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ABSTRACT |
‘ e N

A sccondary cell based on the copper(I1)-(I) and _
\ . i * '
copper(1)-(0) couples in acctonitrile has Uecnxcoﬁstructod
\ r

and studicd. A cathodao compartmont cona J‘tlnq of a ‘graphite
sheet in CSE}GCt Q;th an acotongtrl)o solutlon %F copper (IT1)
perchlorate was separated by an anionic ion*oxchqnge mem-~
brane from an anode compartment Consistinéhof copper wire

in contact with an acetonitrile solu®on of 1ithium or >
A

sodium pfrchloraté. Thg dischaigo product at cach elecc-
: / . : \ . )
trode 1is coppey(I) perchlorate. The cell has a practical

voltage of 1.35 v, and is revetsible; a test unit was/;
carried through more than 45 charge and discharge cycles.

The proposed system possesses voltage and current
efflclenc1es comparable to thoss of commercial lead ~acid

and nlﬂbel~cadm1um cells.  Energy density of the experimental

-

battery is low, primarily due to the weight of structural

components. However, the theoretical energy density of

-

50 W-hr/1b is also low, about half that lead-adid and

nickel-cadmium batteries, due.to both the low voltage of

- -

the experimental cell and the High équivalent weight of

Cu(9104)2 (262). Studlss of atte;y péréprmance indicatev
that cell performance diminj hes éonsidegsbly when the

'temperature'is.lbwered frdm 25°C‘to ~l4°cC.
An anionic fbn—eltﬁénge membqane'was usggcto

separate the anodic and cathodic compartments of the

-

iv
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battery. . The menbrane was found to be stable to the sglyent

. ’ o s o . ) i
ch(onu(:.'xl‘;s, and. potentials used, and it effecttvely bloeks
B A : C ‘ S |
transport of copper(11) spadica. A coll r8 ained gBKlof
K o ‘ - Y “ ;.“ \ '
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INTRODUCTION -

3

. Batterles may be d1v1ded into two major types.

=3

The grlmary battery, of which the best example is the dry

cell, is designed to be.used once and discarded. The
il + ' ,’

'secondary battery, of which the best example is the lead-
acid storage battery, may be recharged and thereﬁore re-

’

used. The chemical and physical requirements of the

-

secondary battery are necessarily much more stringent
than thosﬂ of the primary battery.

]
. Much work is belng done at the present time to
deVelop new battery Systems. Most of thlS woYk centers
around high—energy density systems that may be used as
power sources in vehicles or for’applications in space
travel. However, relatiyely Pittle‘work is being'done
tbwards the development of batteries that can fqnction-
efflclently at,low ambrent temperatures. Such’a system,
lf developed could,be used as a stationary powTr/source
for arcticvand\sub-arctie'installations. It was-with
. this‘eventuai goal in mind, and to »learn more about the

behaviour of the copper couples in acetonltrlle, that

4

the. present work was conduqted . | . e

An aqueous battery system 1s obv1ously unsultable

’

for 'ambient operatlon in the sub-zero_temperature commonly.

found in high latitudes.- It is' therefore necessary to.
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search for a noh¥aqueods solvent with desirable properties.
Such a solvent should have a 1ow freez1ng point, readlly

. . . 'S . : L

- i?lvatt ionic specles, possess a- low VlSCOSlty to fa01lltate

\,
. \

lon transpOrt, and be stable towarda electrochemlcal
ox1datrpns or reductions. It ehoeld also be cheap ahd
readilyaevgilable. In Table I 'are listed eome phyeiéel
'properties of four organic solvents. 1 wIt can be seeh.\-

that acetonitrile'(AN) satisfies many of the requirements
given above. '!.

A . L - ;
‘Acetonitrile is a polar Lewis base, 2 andi '

although it solvates cations moderately well, it is a poor

a

solvator of anions. Therefore, the salts of highest " ‘

“ solubility are those hav1nj Targe symmetrlcal or polariz-
able unlvalent anlons such as perchlorate, ‘in which the

charge densxty on the anlon is low. The stability of

acetonltrlle towardsfelectrochemlcal ox1datlon or re-

- T

ductxon is 'quite hlgh. The usefulnpotenﬁlal rah%e extehds

. from +2 2 v to -3 1 Ve versus the Ag/0. 01 M AgNO3 electrode;
" l' hny, ! .
in acetonltrlle.

L}

»

o, : A Methods of purlflcatlon for acetonltrlléchave

- e .-'C“

Vbeen studled,exhaustlvely by Coetzee. 3» The pure %olvent
~ takes up water readlly, and spec1al precautlons are
requlrgd to keep water concentratlons below mllllmolar ot

1Q%§19-’ The tox1c1ty 4'15 moderate due to slow hydr01y51s

in the.body to cyanldey but is much lowenuthan that of many”

. ld
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Table 1 ™7

Physical Propertics of Scolected Solvents
Y I

Acotonitrile Dimethyl- Propylene himothyl—l

(AN) sulfoxide carbonate  formamide
/ (DMSO) (PC) ~(DMF)
Dicloctric - 36.0 46.7 69.0 36. 7
(
constant \
Boiling 82__ 189 242 155
Point, °C
Meclting ~45 18 ~40 -6
Point, °C
Density, gm/cm>  0.777 1.101 1.206 0.944
/ ' 10
Viscosity, cb 0.35 1.99 2.52 0.80 +~
Dipole moment, 3.37 4.3 4.98 3.82
Debye
~ A4 ’

. -7 -8 ~7 -7
Specific. 10 to 2x10 to 1.0x10 to 10 to
conduégivity, 19 9x107° 0.87x10"7  2x1077 1.2x10"°
ahm™ 1 cn”l
Useful potential +42.2 to . +1.0 to +3.2 to +41.4 to @
range ~3.1 v vs -3.0 v -—4.1 v vs ~3.8 v vs

- ‘ , 2+ (31
Ag/0.01- M AgNO, vs SCE Ag/0.01 M ng/ng2

21

£

in AN (aq)?®  AgnO, in e



other common ordganic solventa such as glacial acetic

: pS
acid.  Precaut ions should be taken, howevar, to minimize
s
oxposure to both the vapor and the liquid.
The feasibility of using acetonitri e as 4
solvent for a bow-tenpoerature battery fas been inves-
~n
. 5 .
tigated. Dry c¢olls ot the type .
. Zn| AN, NH SCN[Mao,, , ¢

N ..

: . 6 - .
have been studied, and found to perfarm considerably

better than a conventional &D" dry cell at -42°C. Solomon

developed a battery utilizing a calcium negative and a
silver chloride positive in the solvent mixture aceto-

nitrile-propionitrile that would function effectively at

tempgpratures as low as -100°F. He does not, however,
specify the electrolytes. r
The cell chosen for investigation:'in this work

may be represented schematically as

Cu|AN,;MC10,| |Cu(C10 AN|C,

al a2
+

where M = Li+, Na s

The cathodic reaction is
+ -
Cu2 + e -~ Cu+

E® = 40.679 v vs std Ag electrode 12



|4

[}

and the anodic regpetion is VA

N, O + +
Cu v Cu + @

1LY = 40.6044 v vs std Ag olectrode

‘ (as oxidation)

Tha npprociabf@ ditfoerence in the potentials of the two
(‘Ollpl‘(\ﬁ in acctonitrile compared to wateor is caused by
the sfrong solvation of copper(l) relative to copper(11)
by this solvent.

