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Abstract

A stable electroactive thin film of cobalt hexacyanoferrate (CoHCF) was electrochemically deposited on the surface of a microband
gold electrode. The cyclic voltammograms of CoHCF film indicate the presence of two redox peaks corresponding to the hexacyanofer-
rate(I1 /1) redox couple. The electrochemical behaviour of CoHCF is related to the concentration of supporting electrolyte and
counter-ions. The modified electrode shows excellent electrocatalytic activity towards the oxidation of reduced nicotinamide adenine
dinucleotide (NADH) in phosphate buffer solution (pH 7.0), with an overpotential ¢a.310-370 mV lower than that of the bare microband
gold electrode. The catalytic peak current is proportional to NADH concentration in the range 0.5-6.0 mM with a correlation coefficient
of 0.98. The catalytic rate constant of the modified electrode for the oxidation of NADH is determined using a rotating-disc electrode.
The mechanism of the oxidation of NADH catalysed by the electrode is discussed.
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1. Introduction

Recently, various inorganic materials such as clays [1],
zeolite [2], transition metal oxides [3], transition metal
particles [4], polyoxometallates [5] and polynuclear transi-
tion metal hexacyanometallates [6-8] have been used to
fabricate chemically modified electrodes which have po-
tential applications such as electrode coating material for
electrochromic displays [9], ion selective electrodes [10]
and solid-state batteries [11]. Of these, the transition metal
hexacyanoferrates, namely Prussian blue (PB) and its ana-
logues, are an important class of insoluble mixed-valence
polynuclear compounds because they can produce well-
characterized electroactive films with properties in com-
mon not only with redox and ion-exchange polymers but
also with intercalation compounds. Much research work
has been published on PB-modified electrodes, but these
have been few studies of electrodes modified by PB
analogues. In this paper, we report the formation of cobalt
hexacyanoferrate (CoHCF) thin film on the surface of a
microband gold electrode and the electrocatalytic activity
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of the CoHCF-modified microband gold electrode
(CoHCF | Au) towards the oxidation of NADH.

The electrochemical oxidation of NADH is of increas-
ing interest in developing amperometric enzyme electrodes
for substrates which are enzymatically coupled to
NAD*/NADH [12] or in the electrochemical regeneration
of the cofactor for enzymatically coupled biotransforma-
tions [13]. The amperometric electrodes combine the speci-
ficity and selectivity of biological molecules with the
direct transduction of reaction rate into current response
and represent powerful tools in the field of analysis and
biotechnology. However, the oxidation of NADH at the
bare electrode surface is highly irreversible. The reaction
takes place at considerable overpotential and involves radi-
cal intermediates which cause electrode fouling [14]. To
overcome these problems, modification of the electrode
with redox mediators has been investigated extensively as
a means of reducing the overpotential of the oxidation of
NADH. Johansson, Gorton and coworkers have reported
the electrocatalytic oxidation of NADH by adsorbed aro-
matics containing catechol functionalities [15,16] and ad-
sorbed phenoxazines [17-20]. Albery and Bartlett [21]
reported the oxidation of NADH on electrodes made of a
conducting organic salt. Other mediators, such as 1,2-
quinones [22-24], 1,4-quinones [25], alkylphenazinium
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ions [26] and thionine [27], have been immobilized on the
surface of carbon electrodes through covalent binding and
direct adsorption, or chemically cross-linked using a poly-
mer, and used to catalyse the oxidation of NADH. The
electrocatalytic oxidation of NADH at electrodes modified
with conducting polymers, such as poly(3-methyl-
thiophene) [28], poly(mercaptoquinone) [29], poly(thionine)
[30] and poly(metallophthalocyanine) [31], have also been
reported recently.

