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Abstract

The colloidal Au nanoparticles—deoxyribonucleic acid (Aup,,c—DNA) film modified glassy carbon electrode (GCE) has been fabricated and
the electrochemical reduction of dioxygen (O,) at this modified GCE has been studied in 0.2 mol/L air-saturated acetate buffer (pH=>5.2) using
cyclic voltammetry (CV), chronocoulometry (CC), linear scan voltammetry (LSV) and rotating disk electrode (RDE) as diagnostic techniques.
The modified electrode shows excellent enhancement effect towards the reduction of dioxygen to hydrogen peroxide (H,0,), and the overpotential
is lower than that at bare GCE. A well-defined dioxygen reduction peak appeared at about —0.24 V. Based on experimental results, a reaction

mechanism is proposed and discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Dioxygen reduction is very important to many electrochemical
processes, such as fuel cells and metal-air batteries [1-5]. It may
be analyzed in terms of two main reaction pathways involving
direct four-electron and two two-electron steps reduction path-
ways. In fact, a series of intermediates such as O,.” and HO,. are
involved in the oxygen reduction process. The detailed
mechanism for oxygen reduction remains unclear. In general,
the electrochemical reduction of dioxygen shows a pronounced
dependence on the electrode material and reaction medium [6,7].
Considering the fact that the oxygen—oxygen bond (O-O) in
dioxygen molecule (O,) requires higher bond dissociation energy
than that in hydrogen peroxide (H,O.,), it is difficult that oxygen
reduction proceeds by direct four-electron pathway to give water.
The electrode kinetics on carbon surfaces is much slower than
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those on active metals such as gold and platinum [8]. Xu et al.
have investigated oxygen reduction on several different carbon
surfaces, particularly polished and modified glassy carbon (GC)
in alkaline solution [9]. They proposed the following mechanism

0; + e =03 (a5 (1)
O (ads) + H2O—HO, . (ug5) + OH™ 2)
HO,. + 0;.—HO; + O, (3)
or

HO;. (a4s) +¢ —HO, (aq) (4)

They drew a conclusion that adsorption was critical to increasing
the reduction rate by accelerating protonation of O,. (Eq. (2)).
Now, numerous studies focus on decreasing the overpotential of
dioxygen reduction by chemically modified electrode. A variety
of compounds have been used as electrocatalysts to modify the
electrode surface, including some complexes of Cu®" and Fe’”
[10,11], anthraquinone derivatives [12], Nafion-methylviologen
[13] and some kinds of biomolecules such as cobalt porphyrins
[14,15], catalase [16], vitamin B [17,18], cysteine [19] and
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especially proteins [20,21], which show excellent electrocatalytic
activity towards the electrochemical reduction of dioxygen. In our
work, colloidal Au nanoparticles—deoxyribonucleic acid
(Aupano—DNA) composite film was used as electrode surface
modification to improve the electrochemical responses of
dissolved dioxygen. As far as Au nanoparticles are concerned,
they play a key role in various applications such as biosensors and
electrochemical sensors because of their unique electronic,
optical, and catalytic properties [6,7,22—32]. Especially colloidal
Au nanoparticles have been drawing attention from both theories
and applications in modification of electrode surface. Many
biomolecules mixed with colloidal Au nanoparticles can keep
their biological activity well [33]. So Au nanoparticles have been
successfully used to develop DNA and protein-sensing systems or
other biosensors and electrochemistry sensors [22—26,34-36]. Yu
et al. investigated that the presence of gold nanoparticles in the PE
multilayers could significantly improve the electron-transfer
characteristics of the films, which showed high electrocatalytic
activity to the oxidation of nitric oxide (NO) [36]. In this paper, a
AU,ano—DNA uniform film was fabricated on the glassy carbon
electrode (GCE) surface. This Au,.,—DNA film electrode
exhibited remarkable enhancement effects on the reduction of
dioxygen in air-saturated 0.2 mol/L acetate buffer solution
(pH=5.2). A well-defined dioxygen reduction peak at about
—0.24 V was observed and the overpotential decreased apparently
compared with that at a bare GCE. This film was characterized by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Characteristic parameters and reaction
mechanism for dioxygen reduction on the Au,.,,—DNA film
modified GCE were studied by rotating disk electrode
voltammetry.

