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SUMMARY

The principal objective of this program is the study of the feasibility of the
lithium moist-air high energy storage battery for use as the power aystem in
vehicles. An overall equation which can be written for the reaction expected
for this system is:

2L1 + 1/2 0p + Ha0 T=—— 2LiOH

Since considerable information is already available on the primary and second-
ary performance of the lithium anode in a variety of electrolytes, the primary
effort was directed to the characterization of the performance of the air elec-
trode in nonaqueous electrolytes. Oxygen has been found to be reducible on
platinum and silver in non-aqueous media. Linear and cyclic sweep voltammetry
have been used to study the electrochemical reduction of oxygen on smooth plati-
num electrodes for the lithium perchlorate-nitroscdimethylamine (NDA) and
phenyltrimethylammoniumhexafluorophosphate (¢MQSNPF6) - nitrosodimethylamine
systems, The reduction of oxygen studied in both of the above systems occurs

in two main steps: At -0.6V and -1.75V ve Ag/AgCl for LiCl0,-NDA and at -1.0V
and -1.85V vs Ag/AgCl for (MesNPFg-NDA. The mechanism of the electrode pro-
cesses are complex; adsorption effects snd chemical kinetics complications have
been determined. The effect of the presence of water on the electrochemical
reduction of oxygen in ¢M93NPF5-NDA was studied extensively. The results appear
to show that the reduction of oxygen might pass from a one electron reaction in
the complete absence of water to a four electrons reactlion, as in aqueous media,
for concentrations of water over 1.2% by volume., A complex series of different
mechanisms were poustulated for intermediate values of water concentration,

The present report also covers the evaluation of the current capability of the
proposed components of the cell: air electrode and lithium anode. It was
shown that the oxygen electrode in phenyltrimethylammonium hexafluorophosphate-
NDA can support a curreat of 20 ma/cm® for 21 houxrs at voltages of -1.15 to
-0.92 Ag/4gCl using the American Cyanamid electrode AA (Pt load 50 mg/cu®).

Cn an Allia-Chalmers sintered silver electrode the steady state current for 23
hours wae 30 ma/cm® in a voltage range from -0.77 to -1.10 vs Ag/AgCl. The
lithium electrode in the same electrolyte has demonstrated steady state capa-
bility in explorvatory experiments at 30 wma/cw® and -2.5V vs Ag/AgCl. Also,
small lithium moist-air cells have shown that they can operate at 5 ma/cm2 with.
cell voltages of approximately 2.0V for short times.

The present report also includes the study of an analyticzl method for oxygen
determination in non-squecus media and experiments with the purpose of deter-
mining the diffusion coefficient for oxygen and the number of electrons which
participate in the reduction.v : -
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FOREWORD

This is the Final Report of a research p.uy: i conducted by Globe-Union Inc,
under contract with the U. §. Army Mobility Equipment Research and Development
Center (USAMERDC). The purpose of this program was to investigate the feasi-
bility of the lithium-molist air high energy storage battery for use as a power
source in vehicles. The research program was done under Contract DA-L4-009-AMC- -

1552(T).

During the sixteen-monmth period of the contract two semi-annual reports (October,
1966 AD6L2248 and March, 1967 AD ) and the present final report were

issued. - The technical contents were reviewed by USAMERDC prior to publication.
The suthors gratefully acknowledge ihe valuable discugsions with Prof. Irving
Shain, and the collaboration of William E. Elliott and Dr. Guy D. McDonald

during parte of this contract. The gift of platinum fuel-cell electrodes from
American Cyanamid is acknowledged.
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INTRODUCTION

The main purpose of this research program is the determination of the feasi-
bility of a high energy electrochemical storage device for use as the main power
system in vehicles.

Many electrode couples suggest themselves as being possible systems to produce
sufficient energy density to keep the weight of a vehicle moderate and yet
allow a reasonable range of operation. It is very difficvlt simply from the
free energy of reaction to determine which of these various systems will be the
best, not only with respect to energy density but also with respect to practical
adaptability to sound engineering. The lithium-moist air battery has been
selected as a system which appears to have many advantages over other systems.
Among its advantages are its extremely high theoretical energy density (2566
watt-hours per pound), the possibility of ambient temperature operation and
general simplicity. An overall equation which can be written for the reaction
expected for this couple is;