For-practicql use of the cell described above,
it is necessary to precvent migrgtion of Copper(}I) to the
anaede where it will react with copper mctal, resulting
in sglf—discharge of the battery.. An anionic ion-cxchange
membrane was therefore inserted between the anodid and
caﬁhodic compartments. Solutions of‘0,75 M LiClO4 8 and

0.8 M NaClO4 ? in acetonitrile have both been found to

possess a relatively high specific conductance of 3 x 102

ohnfl cmgl, indicating that either would be suitable as

supporting electrolyte. Further, assdgiation of these
salts ig not great, the ion pair association constants

being 4 for LiClO4 and 10 for-NaCiO4.10

The proposed
systeh‘posseSSES the. inherent.simplicity that both anodic
and~gathodic diﬁcharée reactions produce the same product -
a simplicity shared by the lead-acid battery.

.The Cu(I)-Cu(0O) and Cu(II)~Cu(I) couples in




N . . 11-17
acetonitrile have been investigated by several workers.

Voltammoetric studies at a platinum electrode indicate that
. s 13 1

the Cu(IT)-Cu(l) couple is reversible. Manahan,

using radiotracer techniques, ‘estimated a minimum value

of the rat® constant k for elecctron transfer of 0.3 pl

sccﬂl, assuming first order kinctics in both Cu(II) and
Cu(I). In a chrJEOpotcntiomatric study, Kowalski and
Linganc 15 found that electron .exchange between copber(Ifk
and hydrated copper(Il) at a platinug'electrode was
quasireversible. Similar results Qege obta&ned by
Mcbhuffie 16 using thin-layer steady-state Vvoltammetry.
Biallozor 17 found that electrodeposition of copper on
ﬁiatinum from acetonitrile solution was irreversible, but
‘witHAa relatively low overpotential. Table II gives the
standard potentials at 25° qﬁ\the Cu(II)~Cu(I) and Cu(I) -
Cu (0) couplesj along with potentials of the silver couple -
under several conditions. 12 . / %
Several discharge and recharge methods may 5; )

18

used to.cycle a cell. The best discharge method from

the standpoint of convehience of instrumentation is dis-

charge thraugh a constant resistance. However, information

on electrochemical behaviour is difficult to extract from .ﬁ?EQF
discharge curves, since both current ;nd voltage,decayi

with time. Information may be ﬁqre reédily obtaineé‘ﬁrom»

/
constant-current discharge curves. Recharge may also be -



Table 1T
Some Standard Potentials at 25°C Relative to

the Standard Silver DBlectrode in Acctonitrile

Half-rcaction E°, volts
c?t v ol 0.67910.001
AgT + e » Ag(lig) 0.0870t0.0005
Agt 4+ e v Ag - 0.000 -
Ag" (0.0100 M AgNO,) + e+ Aq ~0.13110.001
cu' + e » culhg) . ~0.594210.0005
' + e > cu ~0.604410.0005

r .
- ~ -
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accomplished by several-methods - constant current,

stepped constant current, exponential current, constant

otential, or so ~» combination of these.  Constant current
Y

charges are slow if the current is held sufficiently low
that the battery can be fully ‘charged. A stepped constant

current charge is faster, In’ this mcthod, a large cursent
v 1

" -,
is passed until a predetermined state of charge is reached,

and charge is completed at a lower current level. Ex~
. ‘ .

ponential charge rates arc fastest, but most difficult to

instrument. They place a heav% strain on the charger, and

-~

can be used oniy on batteries that can tolerate heavy

initial currehts. Constani—botentiai charges are generally

\

faﬁ&{\but must usually he modified to limit [Qitial current

-~-levels when applied to a fully discharged cell. This

modification may- readily be accomplished by inserting a

series resistor between charger and battery. Aeéause of

ohmic drop across the resistor the voltage applied to the

o

cell itself is not constant, but is lower at hig?er charging

currents and approaches the.voltage of the charging source
{
asymtopically. Therefore, the term "controlled potential
. .0 s a. ' :
\cpargef,should be used.rather than the misleading expres-

b3

sion "constant—voltage charge"{ Discharge methods utilized

-in" thé preéent work were diséharge through constant resis-

[y

tance and discharge at constant current.’ Recharge methods

thosen inc¢luded constant-current recharge, stepped constant-
- \

"



current recharge, and controlled potential recharge.

In the current investigation, a series of cells
\

ihvolvinq thc copper (11)-(I) and Coppér(I)—(O) couples in

acctonjtrile were designed and constructed. Mcchanical
; .

problems causcd by leakage of hcetonit%ilé, which has a

-

low viscosity and surface tcension, required many modific~ "M

TN

ations in cell design and in the materials of construction.
}

Ultimately two cells were prepared that showed only slight

leakage over a period of weeks, and most of the data re-

ported here are based on measurements of these cells.
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- EXPERIMENTAL

Purification of Acetonitrile

Technical grade acctonitrile (Matheson, Coleman,
and Bell) was purified by method D1 desc:ibed by Coeggec 3,
but with some modifications. THe commercial product wgs»é§
‘ ' 2 (ventron) at a ratio of 10 g/1. Becausé
no hydrogen evolution was observed, sti{gi;; was continued\

stirred with cCal

"
v

for only threce hours instead of the two recommended

4

by Coetzee. To the decanted liquid P,0;, (British‘Drug'\“
Hoﬁse) was added at a ratio of 5 g/l1, and the mixture was
distilled in an all-glass still under high reflux ratio.

The first 5% and last 20% of the still output wefe dis-
carded. The resuiﬁing material was refluxed over Ca}i2

(5 g/1) for one hour, thén distilled slowly under a high
reflux rétio. Again, the first 5% and last 20% of the

" still output were discarded.* The collected product was
placed in a tightly stéppered glas% bottle and transferred
to a dry box until use. All flasks were oven dried at’
least two hours-at 110° béfore use. The water content of
ghe solvent was checked:by Karl Fischer titration! A /{
Qalue of 5 x 10'?*& was obéained. ’.'l |

. g

[y

Other Reagents - . ' ' ,

+

" The Cu(Cl0,),4CH

3CN used was the same lot as

o

ke



N

" used by Kratochvil and Senne 12,"who reporteQ a purity-
of 99.6% on the basis of analysis for copper.by aqucous
EDTA titration.

NaClO4 (anhydrius, G. F. Smith) was dried under
vacJLm faor 20 hours, then transferred to a dry box and

used immediately.

LiClO4'3H 0 (G. F'. Smith), récrystallized'from,

2
water and vacuum dried by R. A. Long, was heated to 80°
under vacuum for one day, then to 100° for two more‘aays.
I# was transferred to a dry box and ;tored in a tightly
closed‘oven—dried ;eégent bottle unhtil use. . .

