Vol. 134, No. 2

1 k2 discharge

MOZe» A4OMOHMD

,-\
2
=

Z{(1 MH2)

3 19 ZB. SB‘ 48 B £8
DISCHARBED CAPACITY (MAH)

Fig. 6. [Z(1 kHz), |Z|(1 MHz) vs. discharged capacity for 1 k() dis-
charge.

impedance at 1 kHz, |Zi(1 kHz), which includes both the
cathode and Lil impedances, and that at 1 MHz, |Z)
(1 MHz), which is approaching the cathode impedance
alone, as a function of discharged capacity. Obviously,
even at this high discharge rate, the cathode impedance
is small with respect to the electrolyte impedance. The 1
MHz impedance is actually an overestimate of the cath-
ode impedance due to a partial contribution of the capac-
itive portion of the LiI electrolyte impedance. While it
would have been preferable to have followed the actual
cathode impedance as a function of depth of discharge,
the assumption used in recent work (2) that the cathode
impedance of these cells is small with respect to the Lil
impedance has been confirmed.

An evaluation of the data showed that the 1 MHz value
was approximately 20% of the 1 kHz value for cells dis-
charged across either 20 or 1 k), and remained so for
most of the discharge. As expected, as the cell began to
near the end of life, the cathode impedance rose dramati-
cally.

Summary

A low cost, low power, high frequency galvanostat has
been constructed and applied to discharging Li/l,
batteries. The galvanostat, based upon a design for a
voltage-controlled current source in a popular electron-
ics text, has a bandwidth of 1 MHz throughout which it
does not significantly distort the shape of the sinusoidal
input. While 1 MHz is not sufficient in all cases for a com-
plete impedance spectrum to be generated, this work
does provide an economical extension of present capa-
bilities.

After this initial development work, a number of ways
in which the performance of the galvanostat can be im-
proved are obvious. Replacement of the operational
amplifiers with transistor amplifiers will increase the
speed of the system. A number of design changes aimed
at reducing the capacitive effects in the transistors will
also serve to increase the speed of the instrument. Other
design changes should allow an improved utilization of
the large gain-bandwidth products of commercial tran-
sistors. A typical value for the transistors used in the
present design is 1800 MHz. This would allow the transis-
tors to have a gain of 180 at 10 MHz. This should allow de-
velopment of a galvanostat able to operate at 10 MHz. In-
stitution of wide bandwidth amplifiers for the output
signals would give the transient analyzer more signal
with which to work. In summary, both design and com-
ponent changes should be able to improve the perform-
ance of the instrument to enable measurements to be
made at 10 MHz. At such frequencies, other problems be-
gin to loom ever larger, such as impedance matching of
measuring devices. However, through careful design,
such problems should be manageable.

In addition to developing a high speed galvanostat for
general use, another goal of this summer project was to
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analyze the validity of an assumption made in previous
work on Li/I, batteries (2, 3). In that work, it was assumed
that the bulk of the increases in the impedance measured
at approximately 1 kHz was due to increases in the Lil
electrolyte resistance. However, due to the limited con-
ductivity of the cathodes in these cells, there was a con-
cern about the validity of this assumption at high dis-
charge rates, and an interest in the way in which the
cathode impedance changed as a function of discharge
rate and depth. Though it was found that 1 MHz is not a
sufficiently high frequency to completely separate the
LiI and cathode impedances, it was high enough to show
that the cathode impedance is, at most, 20% of the Lil im-
pedance over the range of capacities of interest.
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Digital Simulation of Linear
Sweep Voltammetry of Quasi-
Reversible Systems at
Ultramicroelectrodes

