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SECTION 1
INTRODUCTION

In recent years, attention has focused upon lithium as an

‘anode material for high energy density (H.E.D.) battery systems.

Because of the ease of oxidation of metallic lithium, such systems
necessarily use a non-aqueous (solvent/electrolyte. From practical
considerations, the anode and cathode materials which will provide
the largest emf are selected from a list of standard electrode
potentials (1). Lithium immediately becomes a prime anode candi-
date. The large emf that can be obtained, coupled with the
possibility of high energy densities (500 W-hr/kg), prompted re-
search interest in lithium batteries since about 1960. Cathode
materials are chosen on the basis of the cell voltage, reaction
products formed, availability and stability. A much larger list
of potential cathode systems exists which include heavy metal
halides (2-4) sulfides (5) and oxides (6)

Auburn et al (7) and Behl et al (8) reported on cells
utilizing oxyha}ides with the addition of 1-2M LiAlCl4 as an
electrolyte and,either graphite, carbon black, or polvcarbon mono-
fluoride (CF)n as the cathode. Lithium was found to be stable in
the three major oxyhalides studied; phosphorus oxytrichloride
(POC13), sulfuryl chloride (SOZClZ), and thionyl chloride.(SOCIZ).
It was concluded from observations of the appearance of lithium

"anode surfaces, from cell performance, and from opinions based on

the established reactivity of lithium that this stability was due
to the formation of a passivation layer. Solvent reduction oc-
curred during operation of the cell as a battery and energy
densities in excess of 500W~hr/kg were reported (7). The thionyl
chloride system showed the best performance compared to the other
two oxyhalides due to its higher eneray density even though the
cell voltage of the SO,Cl, system is higher than that of the socl,
system (3.9V vs. 3.6V), respectively (2). These factors then
prompted furiher investigation and development of the lithium

thionyl chloride system.
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Many reactions (and reaction products) can be proposed, con-
sistent with a complex system, and a favorable thermodynamic situa-
tion. The reactivity at the electrode surface is further compli-
cated because the kinetics for each reaction are apt to be mark-

edly different and a mixed potential situation probably exists. Since

surface lithium reactions in a simple system are not yet understood,
an analytical determination of these reaction products might yield
insights into basic phenomena affecting cell performance.

Thionyl chloride is used as an electrolyte carrier and
cathode depolarizer because of its ability to undergo electro-
chemical reduction. The continued development and investigation
of primary lithium batteries based on SOCl2 has highlighted three
problems: first, a voltage delay after storage at high temperature
(10-14), second, .a tendency of the cells to explode at high rates
of discharge, short circuit, or overdischarge (13), and third,
limited cell capacity based on the ability of the carbon cathode
to accommodate products of reaction before passivation (9).

Apprroaches to alleviate the safety hazards associated with
the use of these batteries have been investigated (15,16). It
appears that the explosion problem can be solved by providing for
automacic venting, limiting the rate of discharge, and protecting
against short circuit by the use of thermal fusing within the
cell. The problem is further complicated, however, by the observa-
tion that SO2 gas, a primary reaction product, is not produced at
a linear rate when a battery is discharged at constant current;
rather it is expelled in a non-linear fashion toward the end of
the discharge (17). .The cathode limitation can be overcome by
using a porous cathode with greater surface area while limiting
the cell anode by controlling the quantity of lithium utilized (18).

The voltage delay phenomenon caused by passivation of the
lithium surface has been studied by a number of workers (10-14,
19). Driscoll et al. (19} reported that the voltage delay could
be eliminated by pretreatment in 1.5M LiA1C14/SOC12 and that solu-
tion purity dramatically affected the voltage delay. Principal
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products of the discharge reaction were reported tc be S, SO,

and LiCl. Dey and Schlaikjer (12) examined the surface of lithium
by SEM and energy dispersive x~-ray analysis to characterize the
passive film growth and its composition. These investigators con-
cluded that the érystalline material on the lithium surface was
LiCl.

In a separate study, Auburn et al. (7) concluded that the
reaction products were mainly lithium chloride, sulfur, and
lithium sulfite, while Holleck et al. (20) reported the reaction
products to be lithium chloride, sulfur, and sulfur dioxide.

Several reactions were then examined thermodynamically in
an effort to determine if one of the calculated voltages compared
more favorably to the measured open circuit voltage of approxi-
mately 3.6V. The free energy values of formation were obtained

from Lattimer (1).

4Li + 2S0C1l. » 4LiCl + SO, + S, E° = = 3.688V
2 2 -nF .
. . , G°
Qe —
8Li + 3S0Cl, » 6LiCl + Li,SO, + 25, E° = = = 3.574V
, . , G°
- 2 = =
8Li + 4S0Cl, - Li,$,0, + 6LiCl + §,Cl,, E =5 = 3.675V

Unfortunately, all of these values are within the experi-
mental error of measurement so that no conclusion regarding the
reaction can be reached based upon these calculations even if
kinetic complications were to be ignored. Chua et al. (14) have
reported that film growth was observed only in the presence of

LiAiCl4 and the addition of 5% SO, reduces the voltage delay time.

2
Lithium is so reactive that it is unlikely that it can exist
in contact with another material without forming a preotective film.
The properties of this passive film upon lithium can be understood
in part through electrochemical studies. The behavior of the
lithium is dependent upon several film properties including its
thickness, its morphology (porosity and crystal size), the type
and concentration of lattice defects (interstitital ions, grain

boundaries), and the transport mechanism (ions and/or electrons).




Some (21,22) have made initial usc of electrochemcial techniques
to examine this passive film.

It appears that a first step in attempting to understand the
complex phenomena and reactions occurring within a primary lithium
cell, is to understand the surface reactions of lithium with its
environnent before it is placed in the battery. 1t is obvious
that the surface reaction products of lithium, passive or active,
can influence the operation of the battery. A second step is to
study the surface reactivity with electrolyte. It is the purpose
of this study to investigate the surface reactions and passive
film formation ~n lithium using surface spectroscopy techniqgues

and to correlate these results with electroanalytical results.




SECTION 2
EQUIPMENT

A. Dry Box

A cdry box, obtained from Wright-Patterson Air Force Base
was refurbished to provide an environment in which lithium and
thionyl chloride could be stored, their chemical reactivity studied,
and electrochemical experiments conducted. Subsequently lithium
samples were transferred for surface analysis using demonstrated
procecdures (described later) which minimized the chance of con-
tamination. The dry box was fitted with electrical feedthroughs
to enable electrochemical experiments to be conducted.

The major components of the dry box system shown in

Figure 1 are:

(1) a provision for an inert atmosphere (helium was used;

(2) a recirculating pump for continual removal of any
gaseous impurities such as water vapor from the helium (by pump-
ing through molecular sieve columns);

(3) a provision for maintaining a continuous positive
pressure;

(4) an isolation or transfer compartment (which allows
chemicals and equipment to be introduced into the box without
contaminating the atmosphere with either air or water vapor) ;

(5) a provision for regeneration of the molecular sieve;
and

(6) a relative humidity sensor to enable constant monitor-
ing of the water vapor level in the dry box. A dewpoint of about
~78°C (<2ppm Hzo) was maintained for the duration of this work.

B. XPS Spectrometer

XPS spectra were obtained using an AEI (KRATOS) ES-100 spectro-
meter modified to include ion sputtering, enhanced vacuum capabili-
ties and microprocessor controlled data acquisition. Spectra were
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obtained using a magnesium Ka source at a beam power of 200 watts.
The enhanced pumping capability was achieved through the use of

a turbe-molecular pump, ion pump and a titanium sublimation pump.
The XPS system was thus able to sustain a base pressure of 1 x 10-.9
Torr (1.3 x 107/

reliability and presents a clean environment for the analysis of

Pa). This design (Figure 2) provides improved

samples including lithium metal samples exposed to environmental
gases.

C. sSample Holder and Vacuum Interlock System

A vacuum interlock system was used for transferring lithium,
SOCl2 and battery anode samples from the helium dry box in which
they were prepared into the XPS sample chamber for analysis. The
two sections of the vacuum interlock system are shown in Figures
3 and 4. figure 3 is the insertion stage, and Figure 4 is the
transfer chamber. The corresponding sample holder for lithjum

metal is shown in Figure 5.

