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ELECTROCHEMICAL CHARACTERIZATION OF SYSTEMS FOR
SECONDARY BATTERY APPLICATION

by

M. Shaw, N. K. Gupta, A. H. Remanick, R. J. Radkey

ABSTRACT

Multisweep cyclic voltammograms have been obtained for one hundred and
fifty-three systems comprising silver, copper, nickel, zinc, cadmium,
and molybdenum in acetonitrile, butyrolactone, dimethylformamide, and
propylene carbonate solutions of chlorides and fluorides. Voltammograms
are presented for fifty-six of these systems. Tabular data includes peak
current density, sweep index, charge-discharge efficiency, and discharge

capacity.



SUMMARY

The electrochemical characterization of systems by the method of multi-
sweep cyclic voltammetry has continued. Cyclic voltammograms are now
available on over two hundred systems comprising silver, copper, nickel,
zinc, cadmium, and molybdenum in chloride and fluoride solutions of
acetonitrile, butyrolactone, dimethylformamide, and propylene carbonate.
The solutes consisted of A1C13, LiCl, MgClz, LiClO4, LiF, MgFZ, LiPFé,
LiBF , and KPF

4 6 The cyclic voltammograms of fifty-six systems are in-

cluded in this report.

A new procedure for data analysis has been adopted, which has greatly
facilitated interpretation of the curves, and permits better correlation of

the electrochemical systems.

Tables are presented listing system parameters derived from the cyclic
voltammograms. These tables present data on peak current densities,
sweep index, cathode reaction type and solution compatibility, anodic to
cathodic peak displacement, charge-discharge efficiency, and discharge
capacity. Nearly all systems demonstrate reduction of a solid state mater-
ial during discharge, this material being anodically-formed during the
voltage sweep. Where exceptions are found, these generally contain per-
chlorate ion as the sole solute species. In such uses, reduction of a dis-

solved species is indicated.

The effect of sweep rate on the anodic to cathodic peak ratio gives a rela-
tive measure of anodically-formed cathode material stability to electrolyte
dissolution. In general, silver chloride is insoluble, copper chloride and

silver fluoride are soluble, and copper fluoride systems mostly insoluble.
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Some preliminary voltammograms are presented on zinc, cadmium, and
molybdenum electrodes. In general, excellent sweep curves were obtained
for zinc and cadmium. Molybdenum failed to form an anodic product.

Chemical characterization of LiCl, LiF, MgF_, and LiClO,6, and silver,

2 4
copper, and nickel wire, has been recorded. Analysis was made by emis-

sion spectroscopy.
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INTRODUCTION

The purpose of this program is to conduct a molecular level screening by
the cyclic voltammetric method on a large number of electrochemical
systems in nonaqueous electrolytes, and to characterize them as to their

suitability for use in high energy density secondary batteries,

?

| Since the release and storage of energy in a battery is initiated at the

molecular level of the reaction, and therefore dependent on the charge and
mass transfer processes, it is essential that screening be conducted at this
level, in order to eliminate those systems whose electrode processes are

inadequate for secondary battery operation.
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L. RESULTS

A, MATERIAL PURIFICATION AND CHARACTERIZATION

During this period, further purification and characterization of materials

has been accomplished.

1, Solvent Purification and Characterization

The solvents employed during this period were dimethylformamide, butyro-
lactone, propylene carbonate, and acetonitrile. With the exception of di-
methylformamide, purification of each of these materials was accomplished
by distillation under conditions previously described (Ref. 1). Variation in
the amount of water found in propylene carbonate necessitated a double dis -
tillation with drying over calcium sulfate between the first and second dis-

tillation.

Analysis of the solvents was usually carried out by vapor phase chromatog-
raphy (VPC). The conditions for the VPC analysis have been previously

detailed, (1)

however two phases of the VPC analysis were investigated fur-
ther. It has been shown that the use of a polyethylene glycol (PEG) 1540
column allowed resolution of water in butyrolactone. However, a peak ap-
peared in the VPC analysis of a head fraction of butyrolactone which could
not be resolved below about 0. 05 mole %. Even though this impurity was
only apparent in the head fraction, and not in the ''as received' material or
in the main cuts, resolution of this impurity was attempted on a triscyano-
ethoxy-propane column (TCEP) and a diethyleneglycol stearate (DEGS) col-
umn., Neither of these substrates afforded resolution of the impurity. In

order to insure reasonable purity of butyrolactone, a relatively large head

cut was taken,.



acetonitrile was not possible on a PEG column. Recently, it has been
found that VPC analysis using a TCEP column or DEGS column did not
afford resolution of water in acetonitrile. Analysis of water by the Karl
Fischer method (Ref. 2) showed that acetonitrile distilled under the condi-
tions previously indicated contained 60-80 ppm water. Unless a VPC
method becomes available, analysis for water in acetonitrile will be car-

ried out by the Karl Fischer titration.

2. Solute Purification and Characterization

In the initial portion of the program, most of the solutes chosen for screen-
ing could be obtained in sufficient purity, with purification limited to drying.
Analysis of these materials (Table I) indicated that they were reasonably
pure and that expected impurities would not markedly affect the interpreta-

tion of the cyclic voltammograms.

In addition to the common salts shown in Table I, two additional materials
were used in the screening program. Potassium hexafluorophosphate
(Ozark-Mahoning), 99. 6% pure by fluoride analysis, was dried at 120°C
for three days. Since this material was not of primary importance in the
program, no further characterization was made. However, since the salt
may be recrystallized from water, it was not expected that appreciable
hydrolysis or dissociation would occur under the drying conditions. The
smazll amount of impurity indicated by the analysis is probably due to the
presence of lithium oxide which would not be expected to interfere with the

sweep determinations.

Since it was expected that commercially available aluminum chloride was
of doubtful purity, purification of this material was accomplished by sub-
limation at approximately 170°C. Although the material was not analyzed
at this time, such treatment should preclude the presence of major im-

purities.



TABLE I

ANALYSIS OF METAL SA'.L-TS%<

ppm
Element LiCl LiF Mz M_gﬂz EQLQ4
Fe 60 4.2 170 52 nil
Al 92 1.7 nil nil nil
Cu 1.2 2.5 3.3 217 . 54
Ni nil 1.4 nil nil nil
Ca 260 16 430 24 20
Si 36 15 510 51 nil
Mg 3.8 1.2 nil nil 6.1
Na nil nil nil nil nil
K nil nil nil nil nil
Mn nil . 48 110 110 nil
B nil nil 330 nil nil
Ti nil nil 55 22 nil
Sr nil nil nil nil £2

b3

Analysis by emission spectroscopy (Truesdail Laboratories, Inc., Los
Angeles, Calif,) Limits of detection of sodium and potassium by this

method approximately 0. 02%.



The metal electrodes, copper, silver, and nickel were obtained from labora-
tory supply houses. Analysis of these materials is given in Table II. Al-
though one may not state with complete assurance that the indicated impuri-
ties do not affect the nature of the electrochemical processes involved in the
electrochemical measurements, it is not expected that the use of extremely
high purity materials would markedly affect the sweep curves, sufficient to

justify their cost in a screening program.

Since the electrodes, molybdenum, zinc, and cadmium were only used in
preliminary screening, no analysis of these materials was made. However,

data furnished from the suppliers indicated 99. 9% purity.

Copper oxide and nickel oxide electrodes were prepared by heating the metals
in a stream of air for a specified time. Attempted preparation of silver
oxide electrodes by this method was not successful, so that these electrodes
were prepared by electrolytic oxidation in 30% KOH followed by vacuum dry-
ing. Although the specific composition of the oxide electrodes was not in-
vestigated, these electrodes gave reproducible results in the voltage sweep
measurements,

Solution conductivities are given in Table III. A value of 5 x 10-4 ohm—1
cm-1 had been previously established as a useful limit for systems to be
screened, however, a few systems having a lower value were measured in

order to ascertain the effect of poor conductivity.



TABLE II

ANALYSIS OF WIRE ELECTRODESac

ppm
Element Cu Ag Ni
Co nil nil 1600
Ti nil nil 140
Cu - 91 <320
Al nil nil 30
Fe 9.1 <10 540
Si nil nil 500
Mn nil nil 1300
Mg 1.9 2.4 320
B nil nil 63
Ag 13 - nil
Ni <10 nil -
Ca 7.8 < 2 nil
Pb nil < 40 nil

%
Analysis by emission spectroscopy (Truesdail Laboratories,

Los Angeles, California)



TABLE 1I

ELECTROLYTE CONDUCTIVITIES

Electrolyte Molality Conductivity
m ohm-1 cm_1
Acetonitrile
LiCl <0. 5(s) 4.1x 1074
Alcl, 1.0 4.5 x 10‘2
LiCl + A1C1/3 0. 082(1) 7.6 x 10 ,
LiClO, 1.0 4.4x 10
KPF 0. 75 3.3x 10'2
KPF, + LiF 0. 75 3.5x 10
Butyrolactone
LiCl 0. 75 1.3x 107°
AlCL, 0.5 l.3x 10"21
LiCl + AIC1, 0. 5(1) 8.1x 10 X
MgCl2 (2) 5.5 x 10 X
MgCl, + LiCl 0. 75(1) 7.3 x 10_2
LiCl0, 0. 75 1.7 x 10 X
LiClO, + LiCl (3) 3.2x 10
LiClo4 + A1c13 0. 5(1) 1.7 x 10'2*
MgF2 < 0. 5(s) 2.0x 10
MgF_ + LiF < 0. 5(s) 4.6x 1077
KPF; 0.5 1.2 x 10'22
KPF, + LiF (4) 1.57 x 10
* P- o iuvia:ly reperted in error



"TABLE III - Cont'd

Electrolyte Molality Conductivity |

-1 -1
m ohm cm

Dimethylformamide

LiCl 0. 75 1. 4x 1072

MgCl, <0. 5(s) 1.7 x 10'2

MgCIl2 + LiCl <0. 5(s) 1.5x 10 ,
LiC104 0. 75 : 3.4x 10 ,
LiClO4 + LiCl 0. 75(1) 2.1x 10

LiClO4 + AICL, - < 0. 5(s) 1.8 x 10'2

Mg]i‘2 < 0. 5(s) 2.2 x 10 ,

KPF6 0. 75 2.5x 10 ,

KP‘]:"6 + LiF (4) 2.3x 10
Propylene Carbonate

MgCl, < 0. 5(s) , 2.9 x 10'3

MgCl, + LiCl <0. 5(s) 5.8 x 10'2
LiClO4 1.0 2.0 x 10-3

KPF6 0. 75 9.1x 10

KPF6 + LiF (4) 1.0 x 10°°

(s) Saturated

(1) Concentration with respect to each salt

(2) Saturated between 0. 75 and 1.0 m

(3) Solution was 0. 75 m in LiClO4 and saturated with LiCl at greater than 0.5 m
(4) Solution initially 0. 75 m in KPF, and saturated with LiF. Solution was

stirred overnight to equilibrate.




