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are small enough to permit establishment of a diffusional
steady state. In a 1:1, univalent binary electrolyte solution,
ohmic potential drops as large as 25 mV may occur near the
top of the S-shaped region of a steady-state I-E curve. They
should be taken into account prior to any thermodynamic or
kinetic analysis. This ohmic potential drop is independent
of the concentration of electroactive species. In the presence
of supporting electrolyte, the ohmic potential drop is pro-
portional to the ratio of concentrations of the electroactive
species to supporting electrolyte but remains independent of
electrode geometry. A 50-fold excess of supporting electrolyte
reduces the ohmic potential drop to a negligible amount under
steady-state potentiostatic conditions. Substantially more
supporting electrolyte is required in a rapid scanning trian-
gular wave experiment using a two-electrode technique. The
analysis, which is based upon classical limiting law electro-
chemical transport theory in water, yields a result which does
not depend upon the solvent. The latter conclusion is only
a first approximation.
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Digital Simulation of Homogeneous Chemical Reactions
Coupled to Heterogeneous Electron Transfer and Applications
at Platinum/Mica/Platinum Ultramicroband Electrodes

Theresa Varco Shea and Allen J, Bard*

Department of Chemistry, University of Texas, Austin, Texas 78712

Digltal simulation of generation-collection, shielding, and
feedback experiments was carried out for paired ultramicro-
band electrodes with homogeneous chemical reactions fol-
lowing the heterogeneous electron transfer step, l.e., the EC’
and EC mechanisms. Closely spaced microband electrode
pairs were constructed by sputter deposition of Pt onto both
sides of 2 to 12 um thick mica sheets that were mounted
between glass slides. The band electrodes thus formed had
effective thicknesses of 0.01-6 um and were 0.5 {0 1.2 cm
long. Results of cyclic votammetric and chronoamperometric
step, generation-collection, feedback, and shlelding experi-
ments with several redox couples agreed with theoretical
predictions based on digital simulation of the system at quasl
steady state. The application of these band electrodes to the
determination of the second-order rate constant for a following
catalytic reaction between Fe(CN),*~ and ascorbic acid or
aminopyrine was demonstrated.

We describe here the fabrication of a pair of closely spaced
(ca. 2-12 um) Pt ultramicroband electrodes 0.01-6.0 um wide
by sputter depositing Pt films on mica (I-3) and the elec-
trochemical characterization of such electrodes. The appli-
cation of these electrodes to studies of chemical reactions
coupled to a heterogeneous electron transfer reaction, i.e., a
following catalytic reaction, by generation—collection exper-
iments under pseudo-first- and second-order reaction con-
ditions is demonstrated. The effects of coupled homogeneous
reactions, i.e., the EC’ and EC mechanisms, were studied by
digital simulation (4) and are reported for two electrode arrays.
In particular, generation—collection, shielding, and feedback
experiments were simulated.

Ultramicroelectrodes are of interest for several reasons.
Steady-state or quasi-steady-state currents are rapidly attained
because the small dimensions (less than 10 um) promote
nonlinear mass transport (5-7). Moreover, small areas result
in low currents allowing the use of microelectrodes in highly
resistive media without appreciable iR drops through the
solution (8-11). Ultramicroelectrodes can also be employed
with very fast scan rates in linear sweep voltammetry (12, 13)
to study nucleation phenomena in electrodeposition (14-16)
and as electrochemical detectors (17, 18). Ultramicroelectrodes
of various geometries have been fabricated, including disk
electrodes prepared by sealing a fine metal wire or carbon fiber
in a glass capillary (12, 19, 20), microsphere (21), microring
(22, 23), microband (24-28), microcylinder (29-34), and vi-
brating wire electrodes (35). Microband electrodes, which
consist of a metal film sandwiched between insulators, have
been constructed with a metal bandwidth in the nanometer
to micrometer range and lengths of 50 um to several centim-
eters (3, 24-28). Wightman and co-workers describe the
construction of a single microband by coating a glass slide with
Pt or Au films, sealing this with epoxy cement to a second
slide, and using the exposed edge as the electrode (24, 27).

While single ultramicroelectrode systems are useful for
many types of electrochemical experiments, arrays of two or
more closely spaced and independently contacted microe-
lectrodes have also been of interest and can be employed in
additional electroanalytical modes. For example, photoli-
thographic techniques can be employed to produce arrays of
microband electrodes (4, 26, 28, 29), which can be used for
electrochemical detectors and in electrogenerated chemilu-
minescence and electrochemical generation—collection ex-
periments of the type carried out at rotating ring—disk elec-
trodes (RRDE) (36q, 37), e.g., with generation of a species at
one electrode and subsequent detection of the generated
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species at the second electrode (4).

The paired microband electrode system described here was
constructed with an approach similar to that of Wightman
et al. (24, 27) and Bond and co-workers (38) for single mi-
croband electrodes. High-quality mica can be cleaved into
very thin sheets that are atomically smooth, and Pt sputtered
onto such mica sheets forms a strong adherent film (7, 2).
Sputtering onto both sides of a mica sheet yields two Pt films
that can be individually contacted to form parallel band
electrodes. The microband electrodes described here are 0.5
to 1.2 ¢cm long and nominally 0.01 to 6.0 ym wide (effective
areas of 5 X 10°7 to 7 X 107 cm?) separated by mica sheets
210 12 um thick. Cyclic voltammetry and chronoamperometry
with several redox couples were used to characterize the be-
havior of each single microband while generation-collection,
shielding (39) and feedback experiments were used to char-
acterize the interelectrode gap (4, 36a, 37). Shielding refers
to experiments where the amount of electroactive species
reaching one electrode surface is diminished by the amount
of reactive species being consumed at the neighboring elec-
trode (4, 36a, 39). A unique property of microband electrodes
when used in a RRDE type generation—collection experiment
is the back diffusion of the collected product to the generator,
which results in an enhancement of the generator current, the
feedback effect.

One advantage of electrode pairs formed by this technique
as compared to microelectrodes formed on a substrate is the
ready availability of fresh electrode surfaces. The electrode
surface can be renewed by simply cutting off the end, in
contrast to electrodes formed by lithography, which cannot
be polished or subjected to severe forms of surface cleaning
and activation (4, 26, 28). Moreover, fabrication of the
electrode pairs does not require cleanroom facilities. The
disadvantage of these electrode pairs is the instability of very
thin mica sheets to polishing.

Digital simulation techniques have proved very successful
in the treatment of electrochemical phenomena, in particular,
for systems with kinetic complications (40-43) and, more
recently, for ultramicroelectrode phenomena (38, 44-48).
Where analytical or numerical solutions exist, the results agree
quite well with the digital simulations. Digital simulation
techniques, however, can be useful for the treatment of
electrochemical systems where analytical or numerical solu-
tions do not exist or are not possible (40-43). A previously
reported digital simulation model has been applied successfully
to microband electrodes and can be used to predict the col-
lection efficiency at a pair of electrodes used in the genera-
tion—collection mode as well as the shielding and feedback
effects (4). One of the features of the simulation model is that,
unlike other reports of simulations of microband electrodes,
cylindrical geometry (24, 38) is not imposed on a rectangular
electrode configuration. We report here the modification of
the model to include a following catalytic reaction, the EC’
mechanism, which results in enhanced generator currents and
diminished collector currents, as well as the EC mechanism
which results in diminished generator and collector currents.
The simulation model was tested by determining the sec-
ond-order rate constant for the catalytic reaction between
electrogenerated Fe(CN)¢* and ascorbic acid or aminopyrine
at a Pt/mica/Pt electrode pair of known geometry under
pseudo-first and second-order reaction conditions.