All other cheﬁicals were reagent grade and we:y’~
used as received. ‘

The supporting electrolyge and Cu£C104)2 solutions
were prepared in a dry box: A triple-beam balance was
used to weigh the reagents into a voldmetfic flask which
was then filleéd to the mark with purified acetonitrile.
The AgNO3 for the reference electrode was weighed exter-
nally on an analytical balance, then transferred to a dry
qox for dissolution. All glassware was oven-dried at

\

110 before use. \}b

Apparatus o v
Voltages were measured with a Heath EW-805

Universal Digital Instrument (UDI) and an Orion Model 701

Digital‘pH Meter. These units were separately calibrated

> [ -~ ¥
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12 /

1

»
against a Leeds and Northrup 7554 Type K-4 potentiometer.
The controlled -potential charge source was two Burgess #6
Il 5 v Heavy-Duty dry cells cgznected in parallel. A Leeds
and Northrup Model 7960 Coulometric Analyzer was used for
preliminary constant-current studies. Héwever, becausg
this_instfument provides only two current levels in the
\:ange of interest, 6.43 ma and 64.3 ma, most of the_data
‘ oﬁ'éonstant~current studies were obtained with a Sargent
Model IV Coulometric Current Source. ﬁrrrent~time and
voltage-time curves were recorded in éither a Heath EUW~
20A or an EU—2OB chart recordef?!both equipped with a
Heath EU-20-26 Multi—Speeg“chart drive, or on a Sargent
:yégel SR recorder. Current-time curves were integrated
with an Ott plénimeter. Control circuits were bregd_

boarded using,a Heath EU-801A Analog-Digital Designer

-

(ADD)".

| A block dlagram of the- arrangement for cycling
xmby controlled potential chargeﬁﬁid dlscharge through a

‘COnstant r651étance is shown 1n quure-la. The circuitry:

in the Heath ADD is described ié‘F§e§Z£ééndix. It may be

considered here as an”on-off chaﬁd%udiqcharde‘switch.

w 8
In thls arrangement the céll 1s‘dlscharged through a
constant reslstance. As e;plalned‘earl1er, the term

"controlled potential chardge" is used here to describe a

constant voltage source with a resistor in series with
. e
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Voltage

Source

t

Recorder

Figure 1a. Experimental Arrangement for Controlled’
Potential Charge and Dlscharqe Through
Constant Resistance.

Recorder
EU-208

Figure 1lb. :Experimental Arrangement for Constant
o Current Charge and Discharge.

¥
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the outbut. The recorder provides a continuous record of
o :I‘

charge or discharge current against time.
Figure 1lb shows the arrangement for constant

current charge and discharge. The control circuitry in
\

: ¢ ‘ .
the Heath ADD for this system is als? éescribed in the

Appendix. The overall .cell ﬁétential is monitored by both -
the Heatﬂ\UDI and Heath EUW-20A recérder,‘while the oridh
701 and Heath E%—ZOB recorder provide .a recbra of reference
électrodeopotential with respect to -the grounded qegative
terminal. A shieided cablé wasunecessary to connect the
reference electrode to the Orion to minimize noise piékup.‘
The Heath EU-20B recorder~possesses a floating ingut, since
grounding either of the_recordér ouiput terminals of the

Orion .in this configuréfion drives it off scale.

Overall BatterXVConsgguction

- A diagram of the anodic and cathodic séctions of
the experimental batté;y is shown in Figure 2. The case
was constructed from two identical 10 cm by 10 cm blocks
of 1/2 in. (1.27 cm)‘poiyethylene. An 8 cm by '8 cm

cavity was milled to a depth of 1 cm in each block. Aan

8 cm by 8 cm piece of-1/8 in. (0.32 cm) or 1/4 in. (0.63

- Cm) graphite]sﬁeeg was press-fitted into one cavity to

serve as a cathde; External electrical contaé; with'i '
thegg%phite was madg through a platin;m,wiré ﬁgégsé}f'
fitted into é hqlg drillégstﬁréﬁgh the case intb‘ﬁhe'

graphite. Tapered poiyetHYIené tubes tapped with septum

1
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caps were sealedjinto holes drilled into an edge of the
chamber to pto&ide filling ports. A 5 ¢m by 5 cm grid of
1/8 in. (0.32 cm) silicone rubber was bonded‘to‘the”
graphlte surfaces by a dot of silicone cement to prov1de
a spacer for the 1on—exchangelmembrane.‘

| An anode, consisting of'about‘fifty.feet of
0.032 in. diameter electrolytic copper wire wound on a
polyethylene frame, was cemented into the apodic cavity
of the case such that solutionlcould freely contact both
sides of the electrode assembiy. (One'end\oflthewire
passed through a slightly under31ze opening in the poly-
ethylene wall to provide external electrlcal contact..
Filling ports s1m11ar to those descrlbed for the. cathodic
. section provided a means for addltlon or removal of

:'ﬂ

solution. 3 . v

In the asseﬁbled celi a sLllcone rubber gasket
Was plaCed on each side of the membrane to prov1de a
seal with the. polyeth;lene cas1ng. The gasket on the
anodlc,51de was bonded to a s111cone rubber gr1d similar
to that used on the cathod;c side. The cell was held
flrmly together by twelve bolts.spaced on the 01rcumference.
Solutlons were 1njected through one @qgthe two filllng
ports in the approprlate compartment w1th a’syrlnge, a‘
syrlnge needle 1nserted through the septum cap of the

a

other port‘aglowed_alr to escape.
; . | :



w

17

Anode Prnpnla(ldﬂ . Q

Electrolytic wire (#20) was wound onto a prev-
y

L4 : .
ifously weighed pglycthylene frame to form the anode. The

weight of copper was obtained by difference, and the nominal

surface arca calculated by the relationship

i
thooyvy

Yoy

i |
s\
A = %~ ~ ndg
p G L}

LI

. LU .
where ‘ w =~Meiqht of Cu(g)

i d = diameter of wire (cm)

TR p = density of Cu (g/cm ) ;
\ 7 ?'.MI N (I 'H‘
' Ly oo
- \\'\ \Re'# length of wire outSLde the anodic
K |

. - —"." chamber (cm)’
. ..

Geometri ¢ surface -areas of copper for the two cells were
328 and 401 cm2 (0.9 and 1.2 moles copper).

The surface of the copper was treated with con-
centrated HC1l for two minutes, then rinsed throughly with
distilled water. Thp\assembly was immediately vacuum
dried overnight and s ed in a dry box for final cell
assembly. Viéual inqﬁéction of 'the surfacelimmediately
before cell assembly did not reveal any traces of a surface
f11m of coﬁpeﬁ spxide. However, electrodes that were washed
with tecﬁni;%irgrade.acetonitrile before vacuum drying ‘
developed étshiny coatiné'ovér'their entire surface.

¢ ¢
Portions of the surfaCthiso appeared black or yellow,

a

indxcatmg fptmadnn *)f a surface film.

e 'Fy' .‘ ,i
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Cathode Preparation : a .

A dif ferent proc¢edure was uscd for pretreatment

: . - . .
of the cathode in cach of the ccells on which data are {jfgﬁ

\
primarily based. For Cell 1, the graphite electrode,

which h used in ecarlier studics, was washéd with

distilled watrer and sanded lightly with emery paper before
vacuum drying. It was later found that the graphite had
adsorbed considerable amounts of copper salf ﬁuring previous
use. Therefore, the graphite oloctr;dc for Cell 2, which
also had been uscd before, was immersed in boiling water

for several days to extract adsorbed salts. Each electrode
was dried under .vacuum overnight® and then transferred to

)

a dry box for final assembly of the cell.

