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ABSTRACT

When used in electric vehicles, alkaline batteries may be subjected
to ambient temperatures below 0°C, and temperatures in excess of 100°C may
be reached within the cells by IR heating under conditions of rapid charge
or discharge. The purpose of this project was to determine what failure
mechanisms or operating limitations will be impoéed on Ni/Fe and Ni/Zn
battery operation due to thermodynamic or kinetic effects at Ni, Fe, and
Zn electrodes in the temperature range 0° to 100°C.

This report contains the results of studies of the mechanisms of
dissolution and passivation of Fe and Zn electrodes in concentrated KOH,
as these processes effect the charge/discharge characteristics of alkaline
batteries. The experimental techniques principally employed were: poten-
tiodynamic sweep voltammetry and coulometry, rotating disk and rotating
ring disk electrode studies under constant velocity and constant
acceleration rotation conditions, and AC impedance studies.

The results obtained on Fe electrodes have enabled us to postulate a
detailed mechanism for the formation and discharge of an oxi&e film on
iron via a number of dissolved intermediate species. The mechanisms are
different at high and low temperatures, but at all temperatures pathways
via dissolved phase intermediates result in substantial dissolution of
metal and oxide. At 75°C dissolution processes account for more than 7.5%

of the total charge stored per cycle.
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AC impedance measurements were used to characterize the nature of the
oxide film, and to determine an effective exchange current density for the
Fe/Fe(II) Redox process. It is apparent from the measured values of ij,
that the kinetic constraints for the charge/discharge process are reduced
with increasing temperature. However, the principal kinetic limitations
of charge and discharge originate within the oxide film, not with the
interfacial charge-transfer reaction process.

Experiments were performed to studyvthe influence of convection and
zincate concentration on the discharge (dissolution and passivation)
kinetics of zinc electrodes in concentrated KOH. AC impedance and
rotating ring disk studies were performed to determine the mechanism of
dissolution, and the nature of the dissolved product. The model proposed
for the discharge of zinc electrodes in KOH, taking into account a number
of unusual and seemingly contradictory observations briefly is as
follows. Dissolution proceeds via two subsequent one electron transfer
prdcesses, via a Zﬁ* adsorbed species. The initial discharge product is
Zn(OH), which is porous and loosely adherent. We postulate that, at
potentials below the passivation potential, Zn(OH)o sloughs from the
electrode as a colloid, and is in chemical equilibrium with the Zincate
ion. This equilibrium is determined by the local concentration of OH
ions. Dissolution is catalyzed by the final product (zincate) and the
rate is controlled by the diffusion of the zincate ion to the electrode.
Discharge is thus autocatalytic with respect to the zincate concentration,
which is confirmed by the presence of inductive loops in the impedance
locus plots. The autocatalytic nature of discharge provides a plausible

mechanism for "shape change” of zinc electrodes.
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1 INTRODUCTION

1.1 Background .

There has been a renewed interest in iron/nickel oxide and zinc/
nickel oxide rechargeable alkaline batteries, particularly for electric
vehicle applications.1 The interest is due primarily to the low cost,
high mechanical strength and availability of iron and zinc.

When used in electric vehicies, however, these cells may be subjected
to ambient temperatures below 0°C, and temperatures in excess of 100°C
may be reached by IR heating under conditiomns of high current flow (e.g.,
under conditions of rapid charge or discharge). Nearly all previous
results of electrode performance in alkaline systems have been reported
for the relatively narrow temperature range of 0°C to 50°C. Data from
those studies are not sufficient for prediction of possible modes of
battery failure at extremes of temperature.

The electrochemical features that may influénce battery electrode
performance can be summarized as follows:

(1) Specific Energy—--The potentials at which charge storage
processes occur, the extent to which active material is
utilized, and the specific volume resistivity of the

electrolyte all are critically dependent on temperature.

(2) Specific Power--The kinetics of charge-discharge processes
are influenced by temperature.

(3) Electrode Life, Charge Acceptance, and Charge Retention--
Electrode life and the electrode's ability to store charge
efficiently are determined primarily by the extent to which
electrochemical processes occur that are completely rever-
sible within the times involved in charging or discharging.



Several such processes, each of which is to some degree
temperature dependent, are listed below:

L] Dissolution of electrode material.

° Sloughing of formed oxide or hydroxide into regions
inaccessible to electrochemical reduction.

L] Slow (kinetically hindered) oxidation or reduction pro-
cesses that require potentials outside the normal range
of electrode operation to proceed at a meaningful rate.

L] Secondary reactions that evolve gases (specifically
hydrolysis producing O, and Hy).

e Transport of active material away from its original
location (shape change).

i
In the previous year (DOE contract EM.—78—C-015159)2’3 and current
year (DOE/LBL subcontract 450561) of funding, SRI has focused attention on

both possible kinetic? and thermodynamic3

limitations of Ni, Fe, and Zn
electrodes in NaOH and KOH eiectrolytes.

Electrochemical kinetic studies are being conducted using "pure”
metél rotating disk electrodes (RDE) and rotatiﬂg ring-disk electrodes

(RRDE) under potentiostatic control. The principal methods used are:

® AC impedance measurements to determine rate-limiting
processes and reaction mechanisms (Ni, Fe, Zn).

® Measurements of ring collection current at programmed elec-—
trode rotation speeds to determine the nature and extent of
electrode dissolution (Fe and Zn) and the mechanism of
passivation (Zn).

L Potential-sweep (Ni, Fe, Zn) and potential-step (Fe, Zn)
voltammetry and coulometry to determine the position of
charge-storage electrode processes.

Thermodynamic calculations for the equilibrium potential/electrolyte

concentration diagrams in this study are derived using the Criss-Cobble
extrapolation for ionic entropies to elevated temperatures. We take into

account the variation of pH and of the activity of water, ay, with

temperature and electrolyte concentration.



The methods used for both the kinetic and thermodynamic aspects of

this study have been described extensively in previous publications.z"8

1.2 Summary of NaOH Results

A comprehensive survey of the electrochemistry of Ni, Fe, and Zn in
20, 24, and 28 wt% NaOH was made in the temperature range -20° to 120°C
during the first year of this study. A number of specific observed fea-
tures relating to thé use of Ni, Fe, and Zn as alkaline battery elec-
trodes, and these/were of sufficient importance to merit further study.

Nickel: Two principal sources of irreversibility were found to
contribute significantly to the coulombic inefficiency of the Ni charge/

discharge process.

® YWithin the temperature range -20° to 120°C, the calculated
equilibrium potential for oxygen evolution from electrolyte
hydrolysis is negative with respect to the Ni(II)/Ni(III)
equilibrium. The thermodynamic parameters of these com~
peting processes are similar, although at room temperature
and below the processes occur at very different rates.
Thus, a high coulombic efficiency is achieved at this
electrode only because a large overvoltage is required for
oxygen evolution. With increasing temperature, the kinetic
constraints are removed and we observe that exchange current
density for oxygen evolution on a nickel surface increases
markedly, resulting in decreased charge capacity and
coulombic efficiency.

L4 Irreversibility is observed to be associated with deep or
prolonged discharge, particularly at elevated tempera-
tures. When a passivated Ni(OH), electrode is cycled
potentio—-dynamically from complete discharge just into the
oxygen evolution region, the shape of the anodic peak
changes substantially, and the peak moves to more negative
potentials (associated with a decrease in capacity), until a
steady, reproducible trace 1s achieved after several tens of
cycles. During this transition, the cathodic peak shape and
charge remain relatively unchanged. This phenomenon can
also be demonstrated by varying the extent of discharge.
Figure 1 shows the effect of arresting a potentiodynamic
sweep at its negative limit (4200 mV versus Hg/HgO) for
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various times after a steady repetitive sweep previously has

been established. It is apparent that both the components

of charge and the current profiles are strongly influenced

by the hold time, T _, even though no charge-consuming

processes occur at a significant rate at the cathodic limit

potential. The anodic process requires a higher potential

and consumes a greater charge at longer T . In contrast to

the anodic behavior, the cathodic process has a constant

charge and occurs at effectively the same potential,

independent of Tt

Iron:-——High-temperature limitations of the iron negative electrode

are associated with metal dissolution and with the coevolution of hydrogen
at high states of charge. We have identified three distinct dissolution
processes of iron and iron oxide in concentrated NaOH that may signifi-.
cantly reduce the cycle life and coulombic efficiency of iron alkaline
battery electrodes operating at elevated temperatures. The presence of
dissolved species also is of fundamental importance in interpreting the
reaction mechanism. Figure 2 shows the results of slow-potentiodynamic-
sweep RRDE studies in Fe and 28 wt%Z NaOH. For the experiments shown, the
ring is held at a potential sufficiently positive to oxidize Fe(II) to
Fe(III). The ring currents thus reflect the presence of dissolved Fe(II)
specles within defined regions of disk potential. At temperatures up
to 40°C, a reductive dissolution process, D3, is seen to occur in
association with disk charging peak V. D3 increases with temperature, and
at 40°C accounts for 15% of the current associlated with disk peak V. The
genesis of an oxidative dissolution peak, D1, also is observed at 40°C.
Both D1 and D3 increase at 80°C relative to the disk charge and discharge

currents. At 112°C oxidative dissolution is observed during both disk

discharge and charge, and the reductive dissolution process accounts for



I 100
) 1 1 1 1 T I
I
11 11 “j_ 50 g
\"/ -—
v | 10
(a) -15°C
L D3
> 0 '
ST T S S I AU N S [ U NN I S T By
100
50
0
-50
<
-100 <
-150
(b) 0°C  { _200
- -250
— -300
—
_11|'IJLIIIIII
-1200 -1000 -800 -600 -400 -200 0
POTENTIAL/mV VERSUS Hg/HgO
(a) SA-7775-20R

FIGURE 2 THE INFLUENCE OF TEMPERATURE ON RING AND
DISK CURRENTS ON IRON ELECTRODE

Disk sweep rate = 10 mV s~ , ring-500 mV versus Hg/HgO.
Electrolyte concentration = 28 wt% NaOH, rotation speed
= 1200 RPM. '



100
0
-100 <
-200 <
._-'U
-300
(c) 40°C - 400
- =500
T T T 1T T 17115
-4 1.0
11 2 05 <
— £
7 - -05
(d) 80°C
0.10 st 4 10
< |
£om | AN _
! _0.05 | { | | L | | { § | |
<
E
._"U
0.156
<é: 0.10 - D3 (e) 112°C - -1.0
~ 005 —
- o L D1
005 bt 111 1ory
-1200 -1000 -800 -600 -400 -200 0
POTENTIAL/mV VERSUS Hg/HgO
(b) SA-7775-21R
FIGURE 2 THE INFLUENCE OF TEMPERATURE ON RING AND

DISK CURRENTS ON IRON ELECTRODE (Concluded)

Disk sweep rate = 10 mV s™1, ring-500 mV versus Hg/HgO.
Electrolyte concentration = 28 wt% NaOH, rotation speed

= 1200 RPM



about 30% of the chﬁrge under disk peak V. bAt a state of high discharge,
dissolution occurs over a wide potential range, producing Fe(III).

The origins of these dissolved species can be found for in the
calculated equiliﬁrium properties summarized in Figure 3. The'predicted
stability regions for the anions Feog- and HFeOE appear as closed loops in
E versus log my, gy space; this suggests that above a certain OH  ion
concentration, irreversibility and coulombic inefficiency due to electrode
dissolution may be reduced. Note also that the anion stability domains
are predicted to decrease in size with increasing température, while the
measured dissolution rate increases.

Zinc:--The prinqipal temperature limitations of zinc negative
electrodes are associated with the interrelated prdcesses of dissolution,
passivation, and current osciliation. We observe that the form of the
repetitive sweep voltammogram for zinc in initially zincate—-free NaOH
depends criticaliy on both electrode rotation speed and electrolyte tem—
peratufe, Qith the discharge rate increasing with increasing electrolyte
convection and'température. Figure 4 shows the influence of disk rotation
speed and temperature on the passivation onset potential for Zn in 28 wtZ
NaQH, compared with the reversible potential profiles calculated for redox
reactions. It is apparent that the strdng temperature dependence of zinc .
dissolution kinetics, and the more rapid onset of.paséivation at low
temperatures, may sharply decrease the rate and extent of electrode
dischérge.

Under potentiostatic or slow potentiﬁdynamic sweep conditions, we

have observed zinc electrodes to undergo an oscillatory activation/
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passivation process within a defined region of potential, which may result
in current fluctuations of several orders of magnitude. These are shown
in Figure 5 for a rotating zinc disk and vitreous carbon ring electrode,
following a potential step from the reversible potential, at an electrode
rotation speed of 5.0 Hz. Oscillations appear in quiescent as well as
convected electrolyte, and under controlled hydrodynamic conditions appear
to be sustainable indefinitely. However, both therscillation amplitude
and period are markedly influenced by step potential, temperature, rota-
tion speed, and zincate concentration. Figure 6 shows the limits of
potential over which oscillation occurs in a quiescent system, as a

function of temperature.

1.3 Conclusions from NaOH Studies

Nickel appears well suited as a positive battery electrode material
operating at extremes of temperature. We find no evidence for metal or
oxide dissolution within the normal operating range of potential.
Provided this electrode is not completely discharged, high—-temperature
limitation is imposed only by the competition from oxygen evolution at
high charge. This effect may be minimized by control of electrolyte
concentration.

In common with the other two metals studied, the decreased rate and
extent of charge/discharge processes for nickel at low temperature may
well impair battery performance under high-rate charge or discharge
conditions at low ambient temperatures.

Both zinc and iron suffer degradation in performance at temperature

extremes, which may well limit their use, particularly under high current
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conditions where electrolyte IR heating is severe. The increased disso-
lution rate of zinc with temperature causes wide regions of current
oscillation, ioss of reactant, irreversibility, and internal short
circuit; it may also promote electrode shape change and the growth of
dendrites. |

The low 6verpotential for hydrogen evolution on‘iron and the increase
of 1, for this process with temperature severely restricf the operating
potential range of iron énd may result in substantial coulombic ineffi-
ciency. Both oxidative and reductive iron dissolution may lead to -
coulombic inefficiency and electrode degradation at elevated temperatures.
Since thsse processes occur within narrow regions of potential, however,
A - is probable that the effects of dissolution can be minimized by appro-
priate potential control--that is, by using potentiostatic rather than

constant—current charging.

1.4 Report Organization

Parts I and II of this report describe the results and conclusions
obtained in kinetic2 and thermodynamic3 studies of Ni, Fe, and'Zn elec-
trodes in concentrated aqueous NaOH electrolytes,  Parts II1 and IV have
been organized slightly differently. The present volume (Part III) con-
tains results and conclusions relating to the chafge/discharge charac-
teristics of the negative electrode materials, Fe and Zn, in concentrated
KOH. Part IV will contain the results of stgdies of Ni electrodes in KOH,
with particular emphasis placed on the role of LiOH in stabilizing the

(&)
Nickel Oxide positive electrode.
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2 EXPERIMENTAL METHODS

2.1 Introduction

Within the current year of funding, SRI has sought to use the "high
information” electrochemical methods previously applied to understanding
temperature limitations of Ni, Fe, and Zn electrodes in NaOH, and to
extend these measurements to KOH solutions. Some refinement of techniques
has been undertaken, particularly in the construction of a closed-loop,
digital- feedback, variable-speed RRDE motor assembly. Considerable
attention also has been paid to the development of stepped-frequency AC
impedance measurements under minicomputer control for use as a quanti-
tative tool to obtain mechanistic information in battery electrode
studies-

Particular emphasis has been given to the phenomena identified in the
work to date. These are:

(1) Determining the mechanisms of irreversibility of Ni
assoclated with deep or prolonged discharge at elevated
temperatures.

(2) Quantifying the extent of Fe(II) and Fe(III) dissolution at
elevated temperatures, and determining the influence of KOH
concentration on dissolution kinetics.

- (3) Quantifying the dissolution and studying passivation and
oscillgtion phenomena of Zn as a function of KOH and
Zn(OH)4 concentration.

Five temperatures at 25°C intervals in the range 0° to 100°C were

used. Two electrolyte concentrations (30 and‘35 wt%) were chosen as being

typical of alkaline battery electrolyte concentrations and are closevto

the composition for maximum electrolyte conductivity at all temperatures.
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2.2 Electrolyte Preparation; Electrode and Cell Comstruction

An all-Teflon electrochemical cell was used, containing a four-
electrode rotating ring-disk electrode (RRDE) assembly. This apparatué is
similar to that described prev:i.oixsly;z’3 it differs in the following

features:

L] A mercury slip ring assembly (Omega Model SR-2) replaces the
Ag/Hg/Cu brushes previously used for RRDE contacts.

® A Digital Systems Division Model MCl41A motor control unit
provides increased speed range (50 to 3000 RPM), increased
stability (& 0.25%), and programmable rotation-speed sweep
capability.

i A Pine Model RDE-3 bipotentiostat improves current handling-
capability for RRDE studies.

The bipotentiostat and motor and mercury slip ring assemblies are
shown in Figure 7.

For nickel, only a rotating disk electrode (RDE) was used. The
dissolution of Ni has been shown to be negligiblezr4 at all temperatures
studied within the normal range of operating potential of the nickel
positive electrode. The RRDE used in studies of the dissolution of iron
and zinc employed a PTFE insulating spacer and a vitreous carbon* ring.
Details of the RRDE construction are presented in Figure 8.

Electrolytes were prepared in polyethylene containers‘by diluting
"Baker Analyzed” reagent-grade 45 wtZ KOH to the desired concentration
with doubly distilled deionized water. The second distillation was

1

performed under high-purity N, gas immediately before use to exclude

*Vitreous carbon was generously supplied by Dr. A. Norris, Fluorocarbon
Corporation, Anaheim, California.
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CO,. The concentrations of hydroxide and carbonate were determined by

acid titration, using the method described in Reference 10.

2.3 Instrumentation

The principal electrochemical techniques used in the present study

were:

Linear sweep voltammetry and coulometry

Programmed rotation speed rotating ring-disk studies
Potential-step transient analysis

AC impedance studies.

The methodology for the experiments has been described previously.z'8

Reference 2 contains a detailed description of the apparatus and experi-
mental methods for the first three techniques.

AC impedaﬁce studies were performed using the experimental configura-
tion shown schematically in Figure 9. Briefly, a Solartron model 1172/
1183C/1185 Frequency Response Analyzer (FRA) was used in conjunction with
an Apple 1I microcomputer to automatically perform RDE AC impedance
measurements over a range of frequencies and applied DC potentials. The
data are displayed on the video monitor as either a Nyquist or Bode
plot. Data can be saved on disk for subsequent anaiysis.

The use of this apparatus required the development of IEEE-488 bus
communication between computer and FRA, and the design and construction of
an appropriate FRA/potentiostat interface unit. The software necessary to
make impedance measurements under computer control and to display, record,
and analyze the results is presented in Appendix I. The interface unit
was intended to address two specific problems in the use of the Solartron

model 1172 to make electrochemical impedance measurements:
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(1) The minimum output AC voltage amplitude from the FRA is 10
mV, but the maximum electrode perturbation allowable while
preserving a linear current/voltage response is of the order
of 5 mV.-

(2) The reference/working electrode potential typically com—
prises an AC component of magnitude < 5 mV, superimposed on
a DC level of hundreds of thousands of mV. A large fraction
of the DC voltage must be removed before amplification to
allow the Solartron to operate on its most sensitive input
range.

Requirément 1 is accomplished by attenuating the AC output from the
Solartron before combining it with the DC output in instrumentation ampli-
fier 1. The combined output is provided to the potentiostat "external”
input and applied to the cell. A precision, decade—-adjustable resistor is
placed in series with the cell counter” electrode. The voltage drops
across the resistor, and between the reference and working electrodes, are
determined by instrumentation amplifiers 2 and 3. The output of amplifier
3 provides the negative feedback return path to the potentiostat.

The outputs from amplifiers 2 and 3 are amplified by instrumentation
amplifiers 4 and 5 and are provided to the "Y" and "X" channels of the
Solartron for analysis. In order to accomplish  requirement 2, a DC level
is substracted from each sigﬁal before amplification. For the current
signal (output "X"), this DC backoff is accomplished manually using a 10-
turn potentiometer. The backoff signal for the cell voltage (output "Y")
is obtained from the DC input to amplifier 1. The potentiostat functions

nearly ideally with regard to the DC component of the applied voltage,8

*This resistor also has been placed in series with the working electrode.
Since the signal fed back to the potentiostat is determined differen-
tially between the reference and working electrodes, the potentiostat
can be induced to operate with the working electrode floating.

v
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and the gain function for the instrumentation amplifiers can be expressed

agll»12

Ve = (U = V.06 =V o, (1)
where V+ and V_ are the inverting and noninverting input voltages, G is
the amplifier closed loop gaih and Vref is the reference terminal
voltage. Thus, amplifier 5 serves to reduce the DC component of tﬁe cell
voltage to a very low level (0 + 2 mV), independent of the gain of the AC
component. |
The bandwidth of this device is of critical importance in determining
the high-frequency AC impedance. Accordingly, measurements were made of
the impedance of a nonreactive dummy cell (of nominal impedance 999.0 Q).
The results shown iﬁ (Figure 10) indicate that the measurement systeﬁ is
accurate to within + 0.1%7 at frequencies up to 2 kHz; and within + 0.5%Z up

to 6 kHz.

2.4 Measurement Techniques

The methods employed for cyclic voltammetry, rotating ring-disk, and
coulometry studies are detailed in Reference 2, Section 3. Additional
methods used in the present study were as follows.

Measurements of the electrochemical impedance of rotating disk elec-—
trodes were made as a function of electrode speed, eleétrolyte concentra-—
tion, temperature, and applied DC potential. The response to a small-

amplitude (< 5 mV) sinusoidal perturbation in the frequency fange
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10"3 < f < 104 Hz was analyzed to provide information on the reaction

mechanisms, interfacial reaction rates and the mass transport parame-
ters. The nature of the analysis and the assumptions implied have been
described previously.8
By way of a brief review, a smooth plane-parallel electrode can be
represented by the equivélent circuit shown in Figure 11(a). The uncom-
pensated electrolyte resistance (RO) reflects the resistance of the volume
of electrolyte between the reference probe (tip of Luggin capillary) and
the plane of the working electrode, and the double-layer capacitance
provides a measure of the distribution of charge in the fixed and diffuse
electrical double layers. The measured capacitance is a function of

voltage8

and may contain low-frequency contributions from surface-adsorbed
species. This parameter generally is not of great interest in battery
studies.

The interfacial reaction (charge/discharge) rate is determined by the
series combination of two terms that reflect the mass tramsport of |
reactant to or product away from the interface and the intrinsic kinetics
of the reaction process. An expression for the interfacial reaction

resistance for simple electrode processes can be obtained by linearizing

the Butler-Volmer equation

I=1fexp (V) - exp (BOD] (2)

where |
B = anF/RT - (3)
B = (1 - a)nF/rT . (4)
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For a sinusoidal perturbation superimposed on a steady DC level, V can be

expfessed as
V= °V + v sin(wt) , (5)
where oV is the difference between the applied DC level and the reversible

electrode potential.

Substituting (5) into (2) one obtains

1= io [exp(EOV) exp(gv sin [wt]) - exp(ﬁov) exp(gv sin[wt])] . 6)
We can expand exp(x) as
e =1 +-%-+ %—-+ %——+ ces + — . (7)

The nonlinear form of equation (6) results in a series of harmonic terms

in the A.C‘response.m—16 ~The first three terms of the DC and fundamental

AC responses are given by:13’15
DC: oI = io[exp(EOV) - exp(§°V)]
i v2
+ 37;— [gzexp(gov) - §2 exp(EOV)]
i v4
+ 2 B expB V) - B* exp® W) )
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Fundamental: i

iv

—%—-g exp(goV) - § exP(EOV)]
3

i v >

+ _28~ [B3 exp(EOV) - §3 exP(EoV)]

i v5

+ 195 1B exp@ vy - B> exp 31 - )

For small applied AC amplitudes (v <K 1), the DC response simplifies to

its expected Butler-Volmer . form,

; B, |
oI =1, [exp( o) — exp(B V)] , (10)

and the reaction resistance is given by

1 i .
T 10[3 exp(goV) - § exp(ﬁoV)] . (11)

Under the simplifying conditions of a symmetric reaction
(@=0.5:8=-F=p),

i nF
= 21°B exp(BOV) = —%T—~exp (0.5 nF oV/RT) . (12)

&l

Thus, we define a voltage?dependent resistance that is inversely propor-
tional to the exchange—currént density in combination with other

(generally known) electrochemical parameters.
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The Warburg diffusional impedance in Figure 11(a) reflects the
limitation on the reaction rate that is imposed by the mass transport of
reactant to and product from the electrode. A sinusoidal voltage pertur-
bation at the electrode results in a damped concentration wa?e, symmetric
about the bulk concentration of reactant (or product), that propagates
toward the electrolyte bulk. This concentration wave has a period equal
to the imposed electrical perturbation, but is 45° out of phase. At high
frequencies the wave is effectively damped out within the Nernst diffusion

layer, and the diffusional impedance is given by

1

2
Zw =0o(l - w , (13) (
where 1

o = RT/[n2FF(2D)% ¢] , (14)

5 and ¢ are the mean diffusion coefficient and mean concentration of
reactant (or product), and w is the frequency in radians s~l. At lower
frequencies the concentration wave interacts with the diffusion layer, at A
which point the concentration is considered to be damped rapidly to its
mean value by natural convection processes in the electrolyte bulk. The

diffusional impedance in this slightly more complicated case is given by

RT t:anh(ju)]"/2

Zw = [nF(i - il)] [ (ju)l/z 1 (15) -

where u = wéz/ﬁ (16)
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and 6 1s the diffusion layer thickness, i is the DC current density,
and 1, is the limiting current density. At high frequencies equation (15)
reduces to equation (13). At the limit of low frequency (w + 0), equation

(15) defines the diffusional resistance,

RD = 06/(5/2)}/% . (17)

The characteristic impedance plane response (Nyquist plot) of the
equivalent circuit shown in Figure 11(a) 1is given in Figure 11(b). Under
ideal conditions the three principal resistances--RO, RR, and RD—--are
clearly resolvable, and the region determined by equation (13) appears as
a straight line of slope 45°. For a perfectly smooth electrode with
sufface everywhere perpendicular to the applied field gradient (i.e. cur-
rent flux normal to the surface), the intercept of the impedance locus at
limiting high and low frequencies, occurs at 90°.

In battery studies we are particularly interested in i,- To obtain
this parameter with precision from the high-frequency AC response, we have
developed a regression technique to fit the measured impedance data to a
series/parallel equivalent circuit comprising RO, RR, and CDL. Details of
the regression technique, and the computer program employed are included
as Appendix II.

Programmed-rotation—-speed ring—-disk voltammetry was also used in the
current study. In this method, the ring and disk are held at constant
potential, and the respective currents are monitored as a function of a

continuously varying rotation speed. The rotation speed variation is
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"programmed” by applying an extermnal voltage at the reference input of the
motor speed controller shown in Figure 7. The shaft rotation speed is
tightly controlled by the digital feedbadk loop and the angular momentum
of the rotating assembly is low in comparison with the motor power
(Bodine, 1/50 HP). Thus, the electrode rotation follows the brogram
voltage variation closely, to high slew rates. Ro;ation speed information
is taken directly from the magnetic pickup induced by the 22-tooth gear.
In this way the rotation speed can be updated 22 times per revolution.