EXPERIMENTAL SECTION

The construction of the Pt/mica/Pt sandwich structure is
shown schematically in Figure 1. The platinum bands were
formed by deposition of Pt onto both sides of a freshly cleaved
mica sheet (grade 2, ruby c.c.s. mica sheet, United Mineral and
Chemical, New York, NY) by rf sputtering at ca. 2 X 1072 Torr
under argon with a Materials Research Corp. (Orangeburg, NY)
Model MRC 8620 triple shutter RAD sputtering unit. Platinum

> |miO (0|0 (@ (>

Figure 1. Schematic representation of the Pt/mica/Pt microeiectrode
pair: A, glass microscope slides; B, epoxy cement; C, Pt film sputtered
onto mica; D, mica spacer; E, silver contacts to the Pt on the micro-
scope slide A and the upper Pt film C; F, copper leads; G, graphite
contact between first Pt film on mica and Pt film on slide A.

was also sputtered in strips onto glass microscope slides to form
one of the electrical contacts to the electrode pair. The sputtering
rate (10 A/s) was measured under the deposition conditions by
sputtering Pt for a known time onto glass slides and measuring
the absorbance of the resulting metal film, then back calculating
the metal thickness.

Electrodes were mounted as shown in Figure 1. After Pt was
deposited on both sides of the mica sheet, the mica was cut on
all edges with a razor blade, eliminating shorts that occur over
the edges of the Pt/mica/Pt sandwich during the sputtering
process. Electrical contact between the Pt on the microscope slide
and the first Pt layer was made with colloidal graphite (Ted Pella,
Inc., Tucson, CA). See Figure 1G. After the Pt was sputtered
onto both sides of the mica sheet, the resulting sandwich structure
was very fragile; therefore, direct electrical contact to the indi-
vidual films (e.g., with a wire and silver paint) was not possible
without shorting the films together. By making one contact to
the Pt on the glass slide with colloidal graphite, additional support
was provided for the Pt/mica/Pt pairs. When conductive silver
paint was used to make this first contact, shorts developed between
the Pt layers during the heating procedure required to set the
epoxy. After the graphite was dried in air for 1 to 2 h, the
Pt/mica/Pt structure was sealed between two glass microscope
slides with optically transparent epoxy (Transcene, Rowley, MA).
The epoxy was set (1 h at 80 °C, then 2 h at 140 °C) and copper
leads were attached with conductive silver paint (Acme Chemicals
and Insulation, Co., New Haven, CT) to the Pt on the microscope
slide and to the upper layer of Pt in the Pt/mica/Pt structure;
see Figure 1, E and F. The electrical contacts and the upper
portion of the sandwich were sealed with 5-min epoxy, and when
the electrodes were to be used in nonaqueous solvents, the entire
assembly was insulated with silicone sealant. The edges of the
electrodes were exposed by cutting away the excess glass at the
end with a glass saw. Useful electrode pairs showed a resistance
between the Pt electrodes of greater then 20 MQ. Occasionally,
the electrode pair resistance was less than 5 MQ. In these cases,
a voltage was applied between the pair in air with a Harrison
6205B dual dc power supply (Hewlett-Packard, San Diego, CA).
The voltage was increased slowly in increments of ca. 1 V (to ca.
10 V) until the measured current dropped to zero, which indicated
that the short circuit had been eliminated. The current must be
monitored very closely during this operation; too high applied
voltages could induce additional shorts. After the Pt/mica/Pt
sandwich structure was mounted and the bands were exposed,
resistance between the electrodes was measured with a digital
multimeter. Good electrode pairs had resistances greater than
20 MQ in air. To check the contacts between the Pt films and
the copper leads, the electrode was immersed in a saturated KC1
solution and the resistance between each of the bands and a Pt
gauze electrode was measured. Useful electrodes showed re-
sistances of 1 MQ or less, depending upon the distance between
the microband and the Pt gauze electrode. The resistance of the
Pt films was very small in good electrodes as measured by con-
tacting the Cu lead and the electrode edge with probes. The
contact resistance between the Pt on the glass slide and the Pt
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on mica via graphite was typically 50-60 Q, while the second
contact, directly to the Pt on the mica sheet, was less than 10 Q.

Polishing of the electrode surfaces, i.e., with diamond paste,
was generally avoided because such treatments shorted the Pt
bands when the interelectrode gap widths were ca. 2~6 um.
However, wider mica spacers were more stable, and electrode pairs
with gap widths of ca. 10 um could be polished with no apparent
change in the electrochemistry of a single band electrode, but with
changes in the effective gap width as discussed in the results
section. Thus, when a fresh electrode surface was needed, the
end of the electrode structure was removed with a glass saw and
used without further treatment. Electrochemical activation of
the electrodes, i.e., cycling in H,SO, between the solvent limits,
was avoided because of the instability of thin Pt films on mica
during H, evolution (I, 2).

Electron micrographs were obtained with a JEOL JSM-35C
scanning electron microscope (SEM). X-ray florescence and X-ray
mapping were monitored with a KEVEX-XRAY analyzer with
a 6900 interface control and 6100 data processor. Samples were
mounted with conductive Al tape and coated with ca. 100 A of
Au. Optical micrographs were used to confirm the gap and
electrode dimensions obtained by SEM. Optical micrographs were
obtained with an Olympus BHTO microscope fitted with an
Olympus PM-10AD 35-mm camera (Olympus, Tokyo, Japan) on
Kodak Ektachrome 400 film with either vertical or transmission
illumination.

Electrochemical measurements were carried out in agqueous
solutions purged with nitrogen in the usual three-electrode (single
band) or four-electrode (generation—collection) configuration. All
chemicals were reagent grade and used without further purifi-
cation. Solutions were prepared with Milli-Q (18 M) water or
reagent grade acetonitrile dried over molecular sieves, Cyclic
voltammogram current-voltage curves and potential step cur-
rent—time transients were recorded with the Soltec X-Y;Y,
two-pen recorder with a Princeton Applied Research (Princeton,
NJ) Model 175 Universal Programmer and a home-built bipo-
tentiostat (36b). Fast scan rate cyclic voltammograms were re-
corded with a Norland 3001 (Fort Atkinson, WI) digital oscillo-
scope.

Digital simulations were carried out on the UT-CDC 6000 Dual
Cyber Computer (Control Data Corp.) and the Cray-XMP 24
supercomputer (Cray Research, Mendosa Heights, MN).

RESULTS AND DISCUSSION

Digital Simulation of the EC’ and EC Mechanisms.
The digital simulation model of generation-collection,
shielding, and feedback experiments without coupled kinetics
has been reported (4) and the modifications necessary to
account for the coupled chemical step are given in the Ap-
pendix.