2. Experimental
2.1. Apparatus and reagents

All the electrochemical measurements were performed on a
CHI 830 electrochemical analyzer (Shanghai Chenhua Co.,
China) in a three-electrode system. The working electrode was a
Augano—DNA film coated GCE. A Pt wire and a saturated
calomel electrode (SCE) were used as the counter and reference
electrodes, respectively. The scanning electron microscopy
(SEM) was performed with a Hitachi X-650 microscopy, and
the transmission electron microscopy (TEM) images were
obtained using a TEM-100 CXII (Japan) microscopy. For the
nitrogen-saturated experiments, the electrolyte was bubbled
with high-purity (99.999%) nitrogen for 6 min. Aurichloro-
hydric acid (HAuCly4 H,0) was bought from Shanghai
Chemical Reagents Co., Ltd. (China) and dissolved in doubly
distilled water at a concentration of 10 mg/mL. The colloidal Au
nanoparticles (Au,.,,) were synthesized according to sodium
citrate reduction method consulting corresponding reference
[37]. 200 pL of 10 mg/mL HAuCly-4 H,O was mixed with
4.8 mL doubly distilled water, and then boiled in water bath
with stirring successively. Finally 1.2 mL of 1% sodium citrate
was dribbled into the boiling solution till the solution became
red under the stirring condition, and then cooled in air. The

synthesized Au,,,, was blended with DNA stock solution
according to the volume ratio of 2: 1, and stored at 4 °C. Calf
thymus DNA (CT DNA, gotten from Sigma, USA) was
dissolved in water to form 0.8 mg/mL stock solution and stored
at4 °C. This solution of CT DNA gave a ratio of UV absorbance
at 260 and 280 nm of 1.8—1.9:1, indicating that the DNA was
sufficiently free of protein. The concentration of DNA solution,
expressed in moles of base pair (BP, 2.558 x 10~ * mol/L), was
determined by UV absorbance at 260 nm using the molar
extinction coefficient (¢) of 13200 M~ ' cm™ '. Other chemicals
used were analytical reagents. All the chemicals were used
without further purification and all the solutions were prepared
with doubly distilled water.

2.2. Preparation of the Au,,,,—DNA film coated GCE

Prior to experiment, the GCE (4=0.071 c¢m?) was mecha-
nically polished with polishing microcloth containing 0.05 pm
Al,Oj5 slurry to a mirror finish, and then carefully cleaned in 1: 1
HNO;—H,O0 (v/v) and ethanol, water in turn via ultra-sonication
each for 2 min. At last, 5 uL of the Au,,,,—DNA solution was
dropped on the GCE surface and air dried. Then a stable and
uniform Au,,,,—DNA film was formed. The modified electrode
was dipped in doubly distilled water for several hours and air
dried. In the same way, DNA film without Au,,,,,o Or AU, an film
without DNA coated GCE was obtained.

3. Results and discussion
3.1. SEM and TEM images of Aut,un,

Fig. 1(a) and (b) shows the SEM images of Auy,y,, film and
Au,.,0—DNA film on the GCE surface. Apparently the Au, .,
film without DNA is not uniform and the nanoparticles are easy
to conglomerate (a). After the gold nanoparticles were mixed
with DNA solution, the conglomeration effect was weakened
markedly (b). The TEM images of A0 and Au,,,,—DNA in
solution support the above description as shown in Fig. 1(c) and
(d). The globular morphology properties of Auy,,,, with average
diameter of 15-20 nm are very clear and uniform (d) and
conglomeration effect is serious (c). It is attributed to the fact
that gold nanoparticles can adsorb on the long chains of DNA
molecules. In other word, gold nanoparticles were dispersed
perfectly by the DNA molecules avoiding the process of
conglomerating.