2 Li+ 1/2 05 + Hp0 —=—————" 2 LiOH

The review of the literature available with respect to the components of the
proposed cell showed that considerable information was available about the pri-
mary and secondary characteristics of the lithium anode, but in contrast, very
few studies had been done at that time covering the kinetics of oxygen reduction
in non-aqueous media. This situation suggested that the main effort at the
beginning of the contract should be dedicated to the characterization of the air
electrode in non-aqueous solutions. 1In order to find the optimum conditions for
the study of the air electrode in non-aqueous systems, screening of different
solvents, solutes and electrode matevials was done. Nitrosodimethylamine{NDA)
showed advantages over propylene carbonate (PC) with all of the solutes used,
and it was chosen as the solvent for the present research work. Platinum was
considered the best catalyst material for use as an electrode in the initial
studies. Lithium perchlorate and phenyltrimethylammonium hexafluorephosphate
,(ﬁﬂeqﬂPF ) were the two best solutes .or the electrode process investigations.
Therefore, LiCl0,-NDA and ¢ﬁeahPF6~NDA were the two electiolytes chosen to

study the mechaanism of the electrochemical reduction of oxygen on smooth plati.
num electrodes during the fivst yesar of this program. Linear and cyclie sweep
voltampetry were the principal electrochemical techniques used for the studies
of the oxygen veduction wechanism. The effect of incressing concentration of
‘water on the over-all reaction was also dnvestigated.

The study oy the air electrode was completed with experiments of curfemt capa-
bilities of half cells. Tney showed promising results with & curreat densicy
of the order of 30 ma/ew®. Finally, a relatively short part of the centvact

was dedicated to the lithium sncde., This iwcluded linwear sweep and half cell
coustant current experiments. : ' :

As @ proof that both proposed components of the battery were compatible with

each other, laboratory scale lithium-moist oxygen cells were run at low curreat

density. The data wera promising and did not show any impediate fundamental
prablems in the syscem.
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During the development of the research contract two parallel problems, which
had fundamental importance in the whole investigation, were studied. They
included the development and reversibility study of a Ag/AgCl reference elec-
trode for non-aqueous media and an analytical method for oxygen determination
in non-aqueous solutions. The latter is discussed in the Appendix.

The discussion of the present final report will follow the main points expressed
above. The sections which have been reported before will be only summarized and
for the details the reader will be referred to previous reports.

The present report covering the sixteen-month period of the contract will be
divided into the following sections:

Literature Review

Materials and Equipment

Exploratory Studies

Reference Electrode

Alr Electrode

Lithium Ancde

Laboratory Scale Lithium-Moist Oxygen System
Conclusions

Appendix
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'LITERATURE REVIEW

An exhgustive analysis was compieted of all the research availeble related to
both the alr electrode and i{ithiua anode components of the proposed cell.

The discussion and list 5f the references . 2s inciuded in the First Semi-
Annual Report, October 1966 ADGL22LJ,
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MATERIALS AND KQUIPMENT

The description of the wethods for purification of the different materials
utilized im this program wss givenu i the two previcus sami-annuel reporis.

The poteatiostatic equipmeni available la our laboratories con3ists of g
combination of operational amplifior cirenits. It wee discussed in the First
Semi-Annuul Report, October 1966, A block disgram of the fnstrument and a

cireult configuration for countrolled poteatisl methods are shown in Figures
! and 2. ‘
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EXPLORATORY STUDIES

The First Semi-Annual Repoft, October 1966 AD642248 included exploratory
studies related with the air electrode in the following electrolyte systems:

a. lm phenyltrimethylammonium hexafluorophosphate, saturated
tetramethylammonium hydroxide-N-nitrosodimethylamine.

b. 1m phenyltrimethylammonium hexafluovophosphate, saturated
tetramethylammonium hydroxide - propylene carbonate.

¢. 1lm lithium perchlorate-propylene carbonate.
d. lm lithium perchlorate-N-nitroscdimethylamine.

e. 1lm phenyltrimethylammonium hexafluorophosphate-N-nitroso-
dimethylamine. '

f. 1lm phenyltrimethylammonium hexafluorophosphate-propylene
carbonate. ' -

These studies were performed with platinum black American Cyanamid Type AA-1
electrodes and they have shown better current capabilities for all the sys-
tems with N-nitrosodimethylamine &s solvent then with propylene carbonate.

This was the principal reason for choosing N-nitrosodimethyamine as the sol-
vent for further studies.
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REFERENCE ELECTRODE

At the beginning of this research program, it was found that the silver wire
was unsatisfactory as a reference electrode, and a compact aquecus Ag/AgCl
reference electrode protected from the electrolyte by a nun-aqueous salt bridge
: . was developed. The application of small overpotentials at both sides of the
! equilibrium potewu.ial did not result in any significant hysteresis effect. The
: electrode was stable and reversible.