Generation-Collection Mode. Generation—collection
experiments are described by eq 1 and 2. The collection

A £ ne — B (generator) (1)
B £ ne — A (collector) 2)

efficiency when no homogeneous coupled reactions occur is
assumed to occur by a diffusion controlled process, i.e., con-
vection and migration are not important to mass transport.
We consider the case of coupled reactions, i.e., the regeneration
of A (EC’) or the conversion of B to an electroinactive species
(EC), eq 3 and 4, respectively. Both following reactions, EC’

EC B+Z-—A+X (solution) 3)

EC B+Z—->Y+X (solution) @)

and EC, result in the reduction of the collection efficiency
when compared to the efficiency observed with no following
reaction. The collection efficiency, ¢, is defined as the ratio
of the magnitudes of the steady-state or quasi-steady-state
currents at the collector (i) and the generator (ig) electrodes,
eq 5. Since the following reaction consumes B as it diffuses

¢ss = (”C'/ll’G( (5)
to the collector electrode, i¢ is reduced by the reaction. The

0.5

o.sL

LOG A

Figure 2. Working curve constructed from digital simulation data for
the collection efficiency, ¢4, vs. log A, the dimensionless kinetics
parameter A = (D /W gup ek o[Z])".

0.07}-

¢ 0.051

o.oq_

0.0 14—

Figure 3. Working curve constructed from digital simulation data for
the collection efficiency, ¢ ., vs. A, the dimensionless kinetics pa-
rameter.

fraction of B consumed, and the decrease in i¢ is a function
of the diffusion coefficient, D, the gap width, W, and the rate
constant, k. The maximum value of ¢ (the fraction of B
generated that is collected) is a function of D and W. The
time required for B to diffuse across the gap, tg,p, can be
approximated by

tGap = WGap2/D (6)

This time can be compared to the half-life for the following
reaction, ¢,

ton = 1/k[2Z] M

When ¢,,, > ¢gap the effect of the chemical step is not ob-
served. When ¢, < tgap, the collection efficiency approaches
zero. At intermediate times, the effect of the following reaction
on ¢, varies with log X, the dimensionless rate parameter, eq
Al5.

The quasi-steady-state collection efficiency is plotted vs.
the logarithm of the dimensionless rate parameter, A, in Figure
2 for a generator single collector electrode configuration.
Figure 3 is a plot of ¢, vs. A for small A. Both the EC’ and
EC mechanisms have the same effect on the collection effi-
ciency as a function of A. Thus, from collection efficiency data,
it is possible to measure A and the reaction rate constant for
a following reaction when D and W, are known, but it is not
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LOG 4Dt/ W2

Figure 4. Generator transient (normalized generator current vs. nor-
malized time). W is the interelectrode gap width for the generator single
collector array: (a) EC' case; (b) pure diffusion controlled transient;
(c) EC case. Curves a and c were calculated with the simulation
parameters: L = 750000; NGAP = NELE = NEB = 6; D, = 0.24;
XKT = 7.5 X 10, These parameters are equivalent to k = 2 X 10°
s~! for a 3.5-s experimental time. A = 0.89.
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Figure 5. Coliector transient (normalized collector current vs. nor-
malized time) where W Is the interelectrode gap: (a) EC’ case; (b) pure
diffusion control; (c) and (d) EC case. Curves a and ¢ correspond to
XKT = 7.5 X 10~ (e.g., k = 2 X 10% s~ for 3.5 s experimental time).
(d) XKT = 2.5 X 107°, Simulation parameters: L = 750000; Dy, =
0.24; NGAP = NELE = NEB = 6 yielding A = 0.89 for curves a and
¢ while N = 2.7 for curve d.

possible to determine the mechanism from ¢ alone.
Despite the similarity in the effect of the following reaction
on ¢, the EC’ and EC cases can be identified by the current
transient at a single microband electrode where an EC’
mechanism results in a steady-state current and the EC
transient is the same as the transient in the absence of the
following reaction (denoted DP). Moreover, the coupled
chemical reaction also alters the generator and collector
current transients (Figures 4 and 5). The normalized gen-
erator and collector currents are plotted against the logarithm
of the dimensionless time parameter, Equation 13. The

Table I. Comparison of Shielding and Feedback Factors
for the DP, EC’, and EC Cases as a Function of Time®

SF FB
log O¢, Dp EC EC DP EC EC
p

0.6 0.12 0.06 0.12 0.01 0.0 0.01

1.1 0.21 0.06 0.21 005 0.01 0.02
2.0 0.30 0.06 0.30 0.17 0.01 0.03
3.0 0.36 0.06 0.36 0.30 0.01 0.04
4.3 0.40  0.08 0.40 0.43 0.01 0.05

¢Simulation parameters: L = 750000, Dy = 0.24, NELE =
NGAP = NEB = 6, XKT = 7.5 X 102

generator current in the absence of kinetic perturbation is
shown as a solid line, Figure 4, curve b. The EC’ reaction
results in a true steady-state current which is larger in mag-
nitude than the DP case (curve a). When the EC mechanism
obtains, the generator current is smaller, Figure 4, curve c,
when compared to the DP current. This difference in the
generator currents among the three cases is a manifestation
of feedback.

The collector current transients can also be used to dis-
tinguish between EC’ and EC controlled kinetics. In Figure
5 the normalized collector current is plotted against the
normalized time function, eq 13. In the absence of a homo-
geneous reaction, the collector current increases until a qua-
si-steady-state value is attained, Figure 5, curve b. As ex-
pected, with the EC’ mechanism, a steady-state current results,
curve a, the magnitude depending upon XKT, the normalized
rate constant of the reaction (eq A9). As XKT increases, the
steady-state collector current decreases.

A distinctive feature of the collector current transient for
an EC reaction is the appearance of a peak. The collector
currents for the EC case do not attain a quasi-steady-state
value, because after the maximum, both the generator and
collector currents decay at the same rate. The currents decay
rather rapidly, because the amount of feedback is smaller
under these conditions than under DP conditions.

Shielding and Feedback Effects under EC’ and EC
Control. The shielding effect at the RRDE is a measure of
the decrease in the ring current caused by the application of
the same potential to the disk {e.g., when Ep = Eg) (39). The
disk reaction shields the ring by decreasing the convective flux
of A to the ring electrode. A similar current decrease is ob-
served when adjacent microband electrodes are stepped to the
same potential (i.e., Eg = E¢). At the microelectrode array,
the diffusion layers of adjacent electrodes overlap such that
the flux of A to the two electrodes is less than the sum of the
fluxes to each of the individual electrodes operated with all
other electrodes at open circuit (4). The shielding factor, SF,
is defined as

SF=1-~ ish/Zi}' (8)
Jj=1

where i, is the shielded current or the total current measured
when 7 electrodes are shorted together and the sum in the
denominator is the sum of the currents observed at the n
electrodes operated individually in the single electrode mode.

Like the generator and collector currents, the SF varies in
a characteristic way with time for the EC’ and EC reaction
schemes. Because a true steady state is reached under EC’
conditions for both the single electrode and the generation—
collection modes, a similar steady-state behavior for the SF
is observed (see Table I). The magnitude of SF depends on
the magnitude of & with SF being smaller for the EC’ case
than in the absence of kinetic complications.