B. ANALYSIS OF CYCLIC VOLTAMMOGRAMS

Tables IV and V list the electrochemical systems screened during the second
quarter of this program. This represents a total of 153 systems. Curve

analysis was accomplished by dividing all systems into two major groups:

1. Systems involving chloride electrolytes

2, Systems involving fluoride electrolytes

Each main group was then subdivided according to the identity of the work-
ing electrode. FEach of these subgroups was further broken down according
to the identity of the solvent portion of the solution. The cyclic voltam-
mograms are then discussed in terms of the total solution. This classifica-
tion has not only facilitated analysis of the data, but more important, has
vastly improved interpretation of the data, and has permitted a more signi-

ficant correlation among the electrochemical systems.

Except in those cases where the metal is converted to a cathodic material
prior to assembly in the measuring cell, the working electrode is the base
metal itself. During the voltage sweep, the metal is oxidized to some
species, this anodic product then serving as the cathode which is subse-
quently reduced during the cathodic portion of the sweep. Each sweep cycle
thus corresponds to a charge-discharge cycle. In the absence of compli -
cating factors, it is assumed that chloride cathodes would be formed in
chloride electrolytes, and fluoride cathodes in fluoride electrolytes. This
assumption is made with no allusion to reaction mechanism, and the curves

generally analyzed on this basis.

Fach cyclic voltammogram is identified by a CV number and labelled ac-
cording to the electrochemical system, sweep rate, temperature, and zero
reference, representing the open circuit voltage (ocv) of the working elec-
trode with respect to the indicated reference electrode. The current axis

is in units of ma/cmz, each unit being of variable scale depending on the X-Y

-8-



‘uoritsoduwiod 93BOIPULI O} PAPUIJUI J0U SBINWLIO] SPIXO
*

- 03y ‘nD “IN ny ‘IN ‘v - mGE%oHuﬁ
- ny ‘IN ‘8y n) ‘IN ‘Sv - 83+¢083
ond ‘OIN ‘03v ond ‘OIN . b

To) ‘on ‘O1 ‘08 n ‘Ot ‘03 T
‘oW ny IN BV 08y M5 ‘IN By W ‘Ond ‘OIN ‘O3v ond ‘ON ‘0O8v o107T
ny ‘IN ‘Sv ny ‘IN ‘3v ny “IN ‘3y - Gﬁ+~8w§
n)y ‘IN ‘8v ny ‘IN ‘3v ny ‘IN ‘8v - 2108

ond ‘OIN 9

= n (P2 ¢~\3 3 n CAT s\ ) + T
ond ‘OIN ‘08v ‘v onD ‘OIN ‘08v 03y ‘05 N By IDIVHIDVT
- - n) ‘IN ‘8vy ny ‘IN ‘8y MGE

n

- %2 oud ‘OIN ‘O8V 3y 071

‘OIN ‘O8V ‘vD “IN ‘3vy

ajeuoqaie)) auaihdoxyg

SPIWIEWLIOITAYI WL

auojdejoIAing

S{TA}IU0IBO Y

Ju9AT0S

2in7os

%WHH%AOMHUHA& AAI90OTHD -~ ANIFTYDS SWHISAS TVIOINHHDOALDATH Al

dJ1dv.yl




uotjrsodwod 93ed1PUL O} PIPUIIUL JOU SBINUWIIO] SPIXO

* K

931A10130970 ur I93em wdd 0001 N

- noy 8y - - v grt
9
- OIN - - Jdd1T
O ON 9
n)y ‘IN ‘v ny ‘IN ‘v ‘PO ‘uz ‘Ond ‘OIN | ‘PO ‘uz ‘Ond ‘OIN AT+ Iad
‘08y ‘nDd ‘IN By ‘08y ‘nD ‘N ‘Sy
OW oW oW O ‘PD 9
PD ‘uz ‘Ond ‘OIN Py ‘uz ‘Ond ‘OIN ‘pH ‘uz ‘Ond ‘OIN [‘uz ‘Ond ‘OIN ‘0O8v A3
O3y ‘nd ‘N ‘8y ‘O8v ‘nD ‘IN ‘v ‘08y ‘nd ‘IN ‘8v 3y mD N ‘8v
sl 2 Gn
- - ny ‘IN ‘8v - JT+ AN
€ N m
- n) N ‘8y O ‘nD ‘IN By - JABN
, e A e 21n10g
aojeUOq.Ie) dusthdoig sprwrwiIoljAylowutg suoinejoxiing A[LIITUOIOY
jusA[OS
SAILATOVLODATH AAIYONTI - QANAITYIS SWALSAS TVIIWIAHDOULDHATH A dJTIVL

Sk sk

-10-



recorder sensitivity setting. A maximum sensitivity of 0. 1 ma/cmzlcm
division has been established to avoid exaggerating the current background
of poor systems. The sweep is always in a clockwise direction, the poten-
tial becoming more positive to the right. Positive currents represent
anodic (charge) reactions, and negative currents represent cathodic (dis-
charge) reactions. The voltage axis units are relative to the o¢v so that

voltage units are in terms of electrode polarization.

For comparative purposes, current density magnitude is classified accord-
ing to very high (more than 300 rna/cmz), high (100-300 ma/cmz), medium
high (50-100 ma/cmz), medium low (10-50 ma/cmz), low (1-10 ma/cmz),
and very low (less than 1 ma/cmz).

Analysis is based on the cyclic voltammograms obtained at the lowest sweep
rate, 40 mv/sec, except where additional information is required from the

higher sweep rate curves to aid in the analysis.

Designation of Solid State or Dissolved Species Reduction Process

In this, and in an earlier report (Ref. 1), tables are given indicating whether
a solid state material or a dissolved species is involved during the cathodic
portion of the sweep, and whether the product formed during the anodic
portion is soluble or insoluble. For purposes of clarification, this is now

discussed in detail.

We consider the following reaction
M+ X —» MX+e"

where M is a solid metal electrode, X is a soluble anion, and MX is a
relatively insoluble solid product. This situation is therefore schematically

represented as

M MX X
Metal Insoluble Solution
Compound

-11-



The layer MX is represented as having some finite depth since prior work
at Narmco has demonstrated a thickness of at least 5 monolayers existing
at solid electrodes. This representation requires that the MX layer also

contains some M species. Charge transfer may therefore be possible

either at the M-MX or at the MX-solution interfaces., Determination of

which occurs involves consideration of the characteristics of the MX layer.

Current must be accompanied by transport through the MX phase of M, M+,

9_r_X_—. It is generally accepted (though not proven) that only M and M+ are
transportable. In metal-excess types, the metal atoms are assumed to
migrate interstitially with electron transfer occurring at the MX-solution
interface. The electrons must then also cross the MX phase, constituting
a semiconductor process. In metal-defect materials, it is assumed that
the M" ion is the migrating species (via defect lattice sites), and that elec-
tron transfer occurs at the M-MX interface. This does not require the
electron to be carried across the MX layer. If one assumes that the X
ion is also mobile, then two additional mechanisms are conceivable
analogous to the M and M species. The activational energy losses asso-
ciated with electron transfer, electron migration across the MX layer, and
migration of M or M+ across the MX layer, must be considered together as

one since they cannot be individually measured.

The essential point to be made, is that whenever a solid product is formed
at a metal electrode and remains there during the period of the sweep
measurement. then a M-MX-X' situation exists, which involves an en-
tirely different electrochemical environment than is to be found in the case
of electro-oxidation or reduction of dissolved species at an inert electrode
such as mercury, platinum, or pyrolytic graphite. The presence of the
MX layer requires that both mass transfer and charge transfer processes
within this layer be considered, as well as those normally found at metal-

solution interfaces in the case of inert electrodes.

-12-



For a reversible dissolved species and an inert electrode, and where the
electrode reaction is limited only by mass transfer of ions, the cyclic

voltammogram would be typified by the following:

—
o

Volts

Current Density

et

0

Dissolved species, reversible (mass trans-
fer limited)

Similarly, an irreversible process would exhibit the following type of curve:

4
[V

Current Density

—
(@]

Dissolved species, irreversible (charge transfer
limited)

in which the peaks are considerably displaced from the ocv (E'o) value, and
‘ from each other. In general, the distance between the two points (A and B)
where the curve intersects the zero-current axis, is a relative measure of

the concentration polarization.