Microelectrodes have received considerable attention in
some applications owing to their many advantages com-
pared with conventionally sized electrodes and have at-
tracted great interest for the determination of biomolecules
in small volumes. Although there have been many studies
of the electrochemical oxidation of NADH using various
electrodes [15-31], to our knowledge there are no reports
of the electrochemical oxidation of NADH at a gold
microelectrode. In order to obtain more redox information
about NADH, the mechanism of the electrocatalytic oxida-
tion of NADH at chemically modified electrodes and the
development of a microsensor which depends on NADH
for in-vivo analysis and biotechnology were investigated.
It is also necessary to study the electrochemical oxidation
of NADH at microelectrodes. The aim of this paper is to
describe the voltammetric behaviour of NADH at a Co-
HCF | Au electrode and the electrochemical performance of
the electrode. The inorganic films are stable in the electro-
chemical processes. A noticeable decrease in the overpo-
tential for NADH oxidation and a remarkably stable
voltammetric response at the modified electrode was ob-
served. CoHCF appears to be ideal for applications in
amperometric sensors.

2. Experimental
2.1. Chemicals

NADH was obtained from the Sigma Chemical Com-
pany and used as received. All other chemicals were of
analytical grade. All solutions were prepared with doubly
deionized water. The buffer solution (0.1 M) was made up
from Na,HPO, and NaH,PO, (abbreviated as 0.1 M
NaPB solution hereafter), K, HPO, and KH, PO, (abbrevi-
ated as 0.1 M KPB solution hereafter) or NaOAc and
HOAc.

2.2. Apparatus

A three-electrode system with a platinum wire counter-
electrode, a saturated calomel reference electrode (SCE)
and a microband gold working electrode (ca. 0.1 um X 1.0
cm) was employed. The method of fabrication of the
microband gold electrode was the same as reported previ-
ously [32]. The working electrode was polished with 0.05
p.m alumina slurry, rinsed with water and then cleaned in

ultrasonic cleaner with acetone and water. Prior to use, the
electrode was pretreated by continuous cycling from 0 V
to —2.0 V at 50 mV s~ in phosphate buffer solution (pH
7.0) until a constant background was observed.
Electrochemical experiments were performed with a
PAR M270 electrochemistry system (EG & G). Rotating-
disc electrode measurements were carried out with a PAR
M#636 ring—disc electrode system (EG & G) using a gold
disc electrode (¢ = 4.5 mm). The gold disc electrode was
treated in the same way as the microband gold electrode.

2.3. Procedures

The cobalt hexacyanoferrate film was electrochemically
deposited on the microband gold electrode in the following
manner, which is similar to that described in the literature
[33]. The gold electrode was scanned from —0.5 to —1.15
V atarate of 10 mV s~' in 0.1 M KCl solution containing
1 X107* M CoCl,, and kept at a potential of —1.15 V
for a certain period of time for the deposition of cobalt.
After removal from the solution and thorough rinsing with
water, the electrode was dipped into a 0.2 M NaOAc +
HOAc buffer solution (pH 4.7) containing 2 X 1073 M
K;Fe(CN),, and scanned from —0.8 to +0.4 V at 10
mV s~'. Finally, the electrode was rinsed thoroughly with
water, and dipped into the phosphate buffer solution to
study its electrochemical behaviour and examine the elec-
trocatalytic activity for oxidation of NADH.

All the experiments were carried out at 25 + 0.1°C
under a N, atmosphere after deaerating with pure N, for
30 min. All the electrochemical experiments were per-
formed inside a Faraday cage.

3. Results and discussion

3.1. Electrochemical behaviour of the CoHCF | Au elec-
trode

Fig. 1(A) shows the voltammograms of a CoHCF |Au
microelectrode in 0.1 M NaPB solution (pH 7.0) at various
scan rates. Two well-defined redox peaks can be seen.
Because the cobalt cannot be reduced in this potential
range, the redox peaks correspond to the redox couple of
hexacyanoferrate(Il /1II). The formal potential of +0.33
V/SCE is obtained by averaging the cathodic and anodic
peak potentials. The ratio of anodic to cathodic peak
currents obtained at various scan rates is almost unity. The
anodic and cathodic currents increase linearly with scan
rate up to 200 mV s~ ! as shown in the inset to Fig. 1(A).
The cyclic voltammogram is fully symmetric at +0.33 V
and no separation of peaks is observed at low scan rate
(<20 mV s™'). A further increase in scan rate results in a
separation of peaks; for example, a separation of ca. 21
mV occurs at 200 mV s~'. The apparent rate constant of
CoHCF at the Au electrode surface, which was obtained
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Fig. 1. Cyclic voltammograms of a CoHCF|Au microband electrode in
(A) 0.1 M NaPB and (B) 0.1 M KPB solutions (pH 7.0} at a scan rate of
(a) 20, (b) 40, (c) 60, (d) 80, (¢) 100 and (f) 150 mV s~'. The inset
shows the dependence of peak currents on the scan rate.