Shielding at an array of microband electrodes is related to
the current response of a single band electrode. Since the
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Table II. Limiting Currents: Comparison of Cyclic Voltammetry and Chronoamperometry®

potential step®

cyclic voltammetry®

theoretical current

trial no. i, A ig, HA iy, wA
1 1.24 1.16 1.45
2 1.26 1.12 1.39
3 1.20 1.10 1.24
4 1.21 1.08
5 1.17 1.08
6 1.18 1.12

av 1.21 1.11 1.36

std dev +0.03 +0.03 *0.11

i21 #A

1.14
1.08
1.28

1.17

+0.10

ilvd ”A

1.47

iZ,d /‘A ilye /“A

1.35

ig,e #A

1.80 1.63

¢Solution: 5 mM Ru(NH;)¢Cl,;, 0.1 M LiCl. ®Potential stepped from 0.0 to —0.45 V vs. SCE with the second electrode at open circuit.
¢Potential scanned at 50 mV /s from 0.0 to —0.45 V vs. SCE with the second electrode at open circuit. ¢ Theoretical currents calculated by
eq 10; with t = 10 s, D = 7.1 X 108 em?/s, | = 1.22 em, W, = 0.12 um, W, = 0.06 yM. ©Calculated as in d with t = 0.5 s, the characteristic

time for the cyclic voltammetry experiment.

current observed at a single microband electrode for the EC
case is the same as when no coupled reaction occurs, the SF
for the EC mechanism and the DP case is the same. Thus,
a distinction between the EC’ and EC mechanisms can be
made from the SF.

The feedback factor, FB, is a measure of the amount of A
generated from B at the collector, which diffuses back to the
generator to react again (no analogous phenomenon exists for
the RRDE). The feedback factor is defined as

FB=1- iG,O/iG,C (9)
where ig o and ig ¢ are the currents measured at the generator
with the collector electrode at open circuit and in the gen-
eration—collection modes, respectively. Table I also lists FB
for the DP, EC’, and EC cases.

The magnitude of FB is expected to be a function of & for
both the EC’ and EC mechanisms. With no following reaction,
FB reaches a quasi-steady-state value of ca. 0.43 when log 6.,
= 4.301. Because the EC’ reaction involves regeneration of
A from B (i.e., “chemical feedback”), only a very small feed-
back effect is observed. For the EC case, FB is smaller than
when no reaction occurs. The single electrode current is the
same for no kinetic reaction as when the EC mechanism ob-
tains; thus, the numerator in eq 9 is the same for both cases.
However, the generator current is larger when no reaction
occurs than for the EC case, so that FB is smaller. Thus,
digital simulation data presented here can be useful in dis-
tinguishing between the EC and EC’ reaction mechanisms as
well as measuring the rate constant for a following homoge-
neous reaction coupled to electron transfer. Steady-state or
quasi-steady-state collection efficiencies can be used to cal-
culate k, when D and W,, are known. The normalized single
electrode current transients, the generator and collector
current responses, and the shielding and feedback effects can
be used to assign the reaction mechanism based on the
characteristics of these cases compared to those for the DP
case.

Cyeclie Voltammetry and Chronoamperometry at Sin-
gle-Band Electrodes. Each microband electrode was tested
separately (i.e., with the second electrode at open circuit) by
cyclic voltammetry (CV) and chronoamperometry. Nonlinear
diffusion to microband electrodes results in rapid attainment
of quasi-steady-state currents so that the limiting current
observed should be the same for CV and chronocamperometry.
“Quasi-steady-state” is defined for chronoamperometry as the
time when there is a change in the normalized current of less
than 5% for a 10-fold change in  (eq 11) (4). Similarly the
limiting current in cyclic voltammetry should be essentially
independent of scan rate (v) for v << (RT/F)ND/ W) where
D is the diffusion coefficient and W4 is the effective electrode
width (49). This can be contrasted to the behavior usually
found with larger electrodes where the peak current varies

as the square root of the scan rate (36¢).

The experiments summarized in Table II are consistent with
these expectations. The limiting current listed for cyclic
voltammetry and chronoamperometry (potential step) ex-
periments for a single microband electrode are the same within
the error of the experiments for the Ru(NH,):** couple.

The expression for the quasi-steady-state currents at band
electrodes (eq 10) (50) was used to calculate the theoretical

i = nFDCI(5.553/In (8) - 6.791/(In (6))®)  (10)

currents in Table II, where n is the number of electrons
transferred, F is the Faraday, D is the diffusion coefficient,
C is the concentration of electroactive material, and [ is the
electrode length. The dimensionless parameter, 8, is defined
in eq 11, where ¢t is the time in seconds and W is the electrode

8 = 4Dt/ W? (11)

width in centimeters. The currents in the chronoamperometry
experiments were measured after t = 10 s, while for cyclic
voltammetry, a time {corresponding to RT/Fv) of 0.5 s was
used in the calculation. The electrode length was on the order
of centimeters, so [ was easily determined. The electrode
widths estimated by the approximate sputtering rate (10 A/s)
and the sputtering time for this electrode pair were ca. 0.12
and 0.06 um. When these values are used in the calculations,
the theoretical currents were too large when compared to
experiment. The theory for microband electrodes and eq 10
strictly apply to rectangular electrodes flush with the substrate
surface. The electrodes prepared here, as seen from SEM
photographs (Figure 6) are clearly only rough approximations
of this geometry. Moreover, portions of the electrode may
be covered by bits of epoxy cement. Thus it appears more
reasonable to calculate an “effective” electrode width, W,
based on an electrochemical calibration. With this procedure
we find W for this electrode pair to be 0.02 and 0.01 um,
respectively. Equation 10 holds for 8 = ca. 30 (50); for the
electrode pair W values reported in Table 11, this corresponds
to times greater than ca. 50 us.

The SEM micrograph of the Pt/mica/Pt structure given
in Figure 6A shows the electrode structure after polishing with
0.25-um diamond paste. Here the gap and the Pt bands are
distinct and well-defined. However, in most cases, the elec-
trodes were used as cut, Figure 6B. The Pt portions, identified
by X-ray florescence mapping, are very rough with widely
varying widths. In addition, some portions of the electrodes
are blocked completely by large pieces of epoxy, which reduce
the surface area of the structures from the macroscopically
measured one. These irregularities of the Pt/mica/Pt
structures can account for the difference between the calcu-
lated currents based on estimated widths and the corre-
sponding measured currents. Typically, errors of 20-30% are
observed between the measured currents and those calculated
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Figure 8. (A) SEM of the Pt/mica/Pt structure with a mica spacer ca.
10 um wide after polishing with 0.25-um diamond paste. (B) SEM of
the sandwich as cut and used. Pt bands are identified by X-ray
florescence mapping. Note the rough edges and nonuniform gap

spacing.

from the width estimated by sputtering times.

Treatment of the electrode surface by polishing with
600-200 grit sandpaper as well as with 0.25-um diamond paste
had little effect on the electrochemical response of the Pt/
mica/Pt electrode pairs with mica spacers larger than ca. 10
pm when each electrode was used individually, i.e., with the
second electrode at open circuit. In some cases the magnitude
of the current was reduced after polishing, presumably due
to the removal of a few Pt flakes that adhere to the bands (see
Figure 6). Figure 7 demonstrates typical effects of polishing
the electrodes. Curve A, the current response to a linear
voltage sweep at 50 mV /s for a single Pt microband electrode
in 5 mM Ru(NH,)¢** after cutting with a glass saw, has the
sigmoidal shape associated with nonlinear diffusion (5-7).
Curves B and C were recorded after treatment with 200 and
600 grit sandpaper, respectively. Finally, the electrode was
polished on a mechanical polishing wheel with 6-um diamond
paste followed by 1- and 0.25-um diamond paste (D). Al-
though Figure 7 demonstrates the consistency of the elec-
trochemical behavior with various surface treatments, in
general, no polishing treatment was applied after cutting to
avoid the possibility of shorting the electrode pairs.