\Membrane Preparation

Table 111 gives some properties of the Amfion
A-6Q anion exchange membrane used in this study 22\ The
membrane utilizes a polyethylene backbone containing quater-
nary ammonium exchagéa sites. A sheet approxxmately one
foot square $as cdnvéYXed from the chloride form in which
it was received to the perchlorate form by soaking in
aqueous 1 M NaC}O4 for one hour, then stored in a fresh

bath of 1 ngaClO until use (several weeks). When a cell

4
was to be constructed, a portion about 12 cm by 12 cm was
cut from the sheet and soaked in technical grade aceto-

nitrile‘overnight. During this time, ‘the lateral dimensions



y

(

Table 111
Nominal Propoerties of Amfion A-60

Anion’ I'xchange Membrane

Thickness, wet (mils)

Resistance, effective (0.6 N KC1) , ohm—cm2

Permselgctivity (0.5 N/1.0 N KC1), %
Ion exchange capacity: (dry), meg/g

\

Gel water (dry basis), %

o

19

12
612
8214
1.610.3

2815



incroaseq about 10% over thq water-wet form, the thickpess
decreased, and the flexibil%&y incéeased markedly. The
membrana wa§ then removed frAmipho bath and cut to a fipal
size of 10 cm by 10 cm. 'Bolt holes were punched along
the edges, after which the membrane was vacuum dried, over-
night and transferred to a dry box immediately béfofe

a

final assembly of the cell.

2 .

Final Assembly

4 Immediately upon introduction.into the dry ﬁox,
the membrane was soaked in purified acetonitfile. Whén
it had expanded to maximum size, the cell component; were
bolted together and the cell compartments immediately

\
filled with previously prepared acetonitrile solutions of

copper(11) perchlorate on the cathode side and lithium or

sodium perchlorate on the anode side.

Reference Electrode

The reference electrode assembly is shown in
Figure 3. The reference couple was Ag-0.0100 M AgNO3 in
acetonitrile. .The electrode was inserted into a LiClO4
solution of the same concentration as the supporting
electrolyte in the cell under study. Solution cdnéact
was effected through a Luggin.capillary of 0.034 in. i.d.
polyethylene tubing. ‘A glass bead was inserted in the

end of the tubing to minimize solution flow.
L



‘ 001M AgNOjy in CHyCN

150 [HHtiL-——08M LiCIO, in CH3CN

_——Porous Vycor Frit

0034 in id.

Tubing

/Gloss Bead

Figure 3. Reference Electrode Assembly.

Polyethylene .

21
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The capillary was inserted tﬁrough a septum cap
and £illing port of one cell compartment and down into the
solution. Exact positioning of the cakillary end could
not be determined owing to the flexibility of the tubing
and the opacity of the cell. fowever, the general N
location was arranged such that g%e-capillary end was near
the vertical centerline of the electrode and about 2 cm

from the top of the solution gp minimize edge effects.

Initial Specifications of Cells

In Table IV aré listed the initial characteristics
of the two cells on which most of the data were taken.
The actual capacity of Ce}l 1 is unknown because the ‘
gfaphite electrode containéd adsorbed copper salts aﬂd
| beca&se recovery Sf the solutions on disassembly was not
quantitativey The uncértainty of the theoretical gapacity ‘
of Cell é is based on estimates of the errors in measuring
the volumes éf solutions iﬁtrodﬁced into the cell.” Leakége
also ;esulted in loss of electrolyte, particularly on Cell 1,

-

where introduction of more NaClO4 sgdution to the anodic
compartment at the rate of about 5 ml/month was necessary.
Because some cycles took as long as seven days for dis-

charge and recharge, thorough testing required several

months. h ‘ o

-

S



Table IV

Initial Specifications of Cells

Cell 1 Cell 2
Total copper metal in anode, 0.93 1.151 .
moles |
Nominal anode surface area, 328 401
cm” ! N
Electro}yte . NaClO4 h LiClO4 )
Initial electrolyte concen~ 0.96 ; 0.896"
tration, molés/l | '
Initial volume of electrolyte, 50 , 52
ml
Initial electrolyte introduced, 0.4§i0.005 0 0.04710;002
moles | |
Thickness of graphite ’ 1/4 in. .;/8 in.
electrode @9463 cm) (0.32 cm)
Initial concentration of . 0.16 } 0.366
R Cu(ClO4)2 in CHBCN: moles/1
Total volume of Cu(ClO4)2 30 / 41 (=
solution, ml
Total Cu(Cl0,), introduced, 0.0048 *  0.01500.008

moles

‘  ,(Table conti}ued on next page)
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Table IV continued

\ ©Cell 1 _ Cell 2
Theoretical capacity, ma-hr 129 * 402120
(based on 100% utilization
of Cu(ClO4)2)'
. “!
* It was later found that the graphite electrode contained

"\ . at least a further 0.005 mole of adsorbed coppef salt.

-y
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RESULTS AND DISCUSSION z

L

Preliminary Investigations

A number of preliminary investigat¥onssweré con-
ducted outside the dry box. Sevepgl cells were Zonstnucted
utilizing technical\érade acetonitrile, with anodes of
copper sheet rgther than electfolytic copper wire. Per~
formarice of these cells was unsatisfactory‘because of
formation of an adherent black reéist}ve film on the anode.
Preliﬁiﬁary investigations also suggested that internal
resistance was highly dependent on the surféce areé of the>:
anode. Further, the anion exchange membranes showed severq*
yello% discoloration, p;obably from adsorption of copper
oxide and hydroxide species formed.by reaction of the copper
salts with water. Further work was therefo}e conducted in
a dry box, utilizing cells possessing an'aﬁode of large

surface area. Great care was taken to exclude water from

these cells.

\‘>

Cell Performance Under Discharge,Tﬁrough‘Constant Resistance

and Recharge at Controlled Potential

LY

Cell 1 was subjected to more than 45 cycles of
discharge through constant resistance followed by recharge

at a controlled potentiél.,‘Most discharge cycles continued

until the cell voltage under load dropped to 0.9 - 1.0 v.
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‘Each discharge was followed by immediate recharge until
the charging current dropped to lese than 0.5 ma, which
was taken to indicate full charge. Figure 4 shows a dis-
-¢charge curve to‘extreme depth, while Figure 5 shows the
immediately following recharge. ﬁischarge voltage is

directly proportional to discharge current through Ohm's

Law. |

_ Figure 6 ehows a pwot,of milliamoere hours drawn,
on discharge.against milliampere hours accepted on gub-
sequent recharge for the first 11 cyciee of Cell 1, each
varying in depth of discharge. A charge efficiency of 100%
would be indicated by a slope of unity and an 1ntercept of
zero. A computer least-squares treatment of the dé!§
utilizing a program provided by G. Horlick yielded a slope
of 1.004Ai 0.021 and an intercept of 2.042 #* 2.062.“ ;t,
must therefore be concluded that coulombic efficiency under
conditions of discharge through constant load and controlled
potential recharge is close to 100%. These data are con-
sistent with the known rever51b111ty of thebcopper(II)e(I)
and copper(I)L(O)'couples in.acetonitrile.

No degradation in performance of Cell 1 fas noted

after more than 45 cycles to varying depths. Instead, the
available capacity increased. The second discharge} which

"was to extreme depth yielded 180 ma-hr although the

expected capac1ty was only 129 ma~hr based on the amount

B
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,Figure 5. Typical Controlled Potential Recharge Curve.
. Cell heavily polarized by|discharge at
commencement of recharge.
Initial current >35 ma
Charging voltage - 1.5 v.
Series resistance - 20 ohms.
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A

of Cu(élO introduced at assembly. By the tﬁenty—third

4)2
cycle, which is shown in Figures 4 and 5, capacity had
increased to 267 ma-hr. No further increase was observed

upon subsequent cycling.
| :

Quantitative recovery of'golutiOns upon dis-
asséﬁbly of the cell after full recharge was not possible.
However,‘analysis of the cathpdic solution for total copper
by reaction with ioaide.in aqueous solution and titration
of‘liberated iodine with thibsuifate 23 yielded a result
of 8.0071 * 0.0002 mole ﬁfcsent in sélutibn. A further
0.0023 ¢ 0.00dl mole was obtained by extraction of |
adsprbed salts ffom the graphite eleétrpdé, yielding‘a 
total recovery of 0.0094-% 0.002 mole ‘copper. A recovery
of a minimum of,0.0lO mole Cépper was expected on the
baéis of maximum discharge_capacity obtained.