Ultramicroelectrodes are advantageous in highly re-
sistive media (1, 2) or at fast scan rates in cyclic
voltammetry experiments (3, 4) because of the small IR
drop compared to that of conventional sized electrodes.
Another advantage arises from nonlinear diffusion at
ultramicroelectrodes, which results in higher mass-
transfer rates. A general review of ultramicroelectrodes
in electrochemistry has appeared (5). This review also
mentions the application of ultramicroelectrodes as sen-
sors, e.g., to allow the monitoring of chemical changes in
vivo. Electrochemistry at ultramicroelectrodes in highly
resistive media has been of special interest (1, 2, 6). In
dealing with these media, especially when direct elec-
trolysis of the solvent is considered (7), the effect of elec-
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tric fields on the migration of reactants and products
must be considered in obtaining the theoretical current-
potential behavior. We are developing a digital simula-
tion algorithm for the migration-diffusion process at
spherical electrodes. As a first stage, the algorithm has
been checked with simpler electrochemical systems.
Typical results for linear sweep and cyclic voltammetry
of quasi-reversible systems at spherical electrodes in the
absence of migration effects will be presented. The theo-
retical treatment of this case has not been presented pre-
viously. For example, Nicholson and Shain (8, 9) do not
provide the spherical correction for quasi-reversible sys-
tems as they did for other systems. We note that the
spherical electrode geometry (one-dimensional space
problem) is a good approximation to the microdisk elec-
trode geometry (two-dimensional space problem) as dis-
cussed later.

A number of methods (10-12) to solve the continuum
mechanics diffusion process model represented by par-
tial differential equations are available. For simplicity,
the explicit finite-difference method was selected to sim-
ulate the diffusion process at spherical electrodes. A gen-
eral procedure for this method has been described by
Feldberg (10). In this method, space and time can be di-
vided into arbitrary or nonuniform grids (13). In this
work, the algorithm based on an exponentially expand-
ing space grid for spherical geometry and a linear time
grid (14) was used for rapid computation. In the applica-
tion of this simulation to ultramicroelectrode theory, one
more parameter, which depends on the size of the elec-
trode, must be added to the parameters for a planar elec-
trode (8, 15).

Simulated Results and Discussion

As shown by Fleishmann et al. (15), the steady-state
diffusion limited current density at a mierodisk elec-
trode of radius a, can be approximated by that at a spher-
ical electrode of radius r, = (n/4)a. The maximum cur-
rents at both electrodes converge to that at the planar
electrode at fast scan rates in linear sweep voltammetry,
when nonlinear contributions to diffusion become negli-
gible. To satisfy the above two conditions and to approx-
imate a microdisk electrode by a spherical one, a spheri-
cal surface subtending a solid angle of 1.6 w embedded in
an insulating matrix was used. This electrode geometry
is close to that of a hemispherical electrode with a solid
angle of 27, The maximum current, I, for the reversible
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Fig. 1. {,,/4nFADC™ as o function of p = (nFo®v/RTD}"? in linear
sweep voltammetry on reversible systems at three different electrodes:
(A) 1.6 7 solid-angle spherical electrodes; (B) microdisk electrodes;
and (C) planar electrodes.
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Fig. 2. Linear sweep voltammetric response at 1.6 w solid-angle
spherical electrodes for « = 0.5and D =D, = Dg. K = 1/l planar,
rev as a function of p = (nFa?v/RTD)? and \ = k°/[D(nF/RT)V}". I,
planar, rev is the reversible peak current at planar electrode.

case at a spherical electrode is compared with that of the
microdisk electrode from the functional form of Aoki
et al. (17). In Fig. 1, the maximum currents, I, for the
above two electrodes as a function of dimensionless pa-
rameter p = (nFa?/RTD)"? are shown, including that of
planar electrode. From this figure, it can be said that the
linear sweep voltammetric characteristics of a microdisk
electrode are between those of a planar electrode and
those of a 1.6 « solid angle spherical electrode, and closer
to the latter. In other words, the characteristics of a
microdisk electrode more quickly converge to those of a
planar electrode than those of a 1.6 «w solid angle spheri-
cal electrode when the scan rate is increased. Qualita-
tively, the above result might be explained as follows:
the curvature effect at spherical electrodes comes from
the entire electrode surface, but the edge effect at
microdisk electrodes comes only from the edge. The rel-
ative error of the maximum current between the two ge-
ometries is less than 5%, so the spherical electrode is a
good approximation to the microdisk and its use reduces
the number of spatial dimension parameters that must
be employed in the simulations.