using Laviron’s method [34], is 3.1 s~!. The half peak
width is about 93 + 3 mV, which almost coincides with
the theoretical value of a one-electron reaction mechanism
process [35]. The surface coverage I' can be evaluated
from the equation

I'=Q/nFA (1)

where Q is the charge obtained by integrating the anodic
peak under the background correction and the other sym-
bols have their usual meanings. In the present case, I' is
5.0%x 1078 mol cm 2.

3.2. Effect of ions on the CoHCF | Au electrode

The electrochemical behaviour of CoHCF is mainly
affected by cations, and anions have little effect. Fig. 1(B)
shows the cyclic voltammograms of CoHCF |Au in 0.1 M
KPB solution at various scan rates. The formal potential of
CoHCF in 0.1 M KPB solution is +0.45 V /SCE, which
shifts in the positive direction by about 120 mV compared
with that in 0.1 M NaPB solution.

CoHCF has a face-centred cubic lattice crystal structure
with a cell constant a of about 10.2 A; Co(II) and Fe(ID) or
Fe(1ID), bridged by a CN~ group [36], appear alternatively

at the sites of small cubes. Owing to the rigidity of the
crystal lattice of the CoHCF film, the diffusion of cobalt
ions in it is very difficult. Only counter-ions, such as K*,
Na* etc., are transported through the CoHCF film during
the electrochemical redox process in order to maintain
electroneutrality. The new cathodic peak at a potential of
about +0.59 V which appears on the cyclic voltammo-
grams of Fig. 1(B) is the result of cation transfer in the
CoHCEF film as proposed by Dong and Jin [37] for MoHCF
film. Hence the hydrated ionic radii of counter-ions in-
evitably affects the behaviour of the CoHCF film. There-
fore the difference between the formal potentials of Co-
HCF in KPB and NaPB solutions can be explained in
terms of the different transfer rate of counter-ions in
CoHCF. The transport of K* in CoHCF film is more
difficult than that of Na* because the hydrated ionic radius
of K* (1.33 A) is larger than that of Na* (0.95 A).

3.3. Effect of electrolyte concentration on the CoHCF | Au
electrode

Cyclic voltammograms of a CoHCF | Au microelectrode
in three different concentrations of NaCl (pH 7.0) are
shown in Fig. 2. With decreasing concentration of elec-
trolyte, the redox peaks shift in the negative direction and
the peak currents decrease simultaneously. The formal
potential is +0.39 V in 1 M NaCl solution, whereas in
0.0IM NaCl solution it shifts to +0.29 V. The following
equation can be obtained by treating the film as a solid
solution as in the case of PB film [38]:

P L (2)
nk ACoHCF,,

M=NaK,...

Thus the shift of potential is due to the change in the

activity of Na* in solution. The reversibility of CoHCF | Au
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Fig. 2. Cyclic voltammograms of the modified microelectrode in (a) 1.0
M, (b) 0.1 M and (c) 0.01 M NaCl solution (pH 7.0).
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Fig. 3. Catalytic oxidation of NADH at a modified microelectrode in 0.1
M KPB (pH 7.0) (a) with 2.0 mM NADH and (b) without NADH at a
scan rate of SO mV s~ !,

is also affected by the electrolyte concentration. In 1 M
NaCl the electrode process is almost reversible and the
peak separation is 2 mV at a scan rate of 50 mV s™1,
whereas in 0.01 M NaCl the separation is 28 mV and the
reversibility is decreased.