The increase in the capacity of tﬂe cell mighg.
be attributed to fo:ﬁation of ext;a cééper(I) species at
the cathode, and migration  of éhat cqpper(I) through the
membfané to the anodic compartment wﬁere igayoﬁld be‘conQ

N

verted to copper(II)-durihg‘recharge.’ Such a process

requires bqth a mechanism for the production of .the excess
‘coppen(I) and ardiiving‘forcé for its'transferdagross the
anion—éxchange membrane. . HOWever; the conversion of that '

.copper (I) to copper(II) at thé'graphite electrode during"

recharge could be expected to‘appear‘in a plot of recharge

'
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against discharge as a slopce of.qreator than 100%, indicating
lqr recharqe current efficiency. A particularly marked
effect should have been ohserved during the first recharge,
since discharge capacity increascd 50% between the first

and sccond cycles. However, such a trpnd was pot observed,
~and Cell 2 did not exhibit a similqr increasc in capafity.
Thercfore, it was coﬁcluded that the obscrved inlreaso in

.

the capacfty of Cell 1 was not duec to an electrochemical
process but was causcd by extra Cu(ClOé)z.:dsorbed @ﬂ\{he
graphite clectrode. This conclusion is supported by £he
fact that 0.0023 mole of copper was cxtracted from the
electrode after disassembly. |

BN

\~

Cell Performance Under Conditions of Charge and Discharge

at Constant Current : -, \
Cell 2 was cycled entirely by discharge at con-

stant current and recharge at either constant current or

stepped constant current. glhﬁ3§scharges were continued
to complete discharge as indicated by a final voltage of

0 v. Recharges were éontinued to a voltage of 1.600 v,
which iéfjust below a sharp rise in cell poﬁential caused
by thé inability of available copper(Il) species to support
“the applied current. On'all recharges, after the first

termination of the recﬁ%rge process, the cell was allowed

to stand overnight to depolarize. Recharge was then con-
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tinuced, usudlly at a lowor<currentrlovcl, until acceptancoe
of only a small incremental éharqo at the lowest current
level of 4.65 ma indicated complete Eharqe.

A plot of total recharge against immediately
preceding discharge is shown in Figure 7 for 11 discharqges
of varying depths, A computer lcast-squares treatment of
the data yijelded i\klope of 0.947 4 0.022 and an intercept
of 9.812 * 4.554. These calculated parameters suggest a
tendency‘fbf/thc cell to undercharge after lengthy drain,
but to overcharge after brief drain. These data may be
explained by the excessive polarization of the cell that
occurs after a lengthy recharge. This polarization causes

”

the voltage across the-cell to rise prematurely, resulting

in early termination of the recharge process. The difference
is made up during brief recharges because reduced polar-
izatioN then allows a relatively greater recharge..

\

Threc-electrode Studies
Ve
All three-electrode studies were conducted on

Cell 2. A plot of cell voltage against time is shﬁwn in
the upper curve of Fﬁéure 8 for a constant current di§—
charge at 9.65 ma. On the same graph is shown a plot of -
the potential difference between cathode and reference
electrode against time. The data were obtained with the
capillary connection to the reference electrode immersed

i
i
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in the copper(II) solution of the cathode compartment.
Thercfore, the junction potential between the cathodic
solution and the LiClO4 solution in the capillary is in-
cluded in the mcasurements. The plot reveals that most
polarization occurred at the graphite electrode. Unfor-
tunately, the formation of bubbles in the capillary created
alresistance that made it impossible to obtain data for
the last part of the discharge. However, data at other
levels indicated that the final sharp dfop in cell poten-
tial was also primarily due to polarizatlion at the cathode-
In another dischargé"at the same currentilevel, but with
the capillary immersed ih-the anodic compartment, a plot
of the potential difference between the anode and. the
reference electrode a%ainSt time revealed a change of only
0.055 v during the course of the discharge. Recharge
behaviour also consistently showe‘ that mosdeolarization
occurred at the graphite electrode.

| The long shouider 2& the discharge curve iﬂ
Figure 8, which is‘also visible in ghe dfscharge of Cell 1
through constant resistance in Figure 4, did not always
appear in other discharge cycles. Preliminary constant
curreﬁt discharges of Cell 1 did not exhibit a shoulder,
although dis;harges through constanf”résistance did.
Further investigation of‘the'eléétrode processes at the

. - - . 2
graphite electrode id necessary to determ%ne the reasons
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for the erratic behaviour. Adsorption of substances on
graphite elfﬁtrodes often causes irreproducible behaviour,
and the presence of traces of foreign substances may be
responsible.

Performance Versus SBEESD& D?ﬁﬂﬂ o

The performance of a practical cell depends
upon the minimum voltage under load that it can exhibit
before it is considered unuseable. Consumer Réports 24,
in testing dry-cell battery rechargers,. considered thét the
standard 1.5 volt dry cell was unuseable when its voltage
under load had diminished to 0.65 vdlt. Figure 9 gives )
the practical discharge capacity in ma-hr that was obtained

]

from Cell 2 at various current levels, the practical
cépacity being defined as the ma-hr obtained before the
voltage under load fell to 0.65 v. Each point represents
one discharge from full recharge at a given current level.
Although the reproducibility at lower current levels was
‘not good, the élot reveals a rapid drop of practicgl
capacity as current drain increases. The data were
obtained under conditions of continuous discharge, so the
demand placed upon the battery was consideraﬁlg. Uhder
conditions of intermittent current drain, with periods

during which the cell was allowed time to recover, the:

practical capacity at higher current levels could be
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expected to be greater than that observed here.
The observed potential, Eps’ Of a battery a

under load may be represented as , /

i

Eobs = Ecell - IR+

where Ecell represents the open-circuit yoltage, i the
current, R the inté;nal resistance of the cell at that
cu;rent level, and n the overpotential owing to concen-
trétion and activgtion polarization effects. Voltage-
time curves at various current levels were extrapolated to
zero time to minimize overpotential contributions, and the
resulting voltage is plotted against cugrent in Figure 10.
Each point is the average of two discharge runs. A computer
1edst~squares treatment of the data yielded an‘intercept
of 1.352 % 0.007 volts éna a slope of 5.11 % 0.15 ohms.
The intercept yields the ppacfical open~circuit
| voltage of éﬁé cell, 1.35 v. A theoretical open-circuit
voltage cannot be calculated because the activity of
coppeg(I) cannot be defined at "full" charge, Freshly
constructed or freshly recharged cells exhibit potentials
as high és 1.5.v owing to very low copper(I) activity at
the éleqtrode surfaces. The potential of these cells is
not stable, however, but decreases upon standing. The

highest observed potential, 1.50 v following controlled

potential recharge of Cell 1 at 1.55 v charging potentiai,ﬁ
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decreased to 1.40 v after standing one hour and to 1.36 v
after standing four hours. 'Momentary discharge of a cell
with an cxéeptionally high voltage dfOps the open—ﬁircuit
voltage to about the practical level,

The calculated internal resistance of the cell
is 5.1 ohms. This is in reasonable agreement with AC
impedance measurements, which are fllustraﬁed in Figure'll
as a function of state of charge.gfImpedance shoula increase
as the cell discharges as a result of buildup of solid'v
CuClO, on both electrode surfaces and as a result of a
decrease in the concentration of copper (11) species in the
qaghode compartment. A general trend of, this kind is
evident in Figure 11. However, the data were not re-
producible, and there was often an upward or downward shift
of impedance on standing of as much as one ohm. Impedance
measurements at full‘charge are generally slightly lower

than 5.1 ohms, but this difference is probably not sig-

nificant in view of the uncertainty of the values.