The vacuum interlock is composed of two sections which bolt
onto opposite sides of the XPS sample chamber (Figures 3 and 4y ..
On one side is a long .375 in. diameter stainless steel red in-

~side a stainless steel bellows (A in Figure 3). The rod can be

rotated within the bellows via a vacuum rotary feedthrough (B in
Figure 3). This rod is inserted through the XPS system into the
sample transfer chamber., Utilizing the bellows and rotary feed-
through, the rod is attached to tl.e threaded end of the sample
holder (D in Figure 5) and the sample is drawn into the XPS sys-
tem. The other half of the ir .erlock éyStem is the actual trans-
fer chamber (Figure 4). The treasfer chamber consists of an
ultrahigh vacuum gate valve (A in Figuve 4), a sample chamber

(B in Figure 4), and a viewing port (C in Figure 4). The transfer
chamber is initially loaded with a sample inside the helium dry
box. The gate valve is then cl sed and the transfer chamber is
bolted onto the XPS unit. The use of a second gate valve on the
XPS system permits simultaneous isolation of both the XPS system




Figure 2. XPS System Showing the Redesigned Vacuum
System. A, Turbomolecular pump; B. Ion
- pump; C. Titanium sublimation pump.
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Figure 3.

Sample Insertion Probe for the XPg
System. . A. Bellows assembly;
B. Ultrahigh vacuum rotary feedthrough.




Figure 4, Lithium Sample Transfer Chamber.
A, Cltrahigh vacuum gate valve:;
B. Sample chamber; C. Viewiny port.
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Figure 5. Lithium Sample Holder for the XPS System.
A, Banana plug support; B. Sample rod:;
C. Set screw fastener; D. Threaded sample
probe fastener.
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and the transfer chamber from the atmosphere. Through the use
of an additional valve the transfer system can be evacuated using
the turboriolecular pump. The sample is then pulled into the XPS

charmber. This transfer system was utilized in all the XPS studies
of lithium anodes. '

The sample holder functions as follows: one end of the
holder is composed of a standard banana plug (A in Figure 5). The
banana plug is connected to a rod (B in Figure 5) by means of a
small set screw (C in Figure 5). The opposite end of the sample
hcider is threaded (D in Figure 5). A sample of the lithium metal
is "speared" onto the holder rod such that the end faces or the
lithium are parallel to the rod. The banana plug is then fastened
on the rod and then inserted into a hole in the end plate of
the vacuum interlock. Once the interlock system is attached to
the XPS instrument and evacuated, the sample is pulled into the
analysis chamber by screwing the insertion rod onto the threaded

end of the sample holder and withdrawing the holder from the
vacuum interlock.

D. Gas Manifold System

A separate system for the exposure of lithium to different
gases was constructed. The gas manifold system shown in Figure
6 is composed of a central manifold with four gas cylinders con-
nected in parallel. An ultrahigh vacuum flange on each end of
the manifold allowed the manifold to be connected to the Auger
spectrometer and to a portable high vacuum system simultaneously.
When this system was connected to the spectrometer, gases of in-
terest were introduced for direct reaction with the sample in the
analysis chamber. 1In addition, the systém allowed mixed gas

reactions and sequential gas exposure experiments to be conducted.

E. Spectrometer

AES spectra were obtained with a Varian 10 keV 5um spec-
trometer. The electron beam energy and spot size chosen for these

analyses were typically 3 keV and 5 x 10-2 mmz, respectively. The

12
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electron beam current was lya. The base pressure determined from

the uncorrected nude gauge reading was typically 1 x 10—10 Torr

(1.3 x 10-8 Pa). Samples were profiled using 3 keV argon ions

with the systeun backfilled to 5 x 10_5 Torr. The intensities of

the element of interest e.g. chlorine (181 eV), carbon (271 eV),
oxygen (503 eV) and/or aluminum (1386 eV) were monitored. Samples
were transferred from the dry box to the spectrometer by placing

the carrousel containing several samples in a "Zip-Loc" polyethylene
bag. This transporter bag was opened inside a larger bag attached
to an entry port of the AES system through which dry argon

gas was flowing at a rapid rate. Little or no contamination re-

sulted when samples were transferred in this manner.

F. Electroanalytical Components

A galvanostat ard voltage follower were constructed with a
pair of Philbrick $P~102 onerational amplifiers (Figure 7). These
amplifiers have a compliance voltage of some +100 volts and as
such were used to construct a system with seven current values from
0.500 te 2500 pA. The open circuit potential of the lithium
electrode versus a calomel reference electrode was monitored versus
time following a galvanostatic pulse by inputing the cell to a
Date! MDAS-80 A/D converter which was interfaced with a computer
(TRS-80). The acquisition rate was computer limited (6500 -/sec)
which allowed transients as short as about one milliseconds to
be adequately followed. The galvanostatic current was computer
controlled through a National Semiconductor analogue switch (No.
AH0015) whose transients (400 nsec-off, 100 nsec-on) and internal
resistance (750-on, 107-off) were quite acceptable. The soft-
ware for compufer acquisition and processing o€ voltage transient

data was available within the laboratory.

G. ghemicals

Lithium samples from discharged cells were prepared by GTE-
Sylvania of Waltham, Massachusetts. They were sealed with sealing

wax in screw-cap seals which had been blanketed with argon

14
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within their dry box. High purity lithium was also obtained from
Foote Mineral Company, Exton, Pennsylvania

This program called for GTF-Svlivania to supply lithium
anode sanples which had been discharaed to specified depths of
their theoretical cavacity, at specified rates and at specified
temperatures. High purity thionyl chleride (Table I) and electro-
lyte were also supplied by GTE-Sylvania.

16




TABLE I. THIONYL CHLORIDE COMPOSITION

Component

Weight %

Sulfuryl Chloride
Sulfur Chlorides
Sulfur Dioxide |
Residue on Evaporation
Nickel

Iron

Lead

Copper

Zinc

Other Metals
Water

Organics

<0.009%

<0.1%
<0.3%
<0.1%

5 ppm

5 ppm

5 ppm

1 ppm

1 ppm

10 ppm

<50 ppm

ilot Detected
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SECTION 3
PREF® 2ATION OF CLEAN LITHIUM SURFACES

The affinity which lithium has for must substances, e.qg.,
water and oxyceon, requires that special precautions be taken to
inhibit surface reacticrr. Removal ot contamination through sput-
tering and pumy 1o 13 Cifficult. An isprovement in transferring
lithium metal samples which resulted in only slight oxygen con-
tamination was achieved by immersing the lithium in n-hexane prior
" to transfer frcn tire dry box.= The details of this procedure have
been fully described in zetail (23). An AES trace of a lithium
metal surface .ut under n-Hexane is shown in Figure 8 and a trace
for the lithium metal surface after receiving repeated sputtering
and pumpinyg is shewn in Figure 9. This surface (Figure 9) was
deemed to be the result of an optimum lithium surface preparation
procedure, and was used as a substrate to conduct gas exposure
studies. The resulting "clean" lithium surfaces displayed a com=-
bined surface impurity {0 , N and C) of less than one atomic
percent. This determination was made by considering the relative
sensitivity of these elements to the Auger process as measured
from data gathered in our laboratory and elsewhere (24). 1In
Figure 9, the majcr Auger peak in the K-VV spectrum of clean
lithium appears at 5leV. This is in agreement with previously
reported results (25,26) on lithium.

The base pressure in the XPS is greater than that in the
AES, 3 x 107/ pa versus 1.3 x 10”8 pa, respectively. We were not
able to obtain a satisfactorily clean lithium surface within the
XPS. Toward this effort glow discharge, ion sputtering and pump-
ing techniques failed to pronduce a surface sufficiently devoid of
oxygen to consider it a trace surface constituent. Johansson et
al (27) have demonstrated that atomically clean lithium can be
prepared for XPS analysis using evaporation techniques at pressures
below 2 x 107 2% Torr (3 x 1078 pay.
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Figure 9. Auger Spectrum of a Clean Lithium Metal
Surface Obtained by Repeated Sputtering
and Pumping.