The details of the preparation and hysteresis study of the reference electrode
were explained in the First Semi-Annusl Report, October 1966.
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AIR ELECTRODE

REDUCTION OF OXYGEN IN NON-AQUEOUS EEDIA

The first year of research work on the contract was wainly dedicated to the
study of the mechanism of the electrochemical veduction of oxyger on smooth
platinum electrodes in nitrosodimethylamine (MNDA) solutions. Two different
solutes were used: lithium perchlorate and phenyltrimethylammonium hexafluoro.
phosphate (¢Me3NPFe). The study of both systems has shown that oxygen s elecw
tro-reduced in two principal steps. Burface adsorption and chewmlcal kinetics
complications were also observed. The experimental details of the studies have
been covered in the First Semi-Annual Report, October 1966, for the LiC104-NDA

system and in the Second Semi~-Annual Report, March 1967, for the @Me NPFa-NDA
system.

a. Lithium Perchlorate - Nitrosodimethylamine System

It was demonstrated that the electrochemical reduction of oxygen in this
media occurs in two steps: The first a -0.6V vs Ag/AgCl snd the second
at -1.75V vs Ag/AgCl. The current observed with the air electrode
appeared to be limited by a surface interaction, adgovption of oxygen
on the platinum electrode, and by wmass transport of the active species.

b. F&ﬂnyltrimethvlammonium hexafluoxaphaspbeceunitrosa&imathylamine Sywtem

b-l Work doving the secanﬁ reporting pewiod covered the study of the
wmechanism of (he oxygen reduction in the electvolyte phenyltri-
methylammonium,hexafluavophﬁsphateunitrasudimmthylam&me.

Using this. electrolyte aby - exteﬁﬁive atudy was wade of the kﬂuwtics
of the oxygen reduction on stwoth pletinun electrodes for a wide
vange of concentration of protons, Tha vesearch has covered syge
- tems with extvetely low concentvations of water {8030 ppm) to con-
centration levels at which its effect o the mechanism was a maxi-
mew (\»i.¢% by’ veiume) The overall wechanism £ & couplox pro-
r:ceas whiéh includes, first, & serlae of surfecn processes on the
e lectrade (adsﬁzgtiau, Anteraction between oxygen snd platinum, o
o reduction of the film ferma&} sud #ecbﬁﬁ, two: p&r&iaiiy wWabY Lrange
o ~Egasa &cyaadeai 8&&?& R

, 'The titsc ef theme azsx tr&aaparr eautr&lﬁeé sLeps nncluges an BOE -
- rmeehand e eamplzeaﬁﬁ& by disproporcionation snd apparently s the
- reduction of oxygen to poroxide with superoxide as an intecsediste.
. The second step e e highly Lrveversible owe und possibly {s the
- peduction of prroxide to hvdvouide when protouie macerisls {water,
,f‘&tc.i ave guriiable. Degslled studies uding various levels of ,
| water conentration heve destnsteated that weter (protovs) sifects
- each step~sf the oschanistic process, and that inevessisg enouuts
" of water yleld wore favorsble veduction caﬁﬂi&ibﬂm an& fncrease tha
Ievei of £h¢ penk eut:ent Avi-each step.
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The interpretation of the data obtained during this second six
months research led to the postulation of a hypothetical overall

mechanism;
1. 0g solution /=== Op surface
2. 0p surface + Pt ———— Ptxoy
3. No ptotons available:
| e -
O == 0z Oz
k
- k =
where 205 -» On + O
4, Protons Available:
2e,(ﬁq
S wﬂ ..,,..........Esi,._l_,. 2; (W)
N ] k'

Lﬂ*]

bua F@t&ﬂ’iaﬁtﬁﬁiﬁ atuéies in order' i) de:armine the uiffusion coefficient
of oxysen and tha unﬁb&r nf elesttuns iarelvgﬂ in the reactisn ' .

The: kinetics mf ch& c&vsan r&duceiuu o _suooth p atiauﬁ electrodes ia
~ the PMegNPR.-NBA Systeme contained in the Second Seti-Annual Report of
- the preseut coatract has just been summavized in the above section.

