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Abstract

Electrocatal ytic reduction and oxidation
of nitric oxide on electrodes modified with
Prussian blue films was studied in acidic
aqueous buffer solutions. The results from
the cyclic voltammetry and spectroelectro-
chemistry show that Prussian white, the
reduced form of Prussian blue, acted as an
electrocatalyst toward NO reduction. The
reduction current started at -04 V and
became higher at more negative potential.
Bulk electrolysis of nitrite solution at PB
modified electrodes at -0.7 V led to the
formation of NH,; and NH,OH. Berlin green,

the oxidized form of Prussian blue, has the
activity to catalyze NO oxidation to yield
nitrate at +1.3V. The reactivity of Prussian
blue was discussed and the reaction schemes
were presented.

Keywords: Prussian blue-modified electrode,
Nitric oxide, Electrocatalytic reaction,
Electroreduction, Electrooxidaton.

1. Introduction

Nitric oxide (NO) has been of interest to
chemists because of its important role in
environmental problems [1]. It is one of the
most studied molecules in the biologica
science recently due to its multiple roles. It
has arole as asignaling molecule in the brain
[2,3], in the regulation of blood pressure [4]
and in the cardiovascular systems[5]. Also, it
isidentified as an important neurotransmitter
in central and peripheral nervous systems [6].
Moreover, it isrelated to some tissue damage
and fatal effect [7].

Prussian blue (PB-Fe(l11)Fe(11)), known
as a mixed-vaence compound [8], can be
deposited onto electrode surfaces [9-12].
The modified electrodes have a wide range of
application in electrocatalysis [9], electro-
chromic displays [10], ion-selective elec-
trodes [11] and biosensors [12]. Prussian blue
exists in the solid state in two forms. Both
forms, insoluble PB (Fe,[Fe(CN) ],) and
soluble PB (KFeg[Fe(CN)y]), are electro-
active. PB may be oxidized and reduced
associated with color changes. Prussian white



(PW-Fe(IDFe(11)) is the completely reduced
form, which was reported to reduce oxygen
[13], hydrogen peroxide [13] and CO, [9].
Berlin green (also known as Prussian yellow,
PY -Fe(I11)Fe(111)) is the completely oxidized
form, which was able to oxidize hydrogen
peroxide [14], thiosulfate [15] and hydrazine
[16].

Self-deposition of the PB occurred when
electrodes such as Pt, Au and glassy carbon
were immersed directly in solutions of
K;Fe(CN) , and FeCl,. Trace ferric ion was
reduced to ferrous ion from the reaction of
ferric ion and water molecules. Solid PB was
formed on the electrode surface owing to the
following equation,

K* + Fe?" + Fe(CN)s* = KFeFe(CN), 1)

The PB film formed without potential control
was unstable and redissolved into the
solution when the modified electrode was
used in the follow-up experiments.

Deposition of PB on electrode can be
conducted by electrochemical methods and
the cycled film may be composed of a
mixture of the soluble PB and insoluble PB
[17]. The eectrochemistry of the PB film has
been well studied in the literatures. In the
reduction, K* ions are incorporated in the PB
lattice to maintain film electroneutrality,
which is proved from the electrochemical
qguartz crystal microbalance (EQCM) exp-
eriments [17-19]. The transport of K ion
causes the increase and decrease of the
frequency [20,21]. The reduction reaction
results from the redox reactions of high spin
Fe¥*? [22]. In the anodic scan, electro-
oxidation of PB to Berlin green occurs in
chloride medium [23]. The oxidation reaction
corresponds to electrochemical reactions of
low spin Fe(CN),** [22].

Oxidation and reduction can be described
according to Itayaet al [18]

Fe,"[F€'(CN)g]s+ 4K™+4e =K, Fe,"[FE'(CN)s: (2

(PB) (PW)
Fe,"[FE'(CN)gl+3Cl" = Fe,"[F€"(CN)¢Cl+3e  (3)
(PB) (PY)

The lattice structure is converted to the
‘soluble’ form [24] when the films are cycled

several times in potassium medium. The
reactions can be rewritten as [25,26]

KFe'"Fe'(CN)s + K*+ & = K F'[F'(CN)]  (4)
(PB) (ES)

KFe'"Fe'(CN), + Cl" = KFe"[Fe"(CN)|Cl + &  (5)
(PB) (PY)

It is well known that electrochemical
technique is very promising for NO
measurement [27,28]. Also, PB was found to
be a good catadyst of some biological
molecules electrochemically [29]. However,
to our knowledge, there is no report
concerning its application in NO deter-
mination. In this work, we develop the PB
modified electrodes to investigate its electro-
catalytic activity on nitric oxide. The lattice
of the PB film is expected to alow the
transferring of cation and neutral species.
Both electroreduction and electrooxidation of
nitric oxide at the PB modified electrodes are
under studied. Ruthenium purple (RP) was
also used for comparison. Such information
may be useful in the application of PB as a
NO detector.