3.4. The stability of the modified electrode

The stability of the modified electrode was studied by
exposing it in air or storing it in buffer solution for a
period of time, and then recording the cyclic voltammo-
grams. The experimental results indicate that the
CoHCF | Au is not affected by air. Furthermore, there is no
loss of redox activity after storage in the buffer solution
for about a week. In addition, there were no changes in the
height and separation of the cyclic voltammogram after
100 cycles repetitive scanning in buffer solution.

3.5. Catalytic oxidation of NADH at the modified electrode

Fig. 3(a) shows the cyclic voltammogram of the Co-
HCF | Au microelectrode in 0.1 M KPB solution containing
2.0 mM NADH. It can be seen that there is a large
increase in the anodic peak current, corresponding to the
oxidation of hexacyanoferrate(II) to hexacyanoferrate(III),
compared with the voltammogram in buffer solution with-
out NADH (Fig. 3(b)). The reason is that the NADH in the
solution reduces the hexacyanoferrate(IH) to hexacyanofer-
rate(Il). This process increases the anodic peak current,
while the cathodic peak current is smaller than that in the
absence of NADH. The overall process according to an EC
catalytic mechanism can be expressed as

K ,CoFe" (CN)¢ — KCoFe(CN)s + K*+ e~ (3)
2KCoFe"'(CN), + 2K* + NADH
— 2K,CoFe" (CN), + NAD"+ H”* 4)

net reaction NADH —» NAD*+H"+2~  (5)

The anodic peak potential for the oxidation of NADH at
the CoHCF | Au electrode is about +0.48 V in 0.1 M KPB
solution. At the bare gold electrode, the anodic peak
potential is at ca. +0.85 V [39]. Thus a decrease in the
overpotential of approximately 370 mV is achieved. The
scan rate dependence of cyclic voltammograms for the
CoHCF |Au microelectrode in 0.1 M KPB solution con-
taining 2.0 mM NADH is shown in Fig. 4. As the scan rate
increases, the anodic peak potential shifts slightly in the
positive direction; for example, the anodic potential is
+0.51 V at 20 mV s™', and shifts to +0.53 V at 100
mV s~'. The anodic currents increase linearly with the
square root of scan rate. Further experimental results show
that the steady-state currents measured using chronoamper-
ometry at +0.50 V are proportional to the concentration of
NADH in the range 0.5-6.0 mM with a correlation coeffi-
cient of 0.98. The linear relationship between the steady-
state currents and the concentration of NADH establishes
the basis for the determination of NADH in a given
sample. The use of the new modified electrode to deter-
mine NADH in a real sample is currently being studied.

Fig. 5 shows the cyclic voltammograms of the
CoHCF | Au electrode in 0.1 M NaPB solution with 2.0
mM NADH (Fig. 5(a)) and without NADH (Fig. 5(b)).
The anodic peak current shows a large increase in NADH
solution for the same reason as in the KPB solution. The
anodic peak potential of NADH at CoHCF | Au is located
at about +0.54 V, the decrease of overpotential is 310
mV, and the anodic peaks of NADH and the hexacyanofer-
rate(I) are separated by about 200 mV. However, in KPB
solution, the two anodic peaks overlap and the total anodic
peak shifts in the positive direction by about 26 mV in the
presence of NADH (see Fig. 3). This difference between
the two electrolytes is probably due to the change in the
transport rate of K* and Na* in CoHCF film. In addition,
the electrostatic factor, the ionic polarizabilities and the

G
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Fig. 4. Cyclic voltammograms of the modified microelectrode in 0.1 M
KPB solution (pH 7.0) containing 2.0 mM NADH at scan rates v of (a)
20, (b) 40, (c) 60, (d) 80 and (¢) 100 mV s~ ". The inset shows the plot of

1/2
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Fig. 5. Catalytic oxidation of NADH at the modified microelectrode in
0.1 M NaPB (pH 7.0) (a) with 2.0 mM NADH and (b) without NADH at
a scan rate of 50 mV s~ !,

structural disorder of the microcrystalline deposit can also
affect ion migration through the CoHCF film and conse-
quently the electrocatalytic characteristic of the oxidation
of NADH.