Overall Cycling Performance ' -

.Overall performance on repeated cycling appeared
h '
to be good. Utilizatibn of electroactive material based

on amounts of copper(II) present was as high as 96% on
the fi:sf discharge of Cell 2, which was run‘gt the lowest

current level utilized in‘thesé stddies, 4.65 ma. Later

[ ) - .

L J
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discharges delivered only 65% tol69% of theoretical
capacity at low cgrrent levels. Héwever, data are insuf-
ficient to determine if this reduction in éotal deliverable
capacity.is a result of repeated cycling or due to the loss
of copper(II) solution by leakagé. 'The total deliverable
capacity of Cell 1 decreased 12% after two months wet
sténd. Full recharge was acc§§ted, indiéating that reduc-
tion in capacity was not a result of ieakagé. Wet stan
performance thus indicates that cu't jons ao not'readily.
bass through the anion~exchan§e'membrane. This conclusion
is supported by the observation that a considerable
osmotic pressure head built up in the cathodic compartm%ntm
of bgth cells, causing the anion—exchange membrane to dis-—
tend considerably. Leakégelcaused‘solution level to |
decrease only in the~anoaic compartment, whereajsthe
cathodic compartment reﬁaiﬁed completely filled even if
the anodic compartment wéht dry. The exclusion of cu'”

by the.membrane could be expeéted to be greater than that
of unipositive species because of the higher charge deAs'
on the divalent ion, and the only ‘mechanism for self- py
discharge is the migration of.¢opper(1i) species Fo the

anode.

[
#
'3 -

Low-temperature Studies

To obtain a measure of performance at temperatures
: - . ' e ,

n
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tsignifidantly below

below ambient, cell 1 was placed in a vacuum desiccator

containing indicating magnesium perchlorate as desiccant

and removedfﬂ‘om the dry box. External electrical contact:

was made through wires run through the vacuum takeoff and

+

sealed with silicone cement. The'cell and desiccator were

then placed in a freezer at -5° and discharged through‘

constant load.

Discharge performance was distincﬁlbeelow that
atteinabie at room temperature. Diécharge'through 120 |
ohms tolafinal voltage of 0.9 v yielded only 56 ma—nr
at\—5°,,whereas at leaet 12Q ma-hr were attainable at”Yoom

temperature. Because the cell capacity was increasing

vdurlng\tne time that studles were conducted a quant1tat1ve~

comparison is Hb ossible. However, discharge curves
P p g

_reVealed a gecrease in cell voltage under load of about.

. e \
0.075 volts/hour, corresponding;to a decrease in current

level of about\?tG?SVXQ/hr. This decreése was approx-— _

. \ .
imatelyflinear, end.was\reversedupon removal of the cell

; \ [N . . ' . .
from the freezer duging the discharge. Behaviour during

controlled-potentia vrecharge"at low temperature was also

hat at\gsom'temperature. ‘Initial
' ' A

\recharge currents of abaut 4 ma , dropped w1th1n two hours

‘\
to less than 2.5 ma. Only qualltatlve comparison of these-

a

flgures wi@ 'those attalnable at room temperature is pos-f

sible, 51nce current under condltlons of controlled—,

'\ o "
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potent1a1 recharge depends heav11y on the ‘state of dls—
charge of the cell.' However, recharge at ~5° was pro-
hibitively slqy, and no. recharges were completed at that
temperature.lﬁﬁgre than 37 hours was requrred to recharge
a total of 51 ma-hr. An earlier cycle at'roOm temperature
was recharged 56 ma-hr in 19 hours. Removal of the cel{\*
from the freezer durlng recharge caused the charging current
to double.l Low temperature studles of Cell 1 were discon-

. tinued when examination of the rndidating desaicant

’

revealed moisture pickup.

'Ah‘attempt was made to cohduct low-temperature
studies on Cell 2 in the dry box by‘immersing the cell in
a bath of dry‘ice—ethylene glycol at -14°, After a wait
of seven hoprs to'attain thermalfequilibrigm,.a constant

current discharge was conducted at a'current level of

" X . . i)
4.825 ma. Three-electrode measurements were unsuccessful

'

because the bridge solution in the capillary froze. However)

the curve of cell voltage against tlme was similar in shape
17}

to those obtalned during room temperature studies at low
. {
current levels.g Dellverable capac1ty (to 0.65 volts) was

94 ma- hr,'ﬁ@mpared with 4§ﬁ1verable capac1t1es of 356 and
248 ma-hr at the same curre%gnlevel at room temperature.-
'The decrease was probably malnl esult of mass—transport

llmltatlons due to 1ncreased v1scosa§y of solutloni

Plateau voltage, however, was 1. 24 v, compared with earller

¥



valucs of 1.24 and 1.21 v (Wbt.\ix\0<i'nt, room temperature at
the same aurrent level. Platean voltages should decreasoe
at low tempoeratures k)v;nxxu:o of lower cell voltagoes and
higher internal resistance.  Howaver, boecause low tem-
perature dischardes are not as deep as those at room tem-

avrature, concentration polarization.is decrecased. Im~-
v ’

”

pcdance meagurement s a{ 1000 Y=z indicqtod an intermal
rn_si::tnn(.*o of about 20 oBms, four times the imppdm\gn
mea;ured at room temperature. ) .

Unfortunately, oﬁly onc discharge could be con--

ducted at -14°, As dry ice was lost through sublimation,

-

the temperature of the bath began to rise and isolated
4 | . . . kS \.
areas of warmth appeared. When more. dry ice was added to

the bath, it remained on the top of the glycdﬂ slurry and -

l

chilled the' coll causing a‘sudden drop in observed voltaqe.

. -

Attemptq to forcc the dry 1ce to* the boétom of ‘the slurry

¥ = ’ - - )
‘resulted 1n breakage of tha styrofoam-contalner. Further -
‘ . [l
-~

attempgs.athow-temperJture studigs were not made. S

v e
\l
Observagésns on Dlgg;semblx of the Cells

3

D;sassembly‘qf both Cell 1 and Cell 2 revealed

s

‘that the copper métal dld not redep051t cleanly. A large
number of loosely adherent npdules were prgsent many of
‘whlch had fallen, to the bottom of the compartment and thus

poqldfno longer partipipate in the overall electrode.

. -a

* “a’ - 4 » i ,

A ¥ ot .. ’
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process. No dentritic d}owthﬁ were observed. Cell 1 did
not have a spacer botdﬁbn the membrance and the aﬁode, and.
the membrane oxhibited streaks of discoloring coinciding
with individual wires of the metal electrode. These pre-
sumably resulted from the membrane being forced against

the clectrode by osmotic pressure. The membrane of Cell 2
also rcevealoed considnrab}o distention to the hnodicvside,
although the inclusion of a spacer betwecen membran; and
anode prevented physical contact and reduced discoloration.