2. Experimental

Reagents — The solution used for PB
deposition was prepared from equal volumes
of freshly prepared FeCl,6H,0 (0.01 M) and
K,;Fe(CN)s (0.01M). The solution used for
the analogue RP (ruthenium purple) de-
position was the same except that K,Ru(CN);
was instead. The electrolyte was 1.0 M KCI
and the solution was buffered to pH 2.0.
Double-distilled water, additionally purified
in aMilli-Q ultrapure water system, was used
in al experiments.

Electrodes — Indium-tin oxide (ITO, 5cm ~
0.8cm) were used as working electrodes.
It was cleaned by soaking in concentrated
ammonia solution followed by rinsing in
deionized water. The electrode was then
immersed in acetone and ultrasonicated for 3
minutes. The PB film was deposited in
potentiostatic conditions (+0.6 V) for 15 to
120 seconds. For the purpose of stabilizing
the Prussian blue film, the modified electrode
was cycled 15 times between +0.6 and —0.2
V in pH 2.0 buffer solution [24]. A home-



made AQ/AQCIl electrode was used as a
reference electrode. All potentials were
reported with respect to this reference
electrode. Platinum wire was used as a aux-
iliary electrode. Spectroelectrochemistry was
conducted in a 1 cm path length cuvette,
consisting the same three-el ectrodes system.
Product analysis — The reduction products
were reacted with o-phthaldehyde and
mercaptoethanol, and then quantitated by a
fluorescence methods [30].

Instruments — Electrochemical experiments
was performed using EG&G Princeton
Applied Research Model 174A Polaro-
graphic Analyzer and PAR Mode 175
Universal Programmer. Cyclic voltammetry
(CV) curves were recorded using a BAS
(Bioanalytical Systems, West Lafayette, IN,
USA) X-Y recorder. The absorption spectra
were obtained with a Hewlett-Packard M odel
8453 spectrophotometer. The fluorescence
spectra were obtained with a HITACHI F-
4500 spectrophotometer.

3. Results and Discussion
3.1. Nitric oxide reduction at the PB modified
éectrodes

Figure 1A shows the cyclic voltammo-
grams for the electron transfer of PB/PW
under a nitrogen atmosphere. These ITO
modified electrodes are prepared by various
deposition time. The amount of PB film on
the electrodes can be measured from the
voltammograms. It can be seen that the
cathodic peak area between +0.4 to 0.2 V
increases as the deposition time increases,
which indicates that the PB film becomes
thicker at more deposition time. When these
modified electrodes are transferred into a
KNO, solution buffered to pH 2.0, the cyclic
voltammograms are shown in Figure 1B.
The reduction current starts at -0.4 V and a
fairly large increase in cathodic current is
found, while bare ITO €electrode has no
catalytic ability for the reduction of a KNO,
solution. The electroreduction current at —0.6
V is aso larger when the deposition time
increases, which means that the more of the
PB molecule deposition, the more efficiently
it act as a reduction catalyst. That is to say,

the electroreduction reactions occur within
the PB lattice.

Nitrite ion was disproportionated according
to the following equation [31]

2NO 4y *NO, +20H = 3NO, +H,0 K=1.1" 10°M? (6)

In acidic medium, nitric oxide is generated
thermodynamically. PW, the reduced form of
PB, was reported to have the cataytic
activity for the reduction of molecular
oxygen to water via four-electron-transfer
reactions [14]. Owing to the similar mol-
ecular size with oxygen, nitric oxide can be
expected to transport through the lattice of
PB during reduction. NO is supposed to be
electrocatalyticaly reduced by PB. Both
nitrite and nitrate anions were expelled by the
negatively charged PB film. Thus, the
reduction current is resulted from the reduc-
tion of NO by PB.