The presence of a solid product at the metal electrode results in a cyclic

voltammogram of the type

-13-
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for relatively reversible systems (low activation polarization). For ir-
reversible systems, where the charge transfer process is limiting, the

following type of curve will result:
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IC Solid state reaction (charge transfer limited)

The relatively small displacement between points A and B indicates the
low degree of concentration polarization. This displacement will become

larger with increasing concentration polarization.

Most of the systems screened to date indicate the solid state type of cyclic
voltammogram. In addition to this however, the cyclic voltammograms of

a large number of systems exhibit a decrease in the cathodic peak current
density (with respect to the anodic peak current density) with decreasing
sweep rate. These systems also exhibit visual streaming out from the work-
ing electrode, as well as solution discoloration. At sufficiently low sweep
rates, many systems fail to show any cathodic current. Apparently the pro-
duct formed during the anodic portion of the sweep is less available, or no

longer exists, at the lower sweep rates for subsequent reduction.

_14-



If the cathodic reaction involved reduction of a dissolved species in solu-
tion no such pfbnounced effect by sweep rate would be evident, since a
sufficient amount would be available for reaction. If, however, the cathodic
reaction involved reduction of a solid state product, then at slower sweep
rates more of the anodic product has had time to dissolve, resulting in

less material available for reduction. At sufficiently slow sweeps, little

or none is left at the electrode for the discharge reaction. The effect of
sweep rate on the height of the cathodic peak is therefore an indication of
relative solubility within the time period of the measurement. Such

systems are designated as having a solid state cathodic reaction with the

cathode material (product formed during the anodic sweep) being soluble

in the electrolyte.

It is of great interest that no reduction of dissolved material occurs
(evidenced by the absence of a cathodic current at low sweep rates) even
though the solution is heavily contaminated with dissolved oxidized metal
species. No explanation is offered at this time, but the answer may lie in
the complexation and solvation of these ions preventing their reduction
within the voltage range limits, or possibly their complete non-reactivity

due to inability to be adsorbed at the electrode surface.

A number of systems have been found in which the anode-cathode peak
ratio remains invariant with sweep rate, and the solution remains un-
changed during the measurements. In these cases, the cathode is desig-
nated as being insoluble, and again the cathodic reaction involves reduc-

tion of a solid state material.

In a fewer number of cases dissolution of electrode material is observed,
and yet the cathodic peak height remains invariant (relative to the anodic
peak height) with decreasing sweep rate. This is often accompanied by
extensive concentration polarization (large displacement between A and B).

Since the cathodic current density does not decrease, in spite of electrode

-15-



dissolution, it has been assumed that the reduction reaction involves a dis-

solved species. This is in agreement with the significant concentration

polarization. In a limited number of cases, however, cyclic voltammograms
typical of solid state reduction reactions, with minimal concentration polar-
ization, have been obtained, and designated as dissolved species reduction,
because of the invariance of the cathode peak., Such cases may actually
involve a solid state reduction reaction, the solution discoloration being

due only to slow dissolution of cathode material. In order to establish this
fact, more detailed measurements (electrode rotation, use of a pyrolytic
graphite electrode) would have to be performed, which is not conducive to

a broad screening program. Designation of a ''dissolved species'' reduc-
tion for any system must therefore still be considered suspect, and may
only imply formation of an anodic product which is partially soluble (again,

relative to the time period of the measurement).

The inclusion of tabular data designating cathode reaction type (solid state
or dissolved species) and cathode compatibility (soluble or insoluble)is
continued in this report since it serves as another indication for system
recommendation, since obviously the most desirable positive plate for
battery application is one which is insoluble in the electrolyte, and which
(similar to AgO, AgCl, etc. in aqueous solution) involves an electrochemi-
cal conversion via a solid state material MA, where M is the reduced metal,

and A is the anion common with the electrolyte species.

1. Systems Involving Chloride Electrolytes

a. Silver Chloride - Anodically Formed During Cyclic
Voltammetry

Cyclic voltammograms obtained with metallic silver in chloride solutions

are assumed to represent the reaction

Ag + CIT —= AgCl+e’

This assumption is valid based on the observation that only a single anodic
or cathodic peak is generally obtained, except in dimethylformamide solu-

tions, and the cathodic reaction represents reduction of a solid state mater-
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ial insoluble in the electrolyte. We now discuss the individual electrochem-

ical systems under the headings of the various solvents.

(1) Butyrolactone solutions

Figure 1 (CV-444) represents the cyclic voltammogram of silver metal in
butyrolactone-LiCl electrolyte. No anodic peak was obtained in the voltage
range scanned, and only a low cathodic peak was obtained. The substitution
of MgClZ for LiCl results in a curve exhibiting a typical anodic peak for the
oxidation of Ag to AgCl, and a typical cathodic peak for the reduction of
AgCl to metallic silver. This is shown in Figure 2 (CV-673). The addition
of LiCl to butyrolactone-MgCl2 decreases the peak current densities from
medium high to medium low as shown in Figure 3 (CV-685). The curves
shown in Figures 2 and 3 represent a desirable type of cyclic voltammogram
(the ideal would be even sharper peaks with still less displacement). The
smooth and directly descending portion of the cathodic peaks to the zero-
current axis represents a clean non-complicated reaction. Both curves
also exhibit a low degree of concentration polarization, indicated by the
small displacement in volts where the ascending portions of the anodic and
cathodic peaks intersect the zero-current axis. In addition, the initiation
of both the anodic and cathodic reactions at close to the same potential

indicates a relative low activation polarization.

The substitution of A1C13 (Figure 4, CV-782) for either MgCl2 or LiCl re-
sults in a system having high peak current densities, e.g. 260 ma/cm
for the cathodic current density compared with 74 and 34 ma/cmz for
MgCl2 and MgC12+LiC1 respectively. A1C13, however, increases the

activation polarization {ndicated by an increase in A\{)) by nearly 0. 3 volts.

Concentration polarization is negligible.

The effect of adding LiClO4 to butyrolactone-LiCl is shown in Figure 5
(CV-865) indicating that the perchlorate ion may act separately from the
chloride ion in its reaction with silver, its anodic and cathodic reactions

occurring at a more positive potential than with chloride. A second
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obvious possibility is the existence of a higher oxidation state of silver.
Unlike the case for LiCl alone (Figure 1) an anodic peak typical for silver
oxidation to AgCl is exhibited at +0. 3 volts, and a typical cathodic peak
at -0.2 volts. A voltage inflection at about -0. 4 volts indicates reduction

of some other species.

Figure 6 (CV-1058) shows the curve for butyrolactone-LiClO4+A1C13.

This curve compares well with that obtained for AICl, alone (Figure 4)

3
except that a slight anodic inflection occurs just prior to the main oxida-
tion peak. Absent however, is the secondary peak attributed to the per-

chlorate ion.

Voltammetric measurements were also made using silver wire electrodes
electrolytically oxidized in aqueous solution. Figure 7 (CV-756) shows
the curve obtained in butyrolactone-LiCl solution. Unlike the correspond-
ing case of silver, an anodic peak is now obtained, although somewhat
broader, as well as a much higher cathodic peak. In addition, the peak-
to-peak separation is much greater for the oxide electrode than for metal-

lic silver (see Figures 2 and 3).

Pre-oxidized silver in LiCl+A1C13 represents an excellent electrochem-
ical system for secondary battery application. The cyclic voltammogram
is shown in Figure 8 (CV-1081). The extremely high cathodic peak, very
high anodic peak, with a peak-to-peak displacement (AVp) of only 230 mv
are desirable voltammetric parameters in terms of potential secondary
battery systems. Other requirements are high charge-discharge
efficiency and discharge capacity. For the AgO/butyrolactone-LiCl+
A1C13 system these are 100% and 4. 4 coulombs/cmz, respectively, the
latter being of the highest measured to date. No results were available
for untreated silver in this solution, so it cannot be stated at this time
whether pre-oxidation has any influence on the desirable properties of

this system. In any case, this system is recommended for further

study.
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. Silver oxide in buty.‘rolactone-LiClO4 (Figure 9, CV-888) gave comparable
results with untreated silver in the same solution, in that the cathodic re-
action involved reduction of dissolved species. This implies that at no
time was a solid state anodic product formed, but that the oxidation of

silver was immediately followed by the reduction of silver ions in solution.

(2) Acetonitrile solutions

Silver in acetonitrile-LiCl (Figure 10, CV-477) exhibits medium low cur-
rent densities. The anodic reaction, although exhibiting a peak, unlike
the butyrolactone case, is accompanied by a conflicting reaction at the
higher anodic potentials. The low conductance, 4.7 x 10_4 ohm-lcm-1

is indicative of a low availability of chloride ions, probably accounting

for the medium low currents, and poor charge performance. Addition of
A1C13 causes voltage overload of the equipment indicative of high currents,
(in excess of 1.4 amps /cmz). The high reaction rate resulted in anodic
product becoming detached from the electrode and dropping to the bottom
of the cell. High current and resulting overload also existed in acetonitrile
solution containing AlCl_ alone. Pre-oxidized silver wire in acetonitrile-

3

LiC1+A1C13 also caused instrument overloading.