- The tavestigation of tha postulstad wechanize needs to he completed

,&§ the detezsiivation of the mumber of elections exchanged in the dif-

mrant p&atulsr_ed react:mﬁs or by the idm»ai cscioﬂ of their praduc.tﬂ

,Bﬂth ¢f Lheaa éetéxvinatiaae encouutar eeriaux éiﬁficnitiaa becavae of
. the coupléx syetes invelved aod the sbsence. of suitdble setheds avail-
. able. However, we made soee sttespta £o determive the nuaber of elecw
. erons sud the diffusiou coefficient of Oz ia the system studied. Tha
L athiad ﬁhasen for these oblectives was & potentlostetic ‘electrolysis
1&t s&ort t;ﬁea an& analysxa o§ ths au::ant—tina curves (1, 3)
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If the potentiostatic reduction of a substance O to & substrate R is
considered at potentials sufficiently cathodic that the current is
controlled entirely by the diffusion of O to a spherical electrode
surface, but without complication by kinetic effects, the equation
for the current-time curve is:

1 1
= * --Smﬁ?-

where 1 is the current flowing, n is the number of electrons involved
in the electrode reaction, F is the Faraday, A 1s the area of the
spherical electrode, Dy is the diffusion coefficient of substance O,
Co* is the bulk concentration of substance 0, t is the time after the
sudden application of the comstant potential and rg is the radius of
the electrode.

From the above equation, it is cleer that if current is plotted as a
function of 1/tY/2 g straight line has to be obtained and from the
values of the intercept aud the slope the variables n and Dy can be
calculated.

We decided to apply the method to cur system for cases with different
concentratiops of water added, while recognizing that for some of

those cases it would not be useful for the kinetic complication studied.
‘Nevertheless, any failure of the application of the potentiostatic
method for these cases might be comsidered a support of our previous
postulation. We hoped that for the reduction of oxygen at concentra-

- tiony of water over 1.2% by volume the wmethod could be useful 4f the
kinetic mwechanism of Oz, being similar to that in aqueous media; did
not have kinetics complicacions.

The experiwents were run with the same system used hefore, 0.5n phenyl.

- trisethylamnoniun hexafluora@hnsptate-ﬁnﬁ saturated with Oy (5 x 10 “ o)
~ at different poinmts in the range of concentration of wateyx added.
(Second Semi-Anmual Report) The study vas concentrated on the first
veduction peak with the,;tauéfcmaatious kaown when water is edded.

In order to apply the equaiion s sphevical platinun {bead) electrode

- wak uged. One of zhe_first'?ra&teas-abserv&dswaﬁ the selection of a
‘_eufi.ciaa;lyfaatﬁa&ic potential, ~ Additious of water shift the second

- pesk to wore pesitive values aud the sep&satiou betseea peahs x aud II :
“{s decveased. - : '

. Seversl experiments were vun &t coucantrvatious of water from LS ppa to
. 188 by volume, but although etraighs iineg’ﬁﬁse obtained, the vesults
were woi reareﬁucib&e end did not show valuzs for n and B uhicn’ceuké

b expected,  With no wateyr agdded, the values of n covered resalls
between .3 and 0.7, aud for 1.5 of vater they sere batwesn 1.% and
1.7, The reeulte for the diffusion coefficient were apparently toe
highs they oscillated beswean 1 and 2 x 107% oo fsec. Tine did nob
permit a coutfnystiou of cthese expozinents widch could have tnvolved

. other techolques such ## exhiustive conatant potewtial elu»treiysis

uhi&h ‘eukd perhaﬁb, by ﬁﬂhlﬁnﬁtfy give xaluas for u.

e e vatans
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HALF CELL CONSTANT CURRENT EXPERIMENTS

The introduction explained that one of the main efforts was dedicated to
obtaining information about current capabilities of the air electrode and lith-
ium anode.

To pérfarm these experiments in a suitable way, the floating type electrode
cell was used for the air electrode.

The floating electrode was suggested by Giner snd Smith (3) and it consists of
suspending a porous electrode just in the interphase between the gas and the
liquid. The behavior of this method simulates a practical fuel cell electrode.
The cell is shown in Figure 3. Different types of Americeun Cyanamid platinum
black electrodes and an Allis-Chaluwers sintered silver electrode were held by a
platinum spatula contact just on the electrolyte surface, efforts always being
made to eliminate any floocding. The counter electrode was a bright platinum
sheet electrode parallel to the working electrode. The reference electrode .
(Ag/AgCl) was located on one side between the other electrodes. Oxygen satu-
rated with moisture was passed continuously over the solutionm.

The source of comstant current was our operational amplifier equipment described
previcusly (First Semi-Annual Report). Tables I and II are a summary of our
data.

Two different solutious (LiClO4~ND& and fide NPFPe-NDA) were tested. In both
cases we added 1% Hp0 by volume, The vesults from Table I which correspond to
LiGLOy e-~ be cansidered poor. No lasting steady poteutials were observad.
But, th® sults cbtained with the @MeuNPFs (Table II) can be cousidered pro-
wising. Six different fuel cell platinum black electrodes were studied. The
range of platinun loading varied widely from 2.5 mg/cw® to 50 mg/;m? The
All£s~chalmara silver electrede was also studied.

