure 8(b), electrochemical cathodic and anodic response is observed at pH 7.4
only. Prussian blue modified electrode at pH 3, has the highest response of current. GC-MWCNT-PB
compared with GC-PB, GC-MWCNT-PB shows good stability of PB film after using different pH
solution in the absence or presence of H,O,. These results indicate that the presence of MWCNT in the
MWCNT/PB composite film significantly enhances the electrochemical stability of Prussian blue
nanoparticles. The extraordinary stability of the MWCNT/PB hybrid composite film could be due to
the n-n* stacking interaction between carbon atoms in the carbon nanotubes and the —CN groups of
PB. Besides, cations in the PB (iron ions) can also interact with anions in carbon nanotubes (carboxyl
moieties) through ionic interaction. These results have been reported with PB/MWCNT and OMC/PB
composite films that showed the electrochemical and electroanalytical properties of PB were improved
in the presence of OMC/PB electrode [33-34].

4. CONCLUSION

In summary, the results presented here demonstrate the use of GC-PB, GC-MWCNT-PB
composite for the electrochemical measurement of hydrogen peroxide. Prussian blue is easily
synthesized and characterized. Electroanalytical responses and stability were improved when GC-PB
and GC-MWCNT-PB modified electrodes were used. Electrochemical responses depended
significantly on pH. This shows that the GC-PB and GC-MWCNT-PB modified electrodes will have a
significant electroanalytical efficiency in the future. GC-MWCNT-PB and GC-PB electrodes are easily
constructed, it responds rapidly and it has a good selectivity.
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