The effect of LiClO4 is shown in Figure 11 (CV-808) for pre-oxidized

silver in acetonitrile-LiClO4. The presence of multiple anodic peaks
indicates a complex oxidation in perchlorate solution. The absence of a
cathodic peak is a result of anodic product dissolution in the electrolyte.
A cathodic peak is observed at the higher sweep rates of 80 and 200

mv/sec. This observation complies with the designation of a solid state

ction, with the cathode material being soluble in the electro-

(3) Dimethylformamide solutions

The cyclic voltammograms for silver in dimethylformamide-LiCl, Figure

12 (CV-731), exhibits multiple cathodic peaks, the primary peak occurring
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at about +0. 1 volt. An anodic peak occurs at +0. 5 volts, followed by the

beginning of a second peak at a more positive potential. It is doubtful
whether this second peak represents solvent decomposition, due to the
occurrence of multiple anodic peaks in other chloride solutions of this
solvent, for example, in dimethylformamide-LiCl+MgC12, Figure 13

(CV-662). Comparable cathodic peaks are obtained however. MgCl2
alone, (Figure 14, CV-524), shows only a single cathodic peak corres-

ponding to the main reduction reaction,

Addition of A1C13 to dimethylformamide-LiCl gives a very complex curve

(Figure 15, CV-501), although the same reduction peak is evident. AlCl3
alone, shown in Figure 16 (CV-469) shows simpler (but lower) anodic
peaks. Again, the primary cathodic peak is predominant. Obviously, the
oxidation of silver to the chloride in dimethylformamide represents a

complex reaction.

Silver in dlirnethylformamide-LiClO4 with or without LiCl results in forma-
tion of a soluble anodic product. LiCl—LiClO4 resulted in instrument

overload due to excessive anodic and cathodic currents.

Pre-oxidized silver gave comparable voltammograms, but with some fine
differences. Figure 17 (CV-839)is compared with Figure 12 for silver
oxide in dimethylformamide-LiCl, The two anodic peaks are both in the
voltage range of the sweep, whereas the cathodic peaks are closer
together. 1In the A1C13+LiC1 solution, (Figure 18, CV-1094) the anodic
complexity is eliminated, leaving only the two small initial anodic peaks
found for the non-treated silver electrode (Figure 15). The larger cur-
rent densities may again be due to the increased electrode area caused

by surface oxidation.

As before, dimethyl;formamide-LiClO4 results in larger currents causing
instrument overload. The curve for AlC]3+Li‘CI‘O4 in this solvent, shown
in Figure 19 (CV-1071), is somewhat comparable to that obtained for non-

treated silver (Figure 15). (The observed dissolution of anodic product
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even though the anode-cathode peak ratio remains invariant with decreas-
ing sweep rates, suggests that the cathodic reaction, in the presence of

perchlorate ion, may involve a dissolved species. )

(4) Propylene carbonate solutions

Figures 20 and 21 (CV's-700 and -711 respectively) were obtained for

silver in propylene carbonate solutions of MgCl_ and MgC12+LiC1 respec-

tively. These curves compare well with butyrolzactone solutions of the
same salts, (Figures 2 and 3 respectively) except that lower peak-to-peak
displacements exists for the butyrolactone solutions, indicating that the
latter solvent would be more desirable for secondary battery application.
For both types of solvents, the cathodic peak current densities are
medium low. In both cases, the MgCl2 electrolyte gave more than double
the cathode discharge capacity of the MgC12+LiC1 mixture, 0.7 coulombs/
cm2 compared with 0. 3 coulombs/cmz.

The sweep curve for silver in propylene carbonate-LiClO , Figure 22

4’
(CV-852) exhibits a very broad anodic peak, barely peaking out at +0. 9
volts, representing a much poorer system than the halide. Pre-oxidized
silver gave the same performance, but with slightly higher current

densities.

b. Copper Chloride - Anodically Formed During Cyclic
Voltammetry

Cyclic voltammograms obtained with metallic copper in chloride solu-

tions should at first approximation represent the reaction

T—> Cull+e
—

Cu + Ci
followed by
CuCl+ Cl- — CuCl_ +e
< 2

or by the sum of these,

- -
Cu + 2C1 "‘—"T.___ CuClZ + 2e

21



Because of the possible complex reactions that may be involved, it is not
expected that the voltammograms will exhibit single peaks indicative of

the above net reactions.

(1) Butyrolactone solutions

Figure 23 (CV-790) represents a typical curve obtained for copper elec-
trodes in chloride solutions of butyrolactone. Copper in butyrolactone-
AlCl3 is shown here. The curve is characterized by a sharp first anodic
peak followed by a broad, ill-defined second anodic peak. Only a single
low cathodic peak is evident, with a hint of a second reduction beyond
»-1. 0 volt. Addition of LiClO4 to this solution shows the second cathodic
peak (Figure 24, CV-1066). The cathodic peaks, still differing by

about 0.9 v, are more evident with butyrolactone-MgCl_ and butyrolac-

2
tone-MgC12+LiC1. The poor discharge properties of copper chloride in
butyrolactone solutions make them undesirable systems. Equally poor

results were obtained with pre-oxidized copper.

(2) Dimethylformamide solutions

Copper in chloride solutions of dimethylformamide forms soluble, anodic

products, with the cathodic reaction being of the solid state type. Figure

25 (CV-739) represents the sweep curve for dimethylformamide-LiCl.

The relatively low cathodic peak is due to dissolution of the anodic pro-

duct, so that less is available for reduction at the low sweep rate of 40

mv/sec. A nearly identical curve is obtained using pre-oxidized copper

in the same electrolyte, as shown in Figure 26 (CV-847), but is charac-

terized by sharper and higher peaks. The sharper peaks and smaller

peak displacement evident in Figure 206, are due to the fact that this cyclic |
voltammogram was obtained in the new measuring cell which eliminated 1
IR drop to an absolute minimum (see Experimental). The considerably

higher peaks are probably due to the greater surface area due to etching

during the pre-oxidation process. Addition of ;L.iClO4 results in a larger

cathodic peak current (Figure 27, CV-883), although LiClO4 alone gives

poor performance (low current, broad peaks), as shown in Figure 28
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(CV-834). Dimethylformamide—MgClZ, (Figure 29, CV-529), exhibits

a sharp, but low, cathodic peak and a flat anodic peak.

Multiple anodic peaks were obtained for dimethylformamide-LiC1+A1C13,
as shown in Figure 30 (CV-1102) using a pre-oxidized copper electrode.
This is indicative of the complex oxidation reaction of copper in the pres-
ence of A1C14-. A very high and sharp cathodic peak is also obtained.
Similar high cathodic currents are obtained with LiClO4+A1C13 (Figure
31, CV-1078). The cathodic reaction in these last examples may pos-

sibly involve reduction of a dissolved species.

(3) Acetonitrile solutions

Copper electrodes in a.ce'conitrile-AlCl3 solution form a soluble anodic
product during the sweep measurement, so that only a small cathodic

peak is evident at 40 mv (20 ma/c:m2 compared to 490 ma/cm2 for the
anodic peak). This compared with the data for acetonitrile-LiCl. Addi-
tion of LiCl results in sufficiently higher currents to give instrument
overloading. Pre-oxidation of copper results in much lower current densi-
ties for acetonitrile-LiC1+A1C13, as well as a poorly defined anodic peak,
suggesting the poor reactivity of copper oxide in this solution. The CV

for pre-oxidized copper in acetonitrile-LiClO , exhibits a sharp anodic

4
peak, but a poorly-defined cathodic peak (Figure 32, CV-816). Untreated

copper wire gives the identical curve.

(4) Propylene carbonate solutions

The CV obtained in propylene carbonate-MgCl_ as shown in Figure 33

(CV-707), represents an extremely poor systein. Apparenily the anodic
product, which is poorly formed (low anodic currents) is immediately
dissolved, since the cathodic peak is proportionately smaller at the higher
sweep rate of 200 mv/sec. Addition of LiCl (Figure 34, CV-718), al-
though giving a better defined anodic peak, the anodic product is still

excessively soluble,
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Pre-oxidized copper in LiClO4 (Figure 35, CV-972) solution results in
a high and sharp cathodic peak. Because the anodic-to-cathodic peak
ratio is invariant with sweep rate, and no solution discoloration was ob-
served, the cathodic reaction must involve reduction of an insoluble
solid state material. The voltammogram exhibits a larger degree of
concentration polarization than is usually observed. Untreated copper
in perchlorate solution exhibits a broad anodic and cathodic peak, each
extending over the 1.0 volt range. In addition the peak current densities

are considerably smaller.

c. Nickel Chloride - Anodically Formed During Cyclic
Voltammetry

(1) Acetonitrile solutions

Nickel undergoes anodic reaction in A1C13, reaching a maximum current
density (no peak) of 164 ma/cm2 at +1. 0 v. No cathodic reaction is evi-
dent. Addition of LiCl results in sufficiently high anodic currents to
cause instrument overload, even though the solution conductance is con-
siderably decreased. Pre-oxidized nickel in LiC1+A1C13, however,
exhibits much lower anodic currents, reaching a maximum of only 29
ma/cmz. Nickel oxide in acetonitrile-LiClO , exhibits a definite but

4
very small (0. 25 ma/cmz) anodic and cathodic peak.

(2) Butyrolactone solutions

Low and very low cathodic currents with no peaks were obtained with

nickel and pre-oxidized nickel in LiCl, AlCl_, LiCl+AlCl_, MgClZ,

3’ 3
LiClO4, and LiClO4+LiC1 solutions. A medium low anodic and cathodic
manals sxraa Alhdbanlaad o2el T I T 2 £ s e v o o osveo e Tacag 4o N 1 cnn /
t.l\a A VWaAD VUMLEALIITUW VWilLIL .I_ll.\/L\J4lJ—l.I.\JL. UL L TILLLD WCLCGC LTDOD UWiall V. 1 11i1a/
2

cm /cm division of current axis, for the MgCl2 and MgC12+LiCl solu-

tions. A1C13 solution gave a high anodic current.

(3) Dimethylformamide solutions

Nickel and pre-oxidized nickel gave very low currents in all solutions

measured, with no peaks as the general case.
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(4) Propylene carbonate solutions

.. 2
All solutions indicated current densities less than 0.1 ma/cm”™ /cm division

of current axis.