In addition to correcting the electrode width to a W to
account for geometric irregularities, it would also be possible
to correct the electrode length to take account of blocked areas.
However, only the effects of nonideal structure on the widths
of the electrodes will be considered here, because the bulk of
this work is concerned with generation—collection and other
two-electrode phenomena where the effects of the interelec-
trode gap width are probably more important.

The limiting and peak currents at a single microband
electrode were studied as a function of the scan rate for scans
of 5 mV/s to 20 V/s; the results are summarized in Table III
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Figure 7. Typical cyclic voltammograms for a microband electrode
in5 mM Ru(NH:,),“"' 0.1 M LiCl at a sweep rate of 50 mV/s: (A) fresh
cut electrode surface; (B) after polishing with 200-grit sandpaper; (C)
after 600-grit sandpaper; (D) after polishing with 6-um, 1-um, and
0.25-um diamond paste.

Table III. Effect of Scan Rate on Linear Sweep
Voltammetry Maximum (i,) and Peak (i,) Currents

max max
current,® current,®
scan rate, mV/s A scan rate, V/s kA
5 5.90 1 2.75
20 6.25 2 4.31
50 6.70 10 13.7
20 20.3

?Potential scanned from 0.0 to 0.7 V vs. SCE in 2.9 mM K Fe-
(CN)g in 0.3 M glycine, 1 M KOH. ®Potential scanned from 0.7 to
0.0 V vs. SCE in 5 mM K3Fe(CN)g in 1 M aqueous KCl.

for two different electrodes. For scan rates less than ca. 200
mV/s, almost S-shaped curves with limiting current plateaus
with no appreciable peak were observed, indicating that the
effects of nonlinear mass transport control the current re-
sponse in this time regime. At the slower sweep rates, the
absence of a significant anodic peak on scan reversal (see
Figure 7) is characteristic of microelectrodes in which the
product diffusion layer thickness is much larger than the
electrode dimensions (7). Above ca. 1 V/s the voltammograms
become peak-shaped with iy, the peak current, a function of
the scan rate (characteristic of mass-transport-controlled
conditions in cyclic voltammetry where the diffusion layer
thickness is much smaller than the electrode dimensions). The
results shown in Table III are consistent with those reported
by Bond et al. (38) with Au film on glass electrodes 0.05-0.2
um wide who report “peak” currents which are scan rate de-
pendent at sweeps as slow as 50 mV/s. Wightman (24, 27)
with similar film electrodes, also reports limiting currents
which are scan rate dependent at slow sweep rates (v < 20
mV/s). At faster scans, where v > (RT/F)(D/W,?) diffu-
sion-limited peak currents were observed; these varied with
v'/2, and the ratio of the anodic to cathodic peak currents was
essentially unity as expected for a reversible, diffusion-con-
trolled reaction (36¢).
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Table IV. Comparisons of Electrode Geometries Determined Optically and Electrochemically

electrode Wg,? um Ws,? um W ot° 4
18 10 12 50
28 7 20
3 6 5 4
4 2 4 2.5
5 6 7.5

electrode width, um

estimated? effective®
1 2 1 2 length,/ em
0.12 0.06 0.02 0.01 1.22
0.06 0.12 0.01 0.01 0.68
0.36 0.60 1.5 4.2 0.50
0.36 0.60 0.18 5.7 1.15
0.36 0.60 0.90 1.8 0.71

% Average determined by SEM. °Average determined by optical microscopy. °Calculated from eq 12 and 13 with ¢ measured in 5 mM
Ru(NH;)¢Cl; in 0.1 M aqueous LiCl and 2 mM K,Fe(CN)g in 0.7 M aqueous KOH 10 s after potential step. ¢Estimated from the sputtering
time and the approximate sputtering rate (10 A/s). ¢Calculated by eq 10 and 11 at 10 s after a potential step in 5 mM Ru(NH;)Cl; in 0.1
M aqueous LiCl. fMeasured by ruler. #Sanded with 200- and 600-grit sandpaper before use.

Thus, ultramicroband electrodes formed by sputter de-
position of Pt onto mica sheets show the expected behavior
when used as single working electrodes in the usual three-
electrode configuration. Although each band has a very ir-
regular geometry, the electrochemical responses can be used
to estimate an effective width based on eq 10 and 11 for the
current at an ideal microband electrode. Further character-
ization of the electrode pairs was carried out in the dual band
generation—collection mode.

Dual Band Modes. The electrode pairs were tested in
generation—collection, shielding, and feedback experiments
with reversible couples in aqueous solution at sufficiently long
times or slow scan rates that quasi-steady-state currents were
observed. The experimental results of generation—collection
experiments were used to estimate effective gap widths,
Wiapet in & calculation similar to that used to estimate an
effective electrode width.

Theoretical gap widths, W, .4, were calculated by solving
eq 12 for 8g,,, eq 13. Equation 12 is an empirical expression

s = 0.033 + 0.21 log fgap ~ 0.016(log 0,2 (12)
Ogap = 4 Dt/ Wi,y (13)

derived from digital simulation results relating the measured
collection efficiency to the electrode geometry, the experi-
mental time, and diffusion coefficient and has been shown
to predict the collection efficiency for well-defined electrode
geometries (4). The quasi-steady-state collection efficiency,
¢, Was measured with several reversible redox couples.
Effective gap widths determined from ¢, as well as the gap
width measured by SEM and optical microscopy are listed
in Table IV. Good agreement between the experimental
determinations of the interelectrode spacing was found for
electrodes that were cut and not polished (electrodes 3-5);
deviation between the SEM and optical measurements was
generally 1-2 um. Electrodes 1 and 2, however, show very large
effective gap widths compared to the microscopically measured
interelectrode spacing. Electrodes 1 and 2 had been sanded
with 200- and 600-grit sandpaper to renew the surfaces before
use while electrodes 3-5 were simply cut without further
polishing. The uneven removal of Pt, mica, glass, and epoxy
may increase the effective gap width as shown schematically
in Figure 8. Previously (4), eq 12 had been shown to be
accurate (to within 10%) for log 6 between 1.8 and 5.7 and
the electrode dimensions and times reported in Table IV are
within these limits.

Also summarized in Table IV are the electrode widths es-
timated by sputtering time and the effective electrode widths
as determined from the limiting currents. The large difference
between the two measurements can be attributed to errors
in estimating the electrode width by sputtering rates, which
may vary at long times, and the previously discussed geometric
factors.

A

a b c d [ b a
B

a b c d c b a

Flgure 8. Schematic of the possible effects of polishing showing the
uneven removai of glass (a), epoxy (b), Pt (c), and mica (d), resulting
in an increased effective gap width (W g, o} between the Pt bands (c).