3.2. Cyclic voltammetry

The cyclic voltammograms of dioxygen in 0.2 mol/L air-
saturated acetate buffer solution (pH=5.2) at different electro-
des are shown in Fig. 2 when the potential initially sweeps from
1.30 to —0.80 V. Curves a and b show the electrochemical
behaviors of dioxygen at Aup,,c—DNA film modified GCE in
the air-saturated solution and nitrogen-bubbled solution,
respectively. Apparently, a pair of redox peaks can be observed
at about 1.15 and 0.54 V, which are attributed to the oxidation—
reduction of the Auy.,0, and a well-defined dioxygen reduction
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Fig. 1. SEM images of Au,ay, film (a) and Au,an,—DNA film (b) on the GCE surface, and the TEM images of AUy, (¢) and Auyane—DNA (d) in solutions.

peak appears at about —0.24 V (curve a) at this modified GCE.
It is clear that the dioxygen reduction is irreversible. Compared
with the reduction peak current in curve a, the smart decrease
but not disappearance of that in curve b at about —0.24 V
indicates that the dioxygen elimination via nitrogen bubbling
for 6 min is effective but not satisfying, and confirms that the
reduction peak is due to dioxygen. However, the redox peak
potentials of Au,,,, shift a little positively in air-saturated
solution (curve a) compared with those in nitrogen-bubbled
solution (curve b). Based on this fact, it is concluded that the
presence of dioxygen has a slight effect on the redox of Auan,
and some interaction may be present between Au,.,, and
dioxygen. At DNA film modified electrode (curve d), there is
not any peak in the range of potential from 1.40 to —0.80 V
indicating that DNA can block the electron transfer between
oxygen molecules and the electrode surface. Nevertheless, only
one reduction peak appears at about —0.68 V at bare GCE
(curve c). It can be seen that the modified electrode shows
excellent enhancement effect on the reduction of dioxygen with
lower overpotential than that at bare GCE. The structure of gold
nanoparticles dispersed in Au,,,,—DNA film can provide more
active sites and contact more dioxygen molecules to increase the
peak current of dioxygen reduction.

3.3. The volume ratio of DNA vs. Au,up,

The influences of volume ratio of DNA vs. Aup,,, on the
reduction peak currents and peak potentials are evaluated by
using linear sweep voltammetry (LSV). The data are depicted
in Fig. 3a and b, respectively. When the ratio is 1:2, the
reduction peak current of dioxygen comes to a head and the

peak potential is the most positive. However those of Au, .,
do not obey a specific rule. Generally with the decrease of the
ratio the current increases slowly. This experiment phenom-
enon may be attributed to the saturated adsorption of Au,,,, On
the DNA molecules at the values of 1:2, and then further
adsorption of Au,.,, produces negative effects on the
reduction of dioxygen even though the amount of Au,.p,
increases, whereas the state of being conglomerated increases
subsequently. Accordingly, the interaction manner between the
gold nanoparticles and dioxygen molecules changes and
effective active sites reduce.

25
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0.75 050 0.25 0.00 -0.25 -0.50 -0.75
E/V (SCE)

1.25 1.00

Fig. 2. Cyclic voltammograms of dioxygen in 0.2 mol/L air-saturated acetate
buffer solution (pH=5.2) at Au,ao—DNA film modified GCE in the air-
saturated solution (a) and in nitrogen-bubbled solution (b), bare GCE (curve c)
and DNA film modified GCE (curve d). Scan rate, 100 mV/s.
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Fig. 3. The influences of volume ratio of DNA vs. Aup,,, on the reduction peak currents (a) and peak potentials (b) by using linear sweep voltammetry. Scan rate,

100 mV/s.

