Proc. Estonian Acad. Sci. Chem., 1995, 44, 2/3, 156-164
https://doi.org/10.3176/chem.1995.2/3.10

ELECTROCHEMICAL STUDIES OF OXYGEN,
HYDROGEN PEROXIDE, AND SUPEROXIDE ANION
AT THIN METAL FILMS FOR THE DEVELOPMENT

OF AMPEROMETRIC SENSORS

Kaido TAMMEVESKI and Toomas TENNO

Tartu Ulikooli fiiiisikalise keemia instituut (Institute of Physical Chemistry, Umversnty of Tartu),
Jakobi 2, EE-2400 Tartu, Eesti (Estonia)

Received 16 March 1995, accepted 4 April 1995

Abstract. Electrocatalytic properties of thin films of gold and platinum evaporated onto a glassy
carbon substrate were studied using the rotating disk electrode technique (RDE) and cyclic
voltammetry (CV). The obtained kinetic parameters of oxygen reduction at thin films of gold and
platinum electrodes are similar to the corresponding values at the bulk electrodes. An
electrochemical method for the detection of the superoxide anion radical (O ) based on
immobilized cytochrom c on the surface of a gold film is described.
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INTRODUCTION

During the last decade much attention has been paid to the
miniaturization of electrochemical sensors [1]. The miniaturized devices
have several advantages over their macroscopic counterparts (e.g., reduced
size, faster response, smaller sample volume). The application of carbon-
based materials as a substrate for sensing elements allows us to fabricate
inexpensive and disposable sensors [2]. The metallization of carbon
substrates can be used for the improvement of sensor characteristics.
Noble metals are widely used for the fabrication of thin films because of
their electrocatalytic activity and chemical inertness.

The electrochemical reduction of oxygen has been extensively studied
at noble metal electrodes because of its significance both from theoretical
and practical aspects [3, 4]. The superoxide anion (O;) and hydrogen
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peroxide are important intermediates of oxygen reduction at electrode
surfaces. These species are also formed by partial reduction of oxygen in
various biological systems and the determination of their concentration is
of considerable interest.

In the present paper the electrochemical behaviour of 0 , HyO,, and
O, at the thin film gold and platinum electrodes is dlscussed

EXPERIMENTAL

Electrochemical experiments were performed on a voltammetric
system SVA-1 by using the rotating disk electrode technique (RDE) and
cyclic voltammetry (CV). The rotation rate (®) was varied from 360 to
4600 rpm.

The glassy carbon (GC) electrodes (0.41 cm in diameter) were cut from
rods and mounted in a Teflon holder. The disk electrodes were polished to
a mirror finish with 1.0 and 0.3 mm alumina (BDH) and then
ultrasonicated in bidistilled water. Thin metal films were produced by
vacuum evaporation at 2 X 107 torr. A tungsten spiral was used for film
formation. Film thickness (ca. 50 nm) was measured by quartz crystal
microbalance. The surface morphology of thin metal films was examined
using scanning electron microscopy (JEOL JSM-35 CF).

All solutions were made in high purity 18 MQ cm Milli Q water. The
solutions 0.1 M KOH and 1.0 M KCl were prepared from reagents Pro
Analysi (Merck). The solutions of H,O, were prepared in 0.066 M
phosphate buffer. 1 M H,O, stock solution was used. Measurements were
conducted in a three-electrode, three-compartment electrochemical cell. A
Pt-wire counter electrode and a saturated calomel reference electrode were
used. A conventional Clark-type oxygen sensor with thin film Au and Pt
cathodes and a Ag/AgCl reference anode were constructed. A GC rod was
imbedded into a Teflon sleeve and sealed with silicon rubber. The top
surface of GC was coated with a noble metal film formed by vacuum
evaporation. The outer surface of the sensor was covered with 20 mm
thick polypropylene and the sensor's interior was filled with 1.0 M KCL.