2. Systems Involving Fluoride Electrolytes

a. Silver Fluoride - Anodically Formed During Cyclic
Voltammetry

Cyclic voltammograms obtained with metallic silver in fluoride solutions

should at first approximation represent the reactions

Ag+F-‘; AgF + e

followed by

- -
AgF + F~ = AgF, + 2e

or by the sum of these,

Ag + 2F — AgF, + 2e”

The above reactions can only be assumed to occur if the simple fluoride
ion is directly involved. Since the concentration of fluoride ion is
apparently quite low based upon solubility product data, in order for

the above reactions to occur, fluoride would have to be continually re-
stored by dissociation of the complex fluoride (hexafluorophosphate or
tetrafluoroborate). Because this dissociation occurs to a relatively
small degree, it is not unlikely that the electrode reactions may proceed

according to the net reactions

Ag + 2BF, == AgF, + 2BF, + 2e

2 3

- )
Ag+ 2PF, T= AgF,+ 2PF_ + 2e

in which case the species BF, and PF5 may subsequently be complexed

3

with the solvent molecules,
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Since it is the purpose of this program to characterize electrochemical
systems as to their suitability for battery application, the cyclic voltam-
mograms of the fluoride systems will be tentatively interpreted on the
basis of silver mono- or difluoride formation during the anodic portion

of the sweep.

(1) Acetonitrile solutions

The cyclic voltammogram for silver metal in the KPF,6 solution, Figure

36 (CV-580) exhibits very high initial anodic peak, folliwed by a poorly
defined secondary peak. Two high current density cathodic peaks are
obtained, with the second anodic peak being better defined at higher
sweep rates. Although some dissolution of the anodic product was ob-
served, the anodic-to-cathodic peak ratio was independent of sweep
rate. Existence of two cathodic peaks suggests that the anodic product

formed is AgFZ. If so, then charging the monovalent silver to the di-

valent form represents an inefficient process in this system.

Addition of 1000 ppm water to the above system resulted in a similar
type of anodic peak, but with a still higher current density. The cathodic
peak was reduced markedly, however, and the effect of sweep rate indi-
cated that a solid state cathodic reaction was involved in which the cathode
was soluble. The CV at 200 mv/sec was identical to that obtained for the
water -free solution. These facts further substantiate the formation and
consequence discharge of AgFZ, which would not be compatible with
water. The addition of LiF to the KPF6 solution increased the anodic
current density still further, and had a pronounced effect on AVP, the
peak-to-peak displacement, decreasing it from 0.6 to 0. 2 volts, indicat-
ing increased reversibility of the reaction.

Pre-oxidized silver in acetonitrile-KPF,6 exhibited only a single poorly

6

defined anodic peak at the higher oxidation potential, and only a single
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~cathodic peak, although a slight inflection occurred slightly cathodic to the
latter peak. Peak current densities were approximately the same as for
the untreated silver. Addition of LiF resulted in extremely high currents
and consequent instrument overload. This effect is of interest, and will

be investigated further.

(2) Butyrolactone solutions

The sweep curves for silver in KPF 6 solution, with or without LiF, are

identical in that only a single broad :nodic peak is exhibited, and a single
broad cathodic peak. In both cases, the cathodic peak becomes propor-
tionately smaller with decreasing sweep rate, indicating a solid state
cathodic reaction in which the cathode is soluwble. The anodic peak current

density is in the high range (100-300 ma/cmz) for the KPF, solution , and

6

the very high range (more than 300 ma/cmz) for the KPF,+LiF solution.

6

Pre-oxidized silver electrodes gave extremely high currents in KPF6 solu-

tion, with or without LiF, resulting in voltage overload of the equipment.

Dissolution of material was evident.

Low anodic currents (less than 10 ma/crnz) with no peaks, are exhibited
in MgFZ solution, with or without LiF additive, although a low cathodic
peak exists., This is to be expected, owing to the low availability of fluoride

ion, as indicated by the very low conductance.

(3) Dimethylformamide solutions

The sweep curve for silver in MgF2 solution exhibits currents less than

2 e . C e
0.1 ma/cm™ /cm division current axis which is not surprising in view of

oW D Yraa
WUW avaa

1

[

the extremely low conductance (2.2 x 10'6) and the conseguent -
ability of solute species for reaction. On the other hand, very high anodic
currents are obtained with KPF6 solution, with or without LiF, with the

existence of two anodic peaks. Two cathodic peaks are also obtained, al-
though these are proportionately smaller at the 40 mv/sec sweep rate, in-

dicating a soluble anodic product undergoing a solid state reduction reaction,
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Similar results were obtained with pre-oxidized silver in KP¥ solution,

6

. ] 2
with anodic currents in excess of 650 ma/cm"®.

The cyclic voltammogram for silver in dime‘chylformamide-LiBF4 is shown
in Figure 37 (CV-505) where a second anodic peak begins at +0. 9 volts.
The peculiar return loop represents a type of voltage delay action. The
effect of sweep rate indicated a soluble cathode undergoing a solid state

reduction reaction. Gassing was observed at the silver electrode.

(4) Propylene carbonate solutions

Figure 38 (CV-547) represents the sweep curve obtained for silver in pro-
pylene carbonate-KPF6 at 40 mv/sec. This is compared with the family of
curves shown in Figure 39 (CV-433), obtained earlier in the program
using non-distilled propylene carbonate. This set of curves was obtained
by raising the X-Y recorder pen for a few minutes each time, but allowing
the system to cycle continuously. Successive curves were recorded over a
30-minute period proceeding in the order 1-6 as labelled. Curve 1 corres-
ponds to that shown in Figure 38 (because of the higher sweep rate for the
family of curves, no anodic peak is reached within the 1. 0 volt range). Of
interest is the absence of a lower oxidation peak and corresponding reduc-
tion peak during the early cycles, but with continued cycling, these peaks
begin to occur and gain in magnitude, indicating the formation of a double
oxidation species of silver., Of further interest, and in confirmation of
these data, shown as an inset in Figure 39 is a reproduction of an oscillo-
gram of a cyclic voltammogram obtained with non-distilled propylene car -
bonate at 800 mv/sec, nineteen months previously during an independent in-
vestigation by Whittaker Corporation. Because of the still higher sweep
rate, the double peaked curve was immediately evident. The curve shown
in Figure 38 was run at a much lower sweep rate so that there was insuf-
ficient cycling to bring about the double peaks., Measurements will have to
be repeated to determine if the presence of water in the non-distilled

propylene carbonate has an influence on the formation of the double peaks.
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The addition of LiF to the KPF6 solution results in much lower currents and
the absence of an anodic peak, as shown in Figure 40 (CV-722). Pre-

oxidized silver in KPF6 gives a similar curve to that of silver in KPF,, but

6’
with a hint of a preliminary anodic peak. Only a single cathodic peak is ob-
tained, however, corresponding to the main anodic peak observed for the

untreated metal,

b. Copper Fluoride - Anodically Formed During Cyclic
Voltammetry

Using the same approach as before, we could consider that cyclic voltam-
mograms on copper in fluoride solutions should at first approximation indi-

cate the formation and discharge of mono- and di-valent copper fluoride.

(1) Acetonitrile solutions

The cyclic voltammograms for pre-oxidized copper in KPF, solution,

6
(Figure 41, CV-910), is characterized by a high, sharp anodic peak, origin-
ating immediately at the ocv, followed by a second broad, flat peak which is
spread over the remaining anodic scan. On the return sweep, the current
remains constant at approximately the peak value until it reaches the ocv,
only at which time it drops towards the negative direction. This straight-
back current return is a common characteristic for copper in acetonitrile
solutions of both chlorides and fluorides. Only a single cathodic peak is
evident, which is somewhat broader than the anodic peak. Addition of LiF

has no effect on the voltammogram. Copper metal in KPF +LiF (Figure

6
42, CV-618) gives a similar CV but with current densities less than half

of the pre-oxidized metal, again confirming the belief that the effect of pre-
oxidation is to essentially increase the surface area. (Again, the greater

peak displacement is a result of the measurement being made in the older

cell.)

(2) Butyrolactone solutions

Very low currents (no peaks) were obtained with copper in MgF _ solution,

2
with or without LiF, again indicative of low availability of fluoride ions.
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Copper in butyrolawtone-KPF6 solution gave two poorly formed anodic
peaks, the second in the high current range. The anodic product was
slightly soluble, and a solid state cathodic reaction was indicated. Pre-
oxidized copper gave a better formed anodic peak, but still very broad.
This represents a poor system however, because of the large peak-to-peak
displacement (1. 3 v). Addition of LiF to the KPF6 solution results in a
curve having a single high and sharp anodic peak (Figure 43, CV-630) for
copper. Unfortunately, the formed cathode material is soluble. Pre-
oxidized copper forms a similar type of curve (Figure 44, CV-1009) but in
this case the anodic product appears to be insoluble. A second anodic peak,
absent on the forward sweep, appears on the return sweep, but only a single
cathodic peak is evident, although a slight deflection precedes this peak,
occurring at about +0. 18 volts. This second cathodic peak is evident at
higher sweep rates, indicating the solubility of the higher oxidation state
cathode material. This system is still undesirable, however, because the

cathodic peak is broad and of medium low magnitude (10-50 ma/cmz).

(3) Dimethylformamide solutions

The poor solubility of Mg}?‘2 in this solvent results in low currents because
of the deficiency in electrolytic species. The curve for copper in KPF6
is shown in Figure 45 (CV-565), indicating low currents and a broad anodic
peak, which probably involves two peaks close together, since a double
cathodic peak is evident. Low currents and poor charge performance char-
acterize this as a poor system. Addition of LiF gives no improvement. In-

deed, still lower currents are obtained. Pre-oxidized copper gives the

same poor results.