3.4. The effects of scan rate

The linear sweep voltammetric responses of dioxygen at
Aupao—DNA film coated GCE at various scan rates were
investigated in 0.2 mol/L acetate buffer solution (pH=5.2)
saturated with air. The experiment data are exhibited in the
Fig. 4. Fig. 4a describes the relationship between the re-
duction peak currents (f,) and the scan rate (v) ranging
between 0.05 and 0.50 V/s. It is clear that the current of
dioxygen reduction (R1) is proportional to the square root of
scan rate (b in Fig. 4a), which is described by the following
equation:

I,(uA) = 53.066v'/? + 5.724(R = 0.9988) (5)

denoting diffusion-controlled processes for the reduction of
dioxygen at Au,,,,—DNA film coated GCE.

Thus, the peak current of gold nanoparticles reduction
linearly increased with the increase of scan rate that ranged
from 0.05 to 0.50 V/s obeying the equation as follows (a in
Fig. 4a):

I,(1A) = 8.945v 4 0.200(R = 0.9946) (6)

indicating that the gold nanoparticles reduction is a surface
electrochemical reaction.

Fig. 4b explains the effects of scan rate on the peak potentials
(E,, V) (curve a for Auyay, curve b for O,). As an irreversible
reaction, the peak potentials shift negatively with the increase of
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Fig. 4. The effects of scan rates using linear sweep voltammetry on peak currents (a) and peak potentials (b).

scan rate and have linear relationships with the natural
logarithm of scan rate (V/s). The peak potential of dioxygen
reduction changes according to the following equation:

E,(V) = —0.025Inv—0.305(R = 0.9897) (7)

Because the dioxygen reduction process is controlled by the
diffusion of dioxygen, based on the traditional theory [38] the
value of an, can be calculated from the slope of above
equation. Where o is the transfer coefficient and n, is the
number of electron transferred in the rate-limiting step.
According to the experiment results, the value of an, is
calculated as 0.48. Considering the reasonable value range of
oy from 0.2 to 0.7, the acceptable number of electron
involved in the reduction of dioxygen at Au,,,,—DNA film
electrode is one. That is to say, one electron is involved in the

rate-limiting step of reduction reaction of dioxygen, the value
of o is 0.48 correspondingly.

However, as to the irreversible surface electrochemical
reaction, the relationship between the scan rate v (V/s) and the
peak potential £, (V) can be expressed by the following
equation [39]:

Ey(V) = E* 4 (RT Jon,F)In(RTk /o, F)
+ (RT Jon,F)Inv (8)

where £ is the rate coefficient of the surface reaction, and E’
(V) is the formal potential which can be obtained from the
intercept of the £, (V) vs. v (V/s) curve by extrapolation to the
vertical axis at v=0.0 V/s. Other symbols have their usual
significance.
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Fig. 5. Chronocoulometric responses of dioxygen at Au,n,—DNA film modified GCE in 0.2 mol/L air-saturated acetate buffer solution (pH=>5.2) (curve a). Curve b

stands for that in nitrogen-saturated solution. The inset shows the linear relationship between the charges (Q) and the square roots of times (¢

reaction of dioxygen (background subtracted). Pulse width 9 s.

Similarly, the relationship between the peak potential of
AUano (E, (V) and scan rate (v (V/s)) can be expressed by
following formula:

Ey(V) = —0.0198lnv + 0.475(R = 0.9982) (9)

Thus from the slope and intercept of the £, (V) vs. In v (V/s)
plot the values of an, can be calculated as 1.29. The acceptable

12) for the reduction

number of electron involved in rate-limiting step in AUpan,
reduction is 2.6 if the value of o is 0.5.