Electrochemical characterization of pairs of ultramicroband
electrodes, including collection, feedback, and shielding ex-
periments, for four electrodes that were freshly cut but oth-
erwise untreated before use in different solutions are shown
in Table V. Currents were measured 10 s after a potential
step to the generator electrode, while the collector electrode
potential was maintained at the initial generator electrode
potential (collection and feedback) or stepped to the same
potential (shielding). The collection efficiency was measured
and log g,y or Was determined from eq 12. This was used to
estimate the feedback factor, FB, and the shielding factor,
SF, from simulation data (4).

Feedback factors for pairs of electrodes and theoretical
values in two different solutions are compared in Table V. The
agreement between the experimental data and simulation
predictions is inconsistent. In most cases the experimental
feedback effect was smaller than the theory predicted, even
though the effective interelectrode gap width, estimated by
the collection efficiency, was used in the calculation. Shielding
factors are also listed in Table V. For these, experimental and
simulated values are probably within the errors of the ex-
periments and simulation.

Following Catalytic Reaction—Rate Constant by
Collection Measurements. Ultramicroelectrode arrays can
also be employed to study homogeneous reactions coupled to
the electron transfer by measuring the collection efficiency
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Table V. Summary of Collection Efficiency, Shielding, and Feedback for Reversible Redox Couples

shielding factor

feedback factor

electrode collection efficiency ¢gg log O exptl simulation exptl simulation

(a) Ru(NHj,)g** Solution

3 0.565 £ 0.002 3.43 .355 + 0.015 0.357 0.266 = 0.003 0.311

4 0.611 £ 0.005 3.93 0.280 £ 0.008 0.364 0.212 £ 0.003 0.371

5 0.528 + 0.005 3.08 0.314 + 0.007 0.347 0.278 = 0.003 0.270

6 0.356 + 0.001 1.78 0.253 + 0.005 0.265 0.080 = 0.004 0.127
(b) Fe(CN)g* Solution

3 0.518 £ 0.033 2.99 0.359 # 0.018 0.344 0.271 = 0.003 0.260

4 0.556 + 0.013 3.34 0.263 + 0.019 0.355 0.085 £ 0.021 0.300

5 0.447 £ 0.012 2.42 0.327 £ 0.033 0.314 0.140 % 0.011 0.196

6 0.390 £ 0.004 1.95 0.211 £ 0.008 0.287 0.054 = 0.005 0.145

in an approach analogous to RRDE studies (37). The digital
simulation model (¢) was modified to treat a following catalytic
second-order and pseudo-first-order (EC’) reaction; details are
given in the Appendix. We consider here the EC’ case under
the conditions where Z is present at concentrations of the order
of those of A and a complete second-order reaction treatment
must be carried out, and when [Z] > [A], so that k;[Z] remains
essentially constant and the reaction can be treated as a
pseudo-first-order reaction. We illustrate this case experi-
mentally with species A corresponding to Fe(CN)¢*", B, the
oxidized form, Fe(CN):%*, and Z either ascorbic acid (51, 52)
or aminopyrine (1-phenyl-2,3-dimethyl-4-(dimethylamino)-
5-pyrazolone) (53, 54). Both ascorbic acid and aminopyrine
are oxidized by ferricyanide in solution with rate constants
for the second-order reaction differing by nearly 2 orders of
magnitude. The potential of the generator electrode was
controlled to minimize direct oxidation of ascorbic acid or
aminopyrine at the surface.

The effect of the following reaction is to increase the oxi-
dation currents at a single band electrode or a generator
electrode when the electrode pair is used in the generation-
collection mode and to decrease the collector current. In this
way the observed collection efficiency will be decreased by
the amount of Fe(CN)¢*~ consumed during the time it diffuses
across the interelectrode gap. The amount of Fe(CN)g* re-
generated in the whole diffusion layer surrounding the gen-
erator electrode increases the generator current. From the
digital simulations of the electrode pairs under pseudo-
first-order conditions, working curves of the collection effi-
ciency, ¢, as a function of A, a dimensionless rate parameter,
eq A15, were constructed, Figures 2 and 3.

Experimentally, ¢, was determined without Z present, and
from eq 12, the effective gap width, W, ., was determined.
Then, ¢ was determined at known concentrations of Z. From
e a value of A was found and eq A15 was solved for ky. The
data shown in Tables VI and VII are from two sets of ex-
periments for the determination of k&, for the reaction of
Fe(CN)g* with ascorbic acid and aminopyrine, respectively.

For the reaction with ascorbic acid, the solution was
buffered with glycine (0.3 M) and the pH was adjusted to 2.5
with nitric acid (57, 52). The ratio of Z concentration to the
bulk concentration of the reduced species was varied from ca.
5.70 to 78.0 (Table VI). In an experiment with only Fe(CN)s*
present, the collection efficiencies were measured at ¢t = 3.5
s. Equations 12 and 13 were used to obtain the value of
D/Wgapess. The reactant (Z) was then added and ¢, was
determined again. The values of &, determined are in rea-
sonable agreement but slightly higher than the values mea-
sured by spectroelectrochemical methods, 13.6 £ 0.2 L. mol™
sl at pH 2.2 (51) and 23.6 % 2.4 L. mol™ s! at pH 2.5 (52).
Part of the error in this work was caused by the background
correction for a solution of ascorbic acid alone, which must
he obtained with a fresh solution. In addition, the electrodes

Table VI. Generation-Collection Data for the
Determination of the Second-Order Rate Constant of
Ferricyanide Reduction by Ascorbic Acid®

[ascorbic

acid], mM @ A ky, Lmolts?  C,/Cy
0 0.247 0
8.77 0.120 1.86 30 5.70
12.8 0.100 1.24 29 8.83
25.7 0.071 0.91 20 17.7
0 0.346 0
51.5 0.013 1.28 28 78.0
av 27
std dev +4

9Solution is 1 to 3 mM K Fe(CN)g in 0.3 M glycine at pH 2.5.
Freshly cut electrode no. 6.

Table VII. Generation-Collection Data for the
Determination of the Second-Order Rate Constant for the
Reduction of Ferricyanide by Aminopyrine®

[amino-
pyrine],

mM ¢ A ks, Lmol? s  Cy/Cy
0 0.389 0
10.3 0.173 2.76 9 X 102 5.5
21.7 0.127 1.65 7 X 102 11.3
0 0.382 0
13.1 0.140 1.90 9 X 102 11.3
0 0.298 0
40.4 0.019 0.202 8 X 102 31.3
av 8 X 102
std dev +1

?Solutions are 1 to 5 mM K/Fe(CN)g in 1 M aqueous KOH.
Freshly cut electrode no. 6.

were not very stable in the acidic solutions over long periods
of time.

Table VII lists the data obtained for the reduction of Fe-
(CN)s® by aminopyrine in basic solution (63, 54). The ratio
of the concentration of Z to reduced species was varied from
ca. 5.5 to 31.3. The maximum concentration of aminopyrine
used was ca. 40 mM because of its limited solubility in water.
The rate constant for this reaction, (8 £ 1) X 102 L mol™? s}
is in fairly good agreement with previously reported values
(1 to 3 X 10° L mol™ s71) (53, 54). The somewhat smaller
values may be due to the incomplete dissolution of the catalyst,
resulting in the actual concentrations being lower than those
listed in Table VII. Because of the small background currents
measured in solutions with Z alone at these potentials, no
correction was made for the oxidation of aminopyrine at the
generator.