We have used two principal rotation speed perturbation schemes.
Linear cycling of the rotation-speed from low to high rotation and return,
has been used to measure the rotating speed dependence of the measured
RRDE collection efficiency. In this case the rate of rotation speed
change was calculated to be sufficiently low to maintain hydrodynamic

equilibrium17

at the electrode surface. The second method was to impose a
small sinusoidal perturbation of rotation about a fixed (DC) rotation
speed. Measurements of the dependence of disk current on the modulation
frequency provide a very effective means of distinguishing convective-
diffusion processes from interfacial electrode feactions that are not
governed by mass t:ransport.”"21
The advantages of programmed speed control of rotating disk and

rotating ring-disk electrodes have been well reviewed in the pioneering

study of Miller et al.17
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3 MEASUREMENTS ON IRON

3.1 Introduction

Exﬁeriments were performed using a rotating 99.9985% purity Fe disk
and vitreous carbon ring electrode. A single electrolyte concentration
(30 wt% KOH) was studied at temperatures of 0°, 25°, 50°, and 75°C.
Experiménts at 100°C resﬁlted in severe corrosion and degradation of the
Fe disk electrode, and no useful results were obtained at that
temperature.

The experiments performed may be divi&ed into three categories.
Potentiodynamic studies comprising rotating disk electrode voltammetry and
coulometry were used to examine possible kinetic limitations of the iron/
iron oxide redox processes, and to measure the rate of hydrogen evolution
under high-charge conditions. Rotating ring-disk studies were performed
to quantify the rate of dissolution of iron and iron oxide species. AC
impedance measurements were méde to investigate the nature of the oxide
films. Results of these measurements are presented in Sections 3.2 to
3.5.

A considerable insight into the mechanismsiof dissolution and passi-
vation is contained in the results. The implications are discussed in

Section 3.6.
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3.2 Potentiodynamic Studies of Iron

‘The discharge of an iron electrode in concentrated alkali proceeds
via three sequential oxidation processes; each of these is manifest as a
- peak on a potentiodynamic discharge curve. On reversal of the potential
sweep direction, three consecutive redﬁction peaks are resolvable.

Figures 12 and 13 show the influence of the anodic and cathodic
reversal potentials on the repetitive~sweep voltammogram for Fe
at 75°C and a rotation speed of 10 Hz, with a potentiodynamiclsweep rate
of 50 mV s~l. It is clear from these results that the peaks designated as
01 and R2 are conjugate processes, and that 03 and R3 are conjugates.
That is, the oxidized species formed under peak 01 is reduced at R1l, and
similarly for 03 and R3.

The dependence of the height and position of peaks 02 and R2 on sweep
rate and reversal potential suggests slightly more complex reaction
paths. 1In Figure 12 the reoxidation of a fraction of 02 can be seen to
occur for reversal potentials morevnegative than +500 mV*. A plot of the
area under 02 versus cathodic reversal potential is inset in Figure 12,
and indicates that the species formed at 02 is reduced continuously (i.e.,
the reduction process is not characterized by a peak on the potentiody-
namic charge curve).

The origin of R2 can be seen most clearly in Figure 13. Peak R2 is

absent in all voltammograms except those performed with the two most

*
Unless otherwise specified, measurements of potential are with respect to
a Zn/Zn reference couple in an electrolyte of the same composition and
temperature as the working electrode chamber.
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positive anodic reversal potentials. For Va = 41000 wV, a shoulder is
visible on the cathodic potential sweep between R3 and R1l, and for Vo =
+1500 nV, R2 is apparent as a well-defined peak. Figure 13 also rein-
forces the assignment of 03 and R3 as conjugate processes. At anodic
reversal potentials more negative than 03, the reduction process that
gives rise to R3 is completely absent. For an anodic reversal potential
more positive than 03, peak R3 is present, at effectively constant area,
independent of V,.

This latter behavior is not replicated for Ol ? Rl. The oxidation
process has a constant area, independent of Va’ indicating thatbthe oxide
formed is completely reduced at V,. The area of the reduction peak,
however, increases with V,. An analysis of the potential/charge curves
~ (the integral of the curves in Figure 13) indicates that the majority of
product formed by reduction process R2 is the reactant for reduction pro-
cess R3. The above conclusions will be used in Section 3.5 in conjunction
with the results of RRDE and AC impedance studies and our previous thermo-
dynamic analysis, to make a complete identification of the charge and
discharge processes for iron in concentrated alkali.

The influence of sweep rate on the potentiodynamic charge/discharge
curves is shown in Figure 14 for an iron disk rotated at 10 Hz in 30 wt%
KOH at 75°C and in Figure 15 at 0°C. It is immediately apparent from the
poor resolution of the peaks at 0°C that kinetic factors limit the charge
and discharge processes at the lower temperature.. At 0°C peaks 01, 02,
03, R1, R2, and R3 are resolvable only at the lowest potentiodynamic sweep

rates (€ 1 mV s-l).
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Inset within Figures 14 and 15 are plots of the anodic, cathodic and
net (anodic) charge versus the inverse square root of the potentiodynamic

-1 /3 was

sweep rate v. In the previous study a correlation versus Vv
used. These functional dependences are not significantly different, and
either one provides a useful empirical fit against sweep rate that is
linear over a wide range of V. A theoretical interpretation of this
observation currently is being considered.

The dependence of peak height and position on the potentiodynamic
sweep rate in KOH is essentially identical to that observed previously2 in
NaOH electrolytes. Table 1 gives the peak height and position information
for the curves presented in Figures 14 and 15. In all cases, the posi-
tions of the oxidation peaks disﬁlay relatively little dependence on sweep

rate, while the reduction peak positions are linearly dependent on peak

height. Thus, for R2,

= . = . w2 =
= o, = L W2
where r2 is the regression coefficient.22

A linear dependence of peak position on peak height indicates the

23 the values of this resistance

presence of a resistive surface film,
being'the slopes of equations (18) and (19). A similar analysis of
potentiodynamic curves obtained at 25° and 50°C yields the results shown

in Table 2.
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Table la

PEAK HEIGHT IN MILLI-VOLTS AS A FUNCTION OF TEMPERATURE AND
SWEEP RATE FOR THE POTENTIODYNAMIC CHARGE/DISCHARGE OF AN
IRON DISK ROTATED AT 10 Hz IN 30 WTZ KOH

v/aV s~ T/°C 0l 02 03 04 Rl R2 R3
200 75 1.29 1.74 1.79 1.51 - -6.52 -1.95
100 75 0.77 1.28 0.88 0.80 -2.81 -3.81 -0.99
50 75 0.41 0.86 0.47 0.43 -2.02 -1.50 -0.46
20 75 0.161 0.710 0.214 0.181 =-1.30 =-0.359 -0.228
10 75 0.069 0.646 0.122 0.098 - -0.162 -0.114
5 75 0.022 0.590 0.072 0.056 - -0.089 -0.061
2 75 - 0.559 - - - -0.023 -0.018
200 25 - - 2.39 - - -4.60 -2.19
100 25 - - 1.76 - - -3.14 -1.58
50 25 0.55 0.92 1.34 - - -2.27 -1.27
20 25 0.40 0.68 0.84 0.68 - -1.32 -0.84
10 25 0.294 0.549 0.567 0.460 - -0.84 -0.55
5 25 0.181 0.387 0.372 0.29 - -0.515 =-0.367
2 25 0.092 0.254 0.220 0.141 - -0.382 -0.215
200 0 - - 2.86 - - ~4,50 -2.31
100 0 - - 1.47 - - -2.96 =-1.60
50 0 - - 1.13 - - =-2.05 -1.20
20 0 - 0.70 0.76 - - -1.24 -0.76
10 0 0.39 0.56 0.58 - - -0.87 -0.56
5 0 0.302  0.422 - 0.425 0.290 - -0.600 -0.469
2 0 0.182 0.253 0.239 0.145 - - -0.306
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Table 1b

PEAK POSITION IN MILLI-VOLTS VERSUS ZN/ZN (I1) AS A FUNCTION OF
TEMPERATURE AND SWEEP RATE FOR THE POTENTIODYNAMIC
CHARGE/DISCHARGE OF AN IRON DISK ROTATED
AT 10 Hz AT IN 30 WT5 KOH

v/iv st T/°C o1 02 03 04 R1 R2 R3
200 75 387 554 768 910 - 302 408
100 75 385 551 - 754 ++ *k 319 417

50 75 379 549 743 ++ 291 328 422
20 75 337 546 732 ++ 303 349 428
10 75 376 542 722 ++ - 367 433
5 75 *k 536 711+ - 380 436
2 75 - 528 - - - 400 438
200 25 - - 875 - - 288 -
100 25 - - 851 - - 299  #x
50 - 25 - - 835 = - . - 307 -
20 25 ++ - 825 - - 31 416
10 25 . 454 676 852 - - 316 431
5 25 446 660 841 - - 328 443
2 25 443 622 803 ++ - 340 451
200 0 - - 863 - - 239 *k
100 0 - - 842 - - 265 *k
50 0 - - 829 - - 279 -
20 0 - 673 806 - - 297 -
10 0 o 662 791 - - 305 420
5 0 462 625 775 999 - 315 428
2 0 444 650 784 984 - wok 438

-~ = Peak not observed.
Plateau.
Shoulder.
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Table 2

REGRESSION OF DATA OBTAINED FOR PEAK R2 TO THE EQUATION
Ver2 = VR2 * Rriim Ipr2

° o 2

T/°C VRz/mV Rfilm/ Q T
0 318 17.9 .991
25 326 7.8 .995
50 333 6.2 .989
75 338 5.4 .991

It is apparent that the resistance of the oxide film formed during
the discharge of an iron electrode increases monotonically with decreasing
temperature. This resistance partially controls the charge rate during
the reduction cycle. The potential at limiting low sweep rates increases
approximately linearly with increasing temperature.

The dependence of peak current on sweep rate for the oxidation pro-
cesses 1s complicated somewhat by the thickening of the oxide film. The

regression lines calculated from the data in Table 1 are as follows:

Peak 01
T = 0°C: Ipy = 0.22 +0.118 v1/2 . 12 - Lgg5 (20)
T = 75°C: Ipg; = 0.023 + 0.0066 v : % = .996 (21)
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.Peak 02

on. _ 1/2
0°C: Ipg2 = 0.127 + 0.124 v™°

°c. = 1/2

°C: = 1/2

0.026 + 0.026 v

.983

«997

.996

- .9998 .

A well-behaved v1/2 dependence is observed for the principal

discharge process, 02.

Such a dependence has been interpreted pre-

viouslyz’23’26 in terms of the pore resistance model, in which the

potentiodynamic peak current is determined by the resistance of the

electrolyte in pores at the growing oxide film.

following functional dependence for Ip and Vp.

Ip = (nFPK/M)1/2

Vp = (anK/M)I/Z

1
Ab(l - GP)

/2,

- -9 y1/2
(A/c) + R A (L =0) v

where Op is the fractional surface coverage at the peak

p 1is the density of the deposited phase

K

is the specific conductance of the solution

2 1is the thickness of the film

Ab is the effective surface area

Rb is the uncompensated electrolyte resistance.
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This model predicts the
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The pore resistance model appears to describe oxidation peak 02
adequately at all temperatures, and peaks Ol and 03 at 0°C. However, the
form of equations (26) and (27) éonveys relatively little information
regarding the nature of the oxide film. A‘more detailed discussion is
presented in Reference 2.

At high temperatures, the form of the peak-current dependence for

1/2

processes Ol and 03 changes from Vv to v. The significance of this

change is not understood.

3.3 RRDE Collection Efficlency Calibration

The radius ratios of the rotating vitreous carbon ring and iron disk
electrode (see Figure 8) exceeds those tabulated by Albery et al.23 and by
Pleskov et al.26 However, the theoretical collection efficiency, N, can

be evaluated from the equation25

N=1- £a/p) + 8230 - £@@))
2/3 :
- +a+B){1 - f[@/B)Q +a +B)]} (28)
a = (r,/r )3 -1
where 271 29)
B = (x5/e)% - (/)
and
1/2 1/3.3 _ 1/3 _

Equations (28) to (30) are evaluated using the basic program in Appendix

IT to yield values of N.
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The iron RRDE was calibrated experimentally by using a solution of
0.1 M K3Fe(CN)g in 1.0 M KOH supporting electrolyte. The results of this
calibration at 25°C and at a rotation speed of 10 Hz are pfesented in

Table 3.

Table 3

IRON RRDE CALIBRATION RESULTS IN 0.1 M KFe(CN)g¢
WITE T = 25°C AND w = 10.0 Hz

Disk Potential = 1000 MV 800 MV 700 MV 650 MV 600 MV 550 MV 500 MV

Vygng= 1200 mV

Ig4ek/mA 0.03  0.17  0.71  1.52  2.92  4.79  6.77

Iring/mA 0.46  0.49  0.71  1.04  1.63  2.40  3.21
g

Vying = 1400 oV

Igigk/mA 0.03  0.16  0.63  1.39  2.73  4.66  6.68

I ing/mA 1.03  1.04 1.21 1.5  2.10 2.92  3.78
g

Vying = 1500 mV

I4igk/mA 0.03  0.17 0.68 1.52  2.91  4.72  6.69

Iring/mA 1.68  1.67  1.84  2.18  2.74  3.50  4.29

The value of N can be determined from the regression of Iring versus
Taisk®
= : = ..2=
Vring = 1200 mV: Iring 0.4183 + 0.4129 Tiisk HE o 1.0000 (31)
= . = . 2 _
Vring = 1400 mV: Iring = 0.9553 + 0.4220 Tiisk ¢ r° = 0.9999 (32)
= . _ . P2 =
Vring = 1500 mV: Iring = 1.5756 + 0.4054 I44.p : r° = 0.9998 . (33)

Therefore, over the range of ring potentials indicated, N = 43.3 %

0.8%Z. The value of N calculated from equation (28) with ry = 0.76,
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ry = 0.51 and r3 = 0.32 £ 0.0l cm is N = 41.47 This conformity between
experiment and theory provides a good indication that the RRDE is
functioning ideally. The experimentally determined value of N = 41.3%

will be used in all subsequent discussion.

3.4 RRDE Studies of Iron

As discussed previously for NaOH electrolytes,2 the dissolution of
iron and iron oxide in KOH occurs by several distinguishably different
mechanisms within defined regions of electrode potential.

figurg 16 shows the results of RRDE measurements of Fe in 30 wtZ KOH
at 75°C, with a potentiodynamic sweep of the di;k, as a function of ring
potential. The various dissolution processes can be seen in Figure 16(a)
as oxidative peaks in the ring current at large positive ring potentials
and/or as reductive ring current peaks at low ring potentials. This
experiment can be used to determine the oxidation number of the dissolved
ionic species; with the ring held at +1400 mV, we expect to oxidize any
Fe(II) dissolved species to Fe(III1). As shown -in Figure 16(b), for Vring
? 600 mV there are three ring oxidation current peaks and no reduction
peakg. Peaks DOl and D02 are observed to be associated, respectively,
with 01 and 02 on the potentiodynamic discharge cycle, and DO3 is observed
to be associated with disk peak R2 during charge.

A ring potential of +400 mV is sufficient to reduce Fe(III) to
Fe(II), but not to reduce Fe(II) to Fe(0). Two such reduction processes
are shown in Figure 16(b). Dissolution peak DR2 occurs in conjunction
with disk oxidation peak 02, and an additional dissolution peak, DR3, is

seen at large disk potentials corresponding roughly to the disk peak

labeled 04 in Figure 16(a).
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(a) DISK CURRENT VERSUS DISK POTENTIAL

JA-1535-20

FIGURE 16 RRDE MEASUREMENTS OF IRON IN 30 wt% KOH AT 75°C

Disk potentiodynamic sweep rate = 50 mV s,
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RING CURRENT/pA
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DISK POTENTIAL/mV VERSUS Zn/Zn*
(b) RING CURRENT VERSUS DISK POTENTIAL
o JA-1535-21

FIGURE 16 RRDE MEASUREMENTS OF IRON IN 30 wt% KOH AT 75°C (Concluded)

Disk potentiodynamic sweep rate = 50 mV s
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At ring potentials more negative than 300 mV (not shown in Figure
16), peak DR2 increases in amplitude, and a dissolution-reduction peak
designated as DRl appears as a complement to DO3. Both processes involve
the reduction of Fe(II) to Fe(0) at the.ring. These collection processes
cannot be quantified because of competition from hydrogen ion reduction at
the vitreous carbon ring.

At intermediate ring potentials (500 < V < 600 mV), reduction and

ring
oxidation peaks are observed simultaneously in conjunction with disk

2 and

ox%dation peak 02. Peak 02 already has been observed to be complex,
at very low potentiodynamic discharge rates this peak splits into a
roughly symmetric doublet; It 15 clear, therefore, that 02 conceals two
separate oxidation processes. The process occurring at lower potentials
involves a dissolved Fe(II) species, presumably as a reaction iﬁtermediate
in the growth of the oxide film. The higher-potential process yields an
Fe(II1) ion, thevdissolutiqn of which apparently is terminated by disk
oxidation process 03.

Table 4 gives peak areas for disk currents and for ripg currents at
various ring potentials, taken from the potentiodynamic data in Figure 16.

These data indicate that, at 75°C, an appreciable fracfion of each of
the principal charge and discharge processes involves the formation of
soluble ionic species. This is a matter of somé coﬁcérh in battery tech-
nology since a dissolved ion may not be fully recovered when the current
is fe#ersed, thus resulting in coulombic inefficiency. More importantly,
Fe(1I) ions will oxidize.at the positive electrode, resulting in a chem-
ical "short circuit,” and may poison that electrode. Also, continued

dissolution of iron may result in shape change.
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Table 4

PEAK AREAS MEASURED FROM THE POTENTIODYNAMIC DATA
PRESENTED IN FIGURE 16

(kC)
Digk Peak ol 02 03 04 R2 R3
821 6605 2380 2011 1174 433
Ring Peak DO1 D02 D03 DR1 DR2 DR3
Viing = *1400 W 18 144 111 0 0 0
Viing = +600 W 17 144 77 0 0 0
ring = 550 W 11 37 38 0 94 67
Viing = +400 W 0 0 0 0 194 124

From the data in Table 4 we can calculate the percentage of the disk
redox process that results in a soluble species as

100 Q. n
d
PD = —nx ¢ (34)

‘ N Qd oy

where Q. and Qd are the ring and disk peak areas

n, and ny are the number of electrons involved in the redox process

N is the RRDE collection efficiency = 0.413.

In each case n,. = 1, and 0y depends on the assignment of the disk peaks.

Figures 17 and 18 show the results of RRDE experiments at 50°C and
25°C. The peak areas measured from the potentiodynamic data at tempera-
tures from 0° to 75°C are summarized in Table 6.

Figures 16 to 18 indicate qualitatively, and Table 6 shows quanti-
tatively, that there is a progressive cﬁange in charge and dissolution

processes as temperature is increased. Thus, at low temperatures 03
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FIGURE 17 RRDE MEASU.REMENTS OF IRON IN 30 wt% KOH AT 50°C

Potentiodynamic sweep rate = 50 mV s,
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RING CURRENT/uA

Vting =
800 mV
—_ A 500 mV
1 400 mv
200 400 600 800 1000 1200
DISK POTENTIAL/mV VERSUS Zn/zn™™
(b) RING CURRENT VERSUS DISK POTENTIAL
’ JA-1535-23

FIGURE 17 RRDE MEASUREMENTS OF IRON IN 30 wt% KOH AT 50°C {Concluded)

Potentiodynamic sweep rate = 50 mV s
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DISK CURRENT/nA
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FIGURE 18 RRDE MEASUREMENTS OF IRON IN 30 wt% KOH AT 25°C"

Potentiodynamic sweep rate = 50 mV s,
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JA-15356-25

FIGURE 18 RRDE MEASUREMENTS OF {RON IN 30 wt% KOH AT 25°C (Continued)
Potentiodynamic sweep rate = 50 mV s~
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FIGURE 18 RRDE MEASUREMENTS OF IRON IN 30 wt% KOH AT 25°C (Concluded)
Potentiodynamic sweep rate = 50 mV 51
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Table 5

PERCENT DISSOLUTION TAKEN FROM DATA IN TABLE 4

Dissolution Dissolved Associated Dissolution
Peak Species Disk Peak Percentage
DO1 Fe(IIl) 0l 5.3 ny
D02 Fe(I1I) 02 5.3 ny
D03 Fe(Il) R2 22.9 n4
DR1 Fe(1l) 01 -
DR2 Fe(III) ' 02 7.1 ny4
DR3 Fe(I1II) 04 14.9 ny

constitutes the principal discharge process, while at elevated tempera-
tures peak 02 dominates discharge. Disk peaks 0l and 04 both show a
monotonic decrease in area with decreasing temperature. In contrast, the
disk charge peak areas show essentially no dependence on temperature.

The extent of dissolution as a percentage of the disk process is
‘presented in Table 7 for all temperatures studied.

Presented in this way the extent of dissolution is seen generally to
decline with decreasing temperature until, at 0°C, only‘D03 1s observed at
the ring. Two exceptions are the apparent lack of dependence’of DO1/01 on
temperature, and the decrease of DR3/04 at temperatures above ambient.
This latter process, however, occurs at potentials sufficiently positive
to be of no interest in battery studies.

It should be noted that the figures presented in Tables 4 to 7
reflect only the extent to which the features of the potentiodynamic
charge/discharge curves that can be resplved into separate peaks result

in a dissolved product. However, not all of the charge or discharge
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Table 6

PEAK ARFEAS MEASURED FROM THE POTENTIODYNAMIC SWEEP DATA AT
0°, 25°, 50°, AND 75°C

(»C)

T/°C Disk Peak: 01 02 03 04 R2 R3
75 , 821 6605 2380 2011 1176 433
50 470 4460 2250 1000 1180 440
25 280 2160 3250 910 1190 410

0 _— 1230 4450 —_— 440 410
T/°C Ring Peak: DO1 D02 DO3 DR1 DR2 DR3

Vring/“iv

75 1400 18 144 111 0 0 0
75 600 17 144 77 0 0 0
75 550 11 37 38 0 94 67
75 400 0 0 0 0 194 124
50 800 11 19 51 0 0 0
50 600 4 6 21 0 54 41
50 400 0 0 5 0 96 74
25 1000 6 8 66 0 0 0
25 700 7 9 61 0 0 0
25 600 8 9 50 0 0 0
25 550 4 5 26 0 35 37
25 500 0 0 5 0 46 78
25 400 0 0 2 0 54 78
25 300 0 0 0 0 56 81

0 1000 - - 7 - - -
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Table 7

PERCENT OF DISK DISSOLUTION

0°C 25°C - 50°C 75°C
DpO1/01 * 5.2 5.7 5.3
D02/01 * 0.9 1.0 5.3
DR2/02 * 6.3 5.2 7.1
(D02 + DR2)/02 * 7.4 6.2 12.3
DO3/R2 3.9 13.4 10.5 22.9
DR3/04 * 21.6 17.9 14.9

*Insufficient precision in peak area determinations.

processes result in a potentiodynamic peak. For example, the principal.
charge process (the converse of 02) has no associated peak. Thus, the
decrease 1in total coulombic efficiency resulting from metal dissolution is
somewhat less than would be indicated by the data in Table 7. The total

dissolution relative to the total anodic and cathodic disk charges is as

follows:
T/°C Oxidative Dissolution Reductive Dissolution
75 . 5.98% 1.56%
50 2.55% | 0.29%
25 3.16% 0.08%
0 0% 0.08%
3.5 AC Impedance Studies of Iron

The impedance locus plots in Figure 19 show the effects of tempera-
ture and applied DC potential on the measured AC response of an iron RDE

in 30% KOH, at a constant rotation speed of 10 Hz.
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The growtﬁ of an oxide film can be seen qualitatively in the influ-
ence of applied DC bias on the measured impedance dispersion [Figure
19(a)]. Close to the potential of zero current (+250 mV), the impedance
response displays the expected Randles form for a smooth, plané—parallel,
unfilmed electrode [Figure 11(a)]. That is, at high freduencies'the impe-
dance locus hgs the form of a semicircle with center on the real axis,
which is attributable to the parallel combination of the double-layer
capacitance and the interfacial reaction resistance.8 At low frequénciés
the impedance locus is attributable to diffusion écross a stratified
Nernst diffusion layer within the electrolyte.8 At larger applied DC
potentials, a large series impedance becomes evident, which is assoclated
with the sutfaceviron oxide film. This series oxide impedance corresponds
roughly to the parallel combination of a bulk geometric capacitance, the
resistance due to the passage of electrons (or holes) in the oxide phase,
and an impedance assoclated with the diffusion of oxygen and/or metal ions
in the oxide phase and hydroxyl iqns in the liquid phase. A complete
quantitative analysis of these data, and of the results of a number of
additional experiments, currently is being prepared and will be'included
in the next annual report. Qualitatively, the resistance of the oxide
film increases monotonically with increasing potential.

The data in Figure 19(b) can be analyzed to defermine the influence
of temperature on the double-layer capacitance, and exchange-current

density i, for the iron electrode in the vicinity of the [Fe <« Fe(OH)z]

o)
peak (peak 0l). These parameters have been obtained by fitting the
impedances measured at high frequency to an RC series/parallel equivalent

current using the regression program that is included as Appendix III.
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OF 10 Hz
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FIGURE 19 AC IMPEDANCE RESPONSE OF AN IRON ROTATING DISK
ELECTRODE IN 30 wt% KOH WITH A ROTATION SPEED

OF 10 Hz (Concluded)
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The results of this regression analysis for the data in Figure 19(b) are
presented in Table 8. The values of the, io were calculated usiﬁg
equation (12).

It is apparent from the tabulated values of 1, that the kinetic con-
straints for the Fe b4 Fe(OH)2 charge/discharge process are reduced with
increasing temperature. However, the principal kinetic limitations of
charge and discharge originate within the oxide film, not with the inter-
facial reaction process.

The values tabulated for C display a maximum at 80°C but are

relatively independent of temperature.