3.5. Chronocoulometry

The method of chronocoulometry was applied to character-
ize the electrochemical reduction of dioxygen at Au,,,,—DNA
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Fig. 6. Current—potential curves at a rotating modified GCE in 0.2 mol/L acetate buffer solution (pH=5.2) in the absence of dioxygen at rotating rate 200 rpm (a) and at
different rotating rates in air-saturated solution (b—k): (b) 100; (c) 200; (d) 400; (e) 600; (f) 800; (g) 1100; (h) 1400; (i) 1800; (j) 2300; (k) 2800 rpm, for each

voltammogram potential scan rate 10 mV/s.
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film modified electrode in 0.2 mol/L air-saturated acetate
buffer solution (pH=5.2). The results are displayed in Fig. 5.
After the subtraction of the background charge, which can
eliminate the effect of double-layer charge in our experiment,
the plots of O (LC) against 7 (s) in Fig. 5 are converted into the
plots of QO against 121t is obvious that the charges (Q) have
linear relationships with the square roots of time (¢'/%) for the
first reaction of dioxygen reduction (inset in Fig. 5). According
to the integrated Cottrell equation, the number of electron
involved in the reduction of dioxygen can be estimated from

the slope of the plot of Q vs. /2.

O = 2nFAcD' 7124/ (10)

where 7 is the number of electron involved in reduction of
dioxygen, F is Faraday constant, 4 is the electrode area, c is
the concentration of dioxygen in air-saturated solution [40], D
is the diffusion coefficient of dioxygen in aqueous solution.
Other symbols have their usual significance. In this work,
A4=0.071 ecm?, ¢=0.25%10"> mol/L, and slope is 16.49 uC
s 2. On the assumption that the value of Dis 1.51 x 10> cm?
s ' [41], it is calculated that the number of electron involved
in the electrochemical reduction dioxygen is 2. It is estimated
that the reduction product of dioxygen is H,O,.

3.6. Rotating disk electrode and rotating ring-disk electrode
measurements

Dioxygen reduction is a complex reaction that involved
many reaction intermediates. So rotating disk electrode (RDE)
and rotating ring-disk electrode (RRDE) voltammetry have
been used for the further research on the mechanism of the
electrochemical reduction of dioxygen.

Fig. 6 illuminates RDE results for the Au,,,,—DNA film
modified glassy carbon rotating disk electrode in 0.2 mol/L

air-saturated acetate buffer solution (pH=5.2) at different rotation
rates. From the disk currents—disk potential curves recorded by
linear scan from 1.40 to —0.70 V, it can be seen that the limiting
current /; (nA) of dioxygen, which is defined as the difference
between the currents on the modified electrode in deaerated and
those in air-saturated solutions, increases with the increase of
rotation rate as a diffusion-controlled electrode process. The
reduction peak at about 0.57 V is due to the reduction of gold
nanoparticles, which is a surface electrochemical reaction, and its
currents do not change with the changes of rotation rate. However,
the current reduces apparently and the potential shifts positively
slightly in deaerated solutions compared to those in air-saturated
solution. These results are consistent with that obtained from the
above discussion in Section 3.1.

Based on the RDE data obtained in the present study, the
Koutecky—Levich plots for reduction of dioxygen at the Au,ano—
DNA film modified electrode are drawn in Fig. 7 offering more
kinetics information. Under the conditions of high rotation rates,
the slopes of the plots at different disk potentials are almost the
same. The diffusion limiting current /p (LA) can be determined
according to the Koutecky—Levich equation formulated as
follows:

1 1 1

_— 4 11
Iy IK+ID (11)

where Ik (1LA) is kinetics current, namely current controlled by the
surface electrochemical reaction process, and /p (nA) is the
corresponding diffusion limiting current obtained on the basis of
the Levich equation described as follows:

In(pA) = 0.62nFAD* v ¢, w'/? 12
2

here v is the kinematic viscosity, w is the angular frequency of
rotation (rpm), A4 is the disk electrode area. Other symbols have
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Fig. 7. Koutecky—Levich plots for the electrochemical reduction of dioxygen at the Au,,,,—DNA film modified electrode in 0.2 mol/L air-saturated acetate buffer

solution (pH=5.2). Scan rate 10 mV/s.
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their conventional meanings. The value of kinematic viscosity of
water and the concentration of O, in solution are 0.01 cm?/s and
0.25x 10> mol/L, respectively. 4=0.273 cm”. Based on the
slopes of the Koutecky—Levich plots, the number of electrons
transferred in reduction processes of dioxygen at Au,,,,—DNA
film modified electrode is close to the theoretical values of 2
according to the Levich equation. This result is consistent with
that calculated from chronocoulometry data. Moreover, based on

200
175
150 |
125
100
75 |

50 |

1/pA

25 t

the following equation deduced from the Koutecky—Levich
equation,

_IpIL
b1

Ik

(13)
Tafel plot is obtained from the corrected disk current at

rotation rate of 800 rpm (Fig. 8). In another way, I at different
disk potentials can be calculated directly from the intercepts of

disk current

140V
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Fig. 9. The comparison of currents at the Au,,,,0—DNA film modified electrode at a rotating rate of 800 rpm in 0.2 mol/L air-saturated acetate buffer solution (pH=5.2).
The oxidation potential used to detect peroxide was set at 1.0 V. For disk current voltammogram potential scan rate 10 mV/s. Collection efficiency N is 0.11.
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Koutecky—Levich plots, and then the plot of disk potential vs.
logarithm of /i is drawn and its slope is traditional Tafel slope.
From the data in Fig. 8, the number transferred in rate-limiting
step of the electrochemical reduction of dioxygen is obtained.
Based on the Tafel equation, the value of o, can be calculated as
0.41. Here, n, is 1 then the o is 0.41. This outcome supports the
finding obtained by scan rate analysis using LSV.

Otherwise, the RRDE was employed to determine the product
of dioxygen reduction at a rotation rate of 800 rpm in 0.2 mol/L
air-saturated acetate buffer solution (pH=5.2). The disk and ring
currents as a function of the disk potential for dioxygen
reduction are recorded in Fig. 9. The operating potential of the
ring is 1.0 V. With emergence of the diffusion limiting current
plateau of disk current, the ring current comes to a head then
drops, suggesting that the electrochemical reduction of dioxygen
at this modified electrode gives hydrogen peroxide (H,0,) via
accepting two electrons, which is swept away from the rotating
disk electrode and then reduced at the ring electrode. At high
enough disk potential, H,O, may be further reduced to water or
decompose to form water and dioxygen subsequently, which
results in the increase of disk current and the decrease of ring
current correspondingly. As for the ill-defined peak at about
0.60 V in the ring current curve, it is attributed to the redox of Au
colloid immobilized on the electrode surface.

3.7. Reaction mechanism

The electrochemical reduction process of dioxygen at
Auyano—DNA film coated GCE in 0.2 mol/L acetate buffer
solution (pH 5.2) saturated with air has been studied and the
number of electron transferred in the reaction has been
calculated. The experimental data show that only one
electron is involved in the rate-limiting step for the reduction
reaction of dioxygen. Thus the possible mechanism for the
electrochemical reduction of dioxygen can be described as
follows:

0, + e —0, (rate — limiting step) (14)

0, + H,0 + ¢ —»0,H + OH . (15)

4. Conclusion

A Aug,,o—DNA film modified GC electrode was devel-
oped to study the electrochemical reduction of dioxygen. The
reaction mechanisms of the dioxygen reduction were explain-
ed by using electrochemical technique. All experiment results
demonstrate that two electrons are involved in whole re-
duction process, but it is not a direct pathway. It proceeds
through two steps. One is the step of one-electron reduction to
superoxide ion and the other is the further reduction of
superoxide ion to hydrogen peroxide involving one electron
transfer as rate-limiting step. The present conclusion is con-
firmed by RDE and RRDE research. Moreover, the transfer
coefficient for the rate-limiting step of dioxygen reduction
is determined.
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