20




For the studies which involved the storage of lithium in solvent
or electrolyte, lithium metal was used either as received or scraped
with a clean surgical blade within the dry box.

21
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SECTION 4 ,
THE NON-FARADAIC REACTIVITY OF LITHIUM WITH GASES

In an effort to understand the role, lithium reactivity has
in the "voltage delay" phenomenon, experiments were designed in
which the specific reactivity of lithium metal with the environ-
ment, i.e., gases, solvent and electirolyte, was determined. These
results are discussed below.

For the studies with gases, controlled amountg,of 02, co,
C02, and N2 were introduced through a leak value which was an
integral part of the AES vacuum system. After selected periods
of time at measured pressures, the chamber was evacuated and the
sample was rescanned immediately. These results are shown in
Figure 10 as a composite of Li KVV spectra reaferenced to the peak
from metallic lithium at 51 eV. The reaction rate of lithium with
nitrogen is the lowest for any of the gases utilized. Evidence
of reaction at the lithium surface can be inferred from the shift
in the 51 eV peak (clean lithium) towards 38 eV (CG, reacted
lithium surface). The relative response ratios from N, C, and
O ' versus dose are shown in Figure 1ll. It can be concluded
that the passivation of lithium by Oziand CO2 is rapid and com-
plete. The passivation of lithium by'CO is not as rapid as for
0, and CO,. The chemical affinity of lithium to the various
gases in order of increasing reactivity is:

N2 < < CO < 02 v CO

5
Figure 12 shows a typical overall XPS scan of high purity
lithium sample transferred from our dry box. Figure 13 shows the
high resolution O ls XPS scans obtained in our laboratory from
freshly cut lithium following insertion into the XPS system (Figure
13a), after some argon .ion bombardment (Fiqure 13b) and after
further ion bombardment (Figure 13c). The conversion of the
hydroxide to oxide under ion bombardment is apparent. These peak

assignments to hydroxide and oxide are in agreement with a previous

22




a) CLEAN Li

b) (1.6 X 10®° LANGMUIRS) Ne
\,—W\J\rc) (50 x 108 LANGMUIRS) N2

d) (48 x 103 LANGMUIRS) O,

) (89 X 10° LANGMUIRS) CO2

i. 1
(o] 20 40 60 80 100
ELECTRON ENERGY (eV)

Figure 10. High Resolution Auge.r Spectra of Lithium.
a) clean surface; b) exposed to 1.6x10
Langmuirs of nitroger; c) exposed to 5.0x108
Langmuirs of nitrogen; d) exposed to 4.8x}10
Langmuirs of oxygen; e) exposed to 8.9x10
Langmuirs of carbon dioxide.
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Figure 13.
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study done on water chemisorption on magnesium metal (28), and
demonstrate the ability to observe the relative concentration
differences of lithium oxide and lithium hydroxide on the surface
of freshly cut lithium. A high resolution XPS spectrum of the
oxygen 0O ls peak for lithium exposed to thionyl chloride vapor

gave a single oxide peak centered at 530.5 eV.

Lithium metal develops black nodules approximately 3 mm in
diameter when exposed to dry nitrogen gas for a period of 12 hours.
The AES trace obtained;gFigure 14) shows a significant enrichment
of nitrogen had taken place and that the black spotted area is a
lithium nitride or oxynitride (28) type material. This conclusion
is drawn because shortly (6 minutes) after commencing to profile
the "black spot” the relative intensities of the oxygen and nitro-
gen peaks become constant and of significant value. The circular"
symmetry and hemisphericai shape of the spots from the surface
inward indicate the presence of an active surface nucleation site.

The nature of this site has not been established.
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SECTION 5
NON~-FARADAIC REACTIVITY OF LITHIUM

The reactivity of lithium metal to thiony: chloride was deter-
mined in a scrics of experiments in which the ien@th of exposure
and temperature were varied. The length of exposure varied fron
90 minutes to 20 days while the effect of temperature upon the
film properties was studied over the range ~f 2°C to 70°C. We
anticipated that we would correlate the ion sputter time required
to pfofile through the resulting film with the length of exposure
and thevtemperature during exposure. Unfortunately, none but the
thinnest films could be profiled in reasonable périods of time.

The AES spectra of "as received” GTE lithium anode surfac.

treated for 11 hours at room temperature with SOCl2 liquiu (Figure
15a) and SOCl2 vapor (Figure 15b) is typical of these spectra.

The major reaction product is lithium chloride: however, trace
quantities of carbon, oxygen, and sulfur are also present in both.
These surfaces are nearly identical and, on the basis of their pro-
file times (400 seconds each), both contain films of‘equal thick-

ness.

For lithium exposed to liquid thionyl chloride at room tem-
perature the effect of an increase in exposure time is to cause a
reduction in the sulfur (150 eV) and oxygen (503 eV) peak inten-
sities (29). It is tempting to conclude that with time of exposure
to SOCl2
sul fur, carbon, and oxvgen leaving lithium chloride as the major

the surface is cleansed of contaminant elements such as

surface compound. If lithium hydroxide did form in an initial
surface reaction between lithium and water in SJClz, it could sub-
sequently react with SOCl2 to produce a passivating lithium
chloride layer via the. reaction '

LiOH + SOC12 + LiCl + HC1 * + SO2 4

It is interesting to note thai the high resolution XPS spectra of
the 0 ls peak for lithium discharged in a battery configuration
contains but a single oxygen (oxide) peak centered at 533 eV. The
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apparent reduction in the sulfur and oxygen peaks with increase
in exposure'timexniqht be explained by growth of the lithium
chloride crystals on the lithium surface. The thickness of the
passive lithium chloride film on lithium was found to increase
from increased length of exposure, or temperature or both.

SEM photomicfographs for lithium stored in thionyl chloride
show little evidence for formation of aggregate lithium chloride
crystals upon the surface. Some crystallizing is observed at
elevated temperatures after a period of several days. Figure 16
is particularly interesting because in this case the lithium
chloride crystals are not cubic as expected but rather prismatic.
The SEM/EDAX trace (Figure 16d) supports both the XPS and AES
results in that it also finds a minor quantity of sulfur present.

The surfaces of these samples were studied using the SEM
where photomicfagraphs and EDAX traces were cbtained. The lithium
metal surface has been scraped prior to commencing the aging study
and scraping is responsible for gross surface irregularities seen
on the lithium surface. Aged samples were first removed and washed
with pure thionyl chloride. The samples were then dried by
pumping on them for a two~hour period to remove the majority of the
physically adsorbed thionyl chloride. Samples were transferred
to the SEM under an argon atmosphere. SEM photomicrographs at
100x, 300x, 1000x and an EDAX trace were obtained for each sample.
The EDAX traces are similar for each sampie within the series and

indicate a major chloride peak (KG 2.62, K, 2.81 keV) and minor

8
concentrations of aluminum (Ka 1.49 keV) and sulfur (Ka 2.31 keV).
Large concentrations of aluminum and sulfur are found in the un-

washed samples. The EDAX results are consistent with AES and XPS

results for these samples.
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Fiqure 16. SEM Photomicroaraphs for Lithium Aged in Thionyl
Chloride, 55°C, Four Days.
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(d) EDAX Trace

Pigure 16. Concluded.
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SECTION 6
" THE NON-FARADAIC REACTIVITY OF LITHIUM WITH ELECTROLYTE

During the course of these studies the only electrolyte
used was 1.8 M LiAlCl4 in thionyl chloride. This was supplied
in sealed glass bottles by GTE-Sylvania. The most significant
difference in the reactivity of lithium in thionyl chloride and
electrolyte is the rate at which the passive lithium chloride film
forms (Figure 17). Here, the ion sputter time required to
reach a 10 percent chlorine signal versus exposure temperature
is presented for a four day exposure of lithium in thionyl chloride
and in electrolyte at different temperatures. The enhanced rate
of film formation in electrolyte suggests the tetrachloroaluminate

ion may be actively involved in a chloride exchange reaction.