The cyclic voltammograms of the electrode in 0.1 M
NaPB solution containing 2.0 mM NADH at various scan
rates are shown in Fig. 6. The results are similar to those
obtained in 0.1 M KPB solution. The fact that the peak
currents depend on the scan rate and the anodic peak
potential shifts with increasing scan rate indicates that the
overall electrocatalytic process may be controlled by the
diffusion of NADH in solution and the cross-exchange
reaction between NADH and the redox site of the CoHCF
film. Thus, the mechanism seems to be complicated.
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Fig. 6. Cyclic voltammograms of the modified microelectrode in 0.1 M
NaPB solution (pH 7.0) containing 2.0 mM NADH at scan rates v of (a)
20, (b) 40, (c) 60, (d) 80 and (e) 100 mV s~ !. The inset shows the plot of
I, vs. v'/%
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3.6. Kinetics of the electrocatalytic oxidation of NADH

It is difficult to analyse the electrocatalytic process
quantitatively by cyclic voltammetry alone in the present
case, because the rate-controlled process is complicated.
However, with rotating-disc electrode measurements the
electrode is kept at a stationary potential and a steady state
is attained. Thus the rates of mass transfer at the surface of
the rotating-disc electrode are much larger than those of
diffusion. Therefore the relative contribution of the effect
of mass transfer to electron transfer kinetics is smaller.

In the present case, the catalytic process was studied in
KPB solution with a rotating-disc electrode as an example
to obtain the kinetic parameters. The rotating-disc elec-
trode was kept at +0.50 V in the potential range of the
plateau obtained in the voltammetric curve at a lower scan
rate. The anodic currents of NADH increase with increas-
ing rotational speed, but obvious deviations from the theo-
retical line are observed at high rotational speed, which
indicates that the limiting currents are controlled by a
kinetic step. The limiting current I corresponding to the
mediated reaction is a function of the Levich current [,
representing the mass transfer of NADH in the solution
and the kinetic current I corresponding to the electron
cross-exchange between NADH and the CoHCF redox
site. The catalytic reaction rate between the oxidized Co-
HCF and NADH can be obtained from the Koutecky—
Levich plot using the following expression:

1/Ip=1/I ., + 1/l (6)
and

1., =0.62 nFAD* "%, pu0'/? (7)
Iy = nFAkI cyppn (8)

where ¢y ,py 1 the bulk concentration of NADH, w is the
rotational speed, v is the hydrodynamic viscosity, I is the
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Fig. 7. Koutecky—Levich plots for the oxidation of NADH in 0.1 M KPB
solution (pH 7.0) containing (a) 1.5, (b) 1.0 and (c) 0.5 mM NADH at a
modified microelectrode with I' = 5.0X 10™* mol em™~2,
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surface coverage of CoHCF, k is the rate constant of Eq.
(4) and all other parameters have their usual meanings.

Koutecky—Levich plots are shown in Fig. 7. Both the
slopes and the intercepts of the lines are in inverse propor-
tion to the concentration of NADH in accord with Egs.
(6)—(8). The rate constant k can be calculated from the
intercept of the Koutecky—Levich plot and is found to be
3.8x10° M~'s7! 35x10° M7's7! and 3.1 x10°
M~ s7! for NADH concentrations of 0.5 mM, 1.0 mM
and 1.5 mM respectively. These values are comparable
with those previously reported for the electrocatalytic oxi-
dation of NADH at the electrode modified with the other
mediators such as 1,2-benzophenoxazine-7-one (8 X 102
M~ s7')[18,20], 5-methylphenazinium- or tetrathiafulva-
lene-tetracyanoquinodimethane radical salts (1.5 X 10?
M~' s7") [21], 4-methyl catechol (3.3 x 10°> M~! s~ )
[23] and poly(thionine) (2.1 X 10° M~ s71) [30].
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