The experimanea weye 10t meant te be exhaustivey they were rus until the peten-
tial of the workiug electrode reachad values low wnough to be fateresting for
prelivinery ecvesning or uatil the time of the experiment was consideved long
_encugh te show capabllity of the slectvode under study. The current density was
changed at differeat intervals to obtain information about the current capabilicy
for sach {ndividual electrode. These expariments &t differaent curreut densities
. vere continucus wit&aut hoiei eh& eiectrnces at apen circuic before changing

. qurbent.

Tha hase vesult wis with the a;iver *iectraﬂe in ﬁheqﬁ§93~§ﬂ$~ 2% houvs at
30 wa/en® gave & polavization ef 0,3V (0.7 to «1.10V ve An/Kg€l). The experi-
wents with pletinua bisck electrddes showed the effect of the platinum loading.
The beer curteant csaa&ilit; £ar ?i&tiﬁbﬂ &;eutraﬁas V&g e&tainﬁg with the Type
u%wwf*‘ | |

e wOﬁBiCéﬁﬁ& that the expeﬁiaénts'éummaéi;§é fa Tables I and IY show in soue
‘extent the poweibilittes of the oxygen electrode.  They sre not conclusive bt
cEest Some aptiﬁism ﬁﬁéﬁt "he ‘uture dﬁvelegaanc of the Complete sysnen.
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W - Working electrode, geometri-
cal area in contact with
solution 1 cmz.

Ref - Reference electrode, Ag/AgCl
{0.1M RCL) with bridge solu-
tion Im LiCth'-NDA.

C ~ Counter Electrode, Pt. Area
6 cm“.

§ - Stirring bar.
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LITHIUM ANODE

The first semi-annual report included a bibliography and a review of the pro-
perties of the lithium snodes. The present report details some experiments
designed to obtain a better understanding of the behavier of lithium as an
anode in systems which have been studied previously with the air electrode. We
have to recognize that the time dedicated to the anode was very short compared
to that wsed to study the oxygen elestrede., The principal interest in this
case vas only to demomstrate that lithium can 'z oxidized in the nom-aqueous
electrolyte in which oxygen is reduced and that its curvent capabilities can

be compatible with the afir electrode,

The study can be separated im two parts: linear sweep voltammetry and half
cell constant current experiments. In these studies small pieces of lithium
were pressed inm & cup electrode. Mounting the metal in this manmer prevented
any gross changes in the area of the lithium electrode during the tests which
might affect the results. The cup was made from a small piece of 1/8" teflom
tubing {Figure 4) and a glass rod containing a platinue contact sealed inside
it. This cup electrode filled with lithium performed satisfactorily and is
easlly fabricated.

LINEAR SWEEP VOLTAMMETRY EXFERIMENTS

Pigure 5 shows a typical exidation of the lithium cup electrode im O.5m
'¢M93NPFB~NDA. The experiment was started st the zero current potential (~2.T77V
Vs Ag/AgCl and scanned to positive values at 3 mv/sec. The slope of the i-E
cugve 1s very high and reversal during the vertical anodic portion of the curve
followed exactly the previous trace. Agitation did not show any effect om the
currents ebserved. These experiments appear to show, at least qualitativelr,
that the electro-oxidation of lithium in ¢Me3NPFe-NﬁA is a nearly reversible
resction without atrong chemical effects from poasible reactioms with the elec-
trolyte whichk could passivate the oxidation of the metal anode.

HALF CELIL, CONSTANT CURRENT EXPERIMENTS

The comstant current experiments with lithium were also run with the cup elec-
trode described in Pigure 4. The other electrodes were located appropriately
co obtain & uniform current distribution. The test electrolyte was O.5m

#Me NPFg-NDA with the addition of O.4% by volume of water. This order of con-
centration of water appears to be the maximum tolerable level without serious
gassing problems, The experiment was run at 30 ma/cme for 3 hours 30 minutes
showing a steady potentisl close to -2.5V vs Ag/AgCl.

. It should be pointeé out here that the maximum tolerable level of water con-
centration (0.4%) for lithium is far below the minimum water concentration
level (1.2%) necessary for maxima current capability of the oxygen electrode.
This problem has to be considered in future studies.
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VOLTAGE - Volts (Ag/AgCl)

-1.5 -2.0 -2.5 =3.0

Electrolytes ,
0.5u (Me NPF, ~NDA .
Scan raté = gmv/sec. :

Working Electrodes .
.Li cup electrode
(Areaz approx. Tmm")

Counter Electrodes
Pyrolytic graphite 0.0

Reference Electrode:
Ag/AgCl
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LABORATORY SCALE LITHIUM-MOIST OXYGEN SYSTEM