In contrast to lithium anodes aged in thionyl chloride, the
lithium anodes stored in electrolyte showed essentially complete
coverage of the surface by crystalline material at temperatures
above 20°C: Figure 18 (25°C), Figure 19 (55°C) and Figure 20
(70°C). The EDAX traces show trace quantities of sulfur are also
present on the surface. The existence of macroscopic cracking of
these films stored in electrolyte is noteworthy because the pres-
ence of such a film defect could minimize the "“voltage delay"”
for an anode system.

The photomicrographs show clearly that crystal growth is
enhanced along ridges or grain boundaries which represent high
energy positions upon the surface (Figure 21). The surface mor-
phology cannot be elucidated from these results because the parti-
cles seen here are crystal clusters (Figure 22) rather than a single
crystal of lithium chloride. These aggregate clusters are seen
to grow in "street lamp"-like fashion along high energy regions of
the lithium surfaces. 1In the unwashed sample. some "mudcracking"”
is found and the region is found to contain sibstantially larger
quantities of aluminum (Figure 23).
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(d) EDAX Trace

Fiqure 18. Concluded.




(b) 300X

Figure 19. SEM Photomicrographs for Lithium Aged in Electrolyte,
55°C, Four Days.
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(b 300X '
Figure 21. SEM Photomicrographs for Lithium Samples Soaked in
Electrolyte for 90 Minutes and Receiving Two thionyl
Chloride Washings.
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Figure 22. SEM (3000X) Photomicrographs of Aggregate Crystal
Formed During a 90 Minute Electrolyte Soak.
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Figure 23.

00 HS: 20EV/CH

(b) EDAX Trace

SEM (1000X) Photomicroaraph and EDAX Trace of
"mrudcracked" Region for a Lithium Sample Soaked

in Flectrolyte 90 Minutes and Receivina No
Thionyl Chloride Wash.
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The presence or absence of aluminum is readily detected in
these samples using AES. Fiqures 24 and 25 show clearly the effec-
tive removal of aluminum as a result of a single thionyl chloride
wash upon a lithium anode stored in electrolyte for a short time.
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SECTION 7
THE FARADAIC REACTIVITY OF LITHIUM IN ELECTROLYTE

The passage of an anodic current across the lithium metal
electrolyte interface produces a surface which appears "sponge-
like", pcrous, and tortuous. Fiqures 26 and 27 represent SEM
photomicrographs and EDAX traces for lithium discharged 10 percent
of capacity at one milliamp per cm2 and at roocm temperature, un-
washed and one wash respectively. There is no apparent difference
in surface morphology and the EDAX traces indicate a quantity of
aluminum and sulfur is present (2-5 percent), even after a wash
with thionyl chloride. The aluminum and sulfur are occluded dur-
ing discharge and can be seen throughout the AES profile. The
AES spectra of anodes receiving only a slight discharge (0.5 per-
cent of capacity) at one milliamp per cmz, using a separator
material which could easily be removed are shown in Figures 28, 29,
30, 31, and 32. The anodes received from zero to four washings
with "neat" chionyl chloride, respectively. Inspection of the AES
traces for slight or moderate (30,31) discharge depths reveals no
significant differences. A significant difference exists between
lithium metal which has been didcharged and lithium metal which
has received only an electrolytq soak (Figure 25). The differ-
ence is that in discharged samples, aluminum and oxygen peaks are
detected even after four washings with "neat" thionyl chloride.
Figure 33 shows the oxygen (503 eV) and aluminum (1378 eV) AES
peak intensities for samples receiving a number of washings with
thionyl chloride. After washing with thionyl chioride, the samples
were evacuated tc 10"3 Torr for two hours to remove surface thionyl
chloride. Considering the residual pe~k intensities for oxygen
and aluminum in the AES spectrum after four washings and the ioniza-
tion cross section for oxygen and aluminum for the Auger process,
one can compute the approximate atomic ratio of oxygen to aluminum
within the film to be unity.
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Room Temperature, Un-
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washed.

Fiqure 26.
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(d) EDAX Trace

Figure 26. Concluded.
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Figure 27.

One Washing.
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Figure 28. AES Spectrum of Lithium Discharaed QOne-Half
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Figure 29. AES Spectrum of Lithium Discharged Qne-Half
Percent in Electrolyte at One mA/cm“, Room
Temperature, One Thionyl Chloride Washing.
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Temperature, Two Thionyl Chloride Washings.
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Figure 31.

AES Spectrum of Lithium Discharged One-Half
Percent in Electrolyte at One mA[cmz, Room
Temperature, Three Thionyl Chloride Washings.
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Figure 32.

AES Spectrum of Lithium Discharged One-Half
Percent in Electrolyte at One mA/cm?, Room
Temperature, Four Thionyl Chloride Washings.
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This ratio is interesting in view of data previously reported
(30) which shows clearly that under identical storage conditions,
a thicker lithium chloride film is formed when electrolyte salt,
LiA1C14, is present. Assuming the chloride from the Alcl; anion
is responsible, it is necessary for that negative charge to
be repLaced by another, periaaps oxygen, if the aluminum is to re-
main in its +3 oxidation state. The observation may be somewhat
fortuitous, given that the relative intensity of the oxygen to
aluminum peak has not reached a constant value after four washings.
The observation is consistent, however, with previously obtained
data for lithium exposure to battery electrolyte (Figure 17). SEM
data showed the surface of discharged lithium to be cavernous and
tortuous. The electrolyte salt in discharged samples may well be
chemically altered and occluded within the film as AlOClE.,

In fabricated battery systemé, water is introduced to some
extent from the carbon. It is hypothesized (32) that water reacts

in two ways with the electrolyte system, namely

SOCl, + H,0 > 2 HCl + SO, o [1}
Li AlCl, + H,0 - Li AlCl,OH + HC1 ' [2]

" Reaction 1 is thought to be predominant and evidence for the

formed salt in Reaction 2 comes from the infrared (IR) hydroxyl band
at 3600 cm—l. Additional data in support of ﬁhese reactions is
that discharged batteries develop hydrogen gas pressure more
rapidly than undischarged cells, leading to speculation that in
discharged cells Hz(g) comes from a salt of the form LiA1C13OH.

In fact, HC1l dissolved in SOCl2 does not react readily with lithium

metal to liberate hydrogen gas (32).

With only trace quantities of sulfur occluded in the passive
lithium chloride film, 12 hour periods were required to gather the
high resolution XPS data. Figure 34 shows a high resolution XPS
sulfur 2p trace (Figure 34-C). The trace shows clearly that three aﬁd
perhaps four distinct sulfur species are present within the film
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material. We identify these (Figure 34c¢) sulfur materials as so;
(508), s** (5%) as 5032 or residual socl,, s® (154) ana 5% (30%)
sulfide. While a portion of the s peak can bé'attributgd to 50:
Ka3 4, its intensity allows the conclusion to be made that signi-
ficant amounts of sulfide are formed during discharge of lithium
anodes in battery cells at one milliampere per cm®.

The combined chemical shift of 9 eV from sulfate (50;2)
sulfur to sulfide (sz) sulfur enables separation of the sulfur
oxidation states. It was thought that the x~ray beam might cause
some sample damage. - We, therefore repeated the experimental condi-
tions using a sample of sodium sulfate which received little
(Figure 34a) and equal (Figure 34b} beam radiation as our diécharged
sample. No significant beam damage to the sodium sulfate sémple

was observed after the ll-hour exposure.