The determination of second-order homogeneous rate
constants under pseudo-first-order conditions is shown here
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Table VIII. Simulation of the Catalytic Regeneration of
Ferrocyanide under Second-Order Reaction Conditions

Ascorbic Acid®
bss
concn® exptl simulation
0 0.367
2.3 0.166 0.178
3.0 0.148 0.146
3.7 0.133 0.124
Pss
concn? exptl simulation
Aminopyrine®
0 0.355
0.7 0.138 0.168
1.6 0.119 0.119
2.3 0.108 0.091

¢Solution: 2.90 mM K,Fe(CN)g in 0.3 M glycine at pH 2.5,
Waepetr = 18 um. Simulation: Dy = 0.24, NGAP = 20, XKTC =
10 °Conen = 2[ascorbic acid]/[K,Fe(CN)s]. ¢Solution: 2.64
mM K Fe(CN)g in 1 M KOH, Wy, o6 = 19 um. Simulation: Dy =
0.24, NGAP = 35, XKTC = 10™*. “¢Concn = [aminopyrine]/
[K,Fe(CN),].

to be relatively straightforward and fairly accurate with the
electrode pairs constructed based on a mica spacer. If we
assume that 0.2 um is a practical lower limit for the intere-
lectrode gap width (4), a diffusion coefficient, D, of ca. 5 X
107% cm?/s, and a lower limit of measurable ¢, of ca. 0.001,
then with a A of 0.056 a k,[Z] of the order of 10° s7! is
measurable. Thus for Z concentrations of 1078 to 102 M, the
upper limits of measurable rate constants are about 107 to 10°
L mol! s, In practice it may be possible to measure effi-
ciencies less than 0.001, since the collector currents measured
to determine the collection efficiencies in Tables VI and VII
were of the order of 100 nA and the measured current can be
increased by increasing the electrode length. Thus, it may
be possible to measure very fast rate constants, up to diffusion
limited processes, with ultramicroelectrode arrays.

Comparison of the Simulation and Experimental
Collection Efficiencies under Second-Order Conditions.
The simulation modifications necessary to include the fol-
lowing catalytic reaction under second-order conditions are
also included in the Appendix. From the data obtained under
pseudo-first-order conditions, the rate constants for the re-
action of ferricyanide with ascorbic acid or aminopyrine were
determined.

Experimentally, the concentration of Z was varied for a
constant bulk concentration of ferrocyanide. The collection
efficiency was measured both with and without Z. From ¢,
and eq 12 and 13 the effective gap width was determined
without Z. The collection efficiencies and the concentrations
are listed in Table VIII. The experimentally measured
D,Wapetr k2, and Cy can be used to calculate a value for the
second-order rate parameter, A\, The simulation value of
XKTC is fixed once the values of Dy and NGAP are selected.
The maximum value of Dy, is 0.25, further restricting the range
of values of NGAP and XKTC possible.

Once the simulation parameters, Dy, NGAP, and XKTC
were determined, the final input parameter, CONC, the ratio
of Z to A, was determined and the simulation run. Com-
parisons of the experimental and simulation ¢, values under
second-order conditions are presented in Table VIII. Gen-
erally very good agreement between simulation and experi-
mental results is found.

Electrode Stability in Aqueous Solutions. The stability
of the electrode pairs after immersion in various solutions was

determined by the reproducibility of the collection efficiency
and the current function, i/CD, with time (where i is the
maximum or limiting current and C the concentration of redox
material). The current function changed by only 2% to 3%
for electrodes used in different neutral or basic solutions over
the course of 10 days without resurfacing (i.e., without cutting
a fresh surface). When a fresh surface was cut, however,
electrodes experienced up to a 22% change in the current
function, presumably because of changes in W, However,
the observed collection efficiencies during this time frame were
the same within 11-13% for nonresurfaced and for fresh cut
electrodes. Thus, resurfacing may cause significant changes
in the effective areas of the electrodes, but the relatively small
changes in ¢, suggest that the effective interelectrode gap
width remains fairly constant. However, irreproducible be-
havior was observed at pH 2.5 after only 1-2 h of use. This
is caused by the instability of Pt on mica which is known to
flake during H, evolution (I, 2) and also on long immersion
in acidic solutions (pH <3). Removal of the electrode end with
a glass saw generates a new electrode surface and results in
a new stable electrode. In general, electrode pairs as con-
structed here have been used for several months without any
major changes in the electrochemical performance.

Use in Nonaqueous Solvents. Preliminary studies of the
reduction of Ru(bpy);?* in acetonitrile (MeCN) solution
demonstrated that it is possible to conduct generation—col-
lection experiments of the type previously described with
Ru(bpy)z?*. The reduction of the solvent must be carefully
avoided to prevent the formation of a yellowish brown film
that shorts the two bands. The epoxy used to mount the
electrodes was stable for at least several hours in MeCN.

CONCLUSIONS

We have demonstrated here that pairs of ultramicroelec-
trode bands can be constructed by sputter deposition of Pt
films onto a mica spacer 2 to 12 um thick and that each band
is individually addressable. The electrode pairs can be used
in generation—collection experiments similar to an RRDE and
to measure the homogeneous second-order rate constant for
a catalytic following reaction under pseudo-first- and sec-
ond-order reaction conditions. The digital simulation model
presented previously (4) and modified here successfully pre-
dicts collection and shielding effects, and working curves
constructed from the model can be used to determine rate
constants. Moreover, simulation results show that SF, FB,
and the current transient shapes can be used to distinguish
the EC’ and EC reaction mechanisms using electrode pairs
as described here. The advantages of the electrodes con-
structed as described here include long lifetimes and renewable
electrode surfaces, but their geometries are less well-defined
than those prepared by photolithography.

Pairs of ultramicroelectrodes were demonstrated to be
useful for the determination of the second-order rate constant
for a following catalytic reaction in experiments similar to
those carried out at an RRDE (36a, 37, 39). An additional
advantage to using arrays for studying the effects of chemical
reactions coupled to heterogeneous charge transfers is that,
like the RRDE, the arrays should be useful for distinguishing
between the EC and EC’ mechanisms by the effect of the
reaction on the generator current.
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APPENDIX
Modification of the Digital Simulation Model To In-
clude the Following Chemical Reactions. The digital
simulation model used to describe generation and collection
of a reversible couple at a pair of ultramicroband electrodes
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has been described in detail (4). A two-dimensional expo-
nentially expanding space grid (55, 56) from a single generator,
single collector electrode arrangement was used here and only
the modifications necessary to describe the following chemical
steps will be discussed. A complete listing of the program is
available (57). The total number of iterations, L, the di-
mensionless rate constants, XKT and XKTC, and the number
of boxes representing the collector electrode and the intere-
lectrode gap NEB and NGAP were varied; the number of
boxes representing the generator electrode surface, NELE,
was held constant. When the maximum number of iterations
was changed from 750 000 to 93 300, the results were the same
to <3%, because the system reaches true steady state very
rapidly with the catalytic follow up reaction. The reaction
schemes considered are shown in eq 1 to 4 in the text. The
rate law governing the conversion of B to A by Z is

~d[B]/dt = -d[Z]/dt = d[A}/dt = R,[Z][B] (A1)
and for the conversion of B to Y by Z
—-d[B]/dt = -d[Z}/dt = d[Y]/dt = R,[Z][B] (A2)

When pseudo-first-order conditions obtain, i.e., [Z] > [A],
ko[Z) =~ k’, (A3) results.