Table 8

ELECTROCHEMICAL PARAMETERS CALCULATED FROM THE IMPEDANCE DISPERSION
MEASURED FOR AN IRON RDE HELD AT +350 nV in 30 wtX KOH, AT A
ROTATION SPEED OF 10 Hz

T/°C RS/Q — RR/Q cm 2 C/p,li'»cm-2 i mA cm 2
0 0.71 3.12 77.4 3.76
25 0.39 2.44 80.8. 5.25
50 0.26 2.32 90.1 6.00
75 0.23 1.87 89.2 8.03
100 0.19 1.61 88.0 " 9.98
3.6 Mechanisms of the Charge/Dischargg Reactions of Iron

The equilibrium potentials for all pertinent iron and iron oxide
redox processes are presented in Table 9. The tabulated data summarize
the results of our thermodynamic calculations for iron in 8 molal (corre-

sponding -to 31 wtZX) NaOH.
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CALCULATED EQUILIBRIUM POTENTIALS FOR IRON AND IRON OXIDE

Table 9

REDOX PROCESSES IN 8 MOLAL NaOH

Number ' :

Reaction of e~ Equilibrium Potential/mV versus Zn/Zn't

0°C 20°C 40°C  60°C 80°C 100°C
Metal 2 Soluble Ion
Fe/HFeOE : +2 491 488 484 479 474 462
Fe/FeOE +2 429 456 472 493 514 560
Fe/Fe)OH)Z +3 547 532 517 549 473 429
Metal Oxide 2 Soluble Ion
FeOHZ/Fe(OH)Z +1 690 633 575 507 439 325
Fe304/HFeO2 -2/3 453 480 512 517 524 495
Fe ,0/Fe0, -2/3 612 575 546 474 403 200
Fe304/Fe(OH)4 +1/3 1072 905 733 - 551 368 97
Fe‘203/HFeO2 -1 1522 1526 1529 1531 1533 1528
'Fe203/Fe0; -1 667 645 629 582 536 399
FeOOH/HFeO2 -1 558 581 607 615 623 609
FeOOH/Fe0,, -1 633 644 630 586 542 412
Fe(OH)3/HFe02 -1 694 726 760 777 796 804
Fe(OH)3/Fe02_ -1 800 789 783 748 717 606
Soluble Ion 2> Soluble Ion
HFeO, /Fe(OH), +1 660 622 585 728 472 362
Feo;_/FE(on)Z +1 765 685 609 600 392 165
Metal 2 Metal Oxide
Fe/Fe(OH)2 +2 476 482 489 489 464 481
Fe/Fe304 +8/3 482 485 490 488 457 470
Metal Oxide > Metal Oxide
Fe(OH)Z/Fe304 +2/3 499 496 495 484 436 439
Fe(OH)Z/Fe(OH)3 +1 724 736 749 755 742 765
Fe(OH)Z/FeOOH +1 588 592 596 593 560 572
Fe(OH)Z/FeZO3 +1/3 777 786 795 797 776 795

Iron in 8 molal (corresponding to 31 wtZ) NaOH.
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Table 9 Concluded

Number

Reaction of e Equilibrium potential/mV versus Zn/ZnH'

0°C 20°C 40°C 60°C 80°C 100°C
Metal b4 Soluble Ion
Fe/HFeOj +2 491 188 486 479 474 462
Fe/Fe0, . _ S +2 439 456 472 493 514 560
Fe/Fe(OH), +3 547 532 517 495 473 429
Metal Oxide pe Soluble Ion
Feouz/Fe(oHS4 +1 690 633 575 507 439 325
Fe 50, /HFe0, -2/3 453 480 512 517 . 524 495
Fe40,/Fe03 -2/3 612 575 546 474 403 200
Fe40,/Fe(OH), +1/3 1072 905 733 551 368 97
Fe,04/HFe0, -1 1522 1526 1529 1531 1533 1528
Fe,04/Fe0, _ -1 ' 667 645 629 582 536 399
FeOOH/HFe0, -1 558 581 607 615 623 609
FeOOH/Fe0, -1 663 644 630 586 542 412
'Fe(OH)4/HFe0, -1 694 726 760 777 796 804
Fe(OH)4/Fe0, -1 800 789 783 748 717 606
‘Soluble Ion 2 Soluble Ion
HFe03/Fe(OH); +1 660 622 585 728 472 362
Fe0,/Fe(OH), +1 705 685 609 500 392 156
Metal b Metal Oxide
Fe/Fe(OH),/ 2 476 482 489 489 464 481
Fe/Feq0, +8/3 482 485 490 488 457 470
Metal Oxide 2 Metal Oxide
Fe(OH),/Fe40, +2/3 499 496 495 484 436 439
Fe(OH),/Fe()H)3 +1 724 736 749 755 742 765
Fe(OH), /FeO0H +1 588 592 596 593 560 572
Fe(OH),Fe,04 +1 591 593 595 589 549 558
Fe40,/FeO0H +1/3 766 782 799 810 807 836
Fe30,/Fey0q L 41/3 777 786 795 797 776 795
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It should be stressed that the calculations were made for NaOH, while
the experiments performed in this study were conducted in KOH. Neverthe-
less, the cgtion effect is expected to be sufficiently small that the data
in Table 9 reflect the trends of the thermodynamic parameters.

The reaction sequences shown in Figure 20 summarize the data in Table -
9; these may be used in conjunction with the potentiodynamic sweep and
RRDE results ih an attempt to explain the charge, discharge, and disso-
lution mechanisms of iron in concentrated hydroxide.

Figure 20(a) shows the thermodynamically favored reaction paths at
low temperatures (£ 25°C); Figure 20(b) shows the high-temperature
(2 50°C) mechanisms. In each case the numbers in boxes adjacent to the
reversible arrows indicate the calculated equilibrium potentials for the
specified processes, taken from Table 9: in Figure 20(a) at 100°C and in
Figure 20(b) at 0°C. Heavy arrows indicate thermodynamically most favored
pathways, while dotted lines indicate improbable reaction paths.

At high temperatures [Figure 20(a)], discharge occurs initially to
form HFeOE; this ion then precipitates to form Fe(OH), on the ‘electrode
surface. Oxidation via this dissolved intermediate is favored by only 20
mV over the direct formation of Fe(OHZ), and the differential rates will
be determined by kinetic factqrs. However, the presence of a dissolved
Fe(Il) intermediate is clearly indicated by the results of RRDE expéri—
ments, shown in Figure 16 (peak DOl). With the buildup of an Fe(OH)2
film,‘the rate of this reaction decreases, and a potentiodynamic peak (02)
is observed. At higher potentials a second discharge peak (0l) conceals
three processes: the oxidation of surface-formed Fe(OH)z to Fe30, (peak

02, path [a]) the continued dissolution of Fe > HFeO, > Fe(OH), >
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FIGURE 20 THERMODYNAMICALLY FAVORED REACTION PATHWAYS SHOWING THE CALCULATED
EQUILIBRIUM POTENTIALS FOR Fe IN 8 MOLAL NaOH
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EQUILIBRIUM POTENTIALS FOR Fe IN 8 MOLAL NaOH (Concluded)



Fe30, (peak 02, path [b]), and the electrochemical dissolution of magne-
tite formed by these reactions to produce Fe(OH)Z. This last process
becomes highly favored (thermod&namicaliy) with increasing temperature,
and must be restricted kinetically, perhaps by the formation of a "pseudo-
passivating" Fe(III) surface oxide film by precipitation. If such a film
were not formed, magnetite would dissolve completely to form Fe(OH)Z at
_temperatures > 80°C. The RRDE results at 75°C presented in Figure 16 and
the data summarized in Table 7 show that both Fe(II) ions (peak D02, which
appears as an intermediate in the formation of magnetite) and Fe(III) ions
(peak DR2, resulting from the electrochemical dissolution of magnetite)
are observed in conjunction with disk peak 02.

Oxidation peaks 03 and 04 can tentatively be assigned to the oxida-
tionvof unreacted Fe(OH)Z directly to Fe,03 and the oxidation of Fej0, to
Fe503. 1In each case Fe(OH)Z is an intermediate, which is observed as ring
reduction process DR3. Since a dissolved Fe(IIl) species is not observed
during the reduction half-cycle, it is clear that the preéipitation
reaction Fe(OH)Z > Fe203 proceeds rapidly to the right.

Reduction of the disk surface oxide proceeds as follows. As was
noted previouslyl(Section 3.2), disk peaks 03 and R3 are conjugate pro-
cesses. Thus, R3 is related to the reduction of Fe,03 to Fej04; in this
direction, Fe(OH)Z is an intermediate. The results presented in Figures
12 and 13 indicate that the reduction of magnetite (produced by oxidation
in peak 02 or reduction in peak R3) to Fe(OH)j3 does not result in a reduc-
tion peak, but occurs continuously at potentials < 400 mV.

Reduction peak R2 is observed in conjunction with ring oxidation péak

D03, following oxidation at large positive potentials (see Figure 13). It
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is probable that this is a result of the partial transformation of Fe,04
to FeOOH at high potentials. During the reduction half-cycle, FeOQOH is
reduced to Fe(OH)Z, with HFeOE as an intermediate.

The Fe(OH)2 formed by processes 0l, R3, and R2 is reduced to Fg(O)
under peak Rl, without a dissolved Fe(Il) intermediate.

The influence of temperature on the thermodynamic and electrochemical
kinetic parameters is such that the charge, discharge, and dissolution
mechanisms at low temperatures deviate somewhat from the high-temperature
scheme described above. |

Figure 20(b) summarizes the reaction sequence proposed for tempera-
tures < 25°C. At low temperatures Feoz becomes the stable Fe(II) diss-
olved species, and the initial discharge of Fe to Fe(OH)2 proceeds with
this ion as an intermediate (peaks Ol and DOl in Figure 17). As indicated
in Table 7, the percentage of Fe(Il) that is dissolved in this process is
effectively independent of temperature.

Disk oxidation peak 02 again conceals three processes: the oxidation
of surface-~formed Fe(OH)2 to Fe304, the direct oxidation of Fe to Fe205
and the dissolution of Fe(OH)2 to Fe(OH)Z. The first of these processes
is the same as at high temperature, but in this case the direct oxidation
from iron to magnetite is favored by nearly 20 mV over a path with Fe(0OH),
as an intermediate. The fact that this path does not involve a dissolved
Fe(iI) species accounts for the relative decrease at low temperatures of
ring-dissolution peak DO2 [see Figure 17(b) and Table 7]. At low tem
peratures, also, the available paths from magnetite to Fe(III) all have
relatively high potentials, and it 1is probable that the Fe(III) dissolu-

tion peak (DR2) that appears in conjunction with disk peak 02,
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temperatures, is due to the electrochemical dissolution of unreacted
Fe(OH),. The influence of potentiodynamic sweep rate on RRDE results
tends to support this hypothesis, since ;ing peak DR2 is not observed at
very low disk potential sweep rates.

At low temperatures oxidation peaks 03 and 04 probably correspond to
the oxidation of unreacted Fe(OH), and of Fe30, to Fe(III). 1In this case,
the stable Fe(III) oxide is FeOOH (compared with Fe203 at high
temperatures). |

On the reduction half-cycle, disk peak R3 corresponds to .the
reduction of Fe(III’ oxide (Fe,05 or FeOOH) to magnetite. As is observed
at high temperatures, subsequent reduction of magnetite to Fe(OH), occurs
continuously and does not result in a peak.

Reduction peak R2 is observed following large anodic potential excur-
slons and, at low temperatures, is attributable to the reduction sequence

)

Fe203 > Feoz > Fe(OH)Z. The well-defined ring oxidation peak is assoc-

iated with the Feoz that is an intermediate in this disk reduction
process.

The final reduction process, Rl, that is associated with the reduc-
tion of Fe(OH)Z t; Fe, 1s concealed at low temperatures byﬂthe reduction
of hydrogen iohs.

This detailed reaction sequence represents an attempt to correlate
the calculated thermodynamic and measured kinetic and dissolution
parameters for Fe over a range of temperatures. The proposed mechanism
should be treated as not definitive but as a working hypothesis for
further experimentation. Simplified versions of the oxidation and

reduction reaction sequences at high and low temperatures are presented,

together with peak assigmments, in Figure 21.
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Oxidation

02(b) 04
= Fe;0, —— Fe(OH),
02(a) Precipitation l
. 03
Fe - Fe(OH), —— Fe,04
: \ TPrecipitation ' High Potentia|l
HFeO,"
FeOOH
Reduction
R1 No Peak R3
Fe ~——m———— Fe(OH)2 —————— Fe304 — Fe203
1 Precipitation
HFeO, = R2 FeOOH

(a) HIGH TEMPERATURES
JA-1635-31

FIGURE 21 SIMPLIFIED HIGH- AND LOW-TEMPERATURE REACTION SEQUENCES
' FOR IRON IN 30 wt% KOH
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Oxidation

02(b)
02(a) \ ? o
’ Dissolution
F 03
) Fe(OH), = FeOOH
01 1 Precipitation 1Hi9h Potential
F =
902 Fe203
Reduction

- R1 No Peak R3
Fe <«———— Fe(OH), ~«———— Fe;0; ~————— FeOOH

t Precipitation

= R2
FeO, = Fe,04

(b) LOW TEMPERATURES
' : JA-1535-32

FIGURE 21 SIMPLIFIED HIGH- AND LOW-TEMPERATURE REACTION SEQUENCES
FOR {RON IN 30 wt% KOH {Concluded)
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4 MEASUREMENTS ON ZINC

4.1  Introduction

Measurements were performéd using a rotating 99.999% purity Zn disk
and vitreous carbon ring electrode. Two electrolyte concentrations con-
taining 30 and 36 wt%Z KOH were studied at 0°, 25°, 50°, 75°, and 100°C.

For selected conditioms the solution zincate concentration was varied from
effectively zero to supersaturated, by coulometrically dissolving an au#il-
iary high-purity zinc electrode in the working electrolyte.

In contrast to the iron electrode, where the charge/discharge kinetics
are controlled by the electrode/electrolyte interfacial impedance and oxide
film resistance, the discharge of Zn prior to passivation is dominated by
mass transport processes. Accordingly, potentiodynamic studies of a zinc
RDE were performed with rotational speed as the principal independent
variable (in contrast to potentiodynamic sweep rate for Fe). In addition
to potentiodynamic voltammetry and coulometry, AC impedance experiments
were performed as a fuﬁction of DC potenti#l, electrode rotation speed, KOH
and zincate concentration, and temperature to détermine the kinetics and
mechanism of zinc discharge. RRDE measurements were made as a function of
zincate concentration and rotation speed in an attempt to determine the

nature of the dissolved product.
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4.2 Potentiodynamic Studies of Zinc

The discharge of a zinc electrode in concentrated KOH proceeds quali-
tatively in the same way as discharge in NaOH.Z»? For a slow potentio-
dynamic sweep, an initial exponential dependence of discharge current on
potential 1s followed by a linear region in which the slope is proportional

-to the inverse square root of rotatibn speed. Figure 22 shows the
influence of electrode rotation speed on the slope 6f the potentiodynamic
discharge curve for ziﬁc in 30 wtZ KOH at 78°C. Table 10 coﬁtains‘a com-
plete tabulation of the slopes and intercepts of the linear regions of the
dissolution current/voltage curves as a function of angular rotation speed,
electrolyte concentration, and temperature. These data were obtained'at a
potentiodynamic sweep rate of 1 mv s~}+ The current/voltage responses

display little hysteresis at all nonzero rotation speeds used, and the data
tabulated closely reflect steady—-state conditions. |

The data presented in Table 10 may be fitted to an equation of the
form

R =R +aw /2 | (35)

Thus, over a wide range of potential, the discharge resistance for zinc is
the sum of a éonvection—independent term, and a term proportional to the
thickness of the diffusion layer.

.Table 11 shows the regression parameters for the fit of all data in

Table 10 to equation (35). Both R° and @ are seen to decrease
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FIGURE 22 POTENTIODYNAMIC DISCHARGE OF ZINC IN 30 wt% KOH AT 78°C, AS A
FUNCTION OF DISK ROTATION SPEED

Sweep rate = 1 mV s,
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Table 10

SLOPE AND INTERCEPTS OF THE LINEAR I-V DISCHARGE REGION OF A
ZINC RDE, AS A FUNCTION OF TEMPERATURE, ROTATION SPEED, AND

 (a) 35 wt% KOH

ELECTROLYTE CONCENTRATION

Electrolyte Electrode Rotation av
Temperature Diameter Velocity ETJQ Vg/mv
/°C /cm /Hz
0 0.640 20.05 4.636 -1381.2
0 0.640 9.95 5.295 -1378.7
0 0.640 5.05 5.626 -1376.5
0 0.640 0.00 6.581 -1373.1
25 0.483 30.00 2.800 -1394.3
25 0.483 19.90 3.039 -1392.8
25 0.483 10.00 3.339 -1389.4
25 0.483 8.05 3.459 -1386.9
25 0.483 5.00 3.831 -1386.6
.25 0.483 0.00 4.530 -1376.8
25% 0.405 20.00 3.20 -1375.9
25* 0.405 10.00 3.33 -1371.8
25* 0.405 - 5.03 3.58 -1370.3
25* - 0.405 2.50 3.86 -1369.7
25 1 0.405 0.00 4.57 -1365.8
50 0.640 19.93 2.02 ~-1414.0
50 0.640 9.60 2.21 -1409.6
50 0.640 5.06 2.41 -1403.9
50 0.640 0.00 3.30 -1392.6
75 0.640 20.00 1.79 ~1416.2
75 0.640 9.94. 1.88 -1411.8
75 0.640 5.07 2.05 -1407.2
75 0.640 0.00 2.57 -1395.8
100 0.640 19.90 1.35 -1416.9
100 0.640 9.93 - 1.43 -1416.3
100 0.640 4.99 1.55 ~1414.8
100 0.640 0.00 2.01 -1405.6

*Safurated with zincate ions.
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(b) 30 wtZ KOH

Table 10 (Concluded)

Electrolyte Electrode Rotation av :
Temperature Diameter Velocity ET%Q Vg/mV
/°C /cm /Hz
0 0.640 19.99 2.317 -1350.0
0 0.640 10.01 2.410 -1347.6
0 0.640 5.03 2.550 -1346.5
0 0.640 2.50 2.750 -1345.8
0 0.640 0.00 2.882 -1340.6
25 0.640 20.00 1.713 -1351.9
25 0.640 10.00 1.825 -1351.1
25 0.640 . 5.00 1.948 -1359.1
25 0.640 0.00 2.200 -1339.6
51 0.640 20.00 1.126 -1363.2
51 0.640 10.00 1.152 -1362.8
51 0.640 5.00 1.194 -1359.9
51 0.640 2.50 1.279 -1357.3
51 0.640 0.00 1.377 -1351.1
78 0.640 20.02 1.370 -1414.1
78 0.640 10.01 1.420 -1410.2
78 0.640 ~ 5.00 1.609 -1407.6
‘78 0.640 2.51 1.619 -1405.7
78 0.640 0.00 1.748 -1394.4
100 0.640 20.09 0.997 -1414.3
100 0.640 10.03 1.032 -1411.4
100 0.640 5.00 1.107 -1408.9
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Table 11

THE REGRESSION OF DATA IN TABLE 10 TO EQUATION (35)

Electrolyte Electrolyte R° a Regression

Concentration Temperature : _1/2' -2 Coefficient
/wtZ /°C /2 cm™?2 R s cm 2
35 0 11.67 13.54 .925
35* 25 7.80 13.71 .994
35" 25 7.85 4.56 .997
35 50 5.07 ' 5.48 .998
35 50 7.85 4.56 .992
35 : 100 3.57 2.79 1.000
30 : 0] 6.47 3.26 .999
30 25 4.61 3.24 .995
30 51 3.22 T 3.22 .987
30 78 2.70 2.95 .950

30 100 2.15 1.21 .989

*
Solution saturated with zincate.

monotonically with increasing temperature. The convection-independent
term, R°, reflects, in part, the presence of an uncompensated electrolyte
fresistance. The data in Table 11 can be analyzed to determine the activa-
tion energy for conduction in 30 and 35 wtXZ KOH. 1In the best fit to an
Arrhenius equation of the form |

[

R = A, exp[E,/RT], (36)

one obtains the regression parameters shown in Table 12. The values of E;

obtained are somewhat larger than those expected for electrolyte phase
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Table 12

THE REGRESSION OF DATA IN TABLE 11 TO EQUATION (36)

Electrolyte A/ Activation Energy/ Regression
Concentration/wt% kJ mol”l : Coefficient
30 0.110 . 9.23 «995

35 0.147 9.84 .975

conduction, suggesting the presence of a series term in the oxide film or
interface regions.

The variation of the convection-dependent parameter, a, with tempera-
ture and electrolyte concentration is of fundamental importance in under-
standing the discharge kinetics and the mechanisms of dissolution and pas-
sivation of zinc. We currently believe that this resistive term is asso-
ciated with the prepassive film as described prev:lously.s’28 The rate of
dissolution of this film is controlled by the rate of the reprecipitatién
reaction and by the rate of mass transfer of the dissolved species from the
film/electrolyte interface to the bulk solution. Under some circumstances
it is possible to predict a film thickness that is inversely proportional
to the diffusion layer thickness thickness. We are currently developing a
modél the describe to observed dependence of the initial discharge of zinc

on convection rate, and a potential-step transient technique to verify this

model.

4.3 Rotating Ring Disk Studies of Zinc

It has been previously not:edz’s’29 that the percentage of dissolved

zinc species that is reducible on the ring declines at high rotation speeds
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for an RRDE operated in NaOH. The mechanism for decrease in the apparent

d29 as

collection efficiency at high convection rates has been interprete
follows. The anodic charge transfer process produces an inactive interme-
diate that transforms in fiﬁe-gg thé electrochemically activé préhuéévby
chemical dissolution. It is this final product that is reducible on the

. ring. .

Experiments were performed using a rotating ring-disk electrode with
programmed rotation speed to verify that this phenomenoﬂ is observéble in
KOH electrolytes and to shed some light 6n'the dissolution process.

The motor speed controllefvwas prograﬁmed usingvan extefnal DC voltage
ramp to increase the electrédevrotation speed linearly from a preset min-
imum to a predetermined maximuﬁ angular velocity, and back. Care was taken
to keep fhe speed control function, dw/dt, low enough to maintain the
hydrodynamic equilibriﬁm.17 Experiments were performed with the ring at a
potential sufficiently negative to reduce any soluble reducible zinc
species to Zn. Measurements were made as a function of disk pétential, in
the regioh of active zinc dissolution. A typical set of results is shown
in Figure 23. 1t ié worth menﬁioning that sweeping the rotation speed
provides the only practical and convenient means of obtainihg RRDE data for
the dissolution of zipc over a wide fange of rﬁtation speeds. Because fhe
zinc disk electrode dissolves rapidly aﬁ moderate overpotentials, and
because the deposit on the ring is mossy or dendritic, the laminar flow
condifion necessary for a predictable and constant collection efficiency is
soon destroyed. 1Indeed, at elevated temperatures the usefui operating life
of a zinc RRDE may be only a few minutes, following which tﬁe electrode is

must to be disassembled and repolished. To increase the acquisition rate
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further while maintaining hydrodynémic equilibrium, measurements currently
are being made with an exponential speed control function, as suggested by
Miller et al.,17 under microcomputer control.

The hysteresis shown in Figure 23 at low angular velocities is asso-
ciated primérily with the fact that, for fhis experiment, the RRDE was
initially stationary. The plot is of current versus program voltage, and
the electrode was stationary for some time after the ramp was started,
before the DC motor had sufficient torque to overcome the static frictional
forces of the system. The disk then started impulsively,‘and the peak
observed in the ring current is associated with the presence of an excess
concentration of dissolved zinc that had previously accumulated in the
vicinity of the disk. This effect can be overcome satisfactorily by
starting with a nonstationary electrode and by measuring the ring and disk
currents only while the angular velocity is decreasing.

Table 13 summarizes of the results of a series of experiments in 35
wtZ KOH at 25°C, as a function of disk potential, with a programmed sweep

from 31.47 to 1.61 Hz. These data conform to an equation of the form

1 =1°

. .
r r Y100 Ca) 37)

where I, and I; are the ring and disk currents at the interpolated rotation
speeds shown in Table 13, as a functionvof disk potential; N is the calcu-
lated collection efficiency; and Ig is the background current due to the
evolution of hydrogen on the vitreous carbon ring, which is effectively

independent of disk potential.
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Table 13
- PROGRAMMED ROTATION SPEED RESULTS FOR ZINC IN 35 WTZ KOH AT 25°C

(Ring and Disk Currents as a Function of Rotation Speed and Disk Potential).

Disk Potential w = 1.61 w = 3.76 w = 6.27 w = 12.57 w = 18.87 w = 25.17 w = 31.47

/uV versus Hg/HgO Hz Hz Hz Hz Hz Hz Hz Current /mA

-1400 2.58 3.02 3.41  3.86 4.15 4.32 4.46 Disk
0.83 1.11 1.20 1.20 1.14 1.09 1.00 Ring

-1380 5.0 - 6.12 6.69 7.30 7.80 8.12 8.40 Disk
1.53 2.17 2.29 2.33 2.20 2.02 1.98 Ring

-1360 . 9.60 10.61 11.36 12.22 12.74 13.07 13.40 Disk
2.78 3.75 4.14 4.13 3.92 3.66 3.33 Ring

-1350 13.80 15.21 16.11 - 17.22 17.93 18.41 18.78 Disk
4.05 . 5.61 6.37 6.63 6.33 5.90 5.23 Ring

-1300 24.9 27.1 28.7 30.8 31.8 32.2 32.6 vDisk
: 7.2 10.5 11.7 12.1 11.5 10.5 9.6 Ring

Note: Disk acceleration = 0.126 Hz s l. Ring potential = ~1500 mV versus Hg/HgO.



Table 14 shows the results of the regression of the data in Table 13
to equation (37). The tabulated values of the collection efficiency are
plotted in Figure 24 versus the angular rotation speed. Also shown in
Figure 24 is the theoretical collection efficiency calculated from equation
(28) ﬁsing the computer program in Appendix Ii.

These results, obtained in KOH solutions, are essentially identical to
those obtained previously in NaOH.Z’5 Under all conditions the amount of
zinc that is dissolved exceeds thé concentration of species that could be
reduced at the ring, and the percentage of dissolved material that is col-
lected is a function of the rotation speed. We interpret. these data aé
follows: the decline invcollection efficiency at low rotation speeds is an
artifact of the RRDE system. That is, when no dissolved product is con-
vected past the ring (as w » 0) the collection efficiency goes to zero. As
shown in Figure 24, however, the measured value of N does not attain the
theoretical value independent of rotation speed. Instead, N is observed to
increase rapidly with w, achieving a maximum value of 73% of the theoret-
ical value at w = 5 Hz, and then declining approximately linearly with
increasing rotation speed. indicating that the dissolution of zinc occurs
in at least two sequeﬁtial steps. The anodic charge transfer process pro-
duces a relatively inactive intermediate, which transforms to the electro—-
chemically more active species by chemical reaction ih the bulk electro-
lyte. At long times (low rotation speeds), this second reaction goes to
completion, and the concentration of the more reducible product is a
maximum. At short times (high transition velocities, high rotation_
speeds), the initial, less electrochemically active species is at a high

concentration, and the collection efficiency
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FIGURE 24 COLLECTION EFFICIENCY VERSUS ANGULAR ROTATION
SPEED FOR A ZINC/VITREOUS CARBON RRDE IN 35.5 wt%

KOH, AT 25°C :
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Table 14

COLLECTION EFFICIENCY AS A FUNCTION OF ROTATION SPEED: REGRESSION OF
RING AND DISK CURRENT DATA IN TABLE 13 TO EQUATION (37)

Rotation Speed/Hz Ig/mA N/Z% Regression Coefficient
1.61 -0.038 28.8 .999
3.76 -0.240 39.2 .998
6.27 -0.437 42.1 .999
12.57 -0.619 41.2 ' .997
18.87 -0.661 38.1 .998 "
25.17 -0.617 34.5 <997
31.47 -0.582 31.0 .998

is low. If we postulate that the initially formed inactive intermediate

species is Zn(OH)Z, then a possible reaction scheme is as follows:

Disgk: Zn - 2e” + 20H" ~» Zn(O0H), (38)

Gap: Zn(OH), + 200" 2 Zn(OH)}™ (39)
Ring: Zn(OH)4_ + 2 + Zn + 4 OH . ' (40)

On the basis of this postulated reaction sequénce, and using the
rather simple concept of a mean transit time for the dissolved species
between the disk and ring, we can calculate a value for the rate constanf
in equation (39) from the observed linear dependence of N on rotatioﬁ
velocity.