The electrochemistry of immobilized cyt ¢ was investigated in 10 mM
phosphate buffer (pH 7) containing 10 mM KCl. The immobilization
procedure was the same as that described in [5, 6]: 1) the thin film Au
electrode was soaked into 10 mM N-acetyl-cysteine for 10 min and then
rinsed thoroughly with bidistilled water, 2) the N-acetyl-cysteine modified
gold film electrode was immersed into 10% 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) solution for 20 min and was
washed several times, and 3) the obtained electrode was incubated in
2 mM cyt c solution (pH 7) for 8 h at 4°C. The superoxide anion was
generated using the xanthine/xanthine oxidase system. Xanthine, xanthine
oxidase (grade III) and horseheart cytochrome ¢ (type VI) were products
of Sigma and used as received. All measurements were conducted at room
temperature (23+1°C).
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RESULTS AND DISCUSSION

The real surface area of the electrodes was determined from the
quantity of the charge under the hydrogen desorption peaks (for Pt film)
and under the oxide formation peaks (for Au film). The roughness factor
was about 5 for both thin film electrodes. The SEM micrographs indicate a
complete coverage of the substrate surface by a metal layer.

RDE measurements were conducted in order to obtain data on the
electrocatalytic properties of the thin film electrodes towards oxygen
reduction. The kinetic parameters of oxygen reduction at the thin film gold
and platinum electrodes were similar to those at the corresponding bulk
electrodes. Two distinct linear Tafel slope regions for oxygen reduction
were obtained for both the thin film and bulk platinum electrodes in
alkaline electrolyte. The intersection point of the Tafel lines nearly
coincides with the onset potential of Pt surface oxidation [7]. The
exchange current density (ip) of oxygen reduction was estimated by
extrapolating the Tafel lines to the reversible potential of the O,/OH™
couple. The Table lists the kinetic parameters for oxygen reduction at
platinum surfaces.

Kinetic parameters for oxygen reduction at thin Pt film and bulk Pt in 0.1 M KOH solution.

P, =1atm
0,
» Tafel slope, Eip, V: i 101%
T mV/dec vs. Hg/HgO Alcm?
thin Pt film 63+3; 238+20 -0.14 4.1
bulk Pt 61+2; 230x12 -0.16 23

The voltammetry curves for oxygen reduction at thin film Au and Pt
electrodes in 1.0 M KCl solution are presented in Fig. 1. For the Pt film a
single wave was observed with a well-defined diffusion-limited current
plateau in the potential range from —0.3 to 0.8 V. As the electrode rotation
rate increases, the width of the limiting current region becomes narrower,
and the plateau is not ideally flat. The RDE data were anal?'sed using the
Koutecky-Levich (K-L) method (by plotting i™" vs. ® /2). From the
slope of the K-L plots the number of transferred electrons per oxygen
molecule was found to be close to four at the potentials of the limiting
current region for both electrodes. However, there is a large variation of
literature data for the diffusion coefficient of oxygen. It should be
mentioned that the extrapolation of the straight lines i 1vs. 012 to the
infinite rotation rate yields a nonzero intercept, which indicates that a step
other than transportation is slow. Probably, this step is O, adsorption at the
electrode [8].
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Fig. 1. Polarization curves for oxygen reduction in air-saturated 1.0 M KClI solution at @ values of
360 (1); 960 (2); 1900 (3); 3100 (4); and 4600 (5) rpm. a, thin Pt film; b, thin Au film.

The thin film of gold shows two oxygen reduction waves on i,E-curves.
The region of limited diffusion currents is shifted toward more negative
potentials (0.7 V>E>-1.2V) than that for the thin film Pt. The
electrochemical behaviour of gold films toward oxygen reduction is
dependent on electrode pretreatment [9]. Therefore, Fig. 15 shows just a
set of data for a given type of electrode preconditioning. It is interesting to
note that the polarization curves for HyO, reduction at the thin film of gold
exhibit a limiting current region nearly in the same potential range as those
for O, reduction.

The presence of a current plateau on i,E-curves is favourable for the
development of amperometric sensors with good performance
characteristics. In order to achieve a stable output of the oxygen sensor, it
is desirable that there should be no accumulation of electroactive
intermediates of oxygen reduction (e.g. H,O,) in the sensor's internal
solution. To study the applicability of thin metal films for electrochemical
sensors, a Clark-type oxygen sensor was fabricated. A specially designed
holder was used for membrane attachment giving it a reliable fixation.