-d[B]/dt = d[A]/dt = kB] (A3)

The finite difference form of (A3) after normalizing the
concentrations in terms of the bulk concentration of A and
multiplying through by At results in eq A4 or A5, where

~ACR(NJ) = AC,(N,J) = k’AtCg(N,J) (EC') (A4)
~-ACp(N,J) = k’AtCg(N,J) (EC) (A5)

Cg(N,J) is the concentration of B in the box, N,J after the
diffusion step and ACg(N,J) and AC,(N,J) are the changes
in concentration in the box N,J caused by the homogeneous
regeneration reaction and (A5) is the concentration change
for the EC mechanism. From the definition of the simulation
maximum number of iterations, L, and a final experimental
time, tg, the simulation time increment At is known

At = tg/L = t/K (A6)

Substitution of (A6) into (A4) or (A5) yields (A7) or (A8), the
change in concentration in terms of the normalized concen-
trations

~ACg(NJ) = ACL(NJ) = Cp(NJ) (k'tp/L)  (EC)
(A7)

-ACR(N,J) = C(N,JH(k'ty/L) (EC) (A8)

We define the dimensionless simulation rate constant, XKT,
as

XKT = k'tp/L (A9)

Modifications of the concentrations in each box caused by
the following reaction were made after the concentration
changes caused by diffusion were calculated. The equations
for the diffusional changes have been given previously (4) and
eq Al0 and A11 describe the concentration changes caused
by the homogeneous catalytic reaction. Only eq A11 applies
for the EC case.

CA,NEW(N o) =
Canew(NJ) + XKT Cgnrw(N,J) (EC) (A10)

CB,NEW(N ) =
Cenew(N,J) — XKT Cpnpw(N,J) (EC and EC’) (A1l)

Previously, eq A12 was shown to hold as a conversion be-
tween the real world variables D, ¢, and Wg,,, where D is the
diffusion coefficient in cm?/s, ¢ is time in s, and Wg,, is the

gap width in cm, and the corresponding simulation variables
Dy, K, and NGAP (the dimensionless diffusion constant, the
iteration counter, and the number of boxes corresponding to
the gap width, respectively).

4Dt / Wg,,? = 4DyK /NGAP? (A12)
From (A12) and (A8)
Dy/NGAP? = Dt/ We,,’K = DAt/ Wg,,? (Al13)
and with (A9)
Dy /NGAP? = Dtp/Wg,,'L = D(XKT) /We,,2k' (Al4)

We define the dimensionless rate parameter, A, in (A15)

\ = Dy /NGAPZXKT = D/ Wgoky' = D/ W 'k[Z]
(A15)

When second-order kinetics apply, the treatment is similar
to that for pseudo-first-order kinetics; however, the effects
of diffusion of Z must be calculated throughout the simulation,
with the relative concentration of Z normalized by the bulk
concentration of A initially present; the ratio of the concen-
trations is supplied as an input parameter in the simulation.
The initial concentration of Z in the simulation is defined as
CONC

CONC = [Z]/[Alpux (Ale)

The rate law, eq Al in finite difference form becomes eq A17
after dividing through by the bulk concentration of A

—ACR(N,J) = -AC4N,J) = ACx(NJ) = RyAt[Z]CR(N,J)

(A17)

Equation A17 is multiplied and divided by the bulk concen-
tration of A, C,*, to normalize the concentration of Z on the
right-hand side resulting in

—ACR(N,J) = —~ACz(N,J) = AC,(N) =
kyAtCy*Cp(N,J)Cy7(N,J) (A18)

The dimensionless rate constant XKTC is defined
XKTC = Ry AtCu* = kotpCp* /L (A19)

By substitution of At from (A6) into (A19), one obtains

Ay = Dy/NGAP? XKTC = D/Wg,,? kyCu* (A20)

Registry No. Pt, 7440-06-4; Fe(CN)q*", 13408-62-3; Ru-
(NH;)g, 18943-33-4; ascorbic acid, 50-81-7; aminopyrine, 58-15-1.
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Catalytic Oxidation of Reduced Nicotinamide Adenine
Dinucleotide at Hexacyanoferrate-Modified Nickel Electrodes

Bernadette F. Y. Yon Hin and Christopher R. Lowe*

The Biotechnology Centre, University of Cambridge, Downing Street, Cambridge CB2 3EF, United Kingdom

The redox mediator hexacyanoferrate{(II1/111) has been
electrodeposited on nickel by anodization of porous nickel
electrodes In aqueous electrolytes containing hexacyano-
terrate(II) lons. Cyclic voitammetry of the resultant nickel
hexacyanoferrate flims reveals the presence of two peaks
corresponding to the hexacyanoferrate(11/111) redox couple.
The redox films catalyze the oxidation of reduced nicotin-
amide adenine dinucleotide (NADH) with a decrease In ov-
ervoltage of ~ 150 mV compared to unmodified electrodes.
The steady-state current response at +0.2 V vs. Ag/AgCl In
0.1 M sodium perchlorate containing 0.01 M sodium phos-
phate, pH 7.5, increases linearly with NADH concentration.
The nickel hexacyanoferrate fllms are capable of reoxidizing
enzymically generated NADH. In the presence of soluble or
immobilized alcohol dehydrogenase, a rapid rise in current
was observed after addition of ethanol, reaching steady state
within 30-60 s. The hexacyanoferrate-modified nickel elec-
trode possesses many of the features desirable for use as an
amperometric sensor for oxidoreductase substrates.

Dehydrogenases constitute an important class of redox
enzymes that use the cofactor §-nicotinamide adenine di-
nucleotide (NAD™") and produce the reduced form NADH.

Recently, much effort has been directed toward the electro-
chemical oxidation of NADH, in order to develop ampero-
metric enzyme electrodes for substrates which are enzymat-
ically coupled to NAD*/NADH (7, 2) or to regenerate elec-
trochemically the cofactor for enzymatically coupled bio-
transformations (3, 4). The amperometric electrodes combine
the specificity and selectivity of biological molecules with the
direct transduction of the rate of the reaction into a current
response and represent powerful tools in the field of analysis
and biotechnology.

However, direct NADH oxidation at solid electrodes takes
place at considerable overpotentials, 1.1 V at carbon (5) and
1.3 V at platinum electrodes (6). Furthermore, it has been
reported that the reaction involves radical intermediates which
cause electrode fouling (7). Consequently, redox mediators
have been investigated as a means of shuttling electrons be-
tween the NADH molecules and the electrode at lower ov-
erpotentials. A number of homogeneous electron-transfer
mediators such as o- and p-quinones, phenazine methosulfate
(PMS), (2,6-dichlorophenol)indophenol, and Meldola Blue
have been used successfully to oxidize NADH (8-13). Sub-
sequently, the strategy has been to design chemically modified
electrodes that would provide surface-immobilized redox
functionalities to catalyze efficiently the NADH oxidation
(14-19). Such catalysis has been achieved, although the
commonest problem encountered has been the poor stability
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