In a recent study, Schliakjer et al (3) investigated the
discharge reaction mechanism of lithium in thionyl chloride and
concluded that significant quantities of elemental sulfur and
L12503 may be formed. The experimental data published‘here and
elsewhere (17,33,34) indicate considerable confusion exists regarding
the reaction products and reaction intermediates which are formed
during discharge of lithium in thionyl chloride and modified thionyl
chloride systems (35,36). This is not surprising if one considers
that the actual reaction products formed during the battery dis-
charge may be kinetically, rather than thermodynamically, con-~
trolled. It should be pointed out that we do not infer that the
surface anélytical resuits represent the reaction products formed
during the macroscopic reaction at the lithium electrode. However,
knowledge of the presence of these reaction products is important
because of the effect each might have upon the electrode kinetics.
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SECTION 8

XPS OF TdE LITHIUM SURFACE

'fignificant overall differences were observed in the XPS
spectra on lithium samples which received different surface
pretreatments. Figure 35a illustrates the XPS spectrum of lithium
in the "as-received" condition. The surface of the metal is con-
taminated primarily by oxygen and carbon. Trace quantities of
chlorine, sulfur and silicon are noted. The chlorine and sulfur
are due to contamination from the dry box. Sputtering this sur-
face with an inert argon ion beam easily removes all contaminants
except for the oxygen (Figure 35b). This is not expected because
of the affinity of lithium for oxygen. 1In fact, any fresh lithium
metal produced through inert ion beam sputtering would rapidly
react with residual oxygen in the vacuum chamber even at 10"9
Torr pressure.

Fiqures 35c and 35d show the effect of exposing "as received"
Foote lithium to SOCl2 vapor and liquid, respectively. The signi-
ficant differences between these two exposures are the absence
of sulfur and the increased chloride in the liquid exposure.

Figure 36a shows the result of exposing the Foote "as received"
lithium metal surface to 1.8 M LiAlCl4 in thionyl chloride. 1In
this case sulfur and aluminum are both detectable. Rinsing the
surface with successive quantities of "neat" thionyl chloride and
evacuatirg to remove the excess results in the following: (1) in-
creaced chloride signal, (2) sulfur.and aluminum are removed below
detectability and (3) the carbon and oxygen levels are reduced.
The final surface contains lithium, oxygen and chlorine as seen by XPS.

High resolution scans of the chlorine 2p and oxygen ls peaks
following differemt surface treatments are shown in Figures 37 and

35 respectively. It is interesting to note the broadness in the
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Figure 36.
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XPS Spectra of a) after 90 minutes exposure of "as
received" lithium to 1.8 M LiA1C14/SOC12_ no wash;
b) after one SOCl) wash; c) after three -S0Cl, washes,
d) after four SOCl2 washes. ‘
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Figure 37.
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Figure 38.
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High Resolution XPS Spectra of Oxygen ls on Lithium

Metal Surfaces a) "as received" and transferred from
the dry box, b) after receiving 90 minutes argon ion
sputter, c¢) after exposure to SOCl, vapor, d) after

90 minutes expousre to electrolyte, no S0Cly wash,

and e) after 90 minute exposure to electrolyte, four
SOCl2 washings.

66




chlorine spectra of the lithium surface "as-received”

(Figure 37a), exposed to soc1, liquid (Figure 37b) and exposed to
electrolvte solution (Figure 37c). This peak broadness is
characteristic of chlorine in more than one chemical environment.
The chIOrine 2p specirum is normally a doublet, 2P3/2 and 291/2'
separated by 1.7 eV and found in a 2/1 ratio. This Cl 2p data
suggests the presence of chlorine containing compounds, one a
chloride and the other covalently bound chlorine. The latter

is removed through SOCl2 washing  (Figure 374, e).

The oxygen ls data shown in Figure 38 is also very interest- b

ing. The oxygen present at 533 eV binding energy is characteristic
of lattice oxide, 0-2,vwhile the oxygen appearing at a binding
energy of 536 to 537 eV is most likely hydroxyl, OH. In Figure 38,
evidence of the hydroxyl oxygen is seen in the "as received”
lithium (Figure 38a) . The hydroxyl intensity is severely reduced
through sputtering (Figure 38b) and is absent from lithium sur-
faces exposed to SOCl2 vapor (Figure 38c). Exposure ¢ ® lithium

to battery electrolyte gives evidence of more than one type of
oxygen (Figure 38d), an effect which can be removed through
washing with SOCl, (Figure 380),
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SECTION 9

, ELECTROCHEMICAL STUDIES:
A MODEL FOR THE LITHIUM/ELECTROLYTE INTERFACE

From the available data (12,14,31) one can conclude that
the "voltage delay" phenomenon is caused by the passivating film
of lithium chloride at the lithium/electrolyte interface. It has
recently been reported (21) that the interfacial capacities for
the lithium electrode in thionyl chloride/LiAlCl, varies trom
0.45 to 0.06 chm_2 compared to above 15 '..chm2 for Au, Ni, W,
and Pt electrode in SOCl2 solutions (37).

Considering this data, it follows that a series capacitance
model (38) is applicable to this electrode system because the
passive film substantially reduces the effective capacitance (39)
of the metal solution interface. Under conditions where cracks
were produced over a substantial area of the lithium film, an in-

creased lithium-solution capacitance would be expected.

The lithium chloride film can be considered to be the di-
electric medium of a capacitor whose plates are composed of the
substrate metal and the solution into which it is immersed. If
lithium is polarized anodically under galvanostatic conditions,
the film will transport charge (ion or electron) in some manner.
The external current, ie’ in the circuit must equal the sum of
this ion current plus current due to capacitance charging at the
interfaces. To maintain a given current densify across the lithium
film, the lithium metal assumes some value of overpotential, n.
The overpotential is the numerical difference between the potential
of the lithium minus its reversible potential in the medium of
interest. The differential equation which relates the current
density through the film, i, the overpotential, n, and the exter-
nal circuit current, ie' is given by

i+C a3 =14 {3}
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Should ie become numerically equal to zero, an open circuit results
.and a voltage transient (decay) occurs.

If one can measure the change in the poténtial with time,
the current through the film may be determined as a function of
overvoltage, assuming a value for C is available. Conversely, at
time t = 0, the instant the external current is interrupted, ie

equals 1 since dn/dt is at its steady state value, zero.

The capacitance of the film can then be determined from the
relationship

c = H/tawan) | 14l

Here "i" is assumed to be'numerically equal to ie at the
instant the current is interrupted and (dn/dt) is the initial
rate of overvoltage decay. ‘The effective resistance of the film
can be calculated, assuming ohmic behavior, by dividing the over-

voltage bv the formation current density.

For the current due to ion transport through a passive film
to be activation-energy-controlled a substantial energy barrier
must be surmounted during the transport process. The theoretical
relation for such a prccess in the high—field case, is given in its

simplest form by
i = 2anv exp (—U/RT) exp (an/RT) [5]

L] L

where "a" is the half jump distance of the activation barrier, "a
the density of charge carriers, "v" the frequency of oscillating
ions, "U" the activation enerygy for the process, "q" the effective
charge on the mobile ions and "E" the electric field at the acti-

vation barrier. The other symbols have their usual meanings.

Ion tranéport in anodic films (40) is believed to be acti-
vation-energy controlled and a similar mechanism is postulated
to be applicable to lithium chloride films. For anodic oxides,
the relationship between overpotential and time upon commencement

of the open-circuit follows an equation of the form

€9




n =k - Vo In (t + ©) (6]

The quantity k, Vg and 9 are parameters which are determined by

the particular transient. Differentiating Equation 6 with respect
to time yields

-V
O

e . 7]

o
=

(a4

Solving FEquation 6 for the quantitv (t+%) and substituting into
Equation 7 yields
dn _ -k ., ;
= V0 exp ( /»0) exp (V/VO) [81]
Substituting Equation 8 into Fquation 3 and noting that ie = 0 (at the
commencement of the open circuit transient) yields for the final
result an equation of the form '

i=1ijexp n/V)) 91

where io =C Vo exp (-k/Vo). The point is that an equation of this
form is the mathematical consequence of the differential equation
describing the system and the experimenta. voltage-time prcofile
for systems where ion transport is activ.ition-energy-controlled.
Here io and Vo are experimentally deterriined parameters whose
dimensions are the same as i and V, respectively. Assuming the
electrostatic field at the activation barrie~ is equal to the
average electric field, a comparison of Equations 5 and 9 may be
made which yields the relationship

v, = ’;—2 D (10]
Thus, Vo is proportional to the thickness of the passive layer,
D, and it provides an indirect measurement of the relative thick-
ness of the passive films. An equation of this form wouvld be ex-

pected for the lithium anode it a passive film is on its surface.
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Consider now what the relationship would be between over-
potential, n, and time if ion transport occurred via a mechanism
in which the activation energy is a small fraction of that just
considered. One would expect that the duration of the transient
would be shortened markedly. Such a situation might result if
ion transport can occur along large grain boundaries or under
conditions where a substantial fraction of the metal surface is
devoid of passive film. If the transient lifetime would be short
compared to the previous example, the open-circuit voltage time
profile might now be of the form

n = -
k Vo t [11]