After the results described in the previous sections were obtained, it appeared
relevant to spend some effort in trying a complete cell on iabwsratory scale,
Similar experiments were run at the beginning of the contract ;First Semi-
Annual Report) but with LiCl0.-NDA. In this case we chose phenyltrimethyl
amronium hexafluorophosphate-NDA which has shown better perfo.mance than LiClQ,
(Tables I and II) and has been studied extensively during the second part of
the present contract. While we realize that any results wocld not be conclu-
sive, we felt they would at least indicate whether any immediate difficulties
results when the individual components were combined in phenyltrimethylammonium
hexafluorophosphate-NDA to form the complete system,

two types of cells were used for the experiments. Thev appear in Figure 6.
Cell 2 has been described previously in the First Semi.innual Report, and
Cell 1 is s very simple design imn which application of the floating electrode
ides is attempted. The results arc summierized in Table IYX  Two catalyst air
electrodes were tested: Americen Cyanamid sze Ab and the silver Allis-Chalmers
electrode. There are experiments at 5 ma/ce® and 2.8 ma/cn® and they were run
for very short times, mainly because difficulties in the construction of the
systems have created experimentsl problems. However, some observations can be

. made about the complete system. Firet, the stapliity of the lithium ancde
electrode was demonstrated, and secondly, the possibility of & 2V battery is
promising. ' ’
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QQNSTANT CURRENT EXFPERIMENT WITH LABORATORY SCALE
i Li - Moi.st:'o,2 System
% Electrolyte: O.5m ﬁae3NPF MDA + 1% w0
o Volts vs Ag/ggcl
GELL 1
= Lt - Pt (Type AR SOmg/cm’)
: Current Density: 5 ma/om®
Puration of test: 45 min.
o o CLOSE CIRCUIT VOLTAGE
: OPEN CIRCUIT POTENTIAL Volts vs Ag/AgCl
ELECTEODE COUFLE BEFORE TEST -
Volts vs Ag/AgCl After Current At the Bad
; ~ - Applied of the Tesat
? Li - Bt +3.15 +2.00 +1.75
. Pt - Ref. +0.25 -0.50 ~0.70
. Li - Ref. -2.85. 2,37 -2.37
. gLz -
Li - Ag (Allis-Chalmers) ,
g Cugrent Dengity: S mafcm
1 " Dupstion of Test: 20 min.
. | A .‘ -
M e | CLOSE CIRCUIT VOLTAGE
E ' - . OPEN CIRGUXT POIENIIAL volts ve Ag/AgCl
i ELECTRODE COUBLE. - . BEFGER TESY - e A
i S Volts ve dglaghl “After Curvent At the End
i ST Applied. of the Test
- Ag +1.38 +1.18
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CONCLUSIONS
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The priucipal Lonclusione reached at the end of the present contract are des-
cribed below:

I.

Cxygen has been found to be electreéhemically reducible on platinum
and silver in the non-aqueous solvents propyleme carbonate and
N-nitrosodimethylamine.

A.

B.

c.

‘The reduction can be carried out at much higher rates in
- nitrosodimethylamine solutions than im propylene carbonate

golutions.

The reduction of oxygen occurs in two wain steps. At
-0.6V and -1.75 vs Ag/AgCl in lithium perchlorate~nitroso-

~dimethylamine and at -1.0V sand -1.85¢ vs Ag/AgCl in phenyl.

trimethylommonium hexafluorophosphate-nitrosedimsthylamine.

- Xt hes slso been established that oxygen in non-aquecus

wedia can be accumulated on the platinum electrode surface

by & relatively slow adsorption process.

The oxygen reduction mechanisn on smooth platinm ia
¢ResﬂP a-NDA appears to be guite complex. The tests indi.
cated that moisture can cause increases which wove than

. double the oxygen reduction current and is therafere highly

Aimportant to the reﬁuatien of axygau aven in naa-aqueeus

nedia.

Tﬁa'paatéiﬁgeé mechenisiy iﬁ this system. iﬁtluﬁes-fiS8¢,.'

- geries of surface processes on the electrode (adsorption,

- istevaccion betveen oxygen and platinum, reduction of the

'.i;- Oz se&n

- fila formed) and second, tuo pactially mass tusnsport

dependent steps with chemical kinstics- camplics*zca {B Q.E,'

“ﬂ ,me;hxnia&) thus, the ﬁﬁliawi&g steya eaéur*

Gg s&rf&cﬁ
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4. Protons avallable
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G
E. fThe oxygen electrode has shown steady state current delivering capa-
bility in @Me NPFq-Nitroscdimethylamine (1.0% Kz0). On an American
Cyanamid electrode AA (Pt load 50 ma/ca®) the steady state current
for 21 hours was 20 ma/c® at voltages of -1.15 to -0.92V ws Ag/AgCl.
On an Allis-Chalmers sintered silver electrode the steady state cur-

rent for 23 hours was 30 ma/co® in the voltage region from -0.77 to
~1.10V vs Ag/AgCi.

