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Many ca’npound s exist which theoreticall y v~ould make good thermal

battery cathodes . The object of this second cathode screening study was

to select those materials canpatable with the electrolyte (NaC1-saturated

A1C13) and anode (60.2  a/o LiAJ. alloy) which v~ou1d warrant further, nore

detailed investigations . Canpounds investigated during this study were

identified as potential cathodes during experiments conducted after the

canpietion of the first study in this laboratory in 1976 (1) . The

electrochemical system utilizes a NaCl-saturated Aid 3 electrolyte, rn.p.

158°C. This electrochemical system is a candidate to replace or ccznple-

mant current thermal battery systems operating at much higher tarpera-

tures (2) . Previous ~~rk in this laborato ry (3 , 4) revealed that

nciybdenum (V) chloride and copper (II) chloride were potential cathodes

for pelletized thermal batteries utilizing this electrolyte . The

performance of these cathodes will be used to provide a “baseline” for

the present study.

A total of 40 inorganic ccrrpounds was tested : this included 24

halides , 9 sui f ides , 6 oxides , and e1~~~ritai sulfur. Various brands of

purified and unpurified graphites, acetylene black , and several metallic

catipounds were used as current collectors and were evaluated as to

performance enhancement.

The main criteria that were considered in our evaluation were:

1. A reproducible high open circuit voltage , (XV .

2. Thermal efficiency.

3. Chemical canpatibility with the electrolyte .

4. Coulczrbic efficiency .

1 
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5. Low solubility of the cathode material ,

6. Long discharge life to 80% of the initial closed circuit

voltage, ICCV.

7. Low polarization as evidenced by a la’~ iR drop ~nder load.

In a typical operat icial battery configuration, voltage constraints

imposed by the electronic circuitry often require voltage cutoffs of 80%

of peak voltage . Based on this criterion , the canpounds tested in this

study were ordered according to their delivered energy density to this

voltage .

The results of this study are preliminary in that the cell configura-

tion tested had been optimized specifically for the I~&Cl 5 cathode , which

is not necessarily the optimum for other cathodes . Those canpounds

shcMing pranise will be optimized in a manner similar to that undertaken

in the 1kX l5 study (4) .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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EXPE~I~~~~AL

Electrolyte preparation, pellet fabrication, and cell discharge

experii~ nts were described previously (1) . The individual anode and

separating electrolyte weights were identical to those used in the L1A1/

NaA1C14,4tCl5 optimized single cell 
(4) and were unchanged for all tests

(see Table I). The graphite and electrolyte content in the cathode

canparthent were also identical to those in the MC15 cell. To facilitate

direct caiparison with cells containing a MjC15 cathode , the sama anount

of each new cathode material , 3.44 millinoles, was used . Several of the

canpounds evaluated were known to be semiconductor materials and were

tested both with and without the addition of powdered graphite . A can-

plete pelletized single cell is illustrated in Figure 1.

Anode: 60.2 a/o lithiuin-aliininum powder was obtained fran the Foote

Mineral Ccxnpany and used without further treatmant.

Cathode: The Results and Discussion section contains information on

the source and purity of the cathode mater ials tested . Those canp ounds

not specifically discussed were a miniimtn 99.0% pure and obtained fran

the Alfa-Ventron Cor poration or the Research Organic/Inorgan ic Chemical

Corporation (1~JC /RI C) . Graphite (grade 4~38) and acety lene black were

used as obtained fran the Fisher Scientific Canpany . Superior graphite

flakes were purified at 600°C under a chlorine al~rosphere using a

procedure developed in this laborato ry (1) . Sai~ of the Fisher graphite

samples were purified by boiling for one-half hour in concentrate d HC 1 .

This graphite was then washed with distil led water , suction filtered

and dried in an oven.

Current Collectors: Five mu nickel foil (Al fa-Ventron), 99.98% pure,

3



________ _______ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ 
_
~~ ‘— —.:~—~~~~~~~. , —-. _. V. 

~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~

4

Table I. Typical Single Cell Composition

Section Weight (g) Canponent
Anode 0.27 60.2 a/o LiA1

Separator 0.78 ED Mixturea

0.64 ED Mixturea

Cathode b Cathode Material

0.23 Graphite

aED Mixture: Electrolyte (49.85 nVo Aid 3 
-

50.15 nVo NaCl) + Binder

(10 w/o Cab-O—Sil)

b344 millinoles of cathode material

4
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was cut into 1.125 inch diarr ~ ter circles with tab. The collectors were

burnished with ~~~ry paper , washed with distilled water and acetone ,

stored under dry argon , and again lightly burnished before use .

Pellet Fabrication: Three—layer pellets were forned in all cases.