Copper in LiBF4 solution, shown in Figure 46 (CV-509) exhibits two anodic
peaks in the medium high current range (50-100 ma/cmz) differing by 0. 6
volts. The reduction reaction is accompanied by excessive activation polar -
ization, and the large peak-to-peak displacement, together with formation of

soluble cathode, render thig system entirely unsuitable for battery application.

-30-




(4) Propylene carbonate solutions

Copper in KPF, solution exhibits two distinct anodic peaks, the higher oxi-

dation state beié;g of the medium high current density range, whereas the
initial peak is medium low. This is shown in Figure 47 (CV-554). The
anodically-formed cathode material, however, is soluble in the electrolyte.
Pre-oxidized copper failed to give any peaks, and overall currents were
very low. Addition of LiF to the KPF6 solution resulted in voltage overload

in the case of copper metal,

c. Nickel Fluoride - Anodically Formed During Cyclic
Voltammetry

Nickel and nickel oxide electrodes failed to produce any current peaks for
all systems screened, with one exception, and maximum currents were less
than 0.1 ma/cmz/cm division current axis, The one exception (LiPF6 in
dimethylformamide) is shown in Figure 48 (CV-517) where pre-oxidized
nickel shows a single low current anodic peak, and two low current cathodic
peaks fusing together. The inflection at 0.5 volts shows as a definite peak
at higher sweep rates. As before, nickel systems are consistently poor

because of inability to form an anodic product.

d. Zinc Fluoride - Anodically Formed During Cyclic
Voltammetry

The first data are reported here on zinc electrodes in fluoride electrolytes.

(1) Acetonitrile solutions

The sweep curve for Zn in KPF, solution is shown in Figure 49 (CV-918).

6
Although high currents are obtained for the anodic and cathodic reactions,
no desirable peaks are obtained. Addition of LiF causes excessively high

currents and instrument overload.
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(2) Butyrolactone solutions

Zinc in butyrolactone-KPF,6 solution presents a very desirable cyclic

voltammogram as shown in6Figure 50 (CV-992). The sharp symmetric
anodic and cathodic peaks are displaced by only 130 millivolts, the entire
pattern representing a very reversible system. The solid state cathodic
reaction type, with the cathode being insoluble makes this a desirable
system, and one to be recommended even though the current densities are
in the medium high range. The effect of adding LiF is shown in Figure 51
(CV-1014), the only result being a 50% decrease in peak currents, and a

slightly larger peak-to-peak displacement (240 mv).

(3) Dimethylformamide solutions

The only zinc system screened in this solvent involved KPF,6 as the solute,

resulting in the excellent cyclic voltammogram shown in Figéure 52 (CV-1048).
Very high current densities are obtained, with the discharge reaction show-
ing a higher value than the charge reaction (571 ma/cm2 compared with 439
ma/cmz). In addition, the peaks are again close together (AVp = 320 mv).
This cyclic voltammogram is a classic example of a solid state reaction

type, with negligible activation and concentration polarization both. Com-
parison is made with zinc in a butyrolactone-KPF6 (Figure 50) which al-
though exhibiting negligible activation polarization, does have some concen-
tration polarization shown by the width of the sweep curve at the zero cur-
rent axis. Although the charge-discharge efficiency for the dimethylforma-
mide-KPF6 electrolyte is not as high as for butyrolactone-KPF6

charge capacity is much higher, 2.4 cou.lombs/cm2 compared with 0.5

, the dis-
coulombs/cmz. This again is a recommended system.

(4) Propylene carbonate solutions

The sweep curve for zinc in KPF6 solution is shown in Figure 53 (CV-959).
A desirable type of curve is again obtained, comparing somewhat with

butyrolactone-KPF +LiF in current density magnitude. The possibility

6
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exists for two reducible species, indicated by the inflection near the apex

» of the cathodic peak,

e. Cadmium Fluoride - Anodically Formed During Cyclic
Voltammetry

During this second quarter, cyclic voltammograms were initiated using

cadmium in fluoride electrolytes.

(1) Acetonitrile solutions

Extremely erratic results were obtained with cadmium in KPF 6 solution,

particularly with respect to the anodic peaks which were of a nfultiple nature,
and which were repeated on the return scan. Very high currents were ob-
tained accompanied by excessive dissolution of the anodic product in the
electrolyte. Addition of LiF resulted in more reproducible voltammograms,
but decreased the current considerably, although still in the high range.

With or without the LiF, a single cathode peak was obtained, being much

broader in the presence of LiF.

(2) Butyrolactone solutions

Cadmium in butyrolactone-KPF,6 gives an excellent cyclic voltammogram

6
shown in Figure 54 (CV-997)., The peaks are sharp and well formed with a
displacement of 340 mv. Larger currents are obtained on discharge than

on charge. This system has a charge-discharge efficiency of 95%, double

that of the Zn/dimethylformamide-KPF,6 system, also a very high current

6
density system. There is some indication that continued cycling increased
the current densities still further. Addition of LiF resulted in a large de-
crease of current, but again, evidence indicated that further cycling would
bring a considerable increase of current. A second small cathodic peak

occurs at -0. 35 volts, which was more pronounced in the presence of LiF,

but which decreased with increased cycling, This peak would not interfere

in the discharge process of an actual cell since it is much smaller than the

-33._



primary peak, and is more negative by 0. 4 volts, The system is recom-

mended.

(3) Dimethylformamide solutions

Cadmium in KPF6 solution (Figure 55, CV-1053) again exhibits closely
placed peaks of high and very high current densities. The peaks are not as
sharp, however, as for the butyrolactone case. This is indicated in com-
paring the cathodic sweep indices, 107.4 for dimethylformamide and 193. 7
for butyrolactone. The cathodic sweep index for zinc in dimethylformamide-
KPF6 is 332.9, which reflects the larger peak current. The Cd/dimethyl-

formamide-KPF,6 is recommended for further study.

6

(4) Propylene carbonate solutions

The only cadmium system screened was in propylene carbonate-KPFé.

Extremely high currents were obtained resulting in instrument voltage

overload.

f. Cyclic Voltammetry of Molybdenum

During this quarter, cyclic voltammetry was initiated using molybdenum

electrodes in fluoride solutions, and in LiClO  solution of propylene car-

4
bonate and butyrolactone. Figure 56 (CV-911), obtained in acetonitrile-

KPF6 solution, is typical of all sweep curves measured in the LiClO4 solu-

tions, butyrolactone-MgFZ, and KP}F‘6 solutions in butyrolactone, dimethyl-

formamide, and propylene carbonate, as well as KPF,+LiF in acetonitrile

6
and butyrolactone. Such a curve, with very low current densities, is the
result of failure to form an anodic product. Most of the nickel systems

also give such voltammograms,
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C. TABLES OF CYCLIC VOLTAMMETRIC DATA

Included in this section are tables listing parameters derived from the

cyclic voltammograms. These parameters are as follows:

1. Sweep index
This is a relative figure of merit taking into account peak height, sweep ’
rate, and discharge capacity. The magnitude of the sweep index is a sensi-
tive function of activation polarization. This parameter is described in

more detail in an earlier report (Ref. 1, p. 80).
2. Current density magnitude

3. Cathode reaction type
Described as to whether the reduction reaction involves a dissolved species,

or a solid state material formed during the anodic portion of the sweep.

4, Cathode stability
A measure of degree of solubility of the cathode material relative to the

cycling time, and hence the sweep rate.

5. Discharge capacity

Amount of cathode material converted per unit area of electrode.

6. Charge-discharge efficiency

Ratio of discharge coulombs to charge coulombs.

1. AV
P
Distance between anodic and cathodic peaks in volts, giving a measure of
overall electrode reversibility, or in more practical terms, a measure of

suitability of the electrochemical system for secondary battery application,
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TABLE VI

ANODIC PEAK CURRENT DENSITY AND SWEEP INDEX
CHLORIDE ELECTROLYTES

Peak Current

>

Systems Density Magnitude Sweep irdex
ohm’~ lcm 2

Ag/Acetonitrile-LiCl Medium Low 3.2
Ag/Butyrolactone-AlCl, High 48, 2
Ag/’Bulﬂyrol:a.ctone~MgCl2 Medium High 19.0
Ag/ButyrolactonewMgCIZ-}—LiCl Medium Low 7. L
Ag/ButyrolactoneaLiC104+LiC1 High -
AgO/ButerlaCtOne~L1C1+A1C13 Very High 82. 4
AgO/Butyrolactone -»Lii.Cl.O4 Very High 49. 2
AgO/Dimethylformamide=L"1C1+A1C13 Medium Low i8.8
Ag/Propylene Carborate mMgCIZ Medium Low 4.7

- Ag/Propylene Carbonate~MgC12+LiC1 Medium Low 5.5
Ag/Propvlene Carbonate~=LiC104 Medium High
CuO/Butyrolactone -LiClO4 High 37.6
Cu/Butyrolactone=-LiClO4+A1C13 High 75. 3
Cu/Dimethylformamide-LiCl High 23,2
CuO/Dimethylformamide-LiCl High 49, 4
CuO/Dimethylformamide-LiCl+AICl, High
Cu/Dimethylformamide-LiClO 4+LiC1 High 41,90
Ni/Butyrolactone ~LiClO4+LiC1 Medium Low 3.6
Ni/Dimethyiformamide =MgClZ+LiC1 Medium Low 6. 4
A N . ) . . (peak c.d. )z x 100

. Relative figu:» ot rmerit defined as

sweep rate x coulombs/cm?
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TABLE VII

CATHODIC PEAK CURRENT DENSITY AND SWEEP INDEX
CHLORIDE ELECTROLYTES

Systems

Ag/Acetonitrile.LiCl
Ag/Butyrolactone -AICL,
Ag/Butyrolactone -MgCl1,
Ag/Butyrolactone =~MgC12+LiC1

Ag/Butyrolactone _LiC104+LiC1

AgO/Butyrolactone -LiCl-l-AlCl3
AgO/Butyrolactone ‘LiC104

AgO/Dimethylformamide _LiCl+A1C13

Ag/Propylene Ca.rbonate-MgCl2
Ag/Propylene Carbonate~MgC12+LiC1
Ag/Propylene CarbonatenLiLCIO4
CuO/Butyrolactone-LiClO

4

Cui'Butyrolactone—LiClO4+A1C13

Cu/Dimethylformamide-LiCl
CuO/Dimethylformamide-LiCl
CuO/Dimethylformamide aLiC1+A1C13
Cu/Dimethylformamide wLiC104+LiC1

Ni /Butyrolactone-LiClO4+LiC1

*
See Table VI

-93.

