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THE ELECTROCHEMICAL IAOFERTIES OF
DILUTE SODIUM :MALGAMS

Technicel Repor:t No. 3
April 1, 1353

Harry Dietrick, Eriest Yeager,
and Frank Fovarka

- Absviact -

The electrochemical properilies of diluts sodiun amelgams have
been studied in terms of eleotrods potentisla, eslf-disctargs ratss,
and anodic polarization. Even at curreat densities as high as
1 a./cm.z. the anodic polarisation. as determined by ths commutater
method, ia negligitle { < 1 mv. ) in an agiteated system. Corrosion
or self-discharge rates are alsc very small for 1iquid amslgams in
sodium hydroxide solutions because of ths dspression of the slectrode
potential of the sodiur 4in the amalgem and the relstively tigh
hydrogen osvervoltege of nercury.

Activity coefficients, bmead oa electyode potential mzasurementis
with the amalgame in sodium hydroxids solutione, are in agreement
with litsrature valuass.

The relatively high slecirode potential and the .nca-polarizability
of the liquid sodium wmalgama sugges® thelr ues in high drain primary
zellie. Only s circulstion type cell !n which the awalgen 18 .constantly
Toplenishad with sodium eeame foarible. The engineering difficulties,
hewasver, ¥-uld be substantizi.



7HE ELECTROCHENICAL PHOPEATIES OF
DILUTE SODIWRM AMALCAMS

Technical Report Ne. 3
Contract No. ¥ onr 581(00)
Aoril 1, 1953

by

Farry Dietrick, Ernest Yeager,
and Yrank Hovorka

IRTBCIUCTICH

The elactrochemical bohaviur of sodium emalgams ie of {ntorest
in terms of fundemental as well as practical applicationi. Exsmples
of the former are the Ceterminaiion of the activity coefficients for
sodiun in mercury, the muasursment of activity coefficients in
sodium hydroxide solnuticn and overvoltage thsory. Praoticael appli-
oations . nclude the production of sodium hydroxide in the Castner-
Lelinsr: cell and the development of high drain primsry battériss.

As part of contract ressarch, the ancdic pslarization asso-
claved with sodium amalgame in besic egolution has besn doetermined.
The resulte are described in Par¢ I of the report. In Part lI,
data for tkc s22lf-corrosion of sodium amalgars in basic asolution
are presented. Statio potential neasurements bave also been male
and the activity coefficisnts for the 1iguid sodium amalgamn
calculated. The latter are inoluded in Part III.

I. THE ANODIC POLARIZATION OF SODIUM AMALOAMS:
The oxidation potential of pure sodiua metal is sufficiently

high ( 2.7v. ) that the metal Teacts very vigorously even with




alknline eolutions. The maotion of sodium asalgams in the liquid
range ( molefraction of nodiun.lo-l vkan 0,05 ) with eodium hydroxide
solutions, howvever, is very slow beoauss of ths high hydrcgen over-
voltage 2n meroury and. the depression of the oxidation potential of
sodium. Thus the elsctrochsmical properties of these amalgams can
be studied without the complications normally associated with exoessive
self-corrosion rates.

Anodin polarization measurements have deen made by the commutator
or indirect methol with electronic equipmert describdel olaevh.rel.
¥ith this apparatus, the polarizing current is periodically interrupted
and the potential of the polarised electirode measurod relztive to a
refarence electrode as little as one microseccnd after ths irterruption
of the polarising current. In this way, the i-r drop associated with
the passage of the polarizing currert through the czolution is not
incorporated in the =mescurczcnts, The electronic apparatas also
permits the potential of the polarised anode as well as the cathode to
be deteruined during eny ons-microsscond period tollowing elther the
interruption or the 1aitiation of the polariazing current; hence, the
build-up and decay ocurves for the polarization can be obtalned.

In Figure 1 is a diagram of the slectrode arrangenent involved
in the polarisation maasurements. A platinised-platinum electrode
was used as & cothede £8 a matter of convenience. Hydrogen geas was
l1iderated at the onthode during the polarigation measuremsnts. The

surface area of the amalzaam in contact with the solution uas

1. Technical Raport¢ F¥o. 6. (MR Contract bo. N7 onr 47002, ProJjeot
No. NR 051 162, Weetorn laserve Univeralty., April, 1911,
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approximately 0.5 cm? vhile the appsrent surface srce of the cathods

was approxismately 1 cm? Tie fritted glass plug was used to saturate

* j&— Stirrer

P & AT jp}'!’/’ 7777 777

Pt=Pt \LL
Fritted

Plug S

- NaoHg

Figure 1: Cell for Polariiation Measurements with Liquid Amalgame

the solution with hydrogen prior to mecsurementa primarily in ordsr to
g8t reproducible valuss for the cathode potentials. .The gclution was
agltated to & marked extent with a higb speed siirrer during the
polarisaiion measurements. The agitetion mininized concentration
polarigation and st the same time swept mwsy the hydrogen gas walch

formed on the cathode. It should be noted that the polarizing current

.



vas entirely controllsd by the eleotronic equipment and independent of
ths cell electrcmotive force.

A ravaraidble hydrogen electrode was used dirsctly ia ths co6ll as
a reference electrode for the early measurements. This eleoctrode
tended to Vecome poisoned rather quickly decause of very small quanti-
ties of mercury intrcluced into the solution from the anodo. Hence, a
saturated calomel eleoctrode in a separats glass oompartment was used as