Pressures used to caipact the successively added layers were 16 ,700 ,

23 , 000 and 29 , 200 lb/in2 for anode , separator, and cathode layers

rt ~ pectively. The ass~ it led pellets were clamped between the platens

of the cell tester - at 4.5 lb/in2 .

6
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RESULTS AND DISCUSSIaSI

The data obtained during this investigation are suri~narized in

Tables II through IX and Figures 2 through 10. The tables give the open

circuit voltage (CCV) , initial closed circuit voltage (ICCV) , the active

1ifetin~ to 80% ICCV, and delivered energy density at 80% ICCV. The

accompanying figures represent the discharge curves to zero volts for

each of the top ten cathodes as determined in this evaluation , based on

the 80% ICCV lifetima criteria . The MDC15 and Ci.Cl2 cathode discharge

curves as investigated in previous studies (3 , 4) are shown in Figure 2

for canp ari son.

An important consideration when analyzing the experinental data is

the application intended for the particular electrochemical system. For

example , ~~Cl
5 

with its high CCV could be used as a high energy output

thermal battery whereas CuC 12 ~~uld make an excellent low energy output ,

long lifetima thermal battery as evidenced by its lower CCV but long,

flatter discharg e plateau . To obtain the advantages of both cathodes ,

a thermal battery could be developed using a mixture of M~Cl 5 and C~~l2

as the cathode . Mixed cells of this type will be examined in future

studies .

In view of their noticeably superior performance , the following

cathodes were investigated in detail.

The ~~l6 cathode (1~JC /RtC , 99% pure ) gave a cell CCV

which was between that of ~.tCl5 and C~X~l2. The initial iR drop for a

cell containing ~~l6 was similar to these cells , but a steeper drop in

the cell voltage discha rge curve led to a shorter life and available

energy density to 80% ICCV at 175°C and 15 m~/an2 . At 250°C and 15

7
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= Table II. Discharge Results for the Metal Chlorides
at 175°C and 15 mA/an2

80% ICCV

CCV ICCV Lifetiii~ Energy Density
Chloride (Volts) (Volts) (Mm ) (W-hr/ib)

2.40 2.31 30.0 16.3

Cud 2 1.83 1.72 36.5 13.8

2.16 2.05 23.7 9.1

F~~13 2.29 
- 

2.17 13.3 7.9

TeCl4 1.73 1.66 15.7 6.0

Nl~~l5 1.70 1.59 11.0 3.8

HgCl2 1.78 1.68 9.7 3.8

CoC12 1.14 0.86 10.9 2.5

M,Cl3 2.11 1.97 3.6 1.6

‘~R l 3 1.99 1.80 3.4 1.6

BiC13 1.33 1.13 5.0 1.23

CrC1
3 

1.64 1.33 2.2 0.76

TaCl5 1.58 1.29 2.9 0.73

RuC13 1.72 1.57 1.6 0.64

N1C12 1.35 1.01 2 0  0.52

1.85 1.76 0.7 0.37
CuCl* 

1.07 0.86 45.6 12.2

F CrCl2 1.20 1.11 0.6 0.18

ZrCl 4 1.14 0.87 0.4 0.10

MnCl2 1.39 1.08 0.02 0.05

* 
1.64 1.50 0.01 0.04

Fed 2 0.63 0.50 25.0 3.56

TiCl3 1.18 0.94 0.01 0.02

*Double entry discussed in text
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Table III. Discharge Results for Metal Oxides
at 17 5°C and 15 mA/an2

- 
80% ICCV

CCV ICCV Lifet ime Energy Density
Oxide (Volts) (Volts) (Mm ) (W-hr/lb)
Fe203 1.86 1.72 10.8 5.0

1.85 1.76 8.3  4.5
Cu20 1.09 1.00 5.5 1.6

V205 2.20 2.01 1.9 1.0
Fe304 1.59 1.44 1.8 0.6
Sb203 ~).45 0. 12 0.3 0.0

Table IV. Discharge Results for Metal Suif ides
and Sulfur at 175°C and 15 m7½/an2

80% ICCV
CCV ICCV Lifet ine Energy Density

Sul f ide (Volts) (Volts) (Mm ) (W-hr/lb)

Cu2S 1.43 1.35 7.0 2.50
CuS 1.68 l.~~8 3.9 1.81

S8 1.48 1.10 3 .2  0.77

TiS2 1.43 1.33 2.0 0.70

MnS 1.21 0.96 2 .2  0.60

TaS 2 1.23 1.05 0.8 0.21
T12S 1.41 1.21 1.0 0.21
ZrS2 0.74 0.62 1.0 0.14

FeS2 0.98 0.71 0.2 0.03

FeB C.94 0.77 0.1 0.03

~ ~~~~~~~~ ~~~~~~~~~~~~~~~~
, 

- - .
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Table V. Discharge Results for the Metal Florides
and BmnideS at 175°C and 15 mA,/an2