- \'—\ .
The originally colorless, translucent membranes of both

cells revealed yellowish and yellowish-g{eenish discolor~
agion_similar to that observed én mgmbraﬁes used in
prelfminary éells. The copper electrode also showed dis-
coloration, indicating that water had not been completely
excluded. The graphite electrodes of both cells were quite
clean, with only a few small, white cyrstals adhering to
them. SoX»utions removed from the anode compartment of

both Cell 1 and Cell 2 were clear. However, the solﬁtion

f rom Céll 1 was blue-green, whereas the solution from

Cell 2 had not changed color from the original blue.

The solution removed from the cathodic compartment of

Cell 1 was a dirty brown and contained many small particiles
of copper metal. The cathodic compartmeént of Cell 2 had

gone completely dry at the time of disassembly. These

observations indicate that moisture pickup by Cell 1 was
) .

\
i
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»

R X o .
t’oﬂﬁ,of tha dry‘bdx undergoing the low temperaturc study.

*

IS

~

\mugh mogd'spriqug than that by Cell 2. Much of this

i
A, A

ﬁicﬁpp pfobqbly occurred during the time that Cell 1 was

AX
" The results of analysis of anodic solutions from

cell 1 f0r~coppor‘content were given earlier. The solution

L)

*

from Cell 2 was andlyzcd for copper by aqueous EDTA tit-

ration By the procoduro of Kratochvil and Quirk 25- To

‘# determinc the amount of copper that had permeated into the

R

!
[

Y

graphlte, an extraction procedure similar to that descrlbed
eaglier was uéed. The electrode was immersed” for scéveral
. .. ‘ ) ‘
A ) LA N 3 . IS I3 a
dayq’in hot'concentrated nitric acid solution. The liquid

.

was decanted and rpplaced thh deionized water. This water

was'replaced severalAtlmes. The resultlng qolutlons were
IR ‘ e

combined and concentrated by evaporation. Aliquots of the
. ~ LT .

final’ solution were also analyzed by aqueous EDTA tit-

L R
o
.

: 25 . : L .
ration . It was found‘that the solution obtained from
s . *e

~

the graphlte electrode contalned 51gn1f1cant amounts, of
§ [

~iron. Thereforq, a11quots of thi's solutlon were adjusted

to pH 6 with ammoﬁla and filtered before final ad]ustment\
to pH 3.5 for tbtratlon. A total of 0. 0116 + 0.0001 mole
of “copper was found, cdmpared with 0 OL?O * 0.008 ﬁong

iﬁtrodﬁéed The dlffefential'may,be attrlbuted partly to
leakage durlﬁg testinq and partly to splllage durlng dis-

aésembly. Quantitat;ve removal of sqlut;ons durlng dlgt}b ;
T e . &
C o Te.

assembly was not possible. .~ . . L D
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Only 0.00045 * 0.00007 mole of copper (IT) was
extracted from the graphite electrode of Cell 2, compared
with 0.00227 % 0.00010 mole cxtracted from the graphite
electrode of Cell 1. The amount of copper salt extracted

. from Cell 1 is also less Qhan the amount that must have
been originally present to explain the observed capacity.
However, analysis of the solution rémoved from the cathodic
compartment of Cell 1 revealed morc free copper(11) than
had been originally introducbd.h These data indicate that
the graphite does not adsorb salts during immersion in
acetonitrile, and that salts aiready present will be
released into solution. d

Aliquots of the anodic solution of Cell 2 were
eVaporated.to dryness and Analyzea for chloride by Fajans
titration. ‘'Results indicated less than 0.0005 mole cl

from a total amount of originally introduced C10, (as

Cu(cClo ) of 0.0300 mole. This indicates that the per-

a2
chlorate anion is stable towards reduction to chloride

\

nder the conditiors of charge and discharde used in this

The/ poor quélity of the coﬂper'metal deposited
upon recharge is a drawback, because the loss of copper
during plating limits the number of cycles to.which the
cell .can be submitted. Provision of a large excess of

copper metal in the cell upon construction would increase

’~<



the cycle life,'but at the expense of addcd’WQiqht and cost.
It is possible that plate characteristics would be impro;cd
if an AC component were superimposed on the DC charge.

Such asymmetric charging mothods have been found to increase
physical plate characteristics in other cells 26. No data
are available on the eloctroaepositgon of copbcr from aceto-
nitrile solution. It may be that ag;nts could be added to

the solution that would improve the deposition charac-

teristics.

Comparison with Other Batteries
Jasinsky 2T has devis®d a figWe of merit for a

battery of the form

)]

' Mg = QOCICVKZ !

where

53

observed energy density (W-hr/1lb) |
E\

QO = theoretical energy densiiy (W-hr/1
e = c{xrrent efficiency ‘
€y = voltagé efficiency '

) K, = weight efficiency

Qo and K2 are constants for a given battery, and are

defined by y ‘ '



where

The observed energy
efficiency terms Ei
the battery and the

however, be readily

50

theoretical Faradaic capacity of
battery éssuming 100% utilization of
the 1im£ting electroactive component
(A-hr)

open-circuit voltage of battery (volts)
weight of redox couples (1b)

total weight of battery including

solvent, case, separators, etc. (1b)

density M and the current and voltage
and E are dependent upon the size of
rate and depth of discharge. They may,

calculated for a given discharge at

_____constant current utilizing the relationships

17T Edt
(o}

e e
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$
where
I = current level (amp) .
!
T = discharge time (hr)
E = observed voltage (v)
In Table V are presented data for threce com-
mercial batteries at room temperature 28. Also presented

are data at room temperature and at -14° for the copper-
acetonitrile battery studied here. Data for the commer-
cial systems 'are for deep discharge at a 20 hr rate. Data
for the experimental system at room teﬁperéture are
averages obtained from two discharges at, 9.65 ma to 0.65
volts (l9lhr5. Data for the experi&ental ;ystem at -14°
are based on one'discharqe‘at 4.825 ma.to 6.65 volts

(19.8 hr). A valuelof 1.35 volts was used for Eo'of the

experimental cell, and QO is based on copper and pure

Cu(ClO4)2,

rather than the tetrakis-acetonitrile product.
The experimental system hgs a very Ibw.energy
density, primarily because of the low weight efficiency‘Kz.
A commercial cel%,qgsld be expeqted to possess a much
higher weight ef&iciency. Compar}son witq_the commercial
systems listed indicates that a K, of 0.4 ‘2§ﬂt be attain- -
able. The observed energy density would thén be increased
to 8 w-hr/ls‘at room temperature, even with no improvement
ip‘;I‘ér €y* However, an énerg§ density comparable even
with that of the conventional lead-acid cell at roam



Table V

Battery Efficiencies

Battery

Pb/PbO,
cd/Nio *
Zh/AgZO'
Cu/Cu(Clo,),, 25°

Cu/Cu(Cl0,),, -14

.35
.39
.75
.46

.24

v K2
0.96 0.41
0.925 0.39

0.766 0.45
0.85 0.011

0.86 0.011

M
W

(W-hx/1b)

14.7
15

66.1
0.22

0.11

Q

(o]

52

(W-hr/1b)

112

4

107

254

50

50

L
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temperature seems unattainahje, owing éo the low Q_ of the
expgrimental system. This low theoretical energy density
is due to the high equivalent weight of Cu(ClO4)2,u262,
and to  .the lplatively low voltage producéd by the cell,
l.i V.