The radial velocity, dr/dt, of a microscopic volume of electrolyte in

the vicinity of a rotating disk electrode at a point (r, y) is
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dr _ -
i 0.5102 (w/A)

12 v &y, | (41)

where r is the distance (cm) from the center of rotation, w is the angular
velocity (radians s'l), y is the perpendicular distance from the elec-
. trode, and A is the kinematic viscosity of the solution. Bruckenstein and

Feldman30

assumed that the path of a particle generated at the disk elec-
trode at radius ry, and ultimately reaching the ring electrode at radius
r,, can be described in terms of an average trajectory. integration of

equation (41) yields
o ,
In(r / r,) = 0.5102 (w3/x)1/2 [ yadt . (42)
o] .

/

Assuming that y = (Dt)1 2 (i.e., that convection parallel to the electrode

takes place, on average, in a plane one mean diffusion length above the
electrode surface), and that equal times are required to traverse the path
normal to the electrode on leaving the disk and returning to the ring

electrode, then from equation (42) the mean transit time, T, is given by,

o - (LB

r0)2/3
w D T,

(1og r, (43)

where W is expressed in revolutions per second (Hz).
The kinematic viscosity and diffusion coefficient for 35.5 wtZ KOH at

27,32

25°C interpolated from literature tabulations are as follows:

A = 2.269 x 10 2 stokes : D=2.3x 107 em? st
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Further, we can treat the source of the dissolved species as the disk
radius (see Figure 8) for which half the area is inside (and half

outside),

2,,.1/2
r, = (r1/2) , (44)
and similarly for the ring,
_ 2 2 1/2
r = [(r3 + rz)/Z] . (45)
Thus, equation (43) becomes
r2 + r2
7.15 3 2v1/29412/3
v = (113) (10g[ (2 3)12])23 . 46)
r
1

In this initial analysis we will assume that the rate of the homogen-
eous reaction, equation (39), is determined by the concentration of
hydroxyl ions at the disk and the local concentration of the electro-

chemical dissolution products. Thus,

d[Zn(OH);]

-2 ' '
. = k [on ][ zncom,] , (47)

where k is the homogeneous rate constant.
The concentration of reducible (zincate) ions at time t can be

determined from

= ke“Z | (48)

1=
N

where A = [Zn(0H),]
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bulk OH™ concentration

0
]

N
I

[Zn(OH),] = 2%« A

Zo = Concentration of Zn(OH)Z at the disk.
A solution to (48) with the boundary condition that A =0 at t = 0 is

A= Zo[l - exp (— kczt)] . (49)

\

However, the relative collection efficiency is

. ’ (50)

Tﬁat is, the observed collection efficiency is determined by the mean
local concentration of zincate at the ring, while the collection effic-
iency predicted by equation (28) is based on the complete conversion of
zinc hydroxide to zincate. As t *> @, A > z°.

Substituting equation (46) for the transit time into equation (49),

we obtain

Nobs 7.15 ke? ri + rg 1/2
N' =gy = 1 - exp [ (=] (51)
r
3

A regression of the measured collection efficiency versus rotation
speed data presented in Table 13, for frequencies greater than 10 Hz, to

4

an equation of the form
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o= - w1 - N) (52)

2
where M = 7.15kc2( 1
yields a value of M = 33.5 with a regression coefficient of 0.998. This
is an unexpectedly good fit of the measured relative collection efficienqy
to the form predicted by our simple model. From the calculated value of M
and the known bulk electrolyte concentration and electrode radii, we can

calculate an approximate value for the homogeneous rate constant,
k=~ 2.4 x 102 w12l |

for ¢ = 8.474 molal, r; = 0.76 cm, ry = 0.41 cm, ry = 0.32 cm.

Thus,.we are able to obtain a value for the rate constant in édpport
of our hypothesis that a homogeneous reaction converts an electrochemic-
ally less active initial product to a species that is electro-reducible on
the ring. This treatment should not, however, be taken as definitive. In
particular, the difficulty in defining an average trajectory for the ions
between dissolution at the disk and reduction at the ring will lead to a
considerable error in the calculated "mean transit time.” The presence of
'a porous "prepassive” film also may have a considerablevinfluence on the
RRDE hydrodynamics and on the homogeneous (and heterogeneous) reaction

kinetics.
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4.4 The Influence of.Zincate Concentration

For a reaction sequence of the type described in equations (38) to
(40), one might expect to observe an influence of the bulk dissolved zinc
concentration on the discharge process. Such an influence was observed

2,4,5 in NaOH solutions. In particular, the effective

previously
collection efficiency was found to increase with increasing dissolved zinc 
concentration.

A series of experiments was.performed to determine the influence of
dissolved zinc on the dissolution and passivation of zinc in KOH and on
the measured AC impedance response. Zinc was dissolved in initially
zincate-free, 30 wtZ KOH at progressively higher concentratioﬁs up to
complete saturation. To achieve known zincate concentrations, strips of
high-purity zinc metal were polarized anodically using a counter electrode
in an external chamber. In no case was the dissolution current allowed to
exceed 1 amp, and the total immersed area of zinc strips was chosen to be
sufficient to avoid passivation of the dissolving anodes. Electrolytes
with filtered using‘a plastic gauze fo remove undissolved zinc grains.

In all except the initially zincate—-free solution, the backgroun&
zincate level was too high to allow accuraﬁe ring measurements, and the
results of these RRDE experiments wiil not be described in this section.

Figure 25 shows complete discharge curves for a rotating zinc disk in
initially zincate-free 30 wt%Z KOH. The forward and reverse potentiody-
namié-sweeps are shown separately for clarity. Following the initial
Tafel and linear discharge regions (discussed in Section 4.2), the elec-
trode enters a prepassive region in which the current becomes constant or

decreases slightly to a constant value with increasing potential. The
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FIGURE 26 THE RESULTS OF POTENTIODYNAMIC SWEEP EXPERIMENTS FOR A ZINC
ELECTRODE IN INITIALLY ZINCATE-FREE 30 wt% KOH AT 25°C, AS A
FUNCTION OF ELECTRODE ROTATION SPEED (Concluded)

Sweep rate = 10 mV s
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current then decreases abruptly. In the vicinity of this discontinuity we
descriﬁe the electrode surface as pseudopassive since, under a range of
hydrodynamic conditions, the electrode may oscillate between active and
passive dissolution levels. At higher potenfials the electrode achieves a
stable, limiting low current, independent of potential.

On the reverse potential sweep, reactivation occurs abruptly at a
potential somewhat less than the prepassive to pseudopassive transition.
After an initial current transient, the electrode current follows that of
the positive sweep, with very little hysteresis except at the lowest
convection rates.

Figure 26 shows the current oscillation observed at a constant poten—
tial, following a potential step from the potential of zero current (0 mV
versus Zn/Zn++). When stepped to potentials < 385 mV the electréde
remains active. At 395 mV the electrode undergoes an active/passive/
active tfansition once, then remains active, while at 400 mV, the elec-
trode oscillates with nearly constant amplitude and period, effectively
indefinitely. For potential-step values » 405 mV, the electrode passi-
vates and remains passive.

The characteristics déscribed above for the potentiodynamic discharge
of Zn in 30 wt%Z KOH are all observed in the presence of zincate, up to
saturation levels. In particular, the_variation of the slope of the
linear discharge region, the passivation onset poten;ial, the reactivation
potential, and the potential at which the electrode undergoes a stable
oscillation are of interest in elucidating possible discharge and passi-
vation mechanisms. Table 15 contains a summary of these parameters
measured in 30 wtZ KOH at 25°C as a function of electrode rotation speed

and zincate concentration.
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Table 15

SUMMARY OF THE INFLUENCE OF ZINCATE ION CONCENTRATION
ON THE MEASURED POTENTIODYNAMIC DISCHARGE PARAMETES? IN 30 WTIZ KOH
All Data at T = 25° £ 1°C, v =1 mV s .

Dissolved Zinc Rotation Slope of V* V* V:sc
Concentration Speed Linear Reéion a

/mol — /Hz /Q cm /v /v /v
1.60 x 10~/ 20.00 4.83 617 437 400
2.67 x 1077 15.07 5.13 . 589 436 -—
0.62 x 10~/ 10.00 5.34 544 431 -—
3.02 x 10~/ 5.04 5.74 493 426 —
3.73 x 107 2.59 6.15 452 421 —
4.34 x 1077 0.00 6.63 432 407 —
2.04 x 1072 20.00 4.45 597 399 361
2.05 x 1072 10.03 4.76 521 388 -
2.05 x 107 4.99 5.00 459 382 —
2.06 x 10 1.49 5,41 414 377 —
2.06 x 10~° 0.00 6.09 398 362 —
1.39 x 1074 20.04 4.22 582 367 333
1.39 x 1074 10.02 4.22 582 367 333
1.39 x 1074 4.99 4.86 443 356 -—
1.39 x 1074 2.69 5,40 394 351 _—
1.39 x 104 0.00 5.69 372 338 —
3.82 x 1074 20.08 4.08 483 353 None
3.82 x 1074 9.99 4.40 426 351 _—
3.82 x 1074 4.99 4.61 381 345 —
3.82 x 1074 2.49 5.08 362 340 -—
3.82 x 1074 0.00 5.62 330 329 —
+ 20.01 638 353 —
++ 10.02 5.31 552 361 —
++ 4.99 5.90 476 356 -—
A 2.49 6.52 419 350 S
+ 0.00 . 6.98 390 337 -—

* Potentials measured with respect to a zinc electrode in the
same electrolyte.

++Zincate removed, concentration unknown.

—-—--~Not measured.
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1/2

Figure 27 shows a plot of 1/R versus w , as a function of dis-
solved zinc concentration. These data correspond roughly to a family of
straight lines. With the exception of the last data set in Table 15,
however, these lines exhibit a striking characteristic of increasing
dissolution rate (decreasing R) with increasing dissolQed-zinc'concentra—

tion. -At constant rotation speed, R decreases with the logarithm of the

dissolved-zinc concentration:

R = K - 0.401 log ([zn'T]) (53)

1/2

where th++] is expressed in mol cm73; and R in Q cmfz. For w l, K=
3.821 and the regression coefficient r2 = 0.998.

This variation of the dissolution resistance, which characterizes the
linear current/voltage discharge region'of zinc, cannot be‘attributed to a
variation in the uncompensated electrolyte resistance associated with
changing specific conductivity in the electrolyte. Since the total amount
of zinc dissolved accounts for only 0.38 moles/kg in an approximately 7

-molal solution, we would expect this effect to be much less; Since we can
postulate an overall cell reaction of the type

Zn + 206 + 2H,0 3 Zn(OH), + Ht (54)

2
the in-situ electrooxidation of zinc will result in no net change in the
availability of charge carriers. Indeed, the decrease in OH concen-

tration in favor of the less mobile zincate ion is likely to result in a

small decrease in electrolyte conductivity.
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FIGURE 27 THE INFLUENCE OF DISSOLVED-ZINC CONCENTRATION
ON THE POTENTIODYNAMIC DISSOLUTION RATE OF ZINC
IN 30 wt% KOH AT 25°C
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The results indicated by the dashed line in Fiéure 27 were obtained
following an experiment to reduce the dissolved-zinc concentration. A
total charge of 250,400 coulombs was impressed between spiral platinum
wire electrodes in zincate-concentrated electrolyte. At the'terminationl
of currenf, a considerable mass of zinc metal was present at the cgthode,
and a crystalline ZnO.deposit was apparent at the anode. The dashed line
indicates that the dissolution resistance increased in the absence of |
dissolved zinc. The dissolution resistance at the termination of the
experiment was marginally greater than that in the initially zincate-free
solution, probably as a conéequence of a decrease in electrolyte concen-
tration (decrease in conductivity) associated with the precipitation of
Zn0. |

It is clear that increasing the zincate ion concentration results in
a significant increase in the rate of discharge of a zinc electrode at
overpotentials up to 100 or 200 mV. However, as the concentration of dis-
solved zinc increases in the bulk electrolyte phase, the useful potential
"window" decreases before the onset of pseudopaésivation and passivation
behavior. This effect is shown in Figure 28, in which the potential at
which passivation occurs on the anodic potentiodynamic sweep is plotted
versus eleétrode rotation speed, as a function of zincate concentration.
The passivation onset potential decreases monotonically with decreasing
convection rate and increasing zincate concentration. Both these trends
are to be expécted if passivation is due to precipitation from a critic-
ally supersaturated solution.

Because these experiments were performed under potentiodynamic sweep

conditions, several effects combine to produce the trends shown in
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Figure 28. The critical level of supersaturation necessary for passiva-
tion presumably is the concentration of the zincate ion zincate concen-
tration, achieved as the result of a dynamic equilibrium between the
dissolution (discharge) and the diffusion rates. At low zincate concen-
trations and/or large rotation speeds, the diffusion rate is high,
resulting in a large value of the passivation onset potential. At high
zincate concentrations, the diffusion rate is low but the dissolution rate
is high, resulting in passivation at lower potentials.

A plausible interpretation of these data is that the dissolution
reaction is autocatalytic, possibly following a scheme of the type
proposed by Armstrong and Bel13l and Epelboin et al.,32 involving a Znt

intermediate.

z:;(ou)z' + Zn + > ZZn:ds + 40H (55)
+ - ++
Znads - e *In, ‘ (56)

Since anodic dissolution is observed in the complete absence of dissolved
zincate, reaction (55) must be considered as occurring in parallel with a
direct two-electron.oxidation process (or a two-step process that does not

involve zincate ions):

- +
Zn -~ e Znads (57)
+ - ++
Znads - e *Zn . (58)
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4.5 AC Impedance Results

In the previous sections we have developed an empirical model for the
discharge of zinc in KOH, in terms of a convection-independent term and a
term proportional to the thickness of the diffusion layer [equation (35)].
From the results of potentiodynamic sweep experiments as a function of
dissolved-zinc concentration, we observed that discharge'can be partly
characterized in terms of parallel processes involving a convection
independent conductance proportional to log (bulk zincate ion concentra-
tion), and a convection-dependent term [K in equation (53)]. We proposed
that these observations could. be explained in terms of an autocatalytic.

. process involving an adsorbed znt species [equations (55) and (56)].

A series of AC impedance measurements was performed as a function of
DC voltage, electrode rotation speed, zincate concentration, and tempera-
ture, using the methods described in Section 2.4 and .elsewher:e.z’8 By
conducting measurements over a very wide frequency range (10_3 to 10-4
Hz), the contrisutions to the convection independent terms (uncompensated
electrolyte resistance, charge transfer impedance, and double-layer capa-
citance) and the diffusional processes (Warburg impedance) could easily be
resolved. More importantly, the autocatalytic process represented by
equation (56) should result in characteristic inductive behavior at low
frequencies.:n'35

Figure 29 shows results obtained at an anodic overp§tentia1 of
approximately 100 mV for a zinc disk rotated at 10 Hz in a 35.5 wtZ KOH
solution, containing a small amount of zincate. The presence of an

inductive loop is clearly evident in the impedance locus plot, with the

impedance doubling back on itself in the three decades of frequency
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FIGURE 29 [IMPEDANCE LOCUS SHOWING INDUCTIVE LOOP FOR Zn
IN 35.5% KOH

Electrode rotation = 10 Hz, DC potential = -1350 mV versus
Hg/HgO, Temperature = 25°C.
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between 0.1 and 100 Hz. At frequencies lower than 0.1 Hz, the impedance
response is associated principally with diffusional processes. At fre—
quencies above 100 Hz, the impedance response is that of the charge
transfer resistance (Rct = 1.0 ) shunted by the double-layer capaci-
tance. At limiting high frequencies, the impedance locus intersects with
the real axis at the value of the uncompensated electrolyte resistance (R,
~ 0.1 Q). The measured impedance response conforms to an equivalent
circuit of the type shown in Figure 30.

The results shown in Figure 31 were obtained as a function of the
rotation speed of a zinc disk electrode, held potentiostatically within.
the linear current/voltage discharge region, in initially zincate-free
KOH. As expected, the high-frequency behavior (which is determined by R,
and the ﬁarallel combination of R,, and Cdl) is relatively uninfluenced by
_electrode rotation speed. At low frequencies the impedance reponse is
that expected for diffusion within é Nernst diffusion layer at finite
thickness; that is, the impedance decreases with increasing rotation
speed. At large rotation speeds and very low frequencies, the inductive
effect due to the autocatal&tic process can be seen as the impedance locus
. curves back toward the Iimaginary axis.

The data for nonzero rotation speeds in Figure 31 can be extrapolated
to remove this inductive impedance, and used to estimate the low-frequency
intercept associated with the diffusional process, Rj¢g- We find that for
this data set,

_ -1/2
Rys = 2.91 +7.880 ,
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For clarity some data points are not shown.
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FIGURE 31 THE INFLUENCE OF ROTATION SPEED ON THE DISSOLUTION
KINETICS FOR A ZINC DISK HELD AT +75 mV VERSUS Zn/Zn"",

IN 36 wt% KOH AT 25°C
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with a regression coefficient of 0.992. Thus, the low-frequency (DC)
resistance comprises a rotation-independent term (2.91 2 = R, + R..) and
a.rotation-dependent term (= 7.88 w_l/z). | V

Both the diffusiénal impedance and the inductive impedance associated
with an autocatalytic process may be influenced by the concentration of
dissolved.zincate ion. If the sequence of diffusional processes has a rate
determined by the diffusion of zincate réactant fo the interface (on
charge) or the diffusion of zincate product from the interface (on dis-
charge), then the overall rate will be influenced by the concentration of
zincate ions in the bulk electrolyte. The bulk electrolyte zincate concen-
tration and this.diffusional flux will influence the autocatalytic process
if this process involves a zincate ion intermediate [e.g. equation (55)].
Figures 32(a), 32(b) and 32(c) show the influence of zincate ion
concentration on the measured impedance locus at 0 mV (equilibrium), -50 =V
(charge) and +50 mV (discharge) anodic overvoltage, respectively. Under
equilibrium conditions we observe, in Figure 32a, a family of curves with a
trend towards decreasing impedance with increasing dissolved zincate
concentration. Over a very wide range of frequencies down to the DC limit,
these impedance data are dominated by a finite Warburg diffusional
impedance. The data in Figure 32(a) are re~plotted in Figure 33(a), as a

- =1/2. —1/2)

function of At low frequencies (large w

these plots are straight lines, with a slope equal to the Warburg diffusion

coeffiéient, ¢, which can be expressed as8>23

c=0_+o0 (59)
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FIGURE 32 THE INFLUENCE OF ZINCATE ION CONCENTRATION ON THE
IMPEDANCE LOCUS IN 30 wt¥% KOH, AT 25°C

Rotation speed = 10.0 Hz
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FIGURE 32 THE INFLUENCE OF ZINCATE ION CONCENTRATION ON THE
IMPEDANCE LOCUS IN 30 wt% KOH, AT 25°C (Continued)

Rotation speed = 10.0 Hz.
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FIGURE 32 THE INFLUENCE OF ZINCATE ION CONCENTRATION ON THE
IMPEDANCE LOCUS IN 30 wt% KOH, AT 25°C (Concluded)

Rotation speed = 10.0 Hz.
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D—1/2 :
G = RT R exp(- Bn) ]

o n2F2(2)}/§7 acy exp(an) + Bco exp(—fn) (60)
-1/2 _
R © [ 2 zRT 1/2] [a i (a :xi(p i B )] ’ (61)
n?F%(2) cR exp(an c0 exp n

where @ and B are the anodic and cathodic transfer coefficients, m is the
applied DC overvoltage, and subscripts "0" and "R" refer to oxidation and
reduction reactions, respectively.

Close to the equilibrium potential (n = 0), 0 is a function of both
the anodic and cathodic transfer coefficients, diffusion coefficient, and
bulk concentrations. However, at potentials removed from thé equilibrium

. potential, one process isvdominant, and at large cathodic overvoltages

equations (59) to (61) simplify to

RT
c = . ’ (62
BnZcmR (ZDR)I/2 )

Figure 33(b) shows a plot of the real component of the impedance,

measured at -50 mV, versus w-l/z

, as8 a function of zincate concentra-
tion. The values of o that characterize the straight-line portions ;f
these plots can be fitted to equation (62). If we assume that the concen-
tration of reducible species (cR) is identical to the known dissolved-zinc

concentration, then we obtain the following regression equation.

= -9.116 + 10948 [zn'T]: r2 = 0.993.

Q-

118



The regression coefficient of 0.993 indicates that these data are a
reasonably good fit to a straight line. We can calculate the diffusion

coefficient, Dp, from the slope of regression line

A n2F2(2DR)1/2

RT ’

41/9) _ 10948 =
b

ch

where superscript "b" refers to bulk concentration. Assuming B = 1/2, we
obtain Dp = 1.08 x 107° cm? é'l, which is a plausible value for the zincate
ion diffusing in concentrated KOH.

The preceding calculation suggests that the charging process proceeds
in a relatively straight foward fashion, with the diffusional impedance
dominated by the diffusion of reactant (i.e., zincate) to the electrode .
surface. However, the impedance locus plots in Figure 32(c) indicate that
the discharge process is considerably more complex. 1In this case mass
transport limitation may be imposed by the diffusion of OH  ions to the
interface, as well as the diffusion of product ("zincate”) away. Unfortu-
nately, at a rotation speed of 10 Hz the overall interfacial impedance
contains terms assoclated with charge transfer and autocatalytic (induc-
tive) processes, and we were not able to calculate ¢ from the data in
Figure 32(c).

Figures 34(a) and 34(b) éhow impedance data taken at elevated tem—
peratures in 35.5 wtZ KOH, at 0 and +50 mV versus Zn/Zn++, respectively.

At the very low zincate ion concentrations present for these experiﬁents,
the inductive impedance is not dominant even af 50 mV anodic overpotential,
and we were able to calculate ¢ as a function of electrolyte temperature.

These data are presented in Table 16.
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FIGURE 34 THE INFLUENCE OF TEMPERATURE ON THE IMPEDANCE LOCUS IN ZINCATE-FREE

35.5 wt% KOH
Rotation speed = 10.0 Hz.
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Table 16

THE WARBURG DIFFUSION COEFFICIENT CALCULATED FROM THE IMPEDANCE
MEASURED IN 35.5 WTZ KOH

G 1.1 -2
. T/K . . ‘I>/mV G/ws—1/2cm—2 ‘,I—, /Q 8 K clh
273 0 53.33 1.95 x 1071
298 0 22.14 . 7.43 x 1072
323 0 6.30 1.95 x 1072
348 0o 1.92 < 5.52 x 1073
373 0 0.82 2.20 x 1073
273 50 35.71 1.31 x 107}
298 50 20.86 7.00 x 1072
323 50 9.04 2.80 x 1072
348 50 1.72 : 4.94 x 1072
x 1073

373 50 0.40 1.07

The last column in Table 16 displays ¢ normalized by the absolute
temperature. With reference to equation (62), these data should display a
‘residual temperature dependence only associated with the inverse square
root of the diffusion coefficient. It is surprising, therefore, that
o/T displays a parabolic temperature dependence, as shown in Figure 35.
This fit is almost exact, and the solid line in Figure 35 is the regres-
sion fit of the data obtained at n = 50 mV to an equation of the form
2

= ao +va1T + azT . | (63)

Hla

-

122



| ] | | , |
0.014 |
R O 7= 50:0/T=204-001113T + 1522 |
x 10-5 T2(r2 = 0.999997)
0.012 |- _
a @ n= O0:0/T=389-0.02216T + 3.149 _|
x 10-5 T2(r2 = 0.994)
0.010 -
o
£ — _
o
-  0.008 | —
Y
o B —
'»  0.006 | —
c
~ - p—
ol
0.004 |- _
0.002 ° _
0 e . . e e e e - A o o - o ———— o —— o —
] ] 1 1 !
280 300 320 340 360 380
T/K
JA-1535-50
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At present we have no explanation for the observed temperature dependence
of o. Experiments are under way to measure more carefully the influence of
temperature and zincate concentration on the reaction resistance and the

autocatalytic inductive impedance, as well as on ¢, in order to develop a

.quantitative model for the discharge of zinc in concentrated alkali.
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5 SUMMARY AND CONCLUSIONS

5.1 Introduction

A éeries of experiments has been performed in an attempt to elucidate
the mechanisms of charge and discharge of iron and zinc electrodes in 30
and 35 wtZ KOH. Particular emphasis has been directed toward determining
possible operating limitations and modes of failure of batteries employing
these electrodes, when operated at extremes of temperature.

The principal experimental methods used in this investigation were
potential-sweep voltammetry and coulometry, rotating ring disk electrode
and AC impedance measurements. Measurements on iron electrodes were
confined to the influence of temperature at a single KOH concentration.
Measurements on zinc electrodes also included the influence of KOH and

dissolved zinc concentrations.

5.2 Observations of Iron Electrodes

Cyclic voltammetry as a function of potentiodynamic sweep rate was
used to identify the mechanisms of dissolution and passivation of irom and
to measure the kinetics of charge and discharge. It is apparent that
under the experimental conditions of potentiodynamic cycling (which corre-
sponds to rapid charging and discharging), the discharge rate is limited
by the resistance of electrolyte in pores within the growing oxide. On
subsequent charging after the formation of a homogeneous oxide film, the

maximum charge rate is determined by the oxide resistance. This
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resistance increases monotonically with decreasing temperature, and under
extremely low ambient temperature conditions (< 0°C) this large film
resistance could result in a substantially reduced charge acceptance rate
for the iron electrode. |

The results of AC impedance experiments support those derived from
potentiodynamic cycling. During charginé, charge acceptance is limited by
diffusion and migration of ions within the oxide film. From results af
high frequencies, we have calculated the exchange-current density for the
interfacial charge transfer reaction. This increases from 3.76 mA em~? at
0°C to 9.98 mA cm 2 at 100°C.

The results of rotating ring disk electrode experiments show that
dissolution of iton metal and oxide occurs within defined regiéns of
potential during both the charge and discharge cycles. With experiments
involving variation of the ring potential from reducing to oxidizing, we
have identified the dissolved species that occur in each of six regions of
potential. By integrating under disk and associated ring oxidation and
reduction peaks, we have been able to quantify the extent of dissolution
assoclated with each charge and discharge process, and to determine the
effects of temperature on the dissolution phenomenon. Within the poten-
tial region of interest for an iron battery electrode, the extent of
dissolution increases with increasing temperature. Thus, dissolution
accounts for 0.08% of the total eleétrode charge at 0°C, increasing to
more than 7.5% at 75°C. It is clear that electrode dissolution may
severely limit coulombic efficiency at elevated temperatures and may cause
problems associated with shape change if iron electrédes are repeatedly

cycled at high temperatures.
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From the results of the experiments previously described,; and by
using tabulated results3 of our previous thermodynamic calculations, we
have been able to postulate a comprehensive charge and discharge reaction
scheme for the iron electrode in concentrated hydroxide. 1In particular,

- the results of potentiodynamic sweep RRDE experiments has been extremely
useful in determining which reactions involve dissolved intermediates.