80% ICCV

CCV ICCV Lifetin~ Energy Density
Halide (Volts) (Volts) (Mm ) (W-hr/lb)
SbF5 2.18 2.00 2.2 1.09

VF4 1.88 1.66 1.4 0.63

VBr3 1.60 1.44 0.1 0.26

1.38 1.01 0.1 0.12

r

Table VI. Discharge Results for the “Top Ten” Potential
Cathodes at 175°C and 15 mlVan2

80% ICCV
CCV ICC’! Lifetine Energy Density

Cathode (Volts) (Volts) (Min ) 
- 

(W-hr/lb)
M~C15 2.40 2.31 30.0 16.3

Cudl2 1.83 1.72 36.5 13.8

2.16 2.05 23.7 9.1

Fedl3 2.20 2.17 13.3 7.9

Ted].4 1.73 1.66 15.7 6.0
Fe203 1.86 1.72 10.8 5.0

CtIJ 1.85 1.76 8.3 4.5

NbCl5 1.70 1.59 11.0 3.8

HgC12 1.78 1.68 9.7 3.8

Cu2S 1.43 1.35 7.0 2.5

V. ~~V. VV.V .~~~~V V V V~~~~ V.~~~ -~~~ 
VV.. V V V . V ~~ . 
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Table VII. Cathode Performance Catparison to 80% ICC’! as a Function
of T~~peratu re (Discharge Ra te 15 mA/an2)

175°C 250°C
Tine Energy Density Tine Energy Density

Cathode (Min) (W-hr/lb) (Min ) (W-hr/ib )
MC15 30.0 16.3 12.3 6.80
o~a2 36.5 13.8 5 .33  3 .25

23.7 9.10 6 .33  2.41
Fed 3 13.3 7.90 12.3 7.61
Ted14 15.7 6.00 7.33 2.65

r
Table VIII. Single Cell Performanc e for Various Internal Current

Collectors (M~Cl5 Cathode at 175°C and 15 mA/an2)

80% ICCv

Tine Energy Density
Current Collector (Min ) (W-hr/lb)
Graphite (grade #38) 30.0 16.3

Nickel (5 micron) 1.0 0.6

?‘blybdenum (200 mash) 0.2 0.2

Table IX. Single Cell Performance for Various Types of Graphite
(?&Cl 5 Cathode at 175°C and 15 mA~/an2)

80% ICC’!

Tine Energy Density
Graphite (Min) (W-hr/lb)
Fisher (HC1 boiled) 31.7 , 17.1
Fisher (unpurified) 30.0 16.3

Superior (purified) 24.3 13.2

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -  -~~~~~~~~~~
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the performance deteriorated drastically, as shown in Figure 3 and

Table VII.

Fed13. The FeCl3 (YC/B, 99% pure ) had a very ~na11 iR drop

from a relatively high open circuit potential of 2.20 volts. It has

the additional advantage of being cheap and readi ly available . The

FeC13 discharge curve (Figure 4) at 175°C and 15 mA/an2 sIicMed a voltage

increase after the first discharge plateau had been attained . We suggest

that this increase is due to the dissolution of an insoluble Fed12

surface film fam ed on the cathode during the initial discharge (6) .

At temperatures of 250°C and above , the discharge curve (Figur e 4) is

flatter with no voltage irregularities and there is only a slight

decrease in the 80% ICC’! performa nce . Because there is little degrad a-

tion in performance at higher temperatures , the FeC13 cathode can be

operated over a wider t~~~ eratu re range . This ~~uld simplify the manu-

facturing and quality ~~ntrol of Fed13 thermal batteries , especially in

the selection of heat paper of a suitable caloric value .

