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Optically Transparent Electrodes
Theodore Kuwana and George Strojek

Department of Chemistry, Case Institute of Technoldgy, Clevelth, Chio

Optically transparent electrodes (OTE) made from thin metal layers on glass
were first used in electrochemical studies involving photovoltaic effects.!
More recently, OTE made from 'doped" tin oxide coated glasses were applied to
electrode reactions where the products formed were followed by optical spectroscopy.2
The use of these electrodes has now been extended to aid the elucidation of
mechanism and kinetics of organic electrode reactions.?

The application of internal reflectance spectroscopy (IRS) with OTE for follow-
ing processes involving absorbing species at a distance from the electrode surface
well within the thickness of the diffusion layer has been experimentally demonstrat-
ed.* The advantages of OTE are quite clear. Normal transmission spectroscopy with
the incident light passing normal to the surface of OTE allows spectral monitoring
in a minimum of thickness of about 104 A, depending on concentration and molar
absorptivity of the absorbing species. IRS lowers this minimum thickness by one or
two orders of magnitude. IRS using germanium electrodes in the infrared region is
also being pursued in various laboratories.

Although some work has been done with thin metal films vapor deposited on
glass substrates, most of our studies have employed OTE made from doped tin oxide
coatings on glasses obtained from two commercial sources. Although the doping
material can be varied, antimony is commonly used and the resulting tin oxide

. coating is a n type semicondgitor with a broad band gap. The carrier density is
em~

high, the order of 1020 - 10 m~3. The resistance varies considerably, depending
on level of doping and thickness of the coating. Surfaces with resistances as low
as 5-10 ohm-cm ~ have been prepared.

EXPERIMENTAL

For electrochemical studies, it is desirable to minimize the ratio of surface
area to resistance, so a thin circular ring of conducting surface is used as shown
in the cell design of Figure 1. A simple sandwich type cell is employed for
spectral studies. A potentiostat utilizing solid state Philbrick operational
amplifiers and a Hewlett-Packard Model 467A power amplifier is used. Spectral
work is done on either a Cary Model 15 spectrophotometer or a Warmer-Swasey Co.
Rapid-Scanning millisecond spectrophotometer.

RESULTS AND DISCUSSION

Preliminary measurements of the differential capacitance of these tin oxide
electrodes for various pH's and electrolytes have been made by superimposing a
small oscillating voltage on a changing dc bias voltage. Since these electrodes
behave quite inertly in most electrolytes, the potential range which can be
examined is extensive in comparison to most other semiconductor electrodes. It
is found that there is a potential region in which the differential capacitance

. remains fairly independent of electrolytes (e.g. KCl, Na;SO,, KC10,, etc), their

concentration and pH, and depends mainly on the particular semiconductor. For
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example, a semiconductor with a resistance of 10 ohm-cm™2 gave a differential y
capacitance of 2.4 uF-cm~2 in KC1 solutions 0.03 to 1.0 molar (pH = 6.5) over |
‘"the potential range -0.3 to +0.4 V. vs SCE. Another semiconductor gave a capaci-
tance between 10-15 uF-cm-2 in a potential range of +0.3 to -0.1 V vs SCE but at

more negative potentials, C ° varied linearly with electrode potential due to
depletion of electrons in the space charge layer.

Using these electrodes, it is easy to follow the concentration of absorbing
species formed during the course of an electrode reaction. For example absorbancy
varies linearly with the reciprocal of the square-root of time during a chrono- {
amperometric experiment as expected if the reaction is diffusion controlled and :
the product formed absorbs at the wavelength of the monitoring light. Similarly, !
electrochemical parameters for a variety of experimental techniques, i.e. chrono- !
potentiometry, voltage-scan, etc., can be concurrently evaluated by spectral ‘
studies. However, in many cases there are complications due to the electrochemical
parameters being affected by pH or by type or concentration of ions.