The detailed reaction.sequences in figure 20 for high- and low-temperature
conditions are shown separately. This proposed mechanism should be
regarded not as definitive but as a working hypothesis to further experi
mentation. Simplified versions of the oxidation and reduction reaction

sequences at high and low temperatures are presented in Figure 21.

5.3 Observations of Zinc Electrodes

In contrast to the iron electrode, in which charge/discharge kineticsv
are controlled by the electrode/electrolytekinterfacial impedance and
oxlde film resistance, the discharge of zinc prior to passivation is
dominated by mass transport processes. Accordingly, potentiédynamic
studies of Zn were performed with rotational speed as the prinmcipal
independent variable. |

The discharge of zinc initially follows a Butler-Volmer rate law, but
this rapidly gives way to a linear current/voltage fegion before the onset
of pre-passive, pseudopassive, and true passive behavior. The linear
region covers most of the potential "window" of interest i; the discharge
of ziné battery electrodes, and this region has received most‘of our
attention. We have made a number of experimental observations of the

" discharge behavior of rotating zinc disk and ring- disk electrodes, which
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are described fully in Section 4 of this report and .in previous publica-

tions.2 8 We have observed a number of empirical laws of behavior that

have yet to be molded into a cohesive model for the mechanisms of dis-

charge of zinc in concentrated hydroxide electrolytes.

The critical observations can be summarized as follows:

(1)

(2)

(3)

(4)

(5)

(6)

()

The slope that characterizes the linear discharge region
defines a resistance (R = dV/dI), which can be separated
into a convection independent term (R°) and a term that -
depends on the electrode rotation speed.

With increasing temperature the rotation—-dependent and
rotation-independent terms change monotonically in such a
way as to increase the dissolution rate at constant voltage.

With increasing dissolved-zinc concentration, the
convection-dependent term changes in such a way as to
increase the dissolution rate at constant voltage to an
extent roughly proportional to the logarithm of the total
dissolved-zinc concentration.

The potential at which the electrode passivates increases
with increasing electrode rotation speed or decreasing-
dissolved zinc concentration.

The collection efficiency measured for a zinc RRDE decreases
with increasing electrode rotation speed. From a simple
analysis based on the concept of a mean transit time between
disk and ring, we were able to show that this variation is
consistent with the production of an electroreducible
species by a first-order homogeneous chemical reaction in
the electrolyte phase.

At low dissolved-zinc concentrations in the bulk electrolyte
and low anodic overpotentials, the impedance of the zinc
electrode is dominated by diffusion within a finite
diffusion layer. This diffusional impedance has the same
dependence on rotation speed dependence as that noted in

1).

At large dissolved-zinc concentrations and large (> 20 mV)
anodic overpotentials, the impedance of the zinc electrode
displays an inductive loop characteristic of autocatalytic
behavior.
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(8) The Warburg diffusion coefficient, o, measured in the range
0 to +50 mV, is proportional to the inverse of the dissolved
zinc concentration. That is, diffusional limitation of zinc
electrode dissolution (discharge) is imposed by the trans-
port of the final product material to the electrode.

(9) With increasing temperature the Warburg diffusion coeffi-
cient normalized by temperature, o/T, decreases with a well-
obeyed parabolic temperature dependence.

- On first inspection many of these results are unexpected, and some
apparently are in conflict. For example, o/T is expected to have a
residual temperature dependence associated only with the inverse square
root of the diffusion coefficient and not that described in observation
(9). Likewise, the autocatalytic behavior suggested by observations (3),
(7), and (8) is unusual; and a diffusional process that gives rise to a

resistance independent of discharge current, as indicated by observations

(1) and (6), is not typically associated with electrode dissolution.

5.4 A Model for the Dissolution and Passivation of Zinc

We believe that our Qbservatioﬁs of the discharge behavior of zinc
electrodes can be explained by a single cohesive model for the dissolutionv
and passivation of zinc in concentrated alkali. The basic tenets of this
model are as follows.

To remain as general as possible, we have previously described the
ultimate product of the dissolution of zinc as "dissolved zinc.” This

product is frequently described in the literature as "zincate,” and we

will assume this species to be Zn(OH)Z-
We propose that the dissolution of zinc in 30 or 35 wtZ KOH that is
initially devoid of zincate proceeds initially via two one-electron

transfer reactions of the form
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- +
Slow: Zn - e = Znads , (64)

+ _ _ .

Fast: Znads - e + 20H =~ Zn(OH)2 . . (65) -
Reaction (64) is slow and rate determining. At very low anodic over-

potential (0 < € 10 mV), in the absence of dissolved zinc, a Tafel law

behavior is observed corresponding to
1= ioexp [nRT/anF] . (66)

We postulate that Zn(OH)2 is an intermediate product that reacts

chemically to produce the ultimate product, zincate, as follows:
Zn(OH), + 20H > Zn(OH)Z . " (67)

Zinc hydroxide forms on the electrode at all potentials more positive
than the reversible potential for equation (65). This material is porous
and only loosely adherent (as observed by Breiterzs). We propose that the
electrochemically formed Zn(OH)2 is in chemical equilibrium with the
zincate product:

| Zn(OH), + 20H 2 Zn(OH)Z . (68)
Under RRDE conditions, only Zn(OH)z is detectable on the ring [Zn(OH), 1is
uncharged and solid], and the collection efficiency is less than that pre-

dicted theoretically, by the amount of Zn(OH), that is convected beyond
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the radius of the ring. When the equilibrium rate constant .for reaction
(68) is low or the rotation speed high, the observed collection efficiency
will be decreased, as indicated by observation (5) above.

When the local zincate concentration is increased, an alternative to

reaction (64) becomes feasible;
Zn + Zn(OH), » 2Zn' ., + 4O0H . 69
4 ads (69)

It is this disproportionation reaction that provides the autocatalytic
effect noted by observations (3), (7), and (8). It should be noted that
the electrochemical reaction (64) and the disproportionation reaction are
parallel pathwayé that occur simultaneously at differen; rates.

We are now able to explain the seemingly anomalous influence of mass
transport on the dissolution rate. The evidence of potentiodynamic sweep
and AC impedance measurements indicates clearly that the discharge of Zn
electrodes at an overvoltage 6f more. than 10 or 20 nV is rate limited by
mass transport within a finite diffusion layer. Yet rate limitation due
to the diffusion of OH;‘Eg_the electrode would result in a current plateau
(i.e;, a resistance tending to infinity as the current is increased)
rather than the observed constant "diffusional resistance."” Also, the
rate of diffusion of product from the electrode should become less as the
bulk concentration of product is increased, but the opposite is observed.

We suggest that mass tfansport limitation is imposed by the diffusion
of zincate to the electrode surface. This diffusional flux can be

expressed simply as
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J=D—%— , (70)

where 6 is the diffusion layer thickness (and is proportional to the
inverse square root of the rotation speed), and ¢ is the zincate concen-
tration (superscripts "o" and "i" refer to the "outside"” and "interface™
sides of the diffusion layer, respectively). The predicted dependence of
J on the bulk concentration of zincate and on the rotation speed clearly
is well obeyed. What is not quite so clear is the dependence of J on the
overall current density. We can assume that under mass—transport limited
conditions, the concentration of zincate at the interface is zero (ci =
0). To predict the observed linear dependénce of current (aJ) on overvol-

% must increase linearly with current [equation (67)].

tage, therefore, c
Since zincate is in equilibrium with the initial product, Zn(OH)z, we
simply require a linear increase with current of the Zn(OH)Z concentration
at the outside of the diffusion layer.

Figure 36 presents a general, qualitative picture of our proposed
reaction scheme for the case where the autocatalytic step [reaction (2) in
Figure 36] is completely under mass transport control. With increasing -
bulk zincate concentration, the diffusional flux of zincate to the inter-
face is increased [Figure 36(a)], and the reaction cﬁrrent ét constant

voltage is proportionally increased. Figure 36(b) shows the effect of

increasing the applied voltage. As the voltage is increased, reactions
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(1) Zn-e > 2n*

(2)- Zn + Zn(OH), — 2Zn* + 40H"
(3) 2n* -e” +20H™ > 2Zn(OH),

(4) Zn(OH), + 20H™ > Zn(OH),

(1) (2) (4)
\/ e — " m—— - Bulk
' Hydroxid
é \(3) anc::traetion
7 |
Z |
/ [OH7] |
' 7 |
z
7
y |
<. A
E 7] .. znloH),) /
=] A
7 7\
8 é .'-.. //////‘\\
/ [Zn(OH,)=] ///// I\\\
Z 4 "--.|\\\_____
g //// |'\ —_— cZ:inca'te .
27 l\. oncentration
0 v [
é? DISTANCE— ?
Zn/Electrolyte : Diffusion
Interface Layer
(a) THE INFLUENCE OF BULK ZINCATE ION CONCENTRATION
JA-1535-52

FIGURE 36 REACTIONS AND DIFFUSION PROFILES FOR. THE PROPOSED
MECHANISM OF THE ELECTROCATALYTIC DISSOLUTION OF
ZINC UNDER MASS TRANSPORT CONTROL
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(1) Zn-e > 2n*

(2) 2Zn +2Zn(OH),” > 2Zn* + 40H™
(3) Zn' - €™ +20H™ - Zn(OH),

{4) Zn(OH), + 20H™ = Zn(OH),~

(1 (2) :
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(b) THE INFLUENCE OF APPLIED POTENTIAL
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FIGURE 36 REACTIONS AND DIFFUSION PROFILES FOR THE PROPOSED
MECHANISM OF THE ELECTROCATALYTIC DISSOLUTION OF
ZINC UNDER MASS TRANSPORT CONTROL (Concluded)
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(1) and (3) proceed at higher rates,* and the concentration of Zn(OH)2 at
the interface increases. Since Zn(OH)2 and Zn(OH)Z are in equilibrium via
reaction (4), the increase in voltage and the increase in bulk zincate
concentration both result in a higher zincate flux to the electrode and
thus in a higher current. Decreasing the thickness of the diffusion layer
(e.g., by increasing the rotation speed) has a similar effect on the
zincate diffusion flux and the current. It should be noted that reaction
(4) procedes very slowly, and it is probable that equilibrium conditions
are not attained within the diffusion layer, partiqularly at low
temperatures. This does not affect the qualitative significance of the
model since we require only that reaction (4) procedes to the right at a
finite rate within the boundary layer.

Electrode passivation occurs in a two-step process that involves the
formation of prepassive and true passive films. When the reaction rate is
increased (by increasing the anodic overvoltage), a porous'film begins to
accumulate on the electrode. At some point the transport of material
across this prepassive film becomes rate limiting, and the slope of the
current/voltage curve begins to decrease (R = dV/dI + «). Under some
conditions a potential region in which the current is independent of
voltage can be seen prior'to passivation. This effect is associated with
mass transport limitation in the prepassive film, not in the free

electrolyte phase. Under these conditions the electrolyte composition in

. v
We have described the case in which reaction (2) is completely controlled
by the diffusion of zincate, but in reality the rate of this reaction
also would increase as the anodic overvoltage is increased.
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the pores may become very different from that of the bulk electrolyte, and
we propose that passivation occurs when the pH at the base of the pores
becomes sufficiently low to favor the formation of ZnO over Zn(OH)z as the
initial product:

Zo’ - &  + 20 > Zn0 + H0 . (71)
Zn0 is nonpofous and relatively insoluble in the electrolyte. Following
formation of ﬁhe true passive ZnO film, the current drops to a low value
and the residual prepassive film material dissolves, leaving an exposed
Zn0 surface. In this condition one of two things can happen. If the
transport of OH thréugh the Zn0 is sufficient to maintain the film
thickness in a steady state with the dissolution reaction, then the film
remains passive. If the high-field migration rate is too low, the film
will dissolve and the electrode will again establish the prepassive con—-
ditions. Hydroxide ions will be depleted within the pores of the pre-
passive film, ZnO will form, the electrode will passiiate, etc. This
cycle may repeat indefinitely.

It is important to notice that, since we consider reaction (4) to
occur with a variable rate throughout the diffusion layer, the diffusion
profiles are not linear. For example, three factors influence the [OHT]
profile. Hydroxide ions ére consumed in the overall reaction, reaction
(4) occurs with a variable rate throughout the difquion layer and
reaction (2) releases hydroxide in the vicinity of the interface. This
nonlinearity.and the complexity of the proposed reaction scheme contribute
' greétiy to the difficulty of translating the qualitative model described
above, and shown schematically in Figure 35, into a quantitative model for

the dissolution of zinc.
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5.5. Conclusions

The models we have developed for the dissolution and passivation of
iron and zinc in concentrated alkali have a number of important conse~
quences for the use of iron/nickel oxide and zinc/nickel oxide batteries.
It 1is apparént that oxidation énd subsequent reduction of Fe electrodes is
largely impeded by migration and diffusion processes within the oxide
film, Thus, discharge and charge acceptance rates might well be improved
by modifying the film structure, po;sibly by the addition of suitable
dopant ions. It is clear also that the various dissolution processes
observed for iron reflect integral stepé in the mechanisms of charge and
discharge. Suppressing the solubility of these species without providing
an alternative reaction path will result only in decreased reaction.
rate. Nevertheless, intelligent use of the reaction scheme that we have
proposed might well lead to a class of additives that will alleviate the
problem of coulombic inefficiencies due to dissolution at high
temperature, without kinetic losses at low temperatures.

Our model for zinc involves autocatalysis and mass transport limita-
tion by the zincate ion, and two-stage passivation involving Zn(OH)z and
Zn0. A conclusion is that this model provides a mechanism for "shape
change” of zinc electrodes. If the reaction initially proceeds at a
greater rate in one part of the electrode than another (e.g., edge >
center due to the primary durrent distribution), then, because the product
catalyzes the reaction, the two rates will diverge. In a more normal
reaction scheme, the presence of product tends to impede the forward
reaction, and rateé tend to become uniform over an electrode surface. For

an autocatalytic reaction of the type proposed, initial nonuniformities
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are amplified during discharge. This is an extension of the podel pro—-
posed by McBreen36 in which asymetric dissolution is attributed.to the
nonuniform primary current distribution. We invoke the concept of auto-
catalysis to explain the persistance (in fact acceleration of) current

- nonuniformity following the accumulation of product in the vicinity of the
electrode. The data presented by McBreen36 for eagly cycles of a zinc
negative electrode, show fiat current profiles for the inner regions of a
zinc plate, while the cﬁrrents at the peripheral sections aécelerates with

discharge time, consistent with our model.

5.6 Suggestions for Further Work

The models proéosed for the dissolution and passivation of zinc and
iron require further testing, and a number of specific experiments are
. suggested.

(1) A series of potential-step experiments should be performed
in zincate-free KOH, to examine the evolution of the dif-
fusion layer and the autocatalytic process. 1In the complete
absence of dissolved zinc, only the direct one-electron
transfer (Zn - e - Zn+) can occur. By following the
current transients following a potential step from zero to
an anodic overvoltage, it should be possible to destinguish
the direct from the autocatalytic process in the overall
reaction.

(2) The formation of prepassive and passive films should be fol-
lowed directly, using optical, semiconductor, and AC impe-
dance techniques. 1In particular, since Zn(OH)z and ZnO are
likely to be semiconductors, following the photocurrent as a
function of electrode potential should yield valuable infor-
mation regarding the existence, nature, and thickness of any
films present.

(3) The results of these and further experiments should be

applied in a quantitative way to refine the present model or
improve the modeling work of others.
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(4) Semiconductor electrochemistry techniques also may be of
great value in determining the nature and conductivity of
the oxide films formed during the discharge of iron. Light

effects should be used to evaluate the role and utility of
dopants intended to increase oxide conductivity, thus
reducing kinetic losses in low-temperature operation.
(5) Further RRDE studies should be performed at elevated
temperatures to determine which electrolyte additives
increase and which decrease the dissolution of iron.
5.7 Comment
It is apparent that the learning curve for the development of
iron/nickel oxide and zinc/nickel oxide alkaline battery electrodes is
approaching a plateau, and that further engineering modifications and
phenomenological computer modeling will produce little improvement. Both
techniques require input regarding the underlying nature of the processes
being investigated.
It is our belief that the missing information, that is a prerequisite
for a breakthrough in battery technology, is a detailed knowledge of the
reaction sequences and mechanics that constitute the overall reaction

mechanism. We believe that this report represents a step in this

direction.
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" APPENDIX I

1 REN DNS4 15/APR/1962
2 REM KEITHLEY NODEL 192 DM

3 REN NOUNTAIN HARDMARE CLOCK

10 REN NODIFICATION OF SOLARTRON DNS YO INCORPORATE VARIABLE INTEGRATION & SOFTWARE DIFFERENCING

30 REM BY M.C.H.NCKUBRE AUG/28/1981

100 HINEM: 35300: LONEN: 24577

120 TEXT s HOME : SPEED= 230: VIAB S: PRINT "SOLARTRON 1172/1174/1250°

140 VTAB 10: PRINT TAB{ 5)*IMPEDANCE* '

160 PRINT : PRINT TAB( 15)*NEASURENENT®

180 PRINT : PRINT TAB( 27)°SYSTEN®

200 PRINT : PRINT : PRINT : FOR II = 1 TO 40: PRINT *#4%;: NEXT I1: SPEED= 285

220 VTAB 22: PRINT "WHAT IS THE DATA ARRAY LENGTH ? °: VTAB 24: CALL - B68:IN = 120: PRINT IN;1 INPUT
;708 IF 108 = ** THEN 260

280 IN = INT { VAL (788)}s IF IN ¢ 3 OR IN > 300 THEN PRINT CHRS (7): 6OTO 220

260 PRINT : PRINT : PRINT "SAVE PARANETER ARRAY 2 *;: GET ZD$(0): PRINT * NO°

280 INY = 32: IF ZD$(0) ¢ > *Y® THEN INL = O: VTAB 23: HTAB 25: CALL - 86B: PRINT *NO*

300 DIN IN(S,IN),IN(32),11(9),IT125), IR(25),EL(4), AA(3), IER(1)

320 PRINT CHR$ (4);°BLOAD B.FRA®

340 77% = 18; REM IEEE-488 ADDRESS

360 IT40) = L06 (10):IT(1) = 1 / ITU0)sITI2) = &E - 10:IR(2) = 1:IR(3) = 0

380 REN : DEFAULT DATA

400 IN(0) = 1s REM INITIAL HARMONIC

420 IN(1) = 0: REN LOCAL

440 IM(2) = 4; REN DC BIAS/INPUT REJECT ON

450 IN(3) = 1; REN CARRIER OFF

480 IN(4) = 2: REM SINEWAVE

500 IM(6) = 3: REM DISPLAY OPERATING FREQ.
= 2; REM LOB. SMEEP

540 IN(B) = 1: REM SWEEP OFF

960 IM(9) = &: REM INPUT AUTORANGING

580 ZM(11) = 1: REM MEASUREMENT MODE

600 IM{12) = 1: REM Y INPUT CHAMNNEL

620 IN(13) = 2: REN DISPLAY REAL,INAG.

540 IN(14) = 1: REN WINIMUM DELAY

660 IN(13) = 1: REM NININUM INTEGRATION

680 IM(18) = 9999: REM NAXIMUM FREQUENCY

700 IN(17) = 1: REN WININUM FREQUENCY

720 IN(18) = 1: REM DISPLAY FREQUENCY

740 IN(19) = 1: REM OPERATING FREQUENLY

760 IN(20) = 0.1: REN AC OUTPUT VOLTAGE

780 IN(21) = 0.1: REN AC VOLTAGE DISPLAYED

3
520 IK(7) = 2
1
b
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800 IM(22) = 10: REM LINEAR DELTA FREQ.
" 820 IN(23) = 10: REM LOG POINTS PER DECADE
840 IM(24) = O: REM DC BIAS VOLTAGE
860 IM(25) = 1: REM SERIES MEASURING RESISTANCE
880 IM(26) = O: REM // STANDARD CAPACITANCE
900 IN{(27) = 1: REN INPEDANCE SCALE FACTOR
920 IM(28) = 0: REN INITIAL DC VOLTAGE
940 IN(29) = 0: REM FINAL DC VOLTAGE

960 IN(30) = IN: REM FREGUENCY POINTS PER VOLTAGE

980 IN(31) = O: REN

1000 IM(32) = 0: REM

1020 €8% = 3: REM (Y/X) MODE

1040 LI = 9999: IF IR(4) = 1174 THEN LI = LI ¥ 140: REN UPPER F LIMIT

1060 BP(0) = 0: REM DELAY IN SECONDS

1080 BP(1) = LI: REN BREAK TO INTEGRATION & 10

1100 BP(2) = LI: REM BREAK TO INTEGRATION ¢ 100

1120 BP(3) = LI: REM BREAK TO INTEGRATION 8 1000

1140 S% = 6: REM BOOT FROM SLOT #6

1160 DX = 13 REM DRIVE #1

1180 VBX = PEEK (1350): REN BOOTVOLUNE

1200 VI = VBI: REN CORVUS VOLUME VARIABLE -

1220 PLY = INI: REM LENGTH OF PARAMETER FILE LOAD

1240 HOME : VTAB 9:ID$(0) = *NEASUREMENT®:2D$(1) = "DATA ANALYSIS®: PRINT : PRINT ID$(0);" {M)": PRINT

t PRINT "OR": PRINT : PRINT ID$(1);" (D)": PRINT

1260 VTAB 16: HTAB 2: PRINT "WELL ? ®;: GET Z0%: PRINT ID$(0): IF 0% = °D* THEN HTAB 2: VTAB 14: CALL
- B6B; PRINT ZD$(1): GOTD 1440

1280 HOME : VTAB 9: PRINT *LOADING DNS4.MNAIN® :

1300 HOME : VTAB 5: PRINT "WHICH INSTRUMENT ARE YOU USING 2": PRINT : PRINT : PRINT "1....1172": PRINT
t PRINT *2....1174": PRINT : PRINT "3....1250°: PRINT : PRINT "NELL ? °;:

1320 GET 70¢: IF 708 = CHRS (13) THEN IR(4) = 1172: GOTO 1380

1340 21(3) = INT ( VAL (28$)): IF II(3) < 1 OR I1(3) > 3 THEN PRINT CHR$ (7): 6OTO 1300

1360 IR(4) = 11722 IF I1(3) < 1 THEN IR(4) = 1174: IF I1(3) > 2 THEN IR(%) = 1250"

1380 PRINT IR(4): VTAB 20: PRINT *IS CLOCK AVAILABLE (Y/N) ? "j: GET 2D$(0):CLX = 1: PRINT *NO®: IF 104
{0) ¢ » *Y" THEN CLY = O: VTAB 20: HTAB 28: CALL - 848: PRINT *NO*

1400 NPX = O: REM LAST PROGRAM MARKER

1420 PRINT CHR$ (4);°BLDAD CHAIN,AS20*

1440 CALL 520"DMS4.MAIN,D1"

1460 VTAB 22: PRINT °LOADING DNS4.ANALYSIS®

1480 PRINT CHR$ {4);"BLOAD CHAIN,AS20°

1500 CALL 520"DNS4.ANALYSIS®

1520 END

1540 REM NPY=0 =) DNS#

1540 REM NPX=1 =) DNS#.MAIN

1580 REM NPX=2 =) DMSH.BODE

1600 REN NPI=3 =) DMS#.NYQUIST

1620 REM NPI=4 =) DMSH,ANALYSIS

1640 REM NPYXaS =) DMSH#.RCR FIT

1660 REM NPX=6 =) DNSH.LINEAR FIT

1680 REN NP%=7 =) DNS#.DATA MANIPULATE

30000 REM AUTO-LIST UTILITY BY ROBERT WEAVER

30020 TEXT : HOME : SPEED= 255 \

30030 VTAB S: CALL' -'848s INPUT "ENTER FILE NAME: “;DNS:L = "LEN .(DNS)
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30040 IF L > 48 THEN VTAB 20: PRINT °LINIT TO 48 CHARACTERS®: PRINT CHRS (7): FOR I =0 TO 2003 NEXT
I: 6070 30030

30060 PRINT CHR$ (4);"PR#1®: PRINT CHRS (15)

30065 PRINT CHR$ (9);"52P": PRINT CHRS (9);°F"

30700 L= INT(24-L/ 2

30080 PRINT CHR$ (91;°K"

30090 PRINT CHR$ (14);

30100 PRINT TAB( L)DN$sL =L -1

30120 FOR I =1 7O LEN (DN$) + 2:DUs$ = DUS ¢+ CHR$ (95): NEXT I

30150 PRINT CHR$ (14);

30160 PRINT TAB( L)DUS

30170 PRINT CHR® (9);"122N": PRINT CHR$ (9);°112R*: PRINT CHR$ (9)g1iL*®
30180 PRINT CHR$ (15)

30190 PRINT CHR$ (9);"a"

30200 LIST : PRINT

30210 PRINT CHR$ (12)

30220 PRINT CHRS (18): PRINT CHRS (4)3°PR¥0": END



1 REM  DMSA.MAIN 17/JUN/1982

2 RENM KEITHLEY DVM OM IEEE-488 BUS

10 HINEM: 36300: GOSUB 20000 IF NPI = O THEN 60SUB 1500

1000 HOME : PRINT ‘

1100 PRINT : PRINT *PROGRAN OPTIONS ARE:"

1120 PRINT 1 PRINT * 1...SET UP SOLARTRON®

1140 PRINT 3 PRINT * 2...RESET (INITIALIIE)®

1160 PRINT : PRINT * 3...TAKE WEASURENENTS®

1180 PRINT : PRINT * 4,..CHAIN BODE PLOT®

1200 PRINT : PRINT * 5...CHAIN NYQUIST PLOT®

1220 PRINT : PRINT * &...SAVE DATA ON DISK®

1230 PRINT : PRINT * 7...RETRIEVE DATA FROM DISK"

1240 PRINT : PRINT * 8...CHANGE CONFISURATION"

1245 PRINT : PRINT " 9.,.CHAIN ANALYSIS PROSRAN®

1250 PRINT : PRINT * 0...EXIT PROGRAM®

1260 12(3) = 0: VTAB (23):1Z(4) = 0:11(5) = 9: GOSUB 10100

1280 IF IEX(0) = 1 THEN 1000

1300 ON 11(3) 6070 2000, 1400,3000,4000,5000,45000,7000,8000,9700

1320 HOME : VTAB 9: PRINT "EXIT PROGRAM®: PRINT : PRINT *TYPE GOTO 1000 TO RESUME*: END
1400 GOSUB 1500: GOTD 1000

1500 HOME : PRINT "INITIALISE®

1520 117 = 18: 6OSUB 20010: GOSUB 24000

1540 FOR IT =070 24: IF I1 =1 ORII = 5 OR II = 10 THEN NEXT II
1560 IAL = INT (II + 0.5): GOSUB 21000: NEXT II:SX = 6:D% = 1:VY = VBY
1580 GOSUB 29000: REM KEITHLEY