TeCl4: The Tedl4 cathode (~~ C/RtC , 99% pure ) gave an extr~rely

flat discharge curve (Figure 5 ) ,  the flattest yet observed with the

exception of 
~~~~~ 

(Figure 2 ) .  It also had the longest lifetine to

zero volts , 140 minutes. However, the 80% ICC’! performance data sugaest

an inferior output as cxm~ ared to the V~~16 or Fedl3 cathodes at both

175 and 250°C (Figure 5). In athition , Ted14 is a highly poisonous

chemical and its use as a cathode may present manufacturing and handling

problems for production thermal batteries.

The discharge behavior of the other cathodes evaluated fell well

below the performance of the above mantioned cathodes and thus will not

V be discussed in any detail. However, an explanation of the k uble

V. - V. V.V.  —— -— — - —V.
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entries in Table II for the FeC12 and Cud]. cathodes is necessary.

The discharge curve of Cudl (Baker, 96.4% pure) shows a significant

voltage drop upon application of a 15 mA/cm2 load. As a result the 80%

ICCV lifetirre and energy density were very low. If , I~~ ever, the 80%

ICCV performance is rr~asured fran an OCV value determined in an electro-

chemical study of copper in the tetrachloroalurninate irelt (6) , the 80%

iccv output is nore respectable. The 80% lifetime was 45.6 minutes and

energy density was 12.2 W-hr/lb. The OCV of copper( I) chloride which

was observed in this study was si riilar to that of coppe r (II ) chloride ,

indicating the probab le presence of copper (II) as an impurity in the

cam-~ rcia l1y obtained copper( I) chlor ide . If all of the copper(II)

could be reit~ ved , a cathode consisting of only copper (I ) chloride would

rre~e an excellent long lif ~., low output thermal battery .

A similar argument can be made for the ir on(II) chloride cathode .

The large voltage drop gave a poor 80% ICCV perfo rmance . However , the

correct Fe2
~/Fe° potential was reported to be 0.63’! (6) . Use of the

latter value leads to an 80% ICCV lifetirre and energy density of 25.0

minutes and 3.56 W-hr/lb respectively . The actua l 1.85’! 037 indicates

the probable presence of trace quantities of iron (III) in the cathode

material . REt~val of the iron (III) impurity would improve the per-

formance of the Fedl2 cathode in the same manner as would r~ rov~’l of

CuC12 from Cudl.

Current Collector: The use of nolybdenurn (Alfa-Ventrmn , 99.7%

pure) or nickel (Alfa-Ventron , 99.5% pure) powders in the pl&ce of

graphite (Fisher, untreated) as an internal current collector in the

cathode did not improve single cell performance, but drastically

reduced the 80% ICC’! output as sIxMn in Table Viii. Graphite has proven

18
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to be a superior internal current collector and because of cost and

purity requirements of the other metallic current collectors tested

will continue to be used.

Small quantities (no nore than 1% of total pellet weight) of

acetylene black in the LiAl/t~aAlCl
4/~&Cl5 

pelletized single cell

produced a 2.5% increase in output as caripared to a similar cell not

containing this material . However , use of acetylene black in the ~~16
single cell showed, no increase in output . This suggests that the

optimization of individual cathodes in our electrolyte for use in

pelletized single cells in a~~arent1y unique . A single cell foruu.~1a

eventually may be deduced after further studies are undertaken.

The absence of graphite when using the semi-electronic conductors

ZrS2 and Tj S2 as cathodes showed no increased performance, as evidenced

in the short lifetines and low energy density at 80% ICC’! of these

single cells (Table IV) . It was anticipated that these cells containing

known semi-electronic conductors as cathodes (7) , would give better

energy density output due to their lower pellet weight with the absence

of graphite. The use of graphite with these two compounds also gave

poor 80% ICCV results.

Tests were also made to evaluate the effectiveness of various

methods to purify graphite . Unpurified graphite and graphites purified

by several methods were incorporated into single cells containing M~~15.

Table IX contains the results of these experiments . Fisher graphite

purified by treatrent in boiling HC1 gave the best output at 175°C and

15 mA/an2 . Untreated Fisher graphite, known to contain impurities,

gave the second best output. The poorest performance was graphite

obtained from the Superior Graphite Ccm~any and subsequently purified.

L~~A . V . V . ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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- The use of the purified Fisher graphite did ret show a performance

• increase over the untreated Fisher graphite gi”~ater than the relative

error established in a previous sti.~y (4). However , use of the

- 
purified Superior graphite did result in at least a 20% drop in

performance .

I

I

20

- -~~~~~~~ -~~~---—~~-—- “ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --—~ --- ~~~~~~-. —. . - ~~~~~~~~~~~~~~ 
.



. - r - ~~~~~~~~ --~~-’.-—’ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --

V 

FU~tJRE ~~)RK

The three best cathod es selected in this study , WC16, F~~l3, ar id

TeC14 will be investiga ted in greater detail . Tests will be conduc ted

at different current densities and t~~~era th res to dete rmine whether

these potential cathode s might be advantageous for certain thermal

batte ry application s . After opt imizati on of these cathode s, a statis-

tica l analysis will determine if a general single cell form ula for

AlCl3 ba sed pelletized single cells can be formula ted.

The role of acetylene black and the effectiveness of various

methods to purif y graphite will also be studied in greater detail.

21 
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