Using similar arguments as before, the ion current at the
interface would be given by ) -

i = - @. = V

i=-c (3 c v, [12]
Recognxglng that at t = 0, i, lemax and k = Vformation yields the
film resistance, R, in ohms cm

R = Lim (7-) [13]

t-+o e
Similarly, the capacitance of the interface is calculated from
the rate at which voltage decay occurs and the initial current
at the cormencement of the decay process using the relationship

C = ie/vo [14]

Upor. completion of the computer interface systenm, the anodic
oxidation of tantalum, a well characterized system, was studied.
An aqueous boric acid - sodium tetraborate medium was used for a
growth medium. Platinum foil was used as the counter electrode.
The overvoltage of the tantalum anode was monitored through a
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high input imedpance operational amplifier (Philbrick SP-102)
versus an S.C.E. connected through a Luggin capillary. For each
transient up to 256 data points were taken at intervals which

were controlled through an external clock. The maximum acquisition
rate was 6,500 points per second. This allowed transients with

lifetires as short as one millisecond to be monitored adequately.

Table II indicates the formation voltage, growth current
density, data acquisition frequency and the table number which
control an existina software. The data was stored on disc and
subsequently analyzed using a number of curve fitting programs. A
best-fit was obtained for the voltage transient data throuah a
'logﬂrithymic relationship i.e.,

n=k-Van(t+6) [15]

In FEauation 15, ¢ is an adjustable quantity necessarv to
minimize the standard deviation and achieve a "best-fit".
Numerical values for VO and k were subsequently calculated. A
sunmary of these calculated quantities which result in a minimal
value of the standard deviation are listed in Table XV. The anodic
tantalum oxide films were grown at room temperature on an electrode
whose apparent surface area equaled 0.23 cmz. Two-hundred-fifty-
six voltace measurements were recorded for each transient. In
the analvsis, VO is seen as a measure of the relative thickness
of the passive laver. It is therefore expected to increase
linearly with the film formation voltage. Figure 39 shows that
Vo does increase approximately linearly with the film formation
potential at a specific growth current densitv. 1In addition,
Vo is seen to decreate with increasing current density at a
given formation potential. This effect is attributed to the in-
crease in the ion jump distance "a" at a larger formation
current density.
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TABLE IT. EXPERIMENTAL CONDITIONS AND TABLE SOURCE FOR
VOLTAGE DATA OBSERVED WITH TANTALUM METAL IN

AQUEOUS BORIC ACID =~ SODIUM TETRABORATE

SOLUTIONS AT ROOM TEMERATURE AFTER CURRENT

~ INTERRUPT

Formation
Voltage
(Volts)

Formation
Current Density
uA/cm2

2,174
2,174
2,17¢
2,174
1,087
1,087
1,087
1,087

217

217

217

217
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II1
IV
\Y

VI
VII
VIII
IX

XI
XII
XIII

X1v

o PP 0 T




TABLE III.

0 3269
1660
1638
1574
1501
1520
1499
1484
1477
1462
1450
1440
1430
1420
1411
1393
1391
1381
1374
1367
1354
1350
1345
‘1335

OVERVOLTAGE TRANSIENT DATA FOR A 3.7 VOLT TANTALUM
FILM ANODIZED IN AN AQUEOUS BORIC ACID SODIUM TETRA-
BORATE SOLUTION AT 2,174 ua/cm® AND AT ROOM TEMPERA-~
TURE: TIME RESOLUTION 158.5 u SEC, VOLTAGE RESOLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS

1333 1210 1118 1025 957
1325 1208 1113 1030 952
1320 1206 1110 1027 952
1308 1201 1110 1020 949
1300 1198 1101 1015 947
1298 1196 1096 1015 939
1293 1191 1093 1005 937
1289 1186 1091 1005

1284 1184 1083 1003

1281 1179 1081 998

1274 1176 1079 993

1271 1169 1076 988

1265 1162 1069 991

1259 1157 1069 386

1254 1154 1064 979

1249 | 1152 1062 9e1

1245 | 1152 1052 371

1240 1145 1059 979

1240 1145 1049 971

1232 1140 1049 971

1228 1135 1042 964

1225 1127 1040 964

1220 1125 1035 961 Final Voltage
1215 1123 1032 957 699
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TABLE IV.

5310
3259
3205
3093
3039
2985
2941
2897
2861
2822
2788
2753
2722
2690
2663
2634
2609
2583
2558
2534
2512
2490
2463
2446
2426
2404
2390

OVERVOLTAGE TRANSIENT DATA FOR A 5.3 VOLT TANTALUM
FILM ANODIZED IN AN AQUEOUS BORIC ACID SODIUM TETRA-
BORATE SOLUTION AT 2,174 ua/cm2 AND AT ROOM TEMPERA-
TURE: TIME RESOLUTION 158.5 u SEC, VOLTAGE RESOLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS

2368 2036 1862 1740
2351 2026 1855 1735
2333 2019 1853 1730
2319 2009 1848 1730
2299 1999 1843 1726
2287 1994 1835 1723
2270 1984 1831 1718
2258 1979 1823 1716
2243 1970 1821 1711
2231 1965 1816 1711
2216 1955 1813 1708
2207 1950 1806 1706
2189 1943 1804 1701
| 2180 1938 1799 1699
2165 1933 1794 1696
2153 1923 1791 1691
2143 1921 1787 1689
2128 1911 1782 1687
2121 1909 1779 1684
2109 1901 1772 1679
2099 1898 1772 1677
2087 1896 1765
2077 1887 1762
2067 1882 1755
2060 1877 1750
2053 1874 1748 Final Voltage
2041 1865 1743 1484
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TABLE V.

7004
4372
4306
4157
4091
4028
3972
3913
3864
3815
3767
3718
3679
3635
3601
3562
3522
3491

3457

3427
3395
3361
3337
3308

OVERVOLTAGE TRANSIENT DATA MR A 7.0 VOLT TANTALUM
FILM ANODIZED IN AN AQUEOUS BORIC ACID SODIUM TETRA-
BORATE SOLUTION AT 2,174
TURE: TIME RESOLUTION 158.5 u SEC, VOLTAGE RESOLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS

3281
3254
3229
3203
3181
3156
3134
3112
3090
3081
3049
3029
3010
2990
2973
2956
2941
2919
2907
2888
2871
2853
2841
2822
2810

2790
2775

2756 -

2746
2727
2714
2700
2692
2673
2661
2648
2634
<626
2612
2597
2587
2575
2563
2551
2536
2524
2514
2499
2492
2980

76

ua/cm

2470
2458
2448
2438
2429
2419
2407
2399
2387
2380
2368
2360
2351
2341
2331
2321
2314
2292
2294
2285
2277
2265
2260
2248
2243

2231
2226
2216
2211
2202
2199
2189
2185
2175

2170

2163
2155
2148
2143
2131
2126
2116
2111
2102
2199
2:89
2185
2175
2170
2163

AND AT ROOM TEMPERA-

2155
2148
2141
2131
2128
2121
2116
2109
2102
2099
2089
2087
2080
2072
2067
2060
2058
2050

Final Voltage
1652




TABLE VI. OVERVOLTAGE TRANSIENT DATA FOR A 9.0 VOLT TANTALUM
FILM ANODIZED IN AN AQUEOUS BORIC ACID SODIUM TETRA-
BORATE SOLUTION AT 2,174 pa/cm2 AND AT ROOM TEMPERA-
TURE: TIME RESOLUTION 158.5 ;1 SEC, VOLTAGE RESOLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS

9047 4890 4077 3544 3181 2888
6535 4884 4052 3527  3lfo 28880
6345 4807 4023 3513 3156 2868
6249 4768 4003 3491 3142
6152 4731 3972 3481 3129
6061 4692 3952 3459 3120
5966 4663 3925 3447 2105
5893 4621 3903 3432 3093
5810 4587 3881 3417 3085
5744 4548 3859 3403 3068
5671 4519 3835 3386 3056
5600 4479 3813 3378 3046
5534 4450 3796 3359 3032
5476 4414 3771 3347 3024
5417 4387 3752 3334 3010
5361 4350 3730 3317 2998
5307 4326 3708 3303 2985
5253 4291 3691 3291 2976
5205 4267 3669 3276 2963
5153 4235 3652 3264 2954
5107 4211 3630 3249 2944
5061 4182 3618 3234 2929
5014 4157 3596 3220 2919
4975 4128 3581 3205 2907 Final Voltage
4931 4106 3562 3193 2900 2062
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TABLE VII.