The reduction of NO by PB modified
electrode using  spectroelectrochemistry
methods is shown in Figure 2. At open
circuit (trace A), absorption near 350 nm
(multiples) and 700 nm (broad) are attributed
to the nitrite and PB, respectively. At -0.7 V
(traces B ~ D), the broad band at 700 nm is
completely disappeared, which indicates that
PW is generated electrochemically. At the
same time, the absorbance of nitrite
decreases gradually. At bare ITO electrode,
the absorbance decrease of nitrite is not
significant. The electrocatalytic reduction of
NO at the PB film apparently causes the
chemical equilibrium shifting to the
consumption of NO,.

3.2. Product analyses

The reduction products obtained by
prolonged potentiostatic electrolysis with the
prepared electrodes are shown in Table 1.
The products are NH, and NH,OH of nearly
equal quantity using PB modified electrodes.
When a ruthenium purple (RP) electrode was
used, the higher yield product was NH,OH
but the total quantity were less than the PB
case. The electrocatalytic reduction scheme
can be shown as



+e,+ K"

+me, +nH"

NH; + NH,OH NO

It was reported that NO binds to Fe' ion in
the PB lattice [32], which make the reduction
possible. Accordingly, reduction products
were obtained via electron transfer accom-
panied by proton transfer.

3.3 Nitric oxide oxidation at the PB modified
eectrodes

Figure 3 shows the cyclic voltammo-
grams for the PY/PB redox couple under
nitrogen. The voltammogram charge (the
cathodic peak charge between +0.6 to +1.2 V)
increases linearly with the deposition time,
indicating again that the PB film is thicker at
more deposition time. When these PB
modified electrodes were used to detect NO,
the oxidation current starts at +0.9 V and is
enhanced greatlly a the PB modified
electrodes under NO atmosphere (Fig 3B)
compared to that under nitrogen (Fig 3A).
The oxidation current at +1.3 V is larger at
the thicker PB film electrodes, which means
the electrooxidation reactions occur within
the PB lattice. Bare ITO shows no catalytic
current to NO oxidation, which means that
PB isaso acatalyst toward NO oxidation.

The oxidation of NO by PB modified
electrodes using spectroelectrochemistry
methods is shown in Figure 4. The electrode
Is set at the right angle of the path length, so

increase of NO, in absorbance, however, the
contribution is less significant. Chen [33] has
reported the absorption spectral change of
nitrite in a buffer solution (pH 1.5) in the
presence of oxygen. It took 2610 min to
lower nitrite absorbance of the same quantity.
Evidently, PB can act as a catalyst for NO
oxidation.

The oxidation product of NO by PB
modified electrodes is proposed to be nitrate
anion as shown in Figure 4. The half-
reactions for some nitrogen species in
agueous solution [34] are shown below:

HNO,+ H*+ e =NO + H,0 E°=+0.983V (7)
NO* + 4H"+3e =NO+2H,0 E°=+0.957V (8)
N,O, + 4H" + 46 =2NO + 2H,0 E°=+1.035V (9)
2NO; + 4H* + 2e = N,O, + 2H,0 E° = +0.803 V (10)

Thermodynamically, nitrate anion may be
formed via (7)—>(8) or (7)—>(9)—>(10)
pathway. The electrocatalytic NO oxidation
scheme at PB is thus shown as

+e -ClI°
PY PB

+pH,0-mH" -ne

NO NO5
The study for detailed reaction mechanism is
presently in progress.

Table 1. Reduction products of 20mM NaNO, by
modified electrodes for 3 hr. at 0.7 V.
Solution conditions : 1.0 M KCI and
buffered to pH 2.0.

that the solution composition during the Product  NH; (M) NH,OH (M)
oxidation reactions can be monitored. The a ” )
) , PB/C 8.3x 10 8.1x10
multiple peaks in the range of 330 ~ 400 nm
are characteristic of potassium nitrite in pH RP/C? 1.6 x 10* 5.6x 10*
2.0 solution. At +1.3 V, the multiples
Bare C* 1.0x 10° 6.6 x 10°®

absorbance decreases gradually and a band

characteristic of nitrate grows at 300 nm.
After 110 min, the absorbance of nitrite is 80
% lower than the original. In the absence of
PB, the occurrence of the reaction (6) may
contribute to the decrease of NO, and the

a vitreous carbon electrode
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