Peak Current

Density Magnitude

kK
Sweep Index

Medium Low
High
Medium High
Medium Low
High

Very High
Very High
High
Medium Low
Medium Low
High-

High
Medium Low
Medium Low
Medium High
Very High
High

Medium Low

ohmﬁlcmh;

8.0
76. 8
21.5

9. 6
79. 0

594. 0
40. 2
1i9. ¢

4.9
il. 2

27.0
1. 4
3.0
102.0
735.2
56.9
6. 8



TABLE VII

ANODIC PEAK CURRENT DENSITY AND SWEEP INDEX
FLUORIDE ELECTROLYTES

Peak Current

Systems Density Magnitude Sweep Index *
ohm ™ lcm-2

AgO/AcetonitrileuKPFé Very High 30. 3
AgO/Acetonitrile-KPF6+LiF Very High 151. 5
Ag/Dimethylformamide-LiBF4 Low 86. 6
AgO/Propylene Carbonate -KPF6 High 22.8
CuO/Acetonitr’ileuKPF6 High 51,6
CuO/Acetonitrile -KPF6+LiF High 61.5
Cu/Bu’cyrolactone-MgF.2 High .

CuO/Butyrolactone-KF’F6 High 22.0
CuO/Butyrolactone '-KPF6+LiF High 46. 2
NiO/Dimethylformamide -LiPF6 Low 0.2
Zn/Butyrolactone-KPF6 Medium High 47.7
Zn/ButyrolactonenKPF6+LiF Medium Low 15,7
Zn/Dimethylformamide~KPF6 Very High 95.8
Zn/Propylene Carbonate-KPF6 Medium High 14,1
Cd/Butyrolactone-KPF6 High 84. 2
Cd/Butyrolactone-KPF6+LiF Medium High 19.1
Cd/Dimethylformamide -KPF High 26.1

6

b3
See Table VI
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TABLE IX

CATHODIC PEAK CURRENT DENSITY AND SWEEP INDEX
FLUORIDE ELECTROLYTES

Peak Current

Systems Density Magnitude Sweep Index
ohm ™ tem ™2
AgO/AcetonitrilemKPF6 High 24. 3
AgO/Acetonitrile -=KPF6+LiF Very High 175.8
Ag/DimethylforrnaLmidemLiBF4 Medium Low 42,1
AgO/Propylene Carbonate —KPF6 High 40. 7
CuO/Acetonitrile=»KPZE‘6 High 36. 2
CuO/Acetonitrile -KPF6+LiF Medium High 13.0
Cu/Bu'cyrolactone‘-MgF2 Medium Low
CuO/Bu’cyrolactone-KPF6 Medium High 16. 3
CuO/Butyrolactone-KPF6+LiF Medium Low 8.7
NiO/Dimethylformamide-LiPF6 Low 0. 4
Zn/Butyrolactone--'KPF6 Medium High 42.0
Zn/Butyrolactone-KPF6+LiF Medium High 22.6
Zn/DimethylformamideuKPFé Very High 332.9
Zn/Propylene CarbonatewKPFé Medium High 22. 4
Cd/ButyrolactonemKPF6 Very High 193. 7
Cd/BUtyrolactonemKPF6+LiF Medium High 29. 4
Cd/Dimethylformamide-KPF Very High 107. 4

6

" See Table VI
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TABLE X

CATHODE REACTION TYPE AND COMPATIBILITY
SILVER IN CHLORIDE ELECTROLYTES

System Cathodic Reaction Cathode Stability

Ag/Acetonitrile-LiCl Solid State Insoluble
Ag/Butyrolactone -AlCl3 Solid State Insoluble
Ag!ButyrolactonemMgCl2 Solid State Insoluble
Ag/Butyrolactone-MgC12+LiCl Solid State Insoluble
Ag/ButryolactonemLiC104+LiC1 Solid State Insoluble
Ag/Butryolactone-LiClO4+A1C13 Solid State Insoluble
Ag/Dimethylformamide-LiCl Solid State Insoluble
Ag/Dimethylformamide-LiC1+A1C13 Solid State Insoluble
Ag/D.imethylfor’mamide_MgCI2 Solid State Insoluble
Ag/D??}methylformamide-MgC12+LiC1 Solid State Insoluble
Ag/Di.methylformamidemLiCIO4 Solid State Soluble

Ag/Propylene Carhonate-=MgC12 Solid State Insoluble
Ag/Propylene Carbonate-MgC12+LiC1 Solid State Insoluble
AgO/AcetonitrilemL:iClO4 Solid State Soluble

AgO/Butyrolactone-LiCl Solid State Insoluble
AgO/Butyrolactone_LiC1+A1C13 Solid State Insoluble
AgO/Butyrolactone -Li.ClO4 Dissolved Species Soluble

AgO/Dirnethylformamide-LiC1+A1C13 Solid State Insoluble
AgO/Dimethylformamide-LiClO4+A1C1 Dissolved Species Soluble

AgO/Propylene Carbonate -LiClO Solid State Insoluble

4
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TABLE XI

CATHODE REACTION TYPE AND COMPATIBILITY
SILVER IN FLUORIDE ELECTROLYTES

System Cathodic Reaction Cathode Stability
Ag/Acetonitrile «KPF6 Solid State Insoluble
Ag/Acetonitrile-KPF6+ 1000 ppm HZO Solid State Soluble
AgO/Acetonitrile _KPF6 Solid State Soluble
Ag/Acetonitrile-KPF6+LiF Solid State Insoluble
AgO/Acetonitrile~KPF6+LiF Solid State Soluble
Ag/Bu'cyrolactone-Mgl‘"2 Solid State Insoluble
Ag/Butyrolactone-MgF2+LiF Solid State Insoluble
Ag/ButyrolactonenKPFé Solid State Soluble
AgO/Butyrolac’cone-KPF6 -- Soluble
Ag/But.yrolactone-KPF6+LiF Solid State Solubie
AgO/Butyrolactone-KPF6+LiF -- Soluble
Ag/Dimethylformamide-KPF 6 Solid State Soluble
AgO/D:imei:hylformamide‘-KPF6 Solid State Soluble
Ag/Dimethylformamide-KPF6+LiF Solid State Soluble
Ag/Dimethylformamide-LiBF4 Solid State Soluble
Ag/Propylene Carbonate-KPF6 Solid State Soluble
AgO/Propylene Carbonate -KPF -- Soluble

6
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TABLE XII

CATHODE REACTION TYPE AND COMPATIBILITY

COPPER IN CHLORIDE ELECTROLYTES

System

Cu/Acetonitrile -A1C13

CuO/Acetonitrile .-..LiClO4
Cu/Butyrolactone -A1C13

CuO/Butyrolactone -LiC1+A1C13

Cu/Butyrolactone -MgCl2

Cu/Butyrolactone-MgC12+LiC1

Cu/Butyrolactone -LiClO4+A1C13

Cu/Dimethylformamide-LiCl
CuO/Dimethylformamide-LiCl
CuO/Dimethylformarnide-LiCl*l-AlCl3
Cu/Dimethylformamide-MgClZ
Cu/Dimethylformamide-MgC12+LiC1
Cu/Dirnethylfor’mamide--,LiClO4
CuO/Dimethylf.ormamide-LiClO4
Cu/Dimethylformamide-LiC104+LiC1

Cu/Dimethylformamide-LiClO4+A1C1
Cu/Propylene Carbonate-MgCl_#+LiCl

2

Cu/Propylene Carbonate --LiClO4

CuO/Propylene Carbonate -LiClO4

Cathodic Reaction

3

Solid State

Solid State

Solid State

Solid State

Solid State

Solid State

Solid State

Solid State

Solid State
Dissolved Species
Solid State

Solid State
Dissolved Species
Digsolved Species
Dissolved Species
Solid State

Solid State

Solid. State

Solid State

-98-

Cathode Stability

Soluble
Insoluble
Soluble
Insoluble
Insoluble
Soluble
Soluble
Soluble
Soluble
Soluble
Soluble
Soluble
Soluble
Soluble
Soluble
Soluble
Soluble
Insoluble

Insoluble



CATHODE REACTION TYPE AND COMPATIBILITY
COPPER IN FLUORIDE ELECTROLYTES

System

Cu/Acetonitrile ~KPF6

CuO/Acetonitrile -KPF6

Cu/Acetonitrile -KPF6+LiF

CuO/Acetonitrile -KPF6+LiF

Cu/Butyrolactone -MgF ,
Cu/Butyrolactone -MgF2+LiF
Cu/Butyrolactone -KPF

6

CuO/Butyrolactone - KPF6

Cu/Butyrolactone -=KPF6+LiF

CuO/Butyrolactone-KPF, +LiF

6

Cu/Dimethylformamide- KPF6

TABLE X

Cathodic Reaction

111

Cu/Dimethylformamide -LiBF4

Cu/Propylene Carbonate -KPF6

-99.