OVERVOLTAGE TRANSIENT DATA FOR A 3.0 VOLT TANTALUM
FILM ANODIZED IN AN AQUEOHS BORIC ACID SODIUM TETRA-
BORATE SOLUTION AT 1,087 na/cm? AND AT ROOM TEMPERA-
TURE: TIME RESOLUTION 158.8 u SEC, VOLTAGE RE3OLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS

3068 1499 1423 1479 1386
1745 1484 1437 1484 1394
1748 1489 1420 1484 1394
1643 1477 1423 1484 1389
1625 1486 1416 1484

1601 1474 1418 1479

1591 1481 1418 1464

1603 1462 1411 1474

1579 1462 1384 1472

1562 1464 1491 1481

1579 1474.  _ 1398 1459

1552 1474 1374 1491

1550 1462 1394 1486

1555 1464 1389 1476

1547 1462 1374 1484

1535 1459 1381 1484

1540 1452 1394 1484

1535 1459 1379 1474

1525 1462 1406 1486

1525 1447 1389 1481

1542 1452 1396 1486

1520 1459 1386 1489

1533 1437 1386 1481

1520 1435 1396 1484

1511 1430 1379 1484

1530 1423 1386 1484

1503 1455 1381 1474

1516 1428 1389 1474

1501 1433 1372 1484

1501 1442 1364 1403  Final Voltage
1484 1418 1381 1325
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TABLE VIII.

OVERVOLTAGE TRANSIENT DATA FOR A 5.0 VOLT TANTALUM
FILM ANODIZED IN AN AQUEOUS BORIC ACID SODIUM TETRA-
BORATE SOLUTION AT 1,087 ua/cm< AND AT ROOM TEMPERA-
TURE: TIME RESOLUTION 158.8 u SEC, VOLTAGE RESOLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS

5024 2861 2565 2294 2116

3591 2849 2543 2312 2092

3581 . 2841 2548 2299 2084

3439 2822 2480 2280 2099

3405 2829 2517 2260 2094

3369 2814 2512 2263 2092

3359 2795 2487 2255 2087

3286 2770 2482 2258 2067

3281 2753 2468 2250 2070
3254 2739 2478 2233 2075

3227 2734 2460 2236 2058

3205 2714 2448 2241 2036

3193 2707 2438 2214 2043
3161 2700 2434 2214 2038

3132 2686 2414 2202 2036

3122 2675 2412 2182 2023

3095 2670 2404 2187

3063 2661 2402 2165

3039 2644 2387 2165

3027 2639 2373 2170

3007 2622 2375 2153

2978 2622 2365 2141

2971 2604 2358 2116

2951 2602 2351 2126

2939 2583 2343 2119

2919 2602 2329 2128

2900 2583 2316 2116 Final Voltage

2905 2573 2316 - 2128 1669
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TABLE IX.

7026
5788
5729
5556
5490
5427
5361
5258
5251
5190
5131
5092
5053
4997
4963
4899
4890
4809
4809
4780
4736
4716
4663
4626
4584
4545
4533

OVERVOLTAGE TRANSIENT DATA FOR A 7.0 VOLT TANTALUM
FILM ANODIZED IN AN AQUEOUS BORIC ACID SODIUM TETRA-
BORATE SOLUTION AT 1,087 ua/cm2 AND AT ROOM TEMPERA-
TURE: TIME RESOLUTION 158.8 u SEC, VOLTAGE RESOLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS

4479 3791 3327 2927
4448 3786 3303 2915
4428 3859 3295 2902
4389 3725 3271 2893
4357 3730 3261 2878
4326 3725 3225 2875
4299 3681 3222 2858
4267 3659 3207 2849
4238 3642 3193 2841
4218 3618 3186 2822
4184 3601 3178 2819
4160 3601 3156 2814
4128 3581 3146 2788
4128 3564 3129 2778
4091 3544 3112 2780
4072 3520 3098 2744
4023 3503 3085 2770
3996 3593 3059 2756
3977 3586 3078 2736
3952 3549 3032 2719
3930 3537 3029 2727
3901 3508 3012. 2709
- 3884 3403 3007 2712
3862 3383 2988

3845 3361 2956

3830 3366 2966 Final Voltage
3791 3334 2927 1979
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- TABLE X. OVERVOLTAGE TRANSIENT DATA FOR A 9.0 VOLT TANTALUM
FILM ANODIZED IN AN AQUEOUS BORIC ACID SODIUM TETRA-
BORATE SOLUTION AT 1,087 pa/cm? AND AT ROOM TEMPERA~
TURE: TIME RESOLUTICN 158.8 p SEC, VOLTAGE RESOLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS '

9025 6054 5166 4494 4025

7595 6018 . 5126 4475 4006
7429 5957 5090 4472 4001
7365 5927 5075 4436 3991
7285 5886 5029 4421 3967
7209 . 5847 5007 4401 3950
7136 5815 4990 4377 3040
7067 5771 4960 4348 3020
7004 5737 4902 4340 3008
6921 - 5700 4899 4323 3879
6874 5644 . 4873 4301 3884
6811 = 5615 4843 4284 31854
6745 5612 4821 4262 3852
6680 5544 4804 4265 3828
6630 5534 4782 4221 3823
6594 5495 4755 4216 2818
6530 5480 4728 4191 3786
6477 5415 4702 4191 3771
6420 5417 4704 4160 3779
6381 5363 4655 4138 3740
6330 5336 4633 4145 3720
6279 5302 4631 4103 3723
6240 5273 4592 4089 3701
6186 5246 4562 4082 3691
6142 5209 4536 4055  Final Voltage
6098 5168 4531 4042 2531
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TABLE XI. OVERVOLTAGE TRANSIENT DATA FOR A 3.1 VOLT TANTALUM
FILM ANODIZED IN AN AQUEOUS BORIC ACID SODIUM TETRA-
BORATE SOLUTION AT 217 pa/cm“ AND AT ROOM TEMPERA-
TURE: TIME RESOLUTION 158.8 u SEC, VOLTAGE RESOLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS

3154 2727 2565 2460 2355
3027 . 2722 2561 2458 2351
3020 2714 2556 2453 2351
3005 2714 2563 2451 2348
2941 2702 2546 2446 2343
2924 2690 2563 2443 2338
2912 2683 2548 2463 2333
290. 2678 2546 2436 2329
2895 2668 2539 2431 2329
2885 2663 2536 2424 2324
2875 2653 2529 2421

2863 2651 2526 2416

2856 2644 2521 2414

2844 2639 2517 2409

2636 2648 251z 2404

2829 2626 2509 2414

2832 2614 2507 2399

2810 2617 2502 2397

2807 2614 2497 2390

2795 2614 2495 2390

2720 2609 2492 2382

2780 2604 2487 2387

2775 2597 2485 2377

2768 2590 2480 2390

2763 2585 2478 2375

2757 2583 2473 2370

2749 2578 2470 2363

2741 2575 2465 2358 Final Voltage
2734 2570 2455 2353 2028
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TABLE XII. OVERVOLTAGE TRANSIENT DATA FOR A 7.0 VOLT TANTALUM
FILM ANODIZED IN AN AQUEOUS BORIC ACID SODIUM TETRA~
BORATE SOLUTION AT 217 pya/cm? AND AT ROOM TEMPERA-
TURE: TIME RESOLUTION 158.8 u SEC, VOLTAGE RESOLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS

7023 6318 5908 5595 . 5336

6874 6308 5898 3585 5327
6862 6293 5886 5578 5324
6835 6276 5876 5573 5327
6760 6264 5913 5563

6735 6247 5852 5554

6716 6230 5837 5544

6696 6218 5827 5534

6679 6206 5820 5524

6655 16193 3749 5517

6643 6179 6081 5510

6625 6166 5788 5500

6608 6154 5776 5490

6591 6140 5766 5483

6564 6127 5754 5476

6557 6115 5744 5468

6542 6103 5732 5458

6520 6091 5717 5451

6508 6079 5715 5446

6489 6064 5703 5439

6475 6052 5693 5436

6459 6037 5683 5424

6447 6025 5673 5417

6433 6013 5664 5410

6420 6000 5659 5400

6406 5988 5649 5454

6391 5961 5646 5383

6374 5959 5634 5380

6359 . 5947 5622 5366

6347 5932 5615 5358 Final Voltage
6332 5917 5603 5346 4457
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TABLE XIII. OVERVOLTAGE TRANSIENT DATA FOR A 9.0 VOLT TANTALUM
FILM ANODIZED IN AN AQUEOUS BORIC ACID SODIUM TETRA-
BORATE SOLUTION AT 217 ua/cm€ AND AT ROOM TEMPERA-
1TURE: TIME RESOLUTION 158.8 . SEC, VOLTAGE RESOLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS

9091 8249 7785 7409 7070

89135 8232 7770 7399 7058

8913 8215 7756 7390 7045

8806 8198 7741 7377 7033

8786 8178 7724 7365 7033

8759 8161 7712 7355 7014

8732 8137 7702 7346 7001

8708 8117 7692 7331 6287

8654 8100 9678 7324 6977 !
8662 8083 7661 3702 6965 "
8640 - 8063 7648 7299 6955

8608 8046 7634 7285 6943 1
8586 8029 7622 7268 6433

8580 8012 7604 7258

8542 8015 7595 7246

8522 7980 7578 7233

8500 7963 7568 7221

8481 7949 7556 7209

8459 7936 7541 7199

8439 7922 7526 7187

8420 7907 7514 7177

8398 7888 7502 7165

8381 7875 7490 7150

3361 7858 7480 7138

8344 7841 7468 7131

8325 7829 7456 7119

$308 7810 7443 7109

82886 7802 7431 7099 Final Voitage

8269 7419 7084 5786
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TABLE XIV. OVERVOLTAGE TRANSIENT DATA FOR A 5.0 VOLT TANTALUM
FIIM ANODIZED IN AN AQUEOUS BORIC ACID SODIUM TETRA-
BORATE SOLUTION AT 217 pa/cm2 AND AT ROOM TEMPERA-
- TURE: TIME RESOLUTION 158.8 u SZC, VOLTAGE RESOLUTION
2.4414 MILLIVOLTS, DATA PRESENTED IN MILLIVOLTS

5301 4509 4248 - 4001 3845

4897 4497 4243 4006 3840
4882 4487 4233 3999 3832
4863 4440 4223 3999 3828
4775 4467 4213 3989 3823
4760 4453 4204 - 3981 3818
4746 4440 4199 3972 2815
4731 4433 - 4189 3964 2811
4719 4421 4187 3957 2806
4704 4411 4179 3962 3798
4694 4401 4169 3962 3796
4677 4394 4162 3955 3791
4665 4384 4152 3942 3789
4653 4377 4143 3935 3789
4641 4365 4135 3928

4631 4355 4125 3923

4621 4350 4118 3913 “
4609 4340 4108 - 2911

4599 4331 4099 2906

4587 4321 - 4086 3901

4577 4328 4079 3896

4567 4311 4069 . 3886

4567 4299 4060 3881

4567 4289 4052 3876

4553 4279 4045 " 3867

4543 4267 4035 3864

4536 4262 4030 3859

4526 - 4252 4020 3854 Final Voltage

4516 4248 4013 3850 3251




ELECTROCHEMICAL RESULTS; CALCULATED VALUES OF

TABLE XV.
"k", "Vo", AND "s" FOR FILM GROWN AT SPECIFIED.
CURRENT DENSITY AND VOLTAGE. THE VALUE OF 9o
WHICH YIELDS THE MINIMAL VALUE IS "s" IS PRESENTED
Formation Minimum
Formation Current k -V Standargd 3
Overvoltage Density Deviation
(Volts) ua/cmé (Volts) (Volt/Sec) "g® (Sec)
3.2 217 1.21 0.281 0.054 5.3 x 10”4
5.3 217 0.57 0.883 0.026 7.2 x 10°°
7.0 217 -0.491 1.70 0.021 1.3 x 1072
9.0 217 -1.55 2.59 0.027 1.8 x 1072
3.0 1,087 0.93 0.115 0.088 9.5 x 1074
5.0 1,087 -0.198 0.582 0.079 8.0 x 10794
7.0 1,087 -1.70 1.15 0.085 8.0 x 107¢
9.0 1,087 -3.30 1.95 0.078 2.3 x 1073
3.7 2,174 0.042 0.226 0.056  0.000
5.3 2,174 +0.191 0.389 0.042  0.000
7.0 2,174 -0.436 0.646 0.082 1.0 x 107°
9.5 2,174 -2.31 1.350 0.13 1.0 x 1073
86
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Figure 39. Plot of Minus Vo versus Formation Potential (Volts)
for Tantalum Anodized in An Aqueous Boric Acid-
Sodium Tetraborate Solution at Room Temperature.
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The data acquisition system and associated software are func-
tional. The data acquired for the tantalum system is in concert
with that reported (41) by other researchers. The tantalum anode
does contain a passive anodic film. The lithium anode system in
thionyl chloride electrolyte would be expected to exhibit similar
transient characteristics if its surface contains a passive non-
porous lithium chloride layer. Some preliminary data has been
gathered for the lithium system but none of surficient cuality to
justify its inclusion within this final report. \le do hovever
have everv reas2n *o Lollidve oaatl the current-interrupt method
coupled with surface analytical determinations can yield valuable
information concerning the lithium anode in the thionyl chloride
electrolyte-system and other non-agueous electrolyte systems.
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SECTION 10

SUMMARY AND CONCLUSIONS

The results obtained during this research program are sub-
stantial and broad in scope. They are as follows. A technique
to prepére atomically clean lithium surfaces was developed. This
technique allowed a thorough study of the reaction of high purity
gases with the lithium metal surface to be made. The order of
reactivity of lithium with the four gasecs studied is N,<<C0<0, «CO,.
Fundamental information concerning the chemical state of lithium,
oxygen, chlorine, sulfur and aluminum on the surface of lithium
was obtained using high resolution XPS. The "black spots" formed
from prolonged exposure to nitrogen were identified as a lithium

oxynitride.

The reactivity of lithium with thionyl chloride is slo;
compared to the reaction with the electrolyte. The primary reaction
product is crystalline lithium chloride. Passive filim growth is
enhanced by increased temperature and length of exposure. Sub-
stantial mechanical film failure was observed and may provide a
mechanism to minimize the voltage delay problem in the future.

Under certain conditions small prismastic crystals as opposed to
cubic crystals were formed suggesting crystal growth studies might
prove useful. The passive films contain several percent of occlud-
ed impurities. The tetrachloroaluminate ion is thought to provide
a chloride ion which increases the rate of passivation and in so
doing forms AlOClE. v

The passage of an anodic current produces a "spongelike",
porous and tortuous film. Sulfur occluded in this film is present
in four distinct chemical states identified as (a) SOZ2 (50%),

(o) s** (5%), s° (15%), and s~2
were developed to study the ion transport across the passive

(30%) . Electrochemical techniques

layer. A model for the system was developed and its implication
discussed. A computer interface system to study passive films
using the current interrupt method was developed along with the

necessary software.
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