1600 RETURN '

2000 REN SET PARAMETER ROUTINE

2020 HOME : VTAB S5: PRINT "SET UP SOLARTRON UNDER:®: PRINT : PRINT * LOCAL (=L) , OR PROSRAM (=P} CONT
ROL ?7*: PRINT .

2040 GET ID$(0): IF ZD${0) = *L* THEN PRINT * LOCAL®s 0TD 2100

2060 IF ID${0) = "P* THEN PRINT * PROGRAN®: 60TD 2200

2080 PRINT * FAILED®*: FOR II = 0 TO 1000: NEXT II: 60TO 2000

2100 60SUB 25000: REM LOCAL

2120 VTAB 12: PRINT "SET CONTROLS®: PRINT *DON’T INITIATE MEASUREMENTS®
2140 PRINT "HIT 'R’ TO RESUME *: GET ID$(0)

2160 IF ID$10) ¢ > *R* THEN 2120

2180 60TD 1000

2200 REM PROGRAM CONTROL

2220 IM(0) = 1: REM FUNDAMENTAL

2240 VTAB 15:77(3) = BP(0):27(4) = 0:11(5) = 1000:771(6) = O: PRINT *DELAY IN SECONDS = "j: 60SUB 101003 .
IF ZE2(0) = 1 THEN 2240

2260 BP(0) = 11(3)



2280 FORII=17T03
2300 VTAB 15 + 2 8 HI:I1(3) = BPUIT):IZ(4) = 0.0001:11(5) = LI: PRINT *BREAX POINT FREQ. #*;II;® = ";: GOSUB
10100: IF IEX(0) = 1 THEN 2300

2320 BRLII} = 11(3)s NEXT II

2340 HOME : IF IR(4) = 1174 THEN 2440

2360 VTAB 3:11(3) = IN(28):1I1(A) = - 9.99:11(5) = 9.99:11(k) = 0: PRINT *INITIAL DC VOLTAGE = *;: GOSUB
10100: IF IEX(0) = 1 THEN 2340

2380 IN(28) = 11(3):IM(24) = IM(28):1A% = 24: GOSUB 21000

2400 VTAB S5:11(3) = IM(29):11(4) = - 9.99:11(5) = 9.99:1245) = 0: PRINT "FINAL DC VOLTAGE = *;: GOSUB
10100: IF ZEX(0) = 1 THEN 2400

2420 IN(29) = 12(3)

2440 VTAB 8:I1(3) = IN(17):27(4) = 0.0001:72(5) = LIz PRINT *NINIMUM FREGUENCY = *;: GOSUB 10100: IF IE
1(0) = 1 THEN 2440

2460 INCIT) = I2(3):IA% = 17: GOSUB 21000 ,

2480 VTAB 10:12(3) = IM(16):11(4) = IN(17):11(S) = LI: PRINT °MAXIMUN FREQUENCY = °;: 60SUB 101003 IF I

EL(0) = | THEN 2480

2500 IN(16) = I1(3)31AY = 16: GOSUB 21000

2520 VTAB 12:11(3) = IM(20):21(4) = 0.01:71(5) = 9,99:77(4) = Oz PRINT *AC OUTPUT VOLTAGE = "j: GOSUB 1

0100: IF ZEX(0) = 1 THEN 2520

2540 IN(20) = I1(3):1A% = 20: GOSUB 21000:IM(21) = I7(3):IA% = 21: GOSUB 21000

2560 IF IR(4) = 1174 THEN 2700

2580 IF IN(28) = IN{(29) OR IM(1&) = IM(17) THEN IN(30) = IN: GOTD 2640

2600 VTAB 15:11(3) = IM{30):1Z(4) = 2:1145) = IN / 2:11(6) = 1z PRINT °4 OF FREQUENCY STEPS = *;: GOSUB
10100: IF ZEX(0) = 1 THEN 2600

2620 IM(30) = 11(3)

2640 VTAB 17:11(3) = IM(A):1Z(4) = $:11(5) = 3:11(8) = 1: PRINT *NAVEFORM:*

2660 PRINT *  1=TRIANSULAR": PRINT *  2=SINE®: PRINT *  3=SQUARE®: GOSUB 10100: IF ZEZ(0) = | THEN 2

540

2680 IN(4) = 12(3):1A1 = 4: GOSUB 21000

2700 IF CLY = O THEN 1000

2720 HOME : GOSUB £2000: VTAB S: PRINT °THE DATE IS: “31Z(4)s VTAB 7: PRINT *THE TIME IS: °;I1(5)
2740 WMIRPMM'MHMTUMHMWYWLWP:WMILPMH'MMMHHETOEMI”

2760 VTAB 1b: INPUT *HH.MM *;Z08: 60TO 1000

3000 HOME : PRINT °TAKING NEASUREMENTS IN MODE & *;COX

3010 VTAB 3: PRINT "INPEDANCE SCALE FACTOR = *;IM(27)

3020 POKE 34,3: REM SET TEXT WINDOW

3030 IA% = 19:IM(19) = IN(17): 6OSUB 21000:AT = 18sIN(18) = IM(17): GOSUB 21000

3040 FHPX = (IN(14) /7 IMC17)) * (1 / (IM(30) - 1))

3050 VADD = 0: IF IN(30) ¢ IN THEN VADD = (IM(29) - IN(28)) / ¢ INT (IN / zntxo) - 0.51

3060 IN(0,0) =

3070 IN(0,1) = zu(o,o) + N30 -1

3080 FOR IT = 1 TO BP{O) & 441 § 40: NEXT II

3090 FOR JIN = IN(0O,0) TD I%(0,1)

3100 FOR I = 1 7O BP(O) & 441: NEXT II: REM DELAY IN SECOWDS

3110 IN{15) = 1-1anuw >BH1)HENZHM5)-2'IFZHU?)>BN2)"ENZHH5)=3:!FZHU9))BPB)
THEN IN(15) =

3120 181 = 15: sosua 21000: REM SET INTEGRATION

3130 IF COY = 4 OR CRY ¢ O THEN 3170

3140 1A% = 12:IM(12) = 1: GOSUB 21000: REN SET ’X’

3150 INX = JIN - 1: GOSUB 22000: REM MEASURE

3160 X1 = IN(1,JIN):X2 = IN(2,JIN): REM  INITIAL X’

3170 1A% = 12:I4(12) = 2: GOSUB 21000: REM SET 'Y’ MODE
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3190 IN% = JIN - 1: GOSUB 22000: REN MEASURENENT

3190 VTAB 5: CALL - 848: PRINT "FREQUENCY = *;IN(O,JIN);: HTAB 24: PRINT *TOTAL # *;IN

. 3200 VTAB 7: CALL - 868: PRINT *REAL 'Y* = *jIN(1,JIN);:IN(3,JIN) = IN(1,JIN): GOSUB 9000
3210 VTAB 9: CALL - 8582 PRINT “IMAG. ’Y’ = ";IN(2,JIN);:IN(A,JIN} = IN(2,JIN)s GOSUB 9000
3220 IF CAY = & THEN 3280

3230 ZAT = 12:I8(12) = {: GOSUB 21000 REN SET ¥

3240 IN% = JIN - 1; GOSUB 22000: IF COX < O THEN 3260

3250 IN(1,JIN) = (INC1,JIN) + K1) / 2:IN(2,dIN) = (IN(2,JIN) + X2) / 2: REN °*X’ NEAN

3260 VTAB 10: CALL - 848: PRINT *REAL "X’ = *;IN(1,JIN};: GOSUB 9000

3270 VIAB {1: CALL - 848: PRINT *INAG. ’X’ = *;IN(2,JIN);: GOSUB 9000

3280 IN(19) = IN(19) § FNPX: IF IN(19) > 59 AND IM(19) < &1 THEN 3280

3290 - IF TH(19) > LI THEN IN(19) = LI

. 3300 1A% = 19: GOSUB 21000; REN SET NEW FREQUENCY

3310 IAY = 18:IM(18) = IN(19): GOSUB 21000: REM SET DISPLAY F

3320 REM CALCULATE INPEDANCE

3330 IF ABS (CRT) = 1 THEN Z241) = INU1,JIN21(2) = ING2,JIN):2043) = IN(S,J2H) - INC1,JINDSITA) = T
N(&,JIN) - IN(2,JIN)

3340 IF ABS (COX) = 2 THEN ZZ(1) = IN(3,JIN) - IN(1,3IN)s21(2) = INCA,JIN) - IN(2,dIN):Z(3) = IN(1,3
N):I2(8) = IN(2,JIN)

3350 IF ABS (CAZ) = 3 THEN 22(1) = IN(1,JIN)sIZ(2) = INC2,JIN)e2Z43) = IN(3,JIN)sI1(4) = IN(A,JIN)
3360 IF ABS (COT) = 4 THEN 1141) = IN(1,JIN):11(2) = IN(2,JIN):1L(3) = 1.000:11(4) = 0.000
3570 GOSUB 9500s7Z(1) = 1,00 / IN(25)s1242) = 6.2831853 & IN(O,JIN) & IN(26): GOSUB 9500
3380 IN(1,JIN) = 12(3) / IM2T)

3390 IN(2,JIN) = 21(4) / IN(2D)

3400 60SUB 9980

3410 VTAB 142 CALL - 868: PRINT “REAL *I' = ";IN(1,JIN)j: GOSUB 9000

3420 VTAB 15: CALL - 848: PRINT "INAG. ’I' = *;IN(2,JIN);: GOSUB 9000

3430 VTAB 17: CALL - 868: PRINT "NAGNITUDE = *;IN(3,JIN);: GOSUB 9000

3440 VTAB 18: CALL - 848: PRINT "PHASE/DEG.= *;IN(4,JIN)j: GOSUB 9000

3450 VTAB 23:2D$(0) = **: GOSUB 29240:10${0) = NIDS (1D$(0),5):IN(3,JIN) = VAL (I0$(0)): VTAB 20: CALL
- 868s PRINT "VOLTAGE = "jIN(3,JIN)

3460 201 = 1:I0(1) = 13 GOSUB 21000

3470 IF PEEK ( - 16384) - 128 = 65 THEN 6OTO 3520: REM ABORT RUN

3480 IF JIN > = IN THEN 3520

3490 NEXT JIN

3500 IN(24) = IN(24) + VADD:IAX = 24: GOSUB 21000:IN{0,0) = JIN

3510 IM(19) = INC17):IA% = 19: GOSUB 21000: GOTO 3070

3520 POKE 34,0:IN1 = IN: GOTO 1000

4000 HOME : VTAB 9: PRINT *LOADING BODE PLOT PROGRAN:NPY = 1

4010 PRINT CHRS (4);*BLOAD CHAIN,AS20,S5,D1,V°VBY

4020 CALL 520°DNS4.BODE,D1"

5000 HONE : VTAB 9: PRINT "LOADING NYGUIST PROGRAM:NPY = |

5010 PRINT CHR$ (4);°BLOAD CHAIN,AS20,56,D1,V°VB1

5020 CALL 520°DNS4.NYRUIST,D1*

© 5000 REN SAVE DATA TO DISK .

- §020 10$(0) = **s11(3) = CQY: GOSUB 6500:11(3) = 2; GOSUB 6500:21(3) = CLY: GOSUB 6500:1Z(3) = IN(2): GOSUB

6500:17(3) = IN(4)s GOSUB 6500:17(3) = IN(9): GOSUB 4500

5040 IN(O,0) = VAL (ID$(0)):IN(1,0) = IN:IN(2,0) = PLL:IN(3,0) = IN{2D)

6050 IF CLZ ¢ > O THEN GOSUB 12000: REN CLOCK->IN(4,0)%IN(5,0)

6060 11(8) = 78: GOSUB 11400: GOTO 1000

6500 ID$(0) = 1D$(0) + STRS ( INT (I1(3) + 0.5)): RETURN

7000 REM RETRIEVE DATA FROM DISK



7020 11(8) = 78: 6OSUB 11300:INY = IN(1,0): GOTO 1000

8000 REM NEASURENENT CONFIGURATION

8020 HOME : VTAB S5: PRINT "NHICH INPUT CONFIGURATION ?*

8040 VTAB 8: PRINT *1......(Y-X)/(D)*®

B0&0 VTAB 10: PRINT *2...... (X} {Y-N)*

8100 VTAB 12: PRINT "3......{¥/N)*

8120 VTAB 14: PRINT *4......Y"

8130 VTAB 16: PRINT "MELL 2 *3:11(3) = CaX:11¢4) = 1:11(5) = &:11¢6) = 1

8140 6OSUB 10100: IF ZEX(0) = § THEN 8000

B160 COY = 11(3) ’

8170 IF COX < 4 THEN VTAB 18:; PRINT "2 OR 3 MEASUREMENTS 7 3 °®: GET ID$(0): IF ID${(0) = *2" THEN COX
= - (@%: VTAB 18: HTAB 24: PRINT *2°

8180 VTAB 20:11(3) = IN(25):1Z1(4) = 0.01:12(5) = 1E12:17(6) = O: PRINT "STANDARD RESISTANCE = “y: 6OSUB
10100s IF TEX(0) = 1 THEN 8180

8200 IN(25) = 11{3)

8220 VTAB 22:11(3) = IN(26):11(4) = 0:11(5) = 1E - S:11(b) = Oz PRINT "PARALLEL CAPACITANCE = ";1 GOSUB
10100: IF ZEX(0) = 1 THEN 8220

B240 IM(26) = 11(3)

8260 VTAB 24:11(3) = IM(27):11(4) = 1211(5) = 1E12:711(6) = O: PRINT "INPEDANCE SCALE FACTOR = ";: 60SUB
10100: IF ZEX(0) = { THEN 8250

8280 IM(27) = 11(3)

8300 GOT0 1000

9000 REM DISPLAY COUNTER ROUTINE

9010 HTAB 30: PRINT "% ";JIN3® *: RETURN

9240 PRE J: PRINT “@{(s": PRINT "7";ID$(0);")X*": PRINT "97;3H:": PR¥ 0: INPUT ZD$(0): IN# 0: RETHRN
9500 REM CONPLEXDIVISION

9520 11(5) = II(1) § I1(1) + 11€2) ¢ I1(2)

9540 1T1(6) = (II(3) 8 TI(1) + I1¢4) 8 I2{(2)) / 1L(5)
9560 I1(8) = (I7(H) & T2(1) - 1Z(3) 8 11(2)) / 11(5)
9580 II(3) = I1(h}: RETURN

9700 HOME : VTAB 9: PRINT °LOADING ANALYSIS PROGRAN®:NPI = 1
9710 PRINT CHRS (4);"BLOAD CHAIN,ASZO0,56,D1,V°VB1

9720 CALL S20°DNSA.ANALYSIS,D1*

9730 RETURN

9970 REN NAG. % PHASE

9980 IN(3,JIN) = SOR (IN(1,JIN) 8 IN(1,JIN) + IN(2,JIN) 8 IN(2,JIN})

9982 IF IN(1,JIN) = O THEN IN(1,JIN) = 1E - 10

9985 IN(A,JIN) = ATN (IN(2,3IN) / IN(1,JIN)) (180 / 3.141592654)

9990 IN(S,JIN) = LOG (IN(3,JIN}) / IT(0): RETURN

10000 REN Y/N SUBR

10010 ZEX(0) = O: INPUT * *;ID$(0): IF LEFTS (ID$(0),1) = *Y* THEN Z1(3) = 2; RETURN
10020 IF LEFTS (ID$(0),1) = *N* OR ID$(0) = ** THEN Z1(3) = 1: RETURN

10030 IEX(0) = 1; GOSUB- 10050: RETURK :

10050 REM ERROR SUBR

10060 PRINT CHRS (7):IEZ(0) = f: RETURN

10100 REN 1/P SUBR

10110 CALL - 868

10120 ZET40) = O: PRINT I1(3): INPUT * *;ZD${0): IF ID${0) = ** THEN 1(7) = 11{3): 60TO 10170
10130 FOR I =1 TO LEN (ZD$(0)):I88 = NMID$ (ID$(0),I,1)

10140 IF 768 = *+* QR I8¢ = "~* OR 10$ = * * OR 108 = ".* OR 8% = "E* THEN 10160
10150 IF 208 ¢ *0* OR 108 > "9" THEN 10050

10160 NEXT I:I2(7) = VAL (ID$(0))
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10170 IF I147) < 171(4) OR I2{7) > 1145} THEN 10050

10180 22(3) = 117} IF I1t6) = 1 THEN Z1{3) = INT {I1(7))

10190 FOR I = 0 TO 2002 NEXT I: RETURN

10200 REM FIXED REAL SUBR

10210 POKE 36336,13: POKE 36337,17(4): POKE 34338,0: POKE 36340,64: 6OTD 10240

10220 POKE 36336,14: POKE 34337,I1!5): POKE 36338,1: POKE 36340,44: 60TO 10240

10230 POKE 34336,13: POKE 36337,11(6): POKE 34338,1: POKE 36340,64

10240 CALL 36379: PRINT IN(II(7),1): RETURN

£1300 REM : LOAD ARRAY

11310 605UB 11500

11320 POKE 98,90: POKE 99,17(8): CALL 38132

11330 PRINT CHRS$ (4),'BLDAD'ZD$(0); A" PEEK (38394) + PEEK (38395) ¢ 25&'

11340 RETURN

11400 REN 3 SAVE ARRAY

11410 GOSUB 11500

11420 POKE 98,90: POKE 99,21(8): CALL 38104

11430 PRINT CHR$ (4);"BSAVE*ZD$(0)",A" PEEK (3B3I94) + PEEK {38393) ¢ 256",L" PEEK (38398) + PEEK (18
397) 4 256 + PLL # 5 + 12 ¢ SEN (PLY)®

11435 PRINT CHR$ (4);"LOCK"2D$(0)

11440 RETURN

11500 REM ASK SLOT,DRIVE AND VOLUME

11505 22(3) = 2: HOME : VTAB 9: PRINT "ENTER DISK DRIVE NUMBER..®;11{3}3"..";

11510 HOME : VTAB 5: PRINT “TO ACCESS FLOPPY DISK USE :": PRINT *  S(4),D{1 OR 2),V(0)": VTAB 8: PRINT
*T0 ACCESS CORVUS DISK USE :":-PRINT *  S(é),D{1 OR 2),V(1 YO &7)

11515 VTAB 12: PRINT "POINTERS CURRENTLY SET AT :": PRINT : PRINT *  SLOT #°;5I: PRINT * DRIVE #°;D
L: PRINT * VOLUME #°3V%

11520 VTAB 19: PRINT "CHANGE POINTERS (Y/N) ? ";: BET ID$(0): IF ID$(0) = "N* THEN 11550

11530 HOME : VTAB 5:11(3) = S1:11(4) = &:11(5) = b:21(6) = O: PRINT *  SLOT ";: GOSUB 10120: IF ZEX{0
} = 1 THEN 11530

11532 8% = INT (I1(3) + 0.3)

11335 VTAB 10:17(3) = DR:27(4) = 1:11(3) = 2217(6) = 0: PRINT * DRIVE ®;: GOSUB 10120: IF ZEZ{0) = 1 THEWN
11535 ' :

11537 DX = INT (I1(3) + 0.5)s IF ST ¢ > 6 THEN VI = 0: &OTO 11550: REM FLOPPY

11540 VTAB 15:12(3) = VR:IT(A) = LeII(5) = 87:11(b) = 02 PRINT " VOLUME “;: GOSUB 10120: IF IEX{0) =t
THEN 11540 :

11542 VX = INT (I1{3) + 0.5)

11350 PRINT : PRINT "PRESS ANY KEY TO CATALOG ": GET 2D$(0): PRINT : PRINT CHR$ (4);*CATALOB,S5"S1",D"D
i,V

11560 PRINT : PRINT "ANOTHER CATALOE Y/N ? *; : GOSUB 10000 IF ZEZ(0) = 1 THEN 11560

11570 IF II(3) = 2 THEN 11500

11580 PRINT : PRINT *FILE NAME WILL BE PRECEDED BY DMS4-": PRINT : INPUT "ENTER FILE NAME = DNS4-";ID$(
0):ID${0) = "DMS4-" + ID$(0)

11590 RETURN

12000 RETURN : REN CLOCK

20000 REM INITIALISATION

20010 ID$(4) = *3" + CHR$ (95) + CHR$ (IZ1 + 64):IDS(D) = "3" + CHRS (95) + *2" + CHRS$ (I1IX + 32)
20020 ID${6) = CHRS (4) + "INBO":ID$(7) = CHRS (4) + *PR&O"

20030 1D$(8) = CHRS (4) + "PRE3“:AAS = "§" + CHRS (95) + "(:’"sBB$ = "1’a%;3H:"

20040 RETURN

21000 REM SEND DATA TD FRA

21010 IF 2R ¢ O OR IAX > 24 THEN IEX(0)
21020 IF 1A% = 5:DR IAX = 10 THEN ZEX(0)

f: RETURN
1: RETURN
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21030 PRINT 7D$(8): PRINT ZD$(5)

21040 IF IAY > 15 THEN 21140

21050 IF ZA% = 12 OR IAX = O THEN I11 = IN(IAY): GOTO 21130

21060 IF IAX = 7 THEN 21090

21070 IF IA% = 9 THEN 21110

21080 211 = IM(IAZ) - t: 6OTO 21130

21090 IF IM(2AY) = 1 THEN 111 = O: GOTO 21130

21100 I11 = 4: GOTO 21130

21110. IF IN(2A%) < & THEN 11X = IN(ZIAY) ¢ 15 GOTO 21130

21120 11T = IN(IAY) ¢+ 2

21130 PRINT *:772"; CHRS (ZAY + 48); STR$ (Z11);"’": GOTO 21450
21140 IF 7A% ¢ 20 THEN 6OTO 21140

21150 ON ZA% - 19 60TO 21230,21250,21300,21320,21370

21160 - ON IAY - 16 BOTO 21180,21190,21200

21170 ID$(1) = "F*: BOTO 21210

21180 2D${1) = "N°: 60TO 21210

21190 ID${1) = "6°: 6OTO 21210
- 21200 IDsit) = "7°

21210 221 = 6: IF IN{IAZ) = O THEN 21440

21220 607D 21410

21230 721 = 5:2D%(1) = "6°: IF IN(IAX) = 0 THEN 21460

21240 Ip$(1) = "60": GOTO 21410

21250 ID$(1) = *3*: IF IM(IAT) = O THEN 21460

21260 I31 = INT ( LOG (INCIAL)) / LOG (10) ¢ 1E - &)

21270 1P = INT (IMCIAX) 8 10~ 3) 8 10 ~ 42 IF IP = O THEN IP = INT (IP 8 10 + 1E -~ &)
21280 ID$(3) = "":; IF ISL ¢ > O THEN FOR ZI =1 7O ABS (I3X)sZD$(3) = 1D$(3) + *0°: NEXT II
21290 D$(3) = ID$(3) + STR$ (IP): GOTO 21440

21300 I21 = b:2D$(1) = ">*: IF IM{IAX) = O THEN 21460

21310 60TO 21410

21320 1D${1)} = *?": IF IN(IAY) = O THEN 21460

21330 1D$(3) = STR$ (IN(IAZ) $ 10 * &)

21340 IF LEN (ID$(3)) = & THEN ID${3) = *00* + ID$(3): 60TO 21440
21350 IF LEN (ID$(3)) = 7 THEN 1D$(3) = "0" + ID$(3): 60TO 21440
21360 GOTO 21440

21370 ID$(1) = *C": IF IN(IAZ) = O THEN 21460

21375 10$(1) = *CO":ID$(2) = *0000": IF IN{(IAY) ¢ O THEN 1D$(2) = "0010°
21380 11(3) = ABS (IN(ZAZ)): IF ZI(3) C 1 THEN ZID$(1) = *COO*
21385 IF 11{3) < 0.1 THEN 1D$(1) = "C000"

21390 7D${3) = STR$ ( INT (IZ(3) ¢ 10 ~ 2 + &E - 5)) + 1D$(2)s GOTO 21440
21400 IF IM(ZAX) = O THEN 131 = 0: 60TO 21430

21410 131 = INT ( LOG6 (IM{IAX)) / LOB (10) + IE - &)

21420 147 = 4: IF IAX = 20 THEN 141 = 3

21430 10$(3) = STRS ( INT (IN(ZAL) 8 10 ~ (121 - I31) + IT{2))) + SIR$ (131 + 142)
21440 PRINT ":"T1°;ID6(1);1D8(3);""*

21450 PRINT 2D$(b): PRINT ID$(7): RETURN

21460 ID$(3) = "00000000": GOTO 21440

21470 IF IAY = 5 OR IAX > b THEN 21490

21480 ID$(3) = LEFTS (ID$(3),7) + “4*

21490 GOTO 21440

22000 REM MEASUREMENT ROUTINE

22010 IEX(0) = O: IF INX > = IN THEN ZEZ(0) = 2: RETURN

22020 INY = INX + 1: PRINT 1D4¢8)



22030 PRINT ID$(5);":*S11172;072;2""
22040 IF PEEK (49331) ¢ &4 THEN 22040

22050 PRINT 1D${5)3":°T37°": GOSUB 28000

22060 1741} = IR:11(2) = IS

22070 PRINT ID$(5);®:*T4(’": GOSUB 28500:IR(0) = IR

22080 IF IR(0) = | THEN PRINT 1D$(5);°:’T31°": GOSUB 28000:2Z(3) = IR:11(4) = I8: PRINT 1D$(5);"s'TIN
*: GOSUB 28000:11(5) = IR:11(b) = IS

22090 IF ZR€0) = 2 THEN PRINT ID$(5);":'T31"": GOSUB 28000: 12(3) = IR:11{4) = IS: PRINT 10‘(5); 1’135

*: BOSUB 28000:11(5) = IR:II(6) = 15

22100 IF IR(0) = 3 THEN PRINT ZD$(5);":'T39°": GOSUB 28000:11(3) = IR:I1{4) = 1S: PRINT ID$(5);":'T3=’
*: GOSUB 28000:21(5) = IR:I1(6) = IS

22110 PRINT ID$(5);":’T48’": GOSUB 28500 9

22120 IF IR > O AND INI > = IN THEN IR = 0:1EX{0) =

22130 IF IR ¢ > O THEN PRINT ID$(5);"s’S11172;072;2""

22140 IN{O,INT) = (IZ(1) / 1000} 3 10 ~ (IZ{2) - ¢ INT {1Z¢2) / 10) § 10) - #)

22150 IT = - 5 + (I1(8) - { INT (21(8) / 10) 8 10) - &)

22160 12(3) = ({I1(3) & 100) + [INT (I1(4) / 100}) % 10 ~ IT

22170 1T = INT {I2(8) / 10):17 = IT - ( INT (1T / 10} ¥ 10)

22180 IF IT > 3 THEN II(3) = 10E20

22190 IFIT = {1 OR IT = 5 THEN I2{3) = 21(3) ¢ -~

22200 IN{1,INT) = T1(3)

22210 1T = - 5 + (Z1(6) - ( INT (11(8) /7 10) % 10) - &)