11. The lithium electrode in the same electrolyte (but 0.4$ H,0) has demonstrated

st?ady state capability 1u exploratoty experiments at 30 na/cef and -2.5V vs
Ag/AgCl.

II¥. 4 small lithium-moist eir cell in Li8104~NB& was shnwn to operate for periada
. .up to two weeks at low current density (1.0 te 0.5 majew® vith cell voltage
2.5 to 1.5V). In some rvecent exploratory cell tests at § mafee® the cell
voltsge was approximately 2.0V for LS minutes. The electrodes were a lith-
iun ribbon anode, 1 oo in srea, and an Americea Cysnamid AA cathede, 1 cuf
in srea. The electrolyte wae ﬁﬁ&aﬁFQwﬁﬁﬂ (1.0% ¥:0).

,’i?{ ZThe a;&ver»siiver chlovide rafa:enaa ﬂlec*“ade utilized in tpis was& a8
' studled snd it was eatabfished ghat it was nonpolavizable under the eper~
saiﬁg eéuuiciens of the Ltests gertarmeé in th:s pragram.

Vo an &naiyticaz wathed f@v oxygen in nsﬂ*“queouﬁ ﬁaiuﬁi@ns was studied te
. somwe extent gad applied fo decermine the oxygen concentration in nitrogo-

- dimethylanine xaiuﬁicax. ?h& ueeﬁeat?atioﬁ of. axygen seturated saiutxa&%
we 5 x W0 %& .
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APPENDIX

ANALYSIS FOR OXYGEN IN NON-AQUEQUS ELECTROLYTE

From the beginning of the contract we realized the necessity for determining
the ~oncentration of oxygen in the non-aqueous electrolytes studied during the
progress of the present research. The knowledge of the concentration of oxy-
gen 18 essential for any quantitative evaluation of the experiments performed.

The Winkler (4) method for detevmining oxygen concentration has special sources
of error with organic materials being omne of the most serious interferences.
However, other researchers (5,6,7) have used it to evaluate the concentration
of oxygen in ni n-aqueous solutions such as scetonitrile and dimethylsulfoxide.

Ceetzee and Kolthoff (5) have proposed another volumetric titration which they
claimed was successful for acetonitrile, but unfortunately a complete study is
not available. We decided to extend the study of this method and apply it to
our resegrch program,

The method as it was reported, is a volumetric titration based oun the reaztiom
between oxygen aud Fe ' in neutral or basic medis,

‘pﬂi T On + bFe™ & 2Ha0 ———> Ure™T 4 Low”

aud the back titration of the Fe'' excess with ceric {Ce'™®) in acid solutious:

4 +é

piH =2 . Fe 4 Ce MAas

e S /- + Céfs

The first approach used was a conventional potentiometric titratiom using a
platinum indicator electvode. However, when the end point of the titration was
reachad, It was wot stable and it dropped down after seversl seconds wakiang it

very difficult to establish o vesl fiaal vslue for the tiiration. This behavior

could be explaiued by a post-resction between the ce™e and the NDA solutions,
This problem was resolved by the veplacement of the conventional potentiowetry
by & continuous potenticestric ti{tration. By addition of the titraat (cet®) at
an eppropriste continvous flow rate the pusnwtsactia& sould be minimized. We

- found theb ﬁy Lsxﬂs 8 titrant flow rate of 1.14 mlfmin. 8 reoveducibla end peiat
of the Fo'9 titrvation with C&™% gould be aehsevcﬁ inp igsenze cf NDA. We also
 dewonstrated that the end point of the titration of Fo
- intevsection of the extrapoelated iin&s baxo”e aud after the sharp incwease in

coyresponds to the

Jotea&‘*l 8¢ ‘is whown in Figure 7.

The technique of the method will be describad shovely. The study of the mathad
tool place in the following steps, in the sequence listed:

b2
*

.?itr&t:ﬂn (s34 ?"** with CoT¥ fn agUROGS b&lﬁtiﬁﬂ&. Compavison of the
eng poi&a obtained by conventional potentfometric titration using the
method et tha secanﬁ derivative sad those by the continsous tera‘icn.
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FIGURE T

TYPICAL END POINT OF A CONTINUQUS POTENTIOMETRIC TITRATZION
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B. Effect of ngiumtetroxida (0804) as catslyst of the reaction between
Fe'® gnd Ce *. The intention of the experiments was to improve the
definition of the end poimt by accelersting the resction end to
increase tiie rise of the potentisl after the completion of the titrs-
tion.