Data ‘at -~14° indicate that the practical energyl
density. of the experimengal system is‘about half that at
room temperature. fhe decrease may be attributed to the
reduction in currént éffiCiency € - Neither the lead-acid
nor the gickel—cadmium cell exhibits such a marked drop in
energy density when temperature is decreased to -14° 29.
IThe performance of the e*perimentai battery is discouraging

. &
in this respect.

Summary

A secondé%y cell consisting of the copper(II)~(I)
and (I)-(0) couples in acetonitrile is rev;rsible, and ié
capaple of repeated cycling. Reproducibility is not great,
although the stédies were complicated by mechanical dif-
ficulties, especially leakage of solutbbns.v'?olarization
.at the graphite cathodeAis appreciable, altéo@éh overall
- voltage efficiency is reasonably high.

Low—temperatu%e studies were complicated by
diffigulties wifh water contamination outside the dry box,

and with temperature control within'the"dry box. However,

4
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they indicate that cell performance is gpprqciably dimin-
ished at lower temperatures. The use of an anionic ion-
eXchange membrane as a separator provides low resistance
to current floQ. It is stable to'the soivent, chemicalé,
‘ana potentials used, and effectively blocks transport of
copper (IT) species. Electrodeposited copper metal is
loosely adherent under the condftions used, and is poor

in quality. The energy density of the experimental system
is low,‘%rimarily due to the weight of structural com-~
ponents’ such as case and bolts. However, the relatively
low cell voltage and the high equivalent weigﬁt of khe
copper (I1) perchlorate limit the maximum attaiﬁable éngﬁgy

\

density. .
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" APPENDIX

The circuit used for controlled potentlal
charglng and dlscharglng through constant re51stance ‘of

the cell is shown in Flgure 12. The circuit is drawn in
J
its rest state, that is, with no signal present at the

[
-

. . e . s s .
"coil"™ of any of the relaysfﬂﬂln this condltlon,-sl is

open‘and the cell is not cohnected to the charge-discharge

. » c - ) .
circuitry. This-feature~prevents unrecorded charging or

dlscharglng in case of power 1nterrupt10n - When Sl is
closed a_+1.5 VOlt charging potential is applied to the

positive cell terminal and through the‘series resistanCe

’(normally 20‘ohms).to ground. R prov1des negative

'feedback on charglng to limit the 1n1t1al current into a

heavlly dlscharged cell. Because of the voltage drop

: . » . . .
across R_, the voltage applied across the cell is at a
4

minimum at the beginning;of the charge cycle and increases

as the state of ‘charge increases and charging current

4

deéfease'm . .

In,the'discharge mode,l? logical 1-.is present

. at the Q outpdt of the flip-fdop (FF)“ ‘This closes relays

N
52 through 850 and the dlscharge path 1s through the series

comblnatlon of RD (generally 100 ohms) and R R Durlng

 both charge and discharge, the current‘flow through R_
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-~ »

is in the same direction. Connection of a recorder

across Rﬁ provides a record of current vs. time. Since

the load on discharge is constant, by Ohm's Law the dis-
r

charge current at any time is direcctly proportional to-the

‘

voltage. The negative cell tdrminal is grounded on dis-

charge, but not on charge. Therefore, direct measyrements

\ i)

of cell potential during carge must be made with a volt-

meter that will accept a floating input.

Digital circuitry of the type employed here
provides a means of autcmatic switching back and forth
between charge and discharge. For switching to occur, a
logical 1 must be éresent both from A("cell™) and from
B("auto") to unlock fhe gate. A and B-are both panel
switches that have been provided with bounce eliminators
to prevent spurious pulses from appearing at the gate
output. The comparator is an analog-to-digital converter

that provides a lagical 1 if the voltage Present at the

input (from 84) is greater thuan the reference voltage

(from Ss). Separate variable resistances allow adjustment §

of charge and diécharge reférencg levels. On charge, the
comparator monitérs the IR drop across Rs' When this
falls beneath the reference level, the comparator output
goes from 1 to 0; this change is inverted and presented
to the gate. Since all other gate input levels are 1,'9

1+ 0 transition appears at the gatg output and toggles

! . @

"



both the flip-flop (FF), and tho lock monostable. Toggling

the flip~-flop causces S2 through SR to change to discharge

LN
modae.  The lock monostable provides a momentary O at the

- gate input, thus locking the output at 1 and praeventing
spurious pulsces ffqp the comparator from appcaring at the
flip-flop input. Similarly{ during dinéharqo the overall
cell potentlal is monitored. When it drops below the dis-
charge reference level a 1 + 0 transition again occurs at
the gate output and the circuit cycles .back to chérge. If
automatic cycling is not desircd, switch B("auto")\is set
to 0 and the operatﬁ@é‘must be terminated manually. Push .
buttons PBI and PB2 pgbvide momentary 0's to manually set
charge or discharge mode.

Figure 13 is a diagram of the circuit for semi-
automatic Constan% curreﬁs charge-discharge cycling of the
cell. With no signal present at the és*l’of any of the
relays, Sl is open and the cell is not connected to the

-

vcoulometer ("coul"). The potential across the cell is

monitored by the recorder th}ough the voltage divideg
provided by the 90K, two 4.7K, and 1K fixed resistors. Tﬁe
‘resistor%‘are chosen so that the recorder monitors approxi
imately 5/100 of the cell voltage. Final trim is adjusted
with the;lK variable resistance. Whén a logical 1 is

| .
present lat C("cell") and the flip-flop is set by a momen-

- tary O -at PBY, S, is closed and current is switéhgd from
! .

I i »
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CN
the dummy cell resiétér to the cel}. With 82 and S3
open as shown, the coulometer acts as a current sink and
the:coll discharges. When 5; and 53 arc closed, the

coulometer leads are reversed and the cell charges. The

-

digital lpgic provides, an automatic shut-off facility
when a logical 1 is present at A("auto"). The cbmparator
provides a lbgicaf 1 when the cell voltage is less than

' . . . L ] . . '
the reference voltage. Gates 1, 2, 3, and’'4 operate as an

_EXCLUSIVE-OR whan A is.1} .1f A is 0, the output. gate is

loékea_iﬁitﬁe 1 state.

‘During chérQe (B =< 1) the cell voltage is
normally leSSVthaﬁ the charge reference voltage and the
output of Gé;e 4 is a lggical l.‘ When the cell voltage |

becomes greater than the charge reference voltage, the

S .

comparator output undergoes a 0 » 1 transition. The out~,
L :
put of Gate 4 therefore undergoes a 1 - 0 transition,

‘ which toggles the flip-flop. This préduces a 0 at the in-

put of Gate 5, allowing s, to open and diverting the

qurrfnt 1nto the dummy cell. The connection of Q to J on

‘when'the circuit is resg

the £ldip- flop lhhlblts ;}y further toggling. Similarly,

to_the’gischarge mode (B = 0),

a’l » Ortranaition at the dutpuh of ,Gate 4 occurs when

fthe celI voltage falls below the dlscharge reference

:level. This again causes dlver81on of. current 1nto the

.

ddmhy céllq Although both the Léeds and Northrup and

Al

-



Sargent coulometers have provision for external relay
control, the circuit shown was more convenicnt since no
special interfacing was needed.  In practice, automatic

[
shut~off was rarely used, but was included as a safety
Wy

facility to ensure that tlie voltage across the cell did

not exceed 'permissible limits.

1

A more complete discussion of the individual

circuit components may be found in Reference 30,

A

»
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