22220 11{5) = ({124S) % 100) + [INY (ZZ(6) / 100}) ¢ 10 ~ IT

22230 IT = INT (IZ(b) 7 100227 = IT - { INT {IT / 10} % 10)

22240 IF IT > 3 THEN I1(3) = 10E20

22250 IF IT=10RIT =5 THEN I1(5) =115 ¢ -~ §

22260 IN{Z,INYL) = I1(5)

22270 IF IR ¢ > O THEN INI = INZ + 1: BOTO 22040

22280 PRINT ID$(5)3":’72;0°"

22290 PRINT ID$(7): PRINT ZD${6)

22300 RETURN

24000 IF IAZ < O THEN IET{0) = 1: RETURN

24010 IF IAX ¢ =24 OR IAX = 31 THEN 24030

24020 ZEZ(0) = I: RETURN

24030 PRINT 2D$(8): PRINT 1D$(5)

24040 IF IAZ < 15 THEN 24310

24050 ON ZAX - 15 GOTO 24080,24090,24100,28110,24120

24060 ON 1A% - 20 GOTO 24150,24180,24220,24230

24070 PRINT *:’T3;’": GOSUB 28000: 6OSUB 27210:1P = IR: GOTO 24470

24080 PRINT ":*T3F'": GOTO 24440

24090 PRINT ":'T3N"": 6OTD 24440

24100 PRINT ":'736°": GOTO 24440

24110 PRINT ":’T37'": 6070 24440

24120 PRINT *:’T36°": GOSUB 28000:IP = IR 8 10 ~ ( - 5+ (Z5 - ( INT (15 / 10) ¢ 10)))s IF ZIP ( 0.01 THEN
1P = 0.01

24130 IF IP > 9.99 THEN IP = 9.99

24140 GOTO 24470

24150 PRINT ®:’T33’*s GOSUB 28000:2P = IR / 1000z IF IP < 0.01 THEN ZIP = 0.01

24160 IF 2P > 9.99 THEN IP = 9.99

24170 6GOTO 24470

24180 PRINT ":’T3>'*: 6OSUB 2B000:IP = IR ¢ 10 A IS - (INT (ZS /1100 £ 10)) - 7): IF IP ¢ IE -~ 7 THEN
WP=1i-7
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24190 Z1{5) = 9999: IF IR(4) = 1174 THEN ZZ1(5) = 999900

24200 IF IP > 11(5) THEN IP = 11(3)

20210 GOTO 24470

24220 PRINT ®:'T3?’*: GOSUB 28000:IP = IR / 100: IF ZP < 0.2 THEN IP = 0.2
24230 IF IP > 99.99 THEN IP = 99.99

24240 6OTD 24470

24250 PRINT ®:’T3C’": 6OSUB 28000:181 = INT ((IS - INT {15 /7 100) % 100) / 10)
24260 IFI8Y=1THENIR=IR$ -1

24270 1P = IR / 100: IF ABS (IP) < 0.01 THEN IP = 0.01: EOTO 24290

24280 IF ABS (IP) > 9.99 THEN 1P = 9.99

24290 IF 181 =1 THENZP=1P ¢ -1

24300 GOTO 24470 '

24310 PRINT ":’T4"; CHRS$ (IAZ + 48);"’": 6OSUB 28500: PRINT 2D$(7): PRINT 1D$(6)
24320 IF IAY = 10 THEN IP = IR ~ 1: RETURN

24330 IF IA1 = 12 OR IAZ = O THEN IP = IR: RETURN

24340 IF IAY = | THEN 24380

24350 IF IR = 9 THEN 24480

23450 IF IRY = 7 THEN 24410

24370 7P = IR + 1: RETURN

24380 IF IR = 0 THEN IP = 13 RETURN

24390 IF IR = 8 THEM IP = 2: RETURN

24400 TET(0) = I3 RETURN

24310 IF IR = 0 THEN IP = 1: RETURN

24420 IF IR = 4 THEN IP = 2: RETURN

24430 IEZ(0) = 1: RETURN

24440 GOSUB 28000: GOSUB 2720031P = IR:11(5) = 999%: IF IR(4) = 1174 THEN 11(3) = 999900
24450 IF IP ( 1E - 4 THEN IP = IE - 4

24460 IF IP ) II{5) THEN IP = 11(5)

24470 PRINT ID$(7): PRINT 1D${(6): RETURN

24480 IF IR = B THEN IP = b: RETURN

24490 PRINT ID$(8): PRINT 2D$(5): PRINT *’T4:’*: GOSUB 28500s PRINT ID$(6)s PRINT ID$(7):2P = IR - f: RETURN

25000 PRINT ID$(8): PRINT ZD${(S) + *:°5001°* + ID${(5) + CHRS (1) + "s"s PRINT ID$(6): PRINT 1D$(7): RETURN

26000 PRINT Z0$(8)s PRINT ID$(S); CHRS (4);":"1 PRINT 1D8(6)s PRINT ZD$(7): RETURN
27200 171 = 1 .

27210 TEL(0) = 0:26 = ((R # 100) + INT (15 / 100)) / 100000

21220 IF 171 = | THEN GOTO 27260

27230 181 = INT ({IS - INT (25 / 100) ¢ 100) / 10F

27240 IF 182 = 1 OR 181 = s-rusn =168 -1

21250 IF 181 > 3 THEN ZEZ(0) =

27260 IR = 16 4 10 * ({15 - ( xnr (15 / 10) § 10)) - 413171 = 0: RETURN

28000 PRINT ZD$(A);*:": PRINT 208(7)

26010 VTAB 23: INPUT IR,ZD${0):15 = VAL (ID$(0))

28020 PRINT ID8(8): RETURN

28500 PRINT 2D$(4};*:*: PRINT ZD$(7): VTAB 23: INPUT IR

26510 PRINT 10$(8): RETURN

29000 REN KEITHLEY NODEL 192 SET-UP

29010 I0$0) = *YILF)*s GOSUB 29240

29020 208(0) = *T1FOROKOROSIHOZON1®: GOSUB 292401 RETURN

29240 REN TALK TO KEITHLEY

29260 PRINT 208 (8): PRINT AA4;204(0);BB8: PRINT 06(7)s INPUT ID$(0)s PRINT 2D8(6): RETURN
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-DMS4.ANALYSIS
1 REN DNSH.ANALYSIS 10/NAY/1982
10 HINEN: 36300: PRINT CHRS (4)°BRUN B.VNOVE®
20 ONERR GOTO 9400
30 IN% = IN: CALL 37312
100 FOR 19 = 0 TO 3:HOLD(I9) = BP(I9): NEXT 19
575 IF X1 > 20 AND XI < 270 AND YI > 10 AND YT ¢ 170 THEN DRAN 11 AT XZ,VX
1000 TEXT : HOMNE : PRINT
1100 PRINT : PRINT "PROGRAN OPTIONS ARE:®
1120 PRINT : PRINT * 1...ANALYSIS OPTIONS®
1140 PRINT : PRINT * 2...DISPLAY OPTIONS®
1160 PRINT : PRINT * 3...CHAIN DHS4.MAIN®
1180 PRINT : PRINT * 4...CHAIN BODE PLOT*
1200 PRINT 3 PRINT * 5...CHAIN NYQUIST PLOT®
1220 PRINT : PRINT * 6...SAVE DATA ON DISK*
1230 PRINT : PRINT * 7...RETRIEVE DATA FROM DISK®
1240 PRINT : PRINT * 8...CHANSE CONFIGURATION®
1245 PRINT : PRINT * 9...INPUT DATA-FILES®
1250 PRINT : PRINT * 0...EXIT PROGRAN®
1260 12(3) = 0: VIAB (23):I144) = 0:11(5) = 9: GOSUB 10100
1280 IF ZEX(0) = 1 THEN 1000
1300 ON Z1(3) 60TO 1500,2000,3000,4000,5000,5000,7000,8000,9000
1320 HONE : YTAB 9: PRINT “EXIT PROGRAN®: PRINT 3 PRINT *TYPE 60TO 1000 TO RESUME: END
1500 HOME : VTAB S: PRINT ANALYSIS OPTIONS ARE: *: PRINT
1520 PRINT 3 PRINT * 1...SUBTRACT A CONSTANT *
1540 PRINT : PRINT * 2...CHAIN DATA NANIPULATE®
1560 PRINT : PRINT * 3...CHAIN LINEAR REGRESSION®
1580 PRINT : PRINT * 4...CHAIN RCR REGRESSION*
1700 PRINT : PRINT * 0...RETURN TO MAIN NENU®
1760 11(3) = 0s VIAB (23):I1(4) = 0:11(5) = 4: GOSUB 10100
1780 1IF IEL(0) = 1 THEN 1500
1800 ON 71(3) GOTD 1840,1920,1940,1970
1820 BOTO 1000
1840 HONE 1 VTAB S: PRINT "SUBTRACT A CONSTANT®: PRINT + PRINT *FRON WHICH COLUNN ? *: PRINT
1860 11(3) = 0 VTAB (12):11(A) = 1:11(5) = 4: GOSUB 10100
1880 IF IEX(0) = 1 THEN 1860
1890 11 = 71(3): VTAB 16: INPUT °VALUE TO BE SUBTRACTED = *;17(3): GOSUB 9999
1900 FOR JIN = 1 TO IN:INCIE,JIN) = INCID,JIN) - 11(3)
1910 NEXT JIN: GOTO 1000
1920 HONE : VTAB 9:NP% = A: PRINT *LOADING DNSA.DATA NANIPULATE®
1924 VB = 6
1925 PRINT CHRS (4);*BLOAD CHAIN,AS20,56,D1,V°VBL:VBY = &
1930 CALL 520°DNSA.DATA MANIPULATE*
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1940 HOME : VTAB 9:NPX = Az PRINT *LOADING DMSA.LINEAR REGRESSION®
1950 PRINT CHRS (4);"BLOAD CHAIN,AS20,56,D1,V"VB1
1960 CALL 520°DNSH,LINEAR REGRESSION®
{970 HONE : VTAB 9:NPL = 4: PRINT "LOADING DWS4.RCR REGRESSION'
1980 PRINT CHRS (4);"BLOAD CHAIN,AS20,56,D1,V*VB1
1990 CALL S20°DNSH.RCR REGRESSION®
2000 HOME : VIAB S: PRINT *DISPLAY OPTIONS *: PRINT
2020 PRINT : PRINT *FOR EACH AXIS YOU MUST CHOOSE*: PRINT : PRINT *A COLUNN (0 = II) "1 PRINT : PRINT *
AND AN OPERATOR®
2040 PRINT : PRINT s PRINT "RENENBER !!!!tttt1te; PRINT : PRINT *THIS PROGRAM WILL ATTENPT *s PRINT : PRINT
*T0 OFFSET YOUR STUPLDITY* o
2060 PRINT : PRINT : PRINT "LOG(0)=-4*: PRINT : PRINT *LOB(-X)=LOG(X}*s PRINT : PRINT *1/0=1E10"
2070 PRINT : GET 18%
2080 TEXT : HOME : VTAB 9: PRINT "X AXIS *: PRINT : GOSUB 2800: GOSUB 2900
2090 BP{0) = I1:BP(1) = ZZ(3):AA(0) = X1:AALD) = X2
2100 HOME : VIAB 9: PRINT *Y AXIS *: PRINT : GOSUB 2800: GOSUB 2900
2110 BP(2) = I1:BP(3) = I1(31:AR(2) = K1:AA(3) = X2
2200 REN
2300 2200) = 1E30:21(1) = - ZL(O:IL(2) = - ZZ4NN:IL3) = - I1(2)
2310 60SUB 9999
2320 FOR I = 1 T0 INZ: REM NIN/MAX
2340 11 = BP(0):IER(0) = 1:AAL = O: BOSUB 26003 REN X
2350 IF I240) > Z1(S) THEN Z1(0) = I1(5)
2360 IF 2101} ¢ T1(5) THEN I241) = IL(5)
2380 11 = BP(2):IEX(0) = 3:AAY = 2: GOSUB 2400: REN Y
2385 IF 11(2) ) 125) THEN I142) = IL(S)
2390 IF I143) ¢ 11(5) THEN 21(3) = 11(5)
2395 NEXT I:1 = 0: GOSUB 15000:1 = 2: GOSUB 15000: REM SCALE AXES
2399 GOTO 12000
2400 HBR2 : SCALE= 1: ROT= O: HCOLOR= 3
2420 HPLOT 20,170 TO 20,10 T0 270,10 TO 270,170 T0 19,170 T0 19,9 T0 271,9 10 271,171 10 19,171
2040 FOR [T = 20 TO 270 STEP 25: HPLOT I1,8 0 II,11: HPLOT 11,169 TO 11721 NEXT II
2460 FOR IT = 10 T0 170 STEP 1és WPLOT 18,11 T0 21,11s HPLOT 269,11 T0 271,11 WEXT 11
2480 GOSUB 12500: REN LABEL AXES
2500 REM PLOT DATA
2550 FOR T =110 INX
2555 11 = BP(0):IEZ(0) = 1:AAT = O: GOSUB 2600: REN X r
2560 X% = INT (270.5 + (250 / (IL(1) - 1240))) 8 (ZL(S) - IZL(D))
2565 11 = BP(2):IEX(0) = 3:AAY = 2: GOSUB 2600 REN Y
2570 YX = INT (10,5 + (160 / (I1(2) - I(3))) 8 (L(S) - ZL(3N))
2575 IF X1 > 20 AND X% ¢ 270 AND YZ > 10 AND YI ¢ 170 THEN HPLOT X1,Y1
2580 NEXT I: GOSUB 16000: REN SCALE FACTORS
2585 GET 70%: IF 708 = °F* THEN GOTO 1000
2590 6OTO 12000
2600 11(8) = Iz IF 11 < & THEN ZZ(6) = IN(IL,1)s REN POINT CALCULATE
2610 11(6) = AR(AAZ) + AALAAT + 1) 8 11(8)
2620 ON BP(IEX(0)) GOTO 2640,2680,2700,2720,2730,2750
2640 12(5) = 17(6)3 RETURN
2660 IF T1(6) = O THEN 12(5) = - 4: RETURN
2665 IF I7(6) < O THEN II(S) = LOS ( - IZ(&)) / LDG (10): RETURN
2670 1245) = LOG (I1(6)) / LOG (10): RETURN
2480 IF 71(6) = 0 THEN I1(5) = - 1E10: RETURN



2685 I1(5) =1 /7 1146)¢ RETURN

2700 (5} = T1(6) ¥ 11(6}: RETURN

2720 11(5) = SOR { ABS (I1(6))): RETURN

2730 11(8) = ABS (IZ(6)): IF 11{6) > 1E20 THEN I1(5) = 1E10: RETURN
2740 I7(5) = § /7 ( SBR (Z1(6)))s RETURN

2750 I1(3) = EXP {II¢6)): RETURN

2799 END

2800  VTAB 10: CALL - 958s PRINT "PLOT WHICH COLUMN ? *

2820 I1(3) = 0: VTAB (12):11(4) = 0:11(5) = b: GOSUB 10100

2840 IF ZEX(0) = 1 THEN 2000 LIST 1900

2860 I1 = I1¢3): RETURN

2900 HOME : VTAB 5: PRINT "WHAT OPERATOR ?°: PRINT

2920 PRINT : PRINT * 1...L06°

2930 PRINT : PRINT * 2...RECIPROCAL®

2940 PRINT : PRINT * 3...SOQUARE®

2950 PRINT : PRINT " 4...SQUARE ROOT"

2955 PRINT : PRINT * 5...INVERSE SRUARE ROOT®

2957 PRINT : PRINT * 6...EXP*

2960 PRINT s PRINT " O...NONE®

2970 11(3) = 0: VTAB (23)s121(4) = 0:11(5) = §: 50SUB 10100

2975 IF ZE1(0) = 1 THEN 2900

2980 X1 = 03X2 = 1: PRINT : PRINT "MORE ARITHNETIC (Y/N) 7 ®3 BET ID${0): IF ZD$(0) = °"N* THEN RETURN
2985 HOME : VTAB 12: PRINT "1 = A + B8I®s VTAB 15: INPUT *A = ";X1: PRINT : INPUT "B = "3)2
2990 RETURN '
3000 HOME : VTAB 9: PRINT “LOADING DMSA.MAIN":NPL = 4

3005 FOR I9 = 0 TO J:BP(I9) = HOLD(I?)s NEXT I9

3010 PRINT CHRS (4);"BLOAD CHAIN,A520,56,D1,V"VBY

3020 CALL 520°DMSA4.MAIN,DI"

4000 HOME : VTAB 9: PRINT "LOADING BODE PLOT PROGRAN®:NPY = 4

4010 PRINT CHRS (4);"BLOARD CHAIN,A520,86,D1,¥°VBX

© 4020 CALL 520"DNS4.BODE,D1"

5000 HOME : VTAB 9: PRINT *LOADING NYQUIST PROGRAN'INPX = 4

5010 PRINT CHR$ (4);"BLOAD CHAIN,AS20,56,D1,V°VBl

5020 CALL 520"DMS4.NYRQUIST,D1"

6000 REM SAVE DATA TD DISK

4020 ID$(0) = **:11(3} = CGX: GOSUB 6500:11(3) = 4: GOSUB 6500:21(3) = IM(2): BOSUB 6500:11(3) = IM(7): GOSUB

6500:71(3) = IN(4): GOSUB 46300:21(3) = IN{9): BOSUB 6500

6040 IN(0,0) = VAL (ID$(0)):IN(1,0) = IN:IN(2,0) = IN(20):IN(3,0) = IN(25):IN(4,0) = IM(26):IN(5,0) = 1
N2n

6060 11(8) = 79: GOSUB 11400: 60TO 1000

6500 Z0$(0) = ID$(0) + STR$ ( INT (Z2(3) + 0.5)): RETURN

7000 REM RETRIEVE DATA FROM DISK

7020 11(8) = 78: BOSUB 11300:INT = IN(1,0):IN$ = ZD$(0): GOTOD 1000

8000 REM  MEASUREMENT CONFIGURATION :RETURN

9000 TEXT : HOME : VTAB S: PRINT °"RANDON ACCESS DATA-INPUT™:I = 0

9020 INPUT *NHICH DATA FILE 7 DATA-";N$:N$ = "DATA-" + N$

9040 PRINT : PRINT "ROOM FOR ";IN - I;* MORE POINTS®

9060 PRINT : INPUT *FIRST DAYA POINT = *;11(1)

9080 PRINT : INPUT * LAST DATA POINT = *;11(2)

9100 IF II(2) C II{1) ORI ¢ I7(2) - I1(1) > IN THEN PRINT CHR$ (7): GOTO 9040

9120 GOSUB 17000: PRINT : PRINT "MORE DATA (Y/N)? ®;: GET ID${0): PRINT 1D$(0): IF 1D$(0) (- > "N* THEN
9020 -



9140 FOR 11 = I + 1 70 IN:INO,11) = EASINCI,IT) = OuINZ,IT) = O:IN(3,11) = O:IN(A,II) = O:IN(5,ID) =
1: NEXT 113 GOTO 1000

9400 REN ERR HANDLING ROUTINE

9410 TEXT

9420 PRINT : PRINT : PRINT "ERROR # °; PEEK (222): PRINT : PRINT *IN LINE #°j PEEK (218) + PEEK (219) 8
256

9460 PRINT : PRINT *IT A KEY TO CONTINUE *;: GET 708

9480 PRINT : GOTO 1000

9500 REN CONPLEX DIVISION

9520 12S) = 12(1) % T2(1) + I1(2) ¢ T2}

9540 11(6) = (11(3) $ T1(1) + I1(4) & I1(2)) / 1L(5)

9560 1244} = (I1(A) 8 TZ(1) - TL(3) & 11(2)) / TL(S)

9580 12(3) = 11(8): RETURN

9999 PRINT : PRINT : INVERSE : PRINT *....CALCULATING...."s NORNAL : RETURN

10000 REN Y/N SUBR

10010 ZEX(0) = O: INPUT * *;ID${0)s IF LEFT$ (ID$(0),1) = *V* THEN I1(3) = 2: RETURN

10020 IF LEFT$ (ID$0),1) = *N* OR IDS(0) = ** THEN Z1(3) = 11 RETURN

10030 IEL(0) = 1: GOSUB 10050: RETURN

10050 REM ERROR SUBR

10060 PRINT CHR$ (7):ZEX(0) = 1: RETURN

10100 REW 1/P SUBR

10110 CALL - 848

10120 ZET(0) = O: PRINT ZZ(3): INPUT * *;ID${0)s IF ZD$(0) = ** THEN I247) = I1(3): 60TO 10170
10130 FOR I=1T0 LEN (ID$10)):208 = NIDS (10810),1,1)

10140 IF 208 = *+* OR 206 = *-* OR 108 = * * OR 0% = " OR 708 = E* THEN 10140

10150 IF 706 ¢ *0* OR 288 > *9° THEN 10050

10160 NEXT 1:s2247) = VAL (ID$(0))

10170 IF 22(7) ¢ I2(4) OR IZ(7) > I1(5) THEN 10050

10180 I2¢3) = 21(T)s IF T1(6) = 1 THEN Z1(3) = INT (11(7))

10190 FOR I = 0 TO 200: NEXT I: RETURN

10200 REN FIXED REAL SUBR

10210 POKE 36336,13: POKE 36337,11(4)s POKE 36338,0: POKE 36340,64: GOTO 10240

10220 POKE 34335, 142 POKE 36337,12(5): POKE 36338,1: POKE 36340,64: GOTO 10240

10230 POKE 36336,13: POKE 36337,11(6): POKE 35338,1: POKE 35340,64

10240 CALL 36379: PRINT IN(I(7),1)s RETURN

11300 REM : LOAD ARRAY :

11310 GOSUB 11500

11320 POKE 98,90: POKE 99,17(8)s CALL 38152

11330 PRINT CHRS (4);*BLOAD®ZD$(0);",A° PEEK (38394) + PEEK (38395) § 256

11340 INS = ID$(0): RETURN

11400 REN : SAVE ARRAY

11410 GOSUB 11500

11420 POKE 98,902 POKE 99,11(8): CALL 38104

11430 PRINT CHRS (4);"BSAVE®ZDS$(0)*,A* PEEK (38394) + PEEK (38395) & 256°,L" PEEK (3839) + PEEK (38
397) 425 +PLI S5+ 128 SEN (PLY)®

11435 PRINT CHRS (4);"LOCK*ID$(0)

11440 RETURN

11500 REM ASK SLOT,DRIVE AND VOLUME

11505 11(3) = 2: HONE : YTAB 9: PRINT "ENTER DISK DRIVE NUNBER..*;11(3);"..";

11510 HONE 3 VIAB 5 PRINT *T0 ACCESS FLOPPY DISK USE +*s PRINT *  5(4),D(1 OR 2),10)" VIAD 1 PRINT
*T0 ACCESS CORVUS DISK USE :*: PRINT *  Sté),D(1 OR 2),V{1 T0 &7)

{1515 VIAD 12: PRINT "POINTERS CURRENTLY SET AT :°: PRINT : PRINT *  SLOT #%5%s PRINT *  DRIVE 4%
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I: PRINT * VOLUME #*;Vi

11520 VTAB 19: PRINT "CHANGE POINTERS (Y/N) 7 *;: BET ID$(0): IF ID$(0) = *N* THEN 11550

11530 HONE : VTAB 5:71(3) = SX:II(A) = 4:I1(S) = 6sI1(6) = O; PRINT *  SLOT *;: GOSUB 10120: IF ZEX(0
) = 1 THEN 11530

11532 5% = INT (1Z(3) + 0.5)

11535 VIAB 10:71(3) = DR:114A) = 1:1145) = 241246) = 0 PRINT *  DRIVE *j: GOSUB 10120: IF ZEX(0) = 1 THEN
11535

11557 DX = INT {I2(3) + 0.5)s IF S3 < > b THEN V1 = 0: 6OTO 11550: REN FLOPPY

11540 VTAB 15:72(3) = VE:I1(4) = 0:11(5) = 67:11(6) = Oz PRINT * VOLUNE *j: GOSUB 10120: IF IEZ(0) = 1
THEN 11540

11542 VX = INT (I(3) + 0.5)

11550 PRINT : PRINT "PRESS ANY KEY TO CATALDS ®: GET ZD$(0): PRINT : PRINT CHRS (4);°CATALDS,S"S1%,0"D

1°,v'v1

11560 PRINT : PRINT *ANOTHER CATALOG Y¥/N 2 ;i GOSUB 10000: IF ZEX(0) = 1 THEN 11560

11570 IF 22(3) = 2 THEN 11500

11580 FRINT s PRINT "FILE NANE WILL BE PRECEDED BY DNG4-": PRINT : INPUT "ENTER FILE NAKE = DNSA-"; 08¢
0)1:ID$10) = "DNSA-* + ID$(0)

11590 RETURN

12000 TEXT s HONE & VIAD 5¢ PRINT CHRS (7): PRINT "GRAPHIC OPTIONS ARE : *: PRINT

12020 PRINT : PRINT °F = FINISH®

12040 PRINT : PRINT *G = GRAPHIC WODE®

12060 PRINT : PRINT "N = NEW PLOT®

12070 PRINT : PRINT *D = OVERLAY PLOT®

12080 PRINT : PRINT *P = DUNP TO EPSON®

12100 PRINT s PRINT *T = TEXT NODE®

12120 PRINT : PRINT *X = CHANGE X NAX/NIN®

12140 PRINT : PRINT *Y = CHANGE Y NAX/NIN®

12200 PRINT : PRINT 3 GET 04

12220 IF 108 = °F* THEN GOTO 1000

12240 IF 108 = "6" THEN GOTD 2400

12260 IF 708 = *N° THEN GOTO 2080

12280 IF 18% = *P* OR I8$ = *D° THEN 18000

12290 IF 706 = *0" THEN 6OTO 18200

12300 IF 188 = *X* THEN II = 0: GOTO 12400

12320 IF 188 = *Y* THEN II = 23 60TO 12400

12380 6OTO 12000

12400 REN CHANGE MAX/MIN

12420 HONE : VTAB 9: PRINT 208;°-AXIS": VIAB 12: PRINT **,°NIN®,"NAY"

12040 VTAB 14s PRINT *CURRENT®;: HTAB 14:71(4) = Z1II) / {10 * EL(I)) + .0005: BOSUB 14000: PRINT 10
(0} + *E* + STR$ (EX(ID))

12450 VTAB 14: WTAB 27:11(6) = II(II + 1) / {10 * EX(II)) + .0005: GOSUB 14000: PRINT ID$(0) + "E* + STRS
(EX(II))

12450 VTAB 1b: INPUT "NEW VALUES  *;II{ID)

12480 VTAB 16: NTAB 27: INPUT **;II4II + 1)

12490  GOTO 12000

12500 REM LABEL AXES

12520 DATA  * *,°L0G.*,"1/°,°50.°,"SGR.*,*ISGR", "EXP®

12540 206 = * *sI = 2: GOSUB 129005 REN Y

12560 106 = 708 + * VERSUS *:I = O: GOSUB 12900: REN X

12580 11(7) = 0: REM HORIZONTAL

12600 X% = 10:¥X = 0; GOSUB 13000

12620 12(7) =-0:11(6) = T1(0) / {10 * EL(0)): GOSUB 14000:108 =" ID$(0)2XT = 20:YZ = 175: GOSUB 13000:1Z(
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b) = T1(1) / (10 * EZ(0)): GOSUB 14000:I8$ = 708(0):X% = 245: GOSUB 13000
12640 108 = “EXP* + STR$ (EX(0)):X% = 29:V% = 184: GOSUB 13000:X% = 245: GOSUB 13000
12660 71(7) = 1:17(6) = I1(2) / (10 ~ EX(2)}s GOSUB 14000:18% = ID$(0):XT = 0:YL = 170: GOSUB 13000:I1(6
) = T1(3) / €10 * EZ{2)): GOSUB 140003288 = ID${0):¥X = 40: GOSUB 13000