Although linear sweep voltammetry of quasi-rever-
sible systems has been simulated at microdisk elec-
trodes by Heinze (18), a data treatment, similar to that at
a planar electrode by Matsuda and Ayabe (20), was not
presented. To consider both the nonlinear diffusion at
ultramicroelectrodes and the variation in heterogeneous
electron-transfer kinetics, it is useful to use two dimen-
sionless parameters, p and A, where p = (nFa?>v/RTD)'2,
as used by Aoki et al. (17), and A = k*/[D(nF/RT)v]"%, as
used by Matsuda and Ayabe (20). In the full domain of
two dimensionless parameters, the maximum current
was obtained by digital simulation. Typical results for
the maximum current for a = 0.5 are shown in Fig. 2. As
expected, the results converge to those of Matsuda and
Ayabe as p — » and of Aoki et al. as A — ». The full varia-
tion of other variables (i.e., « and & = (D,/Dy)"/?) can be
simulated and analyzed in the same way and should
show similar trends.

In conclusion, these results not only complete the
theory of linear sweep voltammetry at spherical elec-
trodes, but also provide a treatment of quasi-reversible
heterogeneous kinetics at a microdisk electrode.
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Electrocatalytic Oxygen
Transfer Reactions at PbO,
and Modified PbO, Electrodes

Lead dioxide applied as an anode material for electro-
analysis and electrosynthesis has the desirable qualities
of high electronic conductivity and a large positive
working range due to the large activation overpotential
for the evolution of oxygen by decomposition of water. It
also has been shown (1) that PbO, anodes have
significantly greater electrocatalytic activity than other
common anode materials (i.e., Pt, Au, and C) for sup-
porting anodic processes in which oxygen is transferred
from H,O to the oxidation product.

The high oxygen transfer electrocatalytic activity is
concluded to be the result of the fact that PbO, is a non-
stoichiometric oxide, indicating a defect structure that
results, most probably, in some surface sites at which
oxygen is not bound with a high surface lattice energy.
However, there remain many reactions for which the
anodic oxygen transfer rate is not sufficiently fast to al-
low for transport-controlled reaction rates. An example
is the oxidation of Mn(II) to MnO,—.
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Table I. Number of oxygen atoms per metal atom and the unit areas of
crystal faces for the rutile structure

Number of
oxygen

Crystal atoms per
faces Area® metal atom
(100, (010)* ac 0.119
(001) ab 0.082
(011), (101) (a2 +c)V2q 0.101
110) J2ac 0.042
11y (a?+2c)"*a 0.059

aIn the rutile structure, the (100) and (010) faces have the same area.
ba, b, and ¢ represent the unit cell dimensions.

This research was motivated by the goal of increasing
the electrocatalytic reactivity of electrodeposited lead
dioxide for anodic oxygen transfer reactions. The deter-
mination of electrocatalytic activity for PbO, electrodes,
as a result of the presence of other metal oxides, and the
establishment of a possible mechanism of oxygen trans-
fer catalysis at these electrodes were the principal goals
of this research.

Previous studies (2) had observed the effects of doping
for electrodeposited PbO, with rather large levels of
Group III and V metal oxides. It was observed that dop-
ing with Group V oxides (e.g., As,O; and Bi,O;) results in
significant increases in rates for numerous oxygen trans-
fer reactions, whereas Group III oxides (e.g., TL,O;) de-
creased the rates below the values observed for pure
PbO,. For a Pb0,-Bi,0; mixed oxide electrode, the rate
constant for oxidation of Mn(II) is increased by more
than 100 times, as compared with pure electrodeposited
PbO,. Other dramatic examples of an electrocatalytic ef-
fect are the oxidation of phenols, citric acids, and 2-thio-
phene carboxylic acid, all of which are inactive on pure
electrodeposited PbO, electrodes.

X-ray diffraction (XRD) studies of the electrodes indi-
cate that the mixed oxide maintains the crystal structure
of pure B-PbO,, i.e., slightly distorted rutile, and Bi sim-
ply substitutes for Pb in the metal sites. The intensity of
the peak at 26 representing the (020) face is increased
with increasing levels of Bi,O;, whereas the intensity of
peaks representing the other faces (e.g. 121) decreases
compared to pure B-PbO,. This means that the crystals of
PbO, deposited in the presence of Bi have grown in a
way such that the (020) face is preferentially oriented
parallel to the electrode. surface.

The ratio of oxygen to metal atoms on each of the prin-
cipal crystal faces for 3-PbO, was calculated using the
QOak Ridge thermal ellipsoid plot program (ORTEP) (3).
The results are summarized in Table I for five faces. As

PbO,"BIO,

Fig. 1. Scanning electron micrographs of PbO, and PbO,-BiO, ;