The linearity of the oxygen sensor response was tested in Op—N, gas
mixtures. Current—potential curves for the oxygen sensor with the thin film
gold cathode are given in Fig. 2. A horizontal current plateau extends to
more positive potentials compared with the polarization curves in Fig. 1b.
This indicates that in the case of a reduced oxygen flow the electrode
process is fast enough, involving four-electron reduction of oxygen. By
applying a constant voltage between the electrodes (0.8 V), a linear
relationship of the output current vs. oxygen concentration was observed
(Fig. 3). This is an indication that the overall process is under diffusion
control. The response time of the sensor on step change in O,
concentration (21-0%) was within 15-20 s.
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Fig. 2. Voltammograms for oxygen sensor Fig.3. Calibration graph for oxygen sensor.

with a thin film Au cathode in O,-N, gas
mixtures. v = 0.5 mV/s.

A large group of oxidase-based biosensors is based on the detection of
hydrogen peroxide, whose production is directly related to the
concentration of the substrate in the test media. HyO, is formed
enzymatically according to the equation:

oxidase
substrate + Oy ==>=>=> product + H202 (1)

The rate of the hydrogen peroxide production is measured electrochemi-
cally by poising the electrode at a suitable anodic potential:

H,0, = 0, + 2H* + 2¢™. )

Owing to a high potential applied (which is required to ensure fast H,O,
oxidation) the electrodes are prepared of noble metals. Platinum is used
most frequently as an indicating electrode in H,O,-based biosensors,
because of its high electrocatalytic activity towards H,O, oxidation.

The miniaturization of electrodes is a challenging goal in designing
biosensors. The sensitivity of the thin film Pt on GC was studied by
holding the electrode at a constant potential and by varying the H,O,
content in the solution. The potential at which measurements were
conducted was chosen to be +0.6 V. At this potential the electrode surface
is highly oxidized, and it is necessary to stabilize the oxide layers for a
long time. The H,O, concentration was changed by adding dropwise
different aliquots of the H;0O, stock solutlon The range of the
concentrations studied was within 10°-2x1072 M. The kinetic current
density (i) and the Levich parameter B were obtained from the K-L plots.
Figure 4 shows the plot of logB and logi} on the H;O, concentration. Both
dependences were nearly linear with the slope values of 0.96 and 1.03,
respectively. The proportionality of the oxidation current vs. hydrogen
peroxide concentration provides the basis of the use of the thin film Pt for
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electrochemical H,O, detection. An average rate constant for the
electrooxidation of H,O, at the thin film of Pt, polarized at +0.6 V, was
calculated to be 0.02cm/s (per real Pt surface area). This value is
considerably higher than that obtained in [10].

=
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=2 0 2
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Fig. 4. The dependences of logB (/), logiy (2), and logi (3) on H,O, concentration for H,O,
oxidation on thin Pt film in 0.066 M phosphate buffer, pH 7, containing 0.1 M NaCl; E = +0.6 V.

The electrocatalytic behaviour of a thin film gold electrode on H,0O,
reactions is quite different from that of the thin film of Pt. The thin Au film
exhibits a remarkable activity towards H,O, oxidation at high pH values.
At neutral pH values both the reduction and oxidation processes of H,O,
proceed at a high overpotential on a gold electrode. At more anodic
potentials than +1.0 V, the Au film starts to deteriorate. Therefore, a gold
electrode cannot be used as an indicating electrode for HyO, detection at
neutral pH values.

The superoxide anion radical (O., ) belongs to reactive oxygen species
and may damage organisms if it exceeds the level at which the organisms
are able to provide defense. The determination of superoxide ion in vivo is
a topical problem in clinical medicine. For the purpose of superoxide
detection an electrochemical method can be used [5, 6].

It has been known earlier that O; reacts with ferricyt c:

cyt ¢ (Fe>*) + O, =cyt c (Fe**) + 0,. (3)

For the development of a superoxide-specific electrode, cytochrome ¢ was
immobilized covalently on the surface of a gold film. Recently, a method
based on cyt c attachment at the self-assembled monolayer modified gold
electrode via carbodiimide coupling was proposed in the literature
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[5,6, 11]. The surface modifier is not electroactive at the applied
potentials, but it must provide a favourable orientation of cyt ¢ molecules,
which makes possible a fast electron transport from the redox protein to
the electrode. The principle of the determination of superoxide ion is the
following: 0'2' reduces ferricyt ¢ to ferrocyt ¢ (Eq. 3) and the latter is
reoxidized by the electrode

cyt ¢ (Fe?*) = cyt ¢ (Fe3*) + ™. @)

The redox electrochemistry of the immobilized cyt ¢ was studied in an
oxygen-free phosphate-buffered solution. CV-s for the obtained electrode
(Fig. 5) are far from ideal due to the fact that the number of covalently
attached cyt ¢ molecules per surface area is small and the background
current is relatively large.
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Fig. 5. Cyclic voltammograms for the cyt ¢  Fig. 6. The dependence of the rate of current

immobilized thin film Au electrode in 10mM  change on XOD concentration in 20 mM

phosphate buffer, pH 7. Sweep rate 50 mV/s. phosphate buffer (pH 7.2) containing 0.1 M
NaCl. Xanthine 0.5 mM.

The cyt ¢ modified gold film electrode was tested in vitro by using a
xanthine/xanthine oxidase system for superoxide generation:

XOD
xanthine + O; + HyO === urate + H,0,. (5)

O, is formed as an intermediate of reaction (5). The ferrocyt ¢
reoxiéation current was measured by poising the electrode at +50 mV vs.
SCE. Our results of the superoxide anion determination are presented in
Fig. 6. The rate of the current change was proportional to the XOD
concentration. The slope value was 3.3 mA-cm~2-min~'-mM"!, which is
higher than in [5] due to an increased surface area.

Further research is needed for the improvement of cyt ¢ immobilization
methods.



CONCLUSIONS

Using the rotating disk electrode technique and cyclic voltammetry, it
was shown that the kinetic parameters of the reduction at thin films of gold
and platinum evaporated onto a glassy carbon substrate are similar to those
at the corresponding bulk electrodes. For the Pt film a single wave was
observed with a well-defined diffusion limited current plateau in the
potential range from —0.3 to 0.8 V. The thin film of gold showed two
oxygen reduction waves in i,E-curves. The number of the transferred
electrons per oxygen molecule was found to be close to four at the
potentials of the limiting current region for both electrodes.

It was shown that the thin film gold could be used for the
immobilization of the cytochrom c for the development of a superoxide-
specific electrode.

ACKNOWLEDGEMENTS

We wish to thank Dr. C.J. McNeil (Department of Clinical
Biochemistry, The University, Newcastle upon Tyne, UK) for his
assistance in superoxide detection. Dr. A. Rosental and Dr. V. Sammelselg
(Institute of Physics, Estonian Academy of Sciences) are gratefully
acknowledged for their help in preparing thin metal films and providing
SEM investigations.

REFERENCES

1. Liu, C. C., Zhang, Z. R. Research and development of chemical sensors using microfabrication
techniques. — Selective Electrode Rev., 1992, 14, 147-167.

2. Hart, J. P., Wring, S. A. Screen-printed voltammetric and amperometric electrochemical sensors
for decentralized testing. — Electroanalysis, 1994, 6, 617-624.

3. Appleby, A. J. Electrocatalysis of aqueous dioxygen reduction. — J. Electroanal. Chem., 1993,
357, 117-179.

4. Tarasevich, M. R., Sadkowski, A., Yeager, E. Oxygen Electrochemistry in Comprehensive
Treatise of Electrochemistry, Vol. 7. Plenum Press, New York, 1983.

5. McNeil, C.J., Greenough, K. R., Weeks, P. A., Self, C. H.,, Cooper, J. M. Electrochemical
sensors for direct reagentless measurement of superoxide production by human
neutrophils. — Free Rad. Res. Comms., 1992, 17, 399-406.

6. Cooper, J. M., Greenough, K. R., McNeil, C.J. Direct electron transfer reactions between
immobilized cytochrome ¢ and modified gold electrodes. — J. Electroanal. Chem., 1993,
347, 267-275.

7. Tammeveski, K., Tenno, T. A study of oxygen reduction at thin platinum film in alkaline
solution. — Russian Journal of Electrochemistry (submitted).

8. Park, S.-M., Ho, S., Aruliah, S., Weber, M. E, Ward, C. A.,, Venter,R.D., Srinivasan, S.
Electrochemical reduction of oxygen at platinum electrodes in KOH solutions —
temperature and concentration effects. — J. Electrochem. Soc., 1986, 133, 1641-1649.

9. Paliteiro, C. (100)-type behaviour of polycrystalline gold towards O, reduction, 1994, 39, 1633—
1639.

163



10. Zhang, Y., Wilson, G. S. Electrochemical oxidation of H,O, on Pt and Pt+Ir electrodes in
physiological buffer and its applicability to H,0,-based biosensors. — J. Electroanal.
Chem., 1993, 345, 253-271. :

11. Collinson, M., Bowden, E.E, Tarlov, M.J. Voltammetry of covalently immobilized
cytochrome c on self-assembled monolayer electrodes. — Langmuir, 1992, 8, 1247-1250.

OHUKESTEL METALLKATETEL TOIMUVATE HAPNIKU,
VESINIKPEROKSIIDI JA SUPEROKSIIDIOONI
ELEKTROKEEMILISTE REAKTSIOONIDE UURIMINE
AMPEROMEETRILISTE SENSORITE VALJATOOTAMISEKS

Kaido TAMMEVESKI, Toomas TENNO

On uuritud Shukeste metallkatete (Au ja Pt) elektrokataliiiitilisi oma-
dusi. Metallkatted valmistati vaakumis aurustamisel klaassiisinikalusele.
Elektrokeemilised m&dtmised tehti poorleva ketaselektroodi meetodil.
Jélgiti hapniku redutseerumist, vesinikperoksiidi oksiideerumist ning
superoksiidiooni elektrokeemilist detekteerimist tsiitokroom c-ga modifit-
seeritud kuldelektroodil.

HCCIEIOBAHME BJIEKTPOXUMHUYECKHUX PEAKIIUIA
KHCIIOPOIA, IIEPEKHCH BOIOPOJIA M
CYIIEPOKCHIMOHA HA TOHKHUX METAJUIONIOKPBITHAX
JJIA AMIIEPOMETPHYECKHX CEHCOPOB

Kaiino TAMMEBECKH, Toomac TEHHO

HMccnenoBaHsl  3JI€KTPOKATATUTHYECKHE CBOMCTBA  TOHKOCIIOMHBIX
METAUIONOKPHITHA M3 30/10Ta M IUIaTHHBI, IIOJIyYEHHBIX METOIOM
BaKyyMHOIO HAaNbUICHHA. ODJIEKTPOXHMMHYECKHE HCCIEN0BaHUS BBINOJ-
HEHBI METOJIOM BpAIAIOIIErocs JMCKOBOIO 3JIEKTPONA. Y CTaHOBIIEHO, YTO
SJIEKTPOKATATUTUYECKHE CBOMCTBA TOHKOCTIOMHBIX MOKDBHITHH M3 30JI0Ta
Y IUTaTHHBI JOCTaTOYHO MAJIO OTJIHYAKTCH OT COOTBETCTBYIOIMX CBOWCTB
LENTLHOMETAIUTHYECKUX 371eKTPooB. [IoxazaHa BO3MOXHOCTbh HCIIOJNB30-
BaHMS TOHKOCJIOHHOIO 30/10Ta MPHM KOHCTPYMPOBAaHHMH YyBCTBHMTEJIBHOIO
K CYNEPOKCHIMOHY BJIEKTPOAa I CEHCOopa CYNEPOKCHIUOHA.
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