12680 106 = "EXP" + STR$ (EX(2)):XX = 9:YX = 170; GOSUB 13000:Y% = 40: GOSUB 13000
12700 188 = "(C* + IN$ + *>)*sX% = 273:Y% = 170:168 = LEFT$ (10$,22): GOSUB 13000
12899 RETURN

12900 REM HEADING CALCULATION

12920 RESTORE : FOR 11 = 0 TO BP(I + 1}: READ ID${0): NEXT II

12940 708 = 88 + ID$(0) + CHRS (50) + "COLUNN * + STR$ (BP(I)) + CHR$ (62)
12960 RETURN

13000 ROT= Os IF I1{7) > O THEN ROT= 48: REN TEXT TO SCREEN

13020 FOR II = 1 TO LEN (288):1 = ASC ( NIDS (108,11,1))

13080 IF 1> 127 THEN I =1 - 128

13060 IF I = 32 THEN 6OTO 13100

13080 DRAW I - 32 AT X1,Y1

13100 IF II(7) > O THEN Y% = Y% - 7: NEXT II

13120 IF I247) ¢ = 0 THEN X% = XL + 7: NEXT II

13140 RETURN

14000 REN & FORMAT SUBR

14020 708$(0) = STR$ (I2()}s IF ABS (ZZ(6)) ¢ .01 THEN IDS{0) = *0.00°

14040 IF IZ{6) > = O THEN ZD$(0) = *+* + ID$(0) :

14060 ZD$(0) = LEFT$ (2D$(0),5): RETURN

15000 REM CALCULATE EXPONENTS

15020 12(8) = ABS (II(I ¢ 1) - ZZ(I)}:EX(T) = 0

15040 IF I1() = 0 THEN RETURN

15060 IF I2(&) < 0,98 THEN Z1(6) = 10 8 ZI(6):EX(I) = EX(I) - 13 6OTO 15060

15080 IF I1(6) > 9.8 THEN I116) = 11(8) / 10:EX(I} = EX(D) + 1: GOTO 15080

15100 RETURN

15000 REM X&Y INTESLOPE

16010 $21(7) = 0

16020 706 = STR$ (AR(0)}:XZ = 100:¥Z = 175: GOSUB 13000

16040 70 = STRS (AA(1)}:XZ = 100:YX = 184: GOSUB 13000

16050 12(7) = 1

16060 208 = STR$ (AA(2)):XZ = 0:¥1 = 122: GOSUB 13000

16080 708 = STR$ (AA(3)):X% = 9:YL = 122 GOSUB 13000

16100 5 RETURN

17000 REN FILE TRANSFER BLOCK

17010 PRINT : PRINT "CATALOG (Y/N) ? *;¢ GET ZD$(0): PRINT ID$(0): IF ID$10) = *N* THEN 17040
17020 PRINT CHR$ (4);°CATALO,SS,D1, V0"

17030 60TO 17010

17040 PRINT CHRS (4);"OPEN";Ns;*,120,85,01,V0°

17060 FOR II = 2I(1) T0 I1(2)

17080 PRINT CHRS (4);°READ *;N$;*,R%;II

17085 1 = 1 + 1

17090 INPUT IN(1,1)

17100 INPUT INMZ,D)

17110 INPUT IN(O,T) .

17130 IN(3,1) = SR (IN(1,1) 8 INCE,I) + IN(2,1D & IN(Z,1))

17140 IN(&,T) = ATN (IN(2,1) 7 INC1,1D) 8 (180 / 3.141592654)

17150 IN(S,1) = LOG (IN(3,1)) / ZT{0)s NEXT II

17160 PRINT CHRS {4);°CLOSE *;Ns
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17180
18000

RETURN :
PRINT : PRINT : PRINT "GRAPPLER (6)": PRINT * OR “: PRINT "MICROBUFFER IT ": PRINT °®INTERFACE ?

*;: GET Z08: PRINT 18$
18020 1D$40) = "GDRS"s IF 18¢ = "6" THEN 1D$(0) = "GDR2"

18100
18120
18140
18200
30000
30020
30030
30049

PRINT : PRINT CHR$ (4)"PR#i": PRINT CHR$ (9);ID$(0)

FOR II =1 TO 10: PRINT CHR$ (10): NEXT II

PRINT CHR$ (4);"PR&0": 6070 12000

POKE - 16304,0: POKE - 14299,0: GOTO 2500

REN AUTO-LIST UTILITY BY ROBERT WEAVER

TEXT : HOME : SPEED= 255

VTAB 5: CALL - 868: INPUT "ENTER FILE NANE: ";DN$:L = LEN (DNS)

IF L > 48 THEN VTAB 20: PRINT °LINIT TO 48 CHARACTERS®: PRINT CHR$ (7): FOR I = 0 TO 200: NEXT

I: 6OTO 30030

30060
30085

PRINT CHRS (4);*PR#1": PRINT CHRS (15)
PRINT CHRS (9);°52p"

30070 L= INT (24-L [ 2)

30080
30090
30100
30120
30150
30160
30170
30180
30190
30200
30210
30220

PRINT CHRS (9)3°K®
PRINT CHRS (14);

PRINT TAB( LIDN$:L = L - 1

FOR I =1 TO LEN (DN$) + 2:0U = DUS + CHR$ (95)s NEXT I

PRINT CHRS (14);

PRINT TAB( L)DUS

PRINT CHRS (9);*122N°: PRINT CHRS (9);°112R": PRINT CHRS (9);°1iL°
PRINT CHRS (15)

PRINT CHR$ (9);"A®

LIST ¢ PRINT

PRINT CHRS$ (12)

PRINT CHRS (18): PRINT CHRS (4);°PREO": EWD
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APPENDIX II

1 REM RRDE CALIB 04/AUG/1981

20 PI = 3.14159265

40 ONERR 6070 1000

100 DEF FNF(T) = (SBR (3) / (A S P & LOB (1 + TA (L /73 ~3/(1+TH +(3/28PI}) 8 AN
(3T~ /73 -1/ SR () +174

1000 TEXT : HOME : SPEED= 255: POKE 34,0: VTAB 3: PRINT °ROTATING RING DISK ELECTRODE®: VIAB 5: HTAB 3:
PRINT °COLLECTION EFFICIENCY-": HTAB 3: PRINT *
1020 VTAB 8: PRINT "USING THE EGUATION DERIVED BY:": VTAB 10: PRINT “ALBERY & BRUCKENSTEIN TFS 62,1920
{1966)": VTAB 11: HTAB 27: PRINT *--"

1040 - POKE 34,10: VTAB 14: INPUT "R1 = ";R1: PRINT ¢ INPUT ®R2 = ®;R2: PRINT : INPUT "R3 = *;R3

1060 IF R3 ¢ R THEN N = R3:R3 = Ri:R1 =

1080 IF R2 > R3 OR R2 ¢ RI THEN PRINT **: 6OTO 1040

1100 A= (R2/R1) ~3-1:B=(RS/R)~3-(R2/R1}*3

H20N=1- FNFR/B) ¢+B*(2/73) (1 - FNF(A)) - (1L +A+B)~(2/3) 81~ FNFU(A/B)
(1+4+B)))

1140 PRINT : PRINT °COLLECTION EFFICIENCY = *;N ¢ 100;" X*

1160 PRINT : PRINT *HIT *@' TO QUIT "j: GET A$: PRINT A

1180 IF A$ ¢ ) *0° THEN 60TO 1040

1200 POKE 34,0: END




APPENDIX III

_RCR_REGRESSION_
1 RENM DMS4.RCR FIT 26/APR/1982
10 HIMEM: 35300: PRINT CHR$ (4)“BRUN B.VMOVE®
20 ONERR GOTO 9400
30 INX = IN:IN$ = "NONE": CALL 37312 -
100 TEXT : HONE : YTAB 7: PRINT °THIS PROGRAM FITG DNS4 FORNATTED DATA*: PRINT : PRINT *TO A SERIES/PAR
ALLEL RC CIRCUIT®: PRINT : PRINT "USING LARRY ABLOW’S EQUATION": PRINT : PRINT *FIRST INPLENENTED JUN/17
11980"
1000 TEXT ¢ HOME : PRINT
1100 PRINT : PRINT "PROGRAM OPTIONS ARE:"
1120 PRINT : PRINT * 1...DISPLAY FIT*
1140 PRINT : PRINT * 2...PERFORM REGRESSION"
1160 PRINT : PRINT * 3...CHAIN MAIN PROGRAN"
1180 PRINT : PRINT * 4,..CHAIN BODE PLOT®
1200 PRINT : PRINT " 5...CHAIN NYQUIST PLOT*
1220 PRINT : PRINT * &...SAVE DATA ON DISK"
1230 PRINT : PRINT * 7...RETRIEVE DATA FROM DISK®
1240 PRINT : PRINT * 8...CHANGE CONFIGURATION"
1250 PRINT & PRINT * 0...EXIT PROGRAN"
1260 1143} = 0: VTAB (23):11(4) = 0:11(5) = 8s GOSUB 10100
1280 IF IET(0) = 1 THEN 1000
1300 ON 21(3) BOTO 1500,2000 3000,4000,5000,6000,7000,8000
1320 HOME : VTAD 9: PRINT "EXIT PROGRAM": PRINT : PRINT "TYPE GOTO 1000 TD RESUME®: END
2000 HOME : VTAB 7: PRINT "RCR REGRESSION": PRINT : INVERSE : PRINT "WARNING!!!!!®: PRINT ; NORMAL : PRINT
"THIS PROGRAN REQUIRES :*
2020 PRINT : PRINT "FREGUENCY (HZ) IN COLUMN 0": PRINT : PRINT "REAL INPEDANCE IN COLUMN 1"t PRINT : PRINT
*INAGINARY TERM IN COLUNN 2"
2040 PRINT : PRINT : PRINT °THE ARRAY NUST BE": PRINT : PRINT "AT LEAST 5 COLUMNS WIDE,": PRINT : PRINT
“AND COLUMNS 3-5 WILL BE DESTROYED®
2060 PRINT : PRINT : PRINT ®HIT '@’ TO QUIT NOW *: GET 1D$(0): IF ID$(0) = *@" THEN 1000
2100 HOME : VTAB 5:11(3) = 1:I1(4) = 1312(5) = IN(1,00:12(b) = 1z PRINT "FIRST DATA POINT = ®;: GOSUB 1
0100: IF IEX(0) = 1 THEN 2100 :
2120 EX(0) = 11(3)
2140 HOME : VTAB 8:11(3) = IN:11(4) = AAL{(0} + 2: 11(5) = IN:12(6) = 1z PRINT °LAST DATA POINT = ®;: 6OSUB
10100: IF IEX(0) = | THEN 2140 ’
2160 E1(1) = 113)
2200 GasuB 9999
2220 FOR I =0 Y0 9:1Z(1) = 0: NEXT I
2240 FOR I = EX(0) TO EX(])
2260 W1 = 5,2831853 ¢ IN(0,1)
2280 X1 = IN(L, D)
2300 Y1 = - IN(2,d}
2310 1740 = 1T(0) + 1
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2320 1141} = II(1) + Y1

2380 12¢2) = 11(2) + X1

2360 1143) = I1(3) + W13 Y1

2380 I1(4) = 171(4) + Y1 ¢ Vi

2400 I145) = 11(5) ¢ X1 ¢ X1

2420 12(6) = T1(6) + WL ¢ W1

2440 Z1(7) = 11(T + MR S WLB YL O YH

24560 77¢8) = I1{(B) + Wi ¥ W1 8 )1

2480 72¢9) = I2{9) + W1 s WL B X1 % X

2600 AALL) = (Z1(0) & (IT(9) + IL(T)) - I142) $ I1(8) - IL(3) § IZ(3)) / (L(0) & I1(8) - 11(2) & 11(é})

2620 AA(3) = T1(3) / (11(B) - AA(1) 8 I1(6))
2640 AA(2) = - AACI) + (I1(2) + AAI3) 8 T1(3)) / 1140}
2660 AALO) = 12(S) + 11(4) + (I142) # 11(2) + Z1(1) 8 T1(1)) & (2.0 8 I140) - 1.0) / (IZ{0) § Z1(0))
2680 JIN = T1(5) + Z1(4) + 11(0) & (AAC1) + AA(2)) & (ARLL) & AA(2)) + AA(3) & AA(S) & IL(7) - 2.0 8 (AA
(1) + AR(2)) 8 1242) - 2.0 8 AAC2) 8 AAI3) 8 T1(3) + AA(3) & AA(3) & (AR(T) 8 ARKI) 8 Z1(6) - 2.0 8 AALL
) 8 1108) + 12(9))
2700 IN(3,D) = AALD)
2120 IN(A,T) = AR(2)
2740 IN(S,T) = AR(3) / AR(2)
2760 REW WOT ABOUT P(S0,0) 777
2999 END
3000 HONE : VTAB 9s PRINT "LOADING DNSS.MAIN®:NPY = 4
3010 PRINT CHRS (4)3*BLOAD CHAIN,AS20,56,D1,VVBY
3020 CALL 520°DNS4.NAIN, D1
4000 HOME : VTAB 9: PRINT "LOADING BODE PLOT PROGRAN®:NPZ = 4
4010 PRINT CHRS (4); *BLOAD CHAIN,AS20,Sb, D1, V*VEL
4020 CALL 520°DWS4.BODE, D1
S000 HOME : VTAB 9: PRINT °LOADING NYGUIST PROGRAN®:NP% = 4
5010 PRINT CHRS (4);°BLOAD CHAIN,AS20,55,D1,V*VBI
5020 CALL 520°DNS4,NYBUIST,D1®
4000 REN SAVE DATA TO DISK
6020 IN(O,0) = IN(25):IN1, 00 = INTIIN(2,0) = TR(1D:INGS,00 = IN(20IN(A,0) = IM9ITN(S,0) = 1N(24)
4040 11(8) = 78: GOSUB 11400: BOTD 1000
7000 REN RETRIEVE DATA FROM DISK
7020 11(8) = 78: GOSUB 11300:INX = IN(1,0): 60TO 1000
BOOO REN  MEASURENENT CONFIGURATION  :RETURN
9400 REM ERR HANDLING ROUTINE
9410 TEXT
9420 PRINT : PRINT : PRINT ERROR 4 *; PEEK (222): PRINT : PRINT *IN LINE #°; PEEX (218) + PEEK (219) ¢
256 :
9460 PRINT : PRINT "HIT A KEY TO CONTIMUE *;: GET 28¢
9480 PRINT : 6OTD 1000
9999 PRINT : PRINT : INVERSE : PRINT *....CALCULATING....": NORWAL : RETURN
10000 REM Y¥/N SUBR
10010 IEL(0) = O: INPUT * *;IDS$(0): IF LEFT$ (ID$(0),1) = *Y* THEN IZ(3) = 25 RETURN
10020 IF LEFT$ (ZD$(0),1) = "N* OR Z0$(0) = ** THEN 1Z{3)'= {; RETURN
10030 IEZ(0) = 1: GOSUB 10050; RETURN
10050 REN ERROR SUBR
10060 PRINT CHR$ (7):2ET(0) = 1: RETURN
10100 REN 1/P SUBR
10110 CALL. - 868
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10120 IEX(0) = 0z PRINT I1(3): INPUT " ";ID$(0): IF ID${0) = " THEN 11(7) = I1(3}: 6OTO 10170

10130 FOR I =1 70 LEN {(ID$(0))}220% = NIDS$ (ID8(0),I,1)

10140 IF 70 = "+" OR 208 = *-" OR 108 = " " OR I0¢ = °." OR I0¢ = “E* THEN 10160

10150 IF 20 ¢ *0" OR I0% > "9" THEN 10050

10160 NEXT Is11(7) = VAL (ID$(0))

10170 IF ZI(7) < I1(4) OR ZZ(7) > II(S) THEN 10050

10180 I2(3) = I1(T): IF 11(6) = 1 THEN 11(3) = INT (I1(7))

10490 FOR I = 0 TO 2003 NEXT I: RETURN

10200 REN FIXED REAL SUBR

10210 POKE 36336,13: POKE 36337,11(4): POKE 36338,0: POKE 36340,54: 6OTO 10240

10220 POKE 36336,14: POKE 36337,21(5): POKE 36338,1: POKE 36340,44: 60TO 10240

10230 POKE 36336,13: POKE 36337,12(b)¢ POKE 36338,1: POKE 36340,64

10240 CALL 36379: PRINT IN(II(7),I): RETURN

11300 REM : LOAD ARRAY

11310 60SUB 11500

11320 POKE 98,90: POKE 99,11(8): CALL 38!52

11330 PRINT CHRS (4);"BLOAD"ID${0);°,A" PEEK (38394) ¢ PEEK (38395) ¢ 236"

11340 IN$ = ID$(0): RETURN

11400 REW : SAVE ARRAY

11410 GOSUB 11500

11420 POKE 98,90: POKE 99,IZ(8): CALL 38104

11430 PRINT CHR$ (4)3"BSAVE"108(0)",A® PEEK (38394) + PEEK (38395) & 256°,L° PEEX {38396) + PEEK (38
397) # 256 + 12 % SBN (PLY)"

11435 PRINT CHRS$ (4);°LOCK"ID$(0)

11440 RETURN

11500 REM ASK SLOT,DRIVE AND VOLUME

11505 Z1(3) = 2: HOME ¢ VTAB 9: PRINT °ENTER DISK DRIVE NUMBER..®;II(3);"..°%;

11510 HOME : VTAB 5: PRINT °"TO ACCESS FLOPPY DISK USE :": PRINT *  S(4),D{1 OR 2),V(0)": VTAB 8: PRINT
*T0 ACCESS CORVUS DISK USE s®: PRINT *  S(6),D(1 OR 2),V{1 TO &7)

11515 VTAB 12: PRINT "POINTERS CURRENTLY SET AT :®: PRINT : PRINT *  SLOT I';Sl: PRINT *  DRIVE #°3D
I: PRINT * VOLUME §°;V2

11520 VTAB 19: PRINT “CHANGE POINTERS (Y/N) ? ®j;s BET ID${0): IF 1D$(0) = 'N' THEN 11550

11530 HOME : VTAB S:II(3) = SY:I1(4) = 4:312(5) = &:12(6) = O PRINT *  5LOT *;: 6OSUB 10120s IF IEX(0
) = 1 THEN 11530 '

11532 S% = INT (Z1(3) + 0.5)

11535 VTAB 10:11(3) = DL:IZ1(4) = 1:71(5) = 201746} = 0: PRINT * DRIVE "j: GOSUB 10120: IF TEX(0) = { THEN
11535

11537 D1 = INT (1Z{3) + 0.5): IF 81 ¢ > & THEN VI = 0s 6OTD 11550: REM FLOPPY

11540 VTAB 15:11(3) = VI:I1(4) = 0:I1(5) = 67:11(6) = Oz PRINT * VOLUME *;: GOSUB 10120: IF IEZ(0) = {
THEN 11540

11542 VX = INT (T1(3) + 0.95)

11350 PRINT : PRINT "PRESS ANY KEY TD CATALOG ": GET ID$(0): PRINT s PRINT CHRS$ (4);"CATALOS S*ST*,D°D
1,V

11560 PRINT : PRINT "ANDTHER CATALOG Y/N ? ";: GOSUB 10000: IF IEX(0) = 1 THEN 11560

11570 IF I1(3) = 2 THEN 11500

11580 PRINT : PRINT "FILE NANE WILL BE PRECEDED BY DNS4-": PRINT : INPUT "ENTER FILE NAME = DMSA-*;1D$(
0):ID$(0) = "DNSA-" + 1D$(0)

11590 RETURN

12000 TEXT : HOME : VTAB 51 PRINT “GRAPHIC OPTIONS ARE : *: PRINT

12020 PRINT ¢ PRINT °F = FINISH®

12040 PRINT : PRINT G = GRAPHIC MODE®

12060 PRINT : PRINT °N = NEW PLOT"
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12080 PRINT : PRINT *P = DUMP TO EPSON"
12100 PRINT : PRINT *T = TEXT MODE*
12120 PRINT : PRINT *X = CHANGE X MAX/NIN®
12140 PRINT : PRINT *Y = CHANGE Y WAX/NIN®
12200 PRINT : PRINT : GET IQ¢
12220 IF 18% = *F" THEN G6OTD 1000
12240 IF 10% = "6° THEN 60TD 2400
12260 IF 10 = "N® THEN G60TO 2080
12280 IF 10% = “P® THEN PRINT : PRINT CHR® (4)°PR#1": PRINT CHRS (9);"GDR2"
12285 IF 10% = "P" THEN FOR II =1 7O 9: PRINT CHR$ {(10): NEXT II
12290 1IF I0% = "P* THEN PRINT -CHRS (4);°PR#0*: §0TO 12000
12300 IF .20¢ = "X" THEN II = 0: GOTO 12400 -
12320 IF 10% = *Y* THEN II = 2: GOTO 12400
12380 PRINT CHR$ (7): 6OTOD 12000
12400 REM CHANGE MAX/NIN
12420 HOME : VTAB 9: PRINT 108;°-AXIS": VTAB 12: PRINT **,"NIN®,"NAX"
12440 VTAB 14: PRINT "CURRENT®;s HTAB 14:1Z(6) = II(II) / (10 ~ EX(II)) + .0005: 6OSUB 14000: PRINT ID$
(0) + "E* + STR$ (EX(II))
12450 VTAB 14: NTAB 27:11(6) = II{I1 + 1) / (10 ~ EL(II)) + ,0005: 6OSUB 14000s PRINT ID${0) ¢ “E" + GIRS
(EL(IN))
12460 VTAB 14: INPUT "NEW VALUES  *3I1(1I)
12480 VTAD 16: HTAB 27: INPUT "*;II1¢II + 1)
12490 6070 2400
12500 REM LABEL AXES
12520 DATA * *,"L06.°,"1/","S0.°,"SOR."
12540 708 = ® *:1 = 2: GOSUB 12900: REN Y
12560 20¢ = 0% ¢+ * VERSUS ":I = 0: GOSUB 12900: REN X
12580 12(7) = O: REN HORIZONTAL :
12600 X = 10:YZ = 01 60SUD 13000
12620 11(7) = 0:114k) = 11(0) / {10 ~ EX(0)): GOSUB 14000570¢ = ID$(0):XY = 20:YX = 175: GOSUB 13000:11(
6) = I1(1) / (10 ~ EX(0)): GOSUB 14000:10% = 1D$(0):X1 = 243: GOSUB 13000
12640 70¢ = “EXP* + STRS (E1(0)):XX = 29:Y1 = 184: 60SUB 13000:XZ = 245: GOSUB 13000
12660 12(7) = 1121(6) = 12{2) / (10 * EX(2)): GOSUB 14000:28¢ = ID${0):XY = 0:YX = 170: 6OSUB 13000:11(6
= J1(3) / (10 ~ EX(2)): GOSUB 14000:10% = ID$(0):YI = 40: GOSUB 13000
12680 18¢ = "EXP* + STR$ (EX(2)):XX = 9:YX = 170: 6OSUB 13000:YI = 40: GOSUB 13000
12700 188 = *((* + IN$ + ">)":X1 = 273:¥1 = 170:1Q% = LEFT$ (10%,22): 6OSUB 13000
12899 RETURN
12900 REM HEADING CALCULATION :
12920 RESTORE : FOR II = O TO BP(I + 1): READ ZD$(0): NEXT II
12940 10% = 70¢ + 10$(0) + CHRS (60) + °COLUNN * + STR$ (BP(I)) + CHRS (b2)
12960 RETURN
13000 ROT= 0: IF 1Z(7) > O THEN ROT= 48: REM TEXT TO SCREEN
13020 FOR IT =1 TO LEN (Z0¢):I = ASC ( WID$ (208,1I,1))
13040 IF 1> 127 THENI =1 - 128
13060 IF I = 32 THEN 60TD 13100
13080 DRAW I - 32 AT XZ,YX
13100 IF 21Z{7) > O THEN YX = Y% ~ 7: NEXT Il
13120 IF I1(7) ¢ = 0 THEN XX = XI + 71 NEXT Il
13140 RETURN
14000 REM & FORMAT SUBR
14020 10$(0) = STR$ (IZ(6}): IF ABS (II(6}) ( .01 THEN ID$(0) = *0.00"
14040 IF 12(8) > = 0 THEN ZD$(0) = "+" + 1D$(0)
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14060 108(0) = LEFTS (Z0$(0),5): RETURN
15000 - REN CALCULATE EXPONENTS
15020 I7(6) = ABS (Z1(I + 1) - ZZ(D):ELI) = 0
15040 IF Z1(6) = 0 THEN RETURN
15060 IF 22(6) < 0.9 THEN ZZ(6) = 10 8 I2(6)sEX(I} = EL(I) - 13 GOTO 15060
15080 IF II(6) ) 9.8 THEN 12(6) = Z2¢8) / 10:EL(I) = EX(I} + 1: GOTO 15080
15100 RETURN
16000 REM X4Y INTSLOPE
16010 12(7) = 0
16020 108 = STR$ (AA(0)):XT = 100:¥X = 175: GOSUB 13000
© 16040 108 = STR$ (AA(1)):XX = 100:¥X = 184s GUSUB 13000
16050 11(7) = 1
16060 706 = STRS (AA(2)):XT = 0:¥1 = 1221 GOSUB 13000
16080 708 = STRS (AA(3)):XY = %Y1 = 122; GOSUB 13000
16100 : RETURN
30000 REN AUTO-LIST UTILITY BY ROBERT WEAVER
30020 TEXT : HONE : SPEED= 255
30030 VTAB 5: CALL - 868: INPUT "ENTER FILE NANE: "jONS:L = LEN (DNS)
30040 IF L ) 48 THEN VTAB 20: PRINT “LINIT T0 48 CHARACTERS”: PRINT CHRS (7): FOR I = 0 TO 200: NEXT
I: 6OTO 30030 |
30060 PRINT CHRS (4);°PRE1"s PRINT CHRS (15)
30065 PRINT CHRS (9);°52p"
30070 L= INT (4-L/2)
30080 PRINT CHRS (9)5°K*
30090 PRINT CHRS (14);
30100 PRINT TAB( L)DM$sL = L - 1
30120 FOR I =1TO LEN (DNS) + 2:0U8 = DUS + CHR9 (95)s NEXT I
30150 PRINT CHRS (14);
30140 PRINT TAB( L)DUS
30170 PRINT CHRS (9)3"1228"s PRINT CHRS (9);*112R": PRINT CHRS (9);°11L®
30180 PRINT CHRS (15)
30190 PRINT CHRS (9)5°A°
30200 LIST : PRINT
30210 PRINT CHR$ (12)
30220 PRINT CHR$ (18): PRINT CHRS (4);"PREO": END
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