The oxidation of ferrocyanide has been extensively examined by cyclic volt-
ammetry. Figure 2 gives examples of the changes in the current-potential (i-E)
curves when KC1 concentration or pH is varied. Since the saturation current for
these semiconductors is high, the usual peak-type i-E curves, in which ipax is
diffusion limited are observed. The overvoltage is affected by electrolyte
concentration and pH. However, the quantitative aspects of the potential distri- J
bution throughout the semiconductor and the Helmholtz layer are complicated.
Attempts are being made to further evaluate the electrical properties of these
semiconductors and to relate them to the i-E characteristics. The situation
appears promising since these electrodes behave quite inertly over a wide potential
range.

In the oxidation of o-tolidine at pH 1.0, a one step, two electron i-E wave
is observed with both OTE and platinum. Both amino groups are protonated at this
pH, and the i-E curves with OTE show large overpotentials. At pH 4,0 with platinum, .
the wave splits into two peaks; with OTE, these waves are well developed and
compare favorably to those obtained at platinum. At this pH, o-tolidine is mono-
protonated and apparently, its interaction with the semiconcuctor surface is
responsible for the lower overpotential. From optical studies during various /
electrochemical experiments, the electrode mechanism and associated reactions were
determined to be:

RHEY ——— s* + W e e
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and a disproportionation equilibrium:
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where R, S- and T are the reduced, the free radical intermediate and the two-
electron, fully oxidized molecule, respectively. . The rate constant kg has been
evaluated under psuedo first order conditions. The rate constant for the slower
hydrolysis reaction of TH;’ has been measured. . )

. Rate constants for some chemical coupling and dimerization type reactions
which follow the charge transfer step have been also determined using OTE. The

spectral examinations and results of these-systems will be discussed.

The technique of .IRS has been used to monitor surface concentration of
species during oxidation at tin oxide coated OTE. The monitoring light was
at a wavelength where the species absorbed. Determination of a spectrum is
difficult, because simply taking the difference in optical absorbancy with and
without absorb1ng species, does not give. the correct spectrum for the species.
Recent theoretical analy51s6 of the total IRS phenomenon has made possible the
evaluation of changes occuring at the surface. .Comments will be made about
some results and the possible implications and direction of IRS at OTE.

ACKNOWLEDGEMENT

The authors gratefully acknowledge the support of this work by NOL contract
N123-(62738)56006A and by NSF Grant No. GP-6479. The hydrolysis rates of oxidized
o-tolidine were measured by Jeff Huntington. ’

REFERENCES

1. A, W, Copeland 0. D. Black and A. B. Garrett, Chem. Revs., 31, 177 (1942).
T. Kuwana, R. K, Darlington, and D. W. Leedy, Anal. Chem., 36, 2023 (1964).
3. T. Kuwana, Abstract No. B213 of papers presented at 17th CITCE meeting,
Tokyo, Japan, September 1966.
W. N. Hansen, T. Kuwana, and R. A. Osteryoung, Anal. Chem., 38, 1810 (1966).
5. T. Takamura and H. Yoshida, Abstract No. C301 of papers presented at 17th
CITCE meeting, Tokyo, Japan, September 1966; H. B. Mark, Jr. and B. S. Pons,
Anal. Chem., 38, 119 (1966); and E. Yeager, private communication. :
6. V. S. Sripivagzh and T. Kuwana, Interference Attenuated Total Reflectance on
Tin Oxide Glass Substrates, in press.

N

&



- Shielded
auxiliary
elgctrode

Calomel
B -— reference -
electrode

" Celltop ——| §

Cell —_
. compartment

*0"ring

Tin oxide
conducting
surface

Fig. 1. Cell Design

Topt’

Bottoms

.

PRSI v

Fig. 2, Examples of i-<E curves for ferrocyanid
at OTE using oyclio voltammetry.

(left to right) 0,03, Oel, 0.3 and
1.0 ¥ KC1.
pHi 6.8, 7.5, 8.4 and 10 (waves become
less reversible with increasing pH).
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