Solid State
Solid State
Solid State
Solid State
Solid State
Solid State
Solid State
Solid State
Solid State
Solid State
Solid State
Solid State
Solid State

Cathode Stability

Insoluble
Insoluble
Insoluble
Insoluble
Soluble
Insoluble
Soluble
Insoluble
Soluble
Insoluble
Insoluble
Soluble
Soluble



TABLE XIV

CATHODE REACTION TYPE AND COMPATIBILITY
ZINC, CADMIUM IN FLUORIDE ELECTROLYTES

System Cathodic Reaction Cathode Stability

Zn/Acetonitrile -KPF6 Solid State Insoluble
Zn/Butyrolactone- KPF6 Solid State ‘Insoluble
Zn/Butyrolactone-KPF6+LiF Solid State Insoluble
Zn/Dimethylformamide -KPF6 Solid State Insoluble
Zn/Propylene Carbonate -KPF6 Solid State Insoluble
Cd/Butyrolactone »-KPF6 -Solid State Insoluble
Cd/Butyrolactone- KPF6+ LiF Solid State Insoluble
Cd/Dim e’chylformam:ide-KPF6 Solid State Insoluble
Cd/Propylene Carbonate-KPF -- Soluble

6
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TABLE XV

&
AV ', CHARGE-DISCHARGE EFFICIENCY AND DISCHARGE CAPACITY
P . SILVER ‘ELECTRODES

Charge-Discharge Discharge
AV Efficiency Capacity
System Volf To Coulomb/cm

Ag/Acetonitrile-LiCl 0. 80 90. 0 0.3
AgO /Acetonitrile-KPF6 0. 54 23.0 1.0
AgO/Butyrolactone-LiCl 1. 10 67.0 0.8
AgO/Butyrolac’cone_LiC1+A1C13 0.23 100. 0 4.4
Ag/ButyrolactOne-MgCIZ 0.70 100. 0 0.7
Ag/Butyrolactone-MgC12+LiC1 0. 40 100. 0 3.0
AgO/Butyrolactone-LiClO4 0.98 34. 4 4.1
Ag/ButyrolactoneaAICI3 0. 87 96.0 2.2
Ag/Butyrolactone-LiClO4+LiC1 0. 55 -- -
Ag/Butyrolactone-LiClO4+A1C13 0. 85 79. 6 1.5
AgO/Dimethylformamide-LiCl+AlC1 3 0.02 42.6 0.3
Ag/Dimethylformamide--LiClO4 0. 72 -- -
AgO/Dimethylformamide-LiClOJAlCls 0. 02 40.0 0.2
Ag/Propylene Carbonate—MgCl2 1.10 100. 0 0.7
Ag/Propylene Carbonate-MgC12+LiC1 0.93 74.0 0.3
Ag/Propylene Carbonate -LiClO4 1. 40 -- -

62.8 0.1

AgO/Propylene Carbonate-LiClO4 --

Voltage separating anodic and cathodic peaks.
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TABLE XVI

%
AV, CHARGE-DISCHARGE EFFICIENCY AND DISCHARGE CAPACITY
P COPPER ELECTRODES. "

Charge-Discharge Discharge
AV Efficiency Capacity
System Voft To Coulomb/cm
CuO/Acetonitrile«LiClO4 1. 14 -- -
CuO /Acetonitrile-KPF6+LiF 0. 70 49.7 1.1
Cu/Butyrolactone-MgF2 0. 22 -- -
CuO/Butyrolactone—KPF6 1. 28 26.2 1.2
CuO/Butyrolactone-KPF6+LiF 0. 75 34. 2 0.4
Cu/Butyrolactone-AlCl3 0. 33 -- -
Cu/Butyrolactone-MgClZ -- 10. 5 -
CuO/Butyrolac:tone-LiClO4 1. 27 46.5 1.9
CuO/Butyrolactone~-LiC1+A1C13 0. 30 31.1 0.4
Cu/Butyrolactone-LiClO4+A1C13 0. 20 46.7 0.3
Cu/Dimethylformamide-LiCl 0. 50 6.9 0.1
CuO/Dimethylformamide-LiCl 0. 30 6.7 -
CuO/Dimethylformamide -LiC1+A1C13 0. 17 -- -
CuO/Dimethylformamide-LiClO4+LiC1 0. 25 28. 4 0.9
Cu/ Dimethylforrnamide-LiC1q1+A1C1 5 O 23 8.2 4,2
Cu/Propylene Carbonate-LiClO4 1. 30 -- -
CuO/Propylene Carbonate-LiClO 0. 39 100. 0 0.6

4

wla
-

Voltage separating anodic and cathodic peaks.
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ZINC, CADMIUM IN FLUORIDE ELECTROLYTES

System

Zn/Acetonitrile -KPF6

Zn/Butyrolactone -KPF6

Zn/Butyrolactone ~KPF6+LiF

Zn/Dimethylformamide -KPF 6

Zn/Propylene Carbonate-KPF6

Cd/Butyrolactone -KI-"F6

Cd/Butyrolactone -KPF6+LiF

Cd/Dimethylformamide -KPF 6

Cd/Propylene Carbonate «-KPF6

Voltage separating anodic and cathodic peaks.

TABLE XVII
*
AV, CHARGE-DISCHARGE EFFICIENCY AND DISCHARGE CAPACITY

" Charge-Discharge Discharge
AVp Efficiency Capacity
Volt %o Coulomb/cm”
1. 20 -- -
0.13 100.0 0.5
0.24 -- -

0. 32 48. 3 2. 4
0. 34 74. 1 0.4
0. 34 94. 7 .
0. 27 -- -
0. 40 49.9 2.8
0.70 -- -
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II. EXPERIMENTAL

A, MATERIAL PURIFICATION AND CHARACTERIZATION

1. Distillation of Solvents

With the exception of propylene carbonate, the solvents were distilled as
previously described. Although initially a single distillation had sufficed
for the purification of propylene carbonate, this method did not suffice for
the purification of later quantities. It was found that water apparently
reached a constant level in all fractions obtained in the distillation. Since
it was known that the distillation procedure was capable of removing water
originally present, it was suspected that an impurity was present in the
propylene carbonate which slowly decomposed under the distillation condi-
tions, yielding water as one of the products. Therefore, following the first
distillation, the main cuts of propylene carbonate were dried over caicium
sulfate, filtered, and carefully redistilled. This procedure afforded propy-

lene carbonate of reproducible purity.

2. Solution Preparation

All materials were stored after drying in closed containers in a glove bag
under nitrogen. All manipulation of solvents and solutes was accomplished
in a controlled atmosphere chamber under nitrogen. Where necessary,
cooling was furnished by a cold-finger which was flame-dried and positioned
in the exterior wall of the controlled atmosphere chamber. The flask con-
taining the solvent was positioned around the cold-finger while coolant was
added externally. Usually, the rate of addition of solute was controlled so

as to maintain the temperature in the solution flask at -5° to 10°C.

In order to facilitate repetitive preparation of solutions for the screening of

various electrodes, the method of solution preparation was altered. (Ref. 1)
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The procedure used during this period involved the initial mixing of solvent
“and solute in a proportion so as to yield a 0.5 m solution. If the solute was
insufficiently soluble, the solution was allowed to stand overnight, filtered,
and the conductivity determined. If the solute was soluble, an increment of
solute (sufficient to bring the solution to 0. 75 m) was added and the conduc-
tivity redetermined. If the conductivity had not changed by 0.5 x 10" ohm—l
cm-l (n being the same order as that in the initial conductivity measure-
ments) the solution was filtered and used at this concentration for the cyclic
voltammetry procedure. If the conductance changed by more than 0.5 x

10-n ohm  cm , the incremental addition procedure was repeated until

- -1 -1
the change in conductivity was less than 0.5 x 10 "ohm™ em”.

Conductance measurements during this period were not thermostatted. Am-
bient temperature in the controlled atmosphere chamber varied between 22
to 28°C. A recirculating gas heating system capable of maintaining the
temperature at 30 = 1°C has been recently installed in the controlled atmos-

phere chamber.

3. Electrode Preparation

Copper oxide electrodes were prepared by heating copper wire in a vycor
tube at 200°C for 20 minutes. Following this, the materials were allowed
to cool and then stored under nitrogen. In the case of nickel, it was neces-

sary to heat for 60 minutes at 300°C in order to prepare the oxide.

Silver oxide was prepared at room temperature by electrolytic oxidation at
2.0 ma/cm2 in a 30% potassium hydroxide solution. After the reaction was
completed, the oxidized electrode was washed with water, air dried, and

finally dried under vacuum at ambient temperature.
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B. CYCLIC VOLTAMMETRIC MEASUREMENTS

"A detailed description of the instrumentation, measuring cell, and measure-
ment procedure, is thoroughly described in the First Quarterly Report

(Ref. 1). During the present quarter some changes were made in the
measurement procedure. Cyclic voltammograms are now obtained at 200,
80, and 40 mv/sec. As before, triplicate measurements are made using a
fresh electrode and fresh sample of solution each time. Measurements

were made as before in a thermostatted both at 30°C.

The primary modification during this period was the change to an improved
measuring cell. The chief modification was the introduction of a notched
luggin capillary, for the purpose of reproducible positioning of the working
electrode. The new cell is also equipped with a ground glass ball-joint
connection for the working electrode compartment of the cell. The ball-
joint facilitates the positioning of the electrode into the luggin capillary
notch, and the joint clamp holds the electrode rigidly in place during the

measurements.

The reproducibility of cyclic voltammograms obtained using the new cell
has been significantly improved. This has been b;ought about by decreasing
the working electrode - reference electrode distance to an absolute mini-
mum, and by reproducing this distance for every determination. Any lack
of reproducibility in the curves can now be safely attributed to the changing
electrode surface of the more soluble electrode materials, this being more

pronounced at the lowest sweep rate.
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