C. Effact of the pregence of NDA and search for the appropriate flow .
rate of the titraunt. :

D. Determination of the concentration of oxygen from oxygen satursted
water sumples and comparison of the results with expected values
found ia stsudard tables.

E. Determination of the concentratieﬁ of cxygen in MBA soclutiomns.

Following the sequence just described, 1t was observed that the most im ortant
problem was the precipitation of ?e(OH)g after the reaction between Fe'<€ and
Oz. Apparently it cam abeorb Fe' W and if the Fe(OH)g is not completely dis-
solved, the resulis ave exratic. This problem is more moticeshle when NDA is
present. Saveral methods weve tried in order to minimize the errzors. The
principal points studied were the following:

1. pH at which the reaction with OX¥Z2n OCCUTS. | o
2. Time during the reactiﬁn between 02 and Fe in neutral or ’
. b&Sic mdiao , . K *
3. Time af»er the addiction @E &cid which should dissolve the : >
Fe(OH)3+aud condition the solution for the back titration
with ﬂe -

L. pi in the acid media.

5. Complexing agents in order to eliminste the Pe(OH)s precipi-
- tation; -EDTA, sodium tetraborate and sodium pyraphosphate
were atudied.

“ We do not consider that at this moment all the possible variables were studied
- snd as & comsequence the study was not fimished. We believe that the method -
“ean be improved. However, using the method which will be described below we
. did determine the concentration of oxygen in NDA solution with and without the
*fphenyiarimathylammouium-hexafluorophnsphate,- There was not an appreciable
“difference, comsidering the errer of ‘the method im both cases. The value
. o&taine& from ie-titr&tions was - S +110 ., @@= .0013)

L azscalmzow OF THE METHOD.

- Flgure 8 déutrlb@s'th@ set up for the continuous potentiometric titratiom,

. Before the adéition of the sample air was cerefully removed from the solutioms

- by bubbling airragen. The titvant was added in a constant flow rate by uaing
*a ﬁatvard A@p@rn&u& infusiocn pump Model 975, ~ .
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FIGURE 8§

SETUP FOR THE CONTINUOUS POTENTIOMETRIC TITRATION

w f— :
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Sample addition
and N, outlet
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F13. ABSTRACT

The principal objective of this program is the study of the feasibility of the lithium-
moist alr high energy storage battery for use as the power system in vehicles. The
primary effort was directed to the characterization of the performance of the air elec-
trode in non-aqueous electcrolytes. Oxygen has been found to be reducible on platinum  §
and silver in non-aqueous media. Linear and cyclic sweep voltammetry have been used to [
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phosphate (@Me NPFb) nitrosodimethylamine systems. The reduction of oxygen studied in
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" L1C10y~NDA and at-1.0V and -1.85v vs Ag/AgCl for @Me3NPF6~NDA. The mechanism of the
electrode processes are complex; adsorption effects and chemical kinetics complications §
have been determined. The effect of the presence of water on the electrochemical reduc- |
tion of oxygen in ¢Me NPF.-NDA was studied extensively. The results appear to show thati§
the reduction of oxygen méght pass from a one electron reaction in the complete absence
of water to a four electron veaction, as in aqueous media, for concentrations of water
over 1.2% by volume. A complex series of diffevent mechanisms were postulaeed for
intermediate values of water concentration. (U)

The present report slsc covers the evaluation of the current capability of the proposed
components of the celly air electrode and lithium anode. It was shown that the oxygen
electrode in phenyltrimethylammonium hexafluorophosphate-NDA can support a current of
20 ma/em® for 21 hours at voltages of 1 15 to -0.92 Ag/AgCl using the American
Cyanamid electrode AA (Pt -load 50 mg/cm 2}, {(v)
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On an Allis-Chaluers sintered silver ~lectrode the steady state current for
23 hours wae 30 ma/cma in a voltage range from -0.7T to -1,10 vs Ag/AgCl.
The lithium electrode in the same electrolyte has demonstrated steady ctate
capability in exploratory experiments at 30 m/'cm2 snd -2.5V vs Ag/AgCl.

- Also, small lithium-moist air cells have shown that they can operate at

5 ma/cm? with cell voltages of approximately 2.0V for short times. (U)

“

-»

The present report also includes the study of an analytical method for oxy-
gen determination in non-aqueous media and experiments with the purpose of
. determining the diffusion coefficient for ovygen and the number of electrons
which participate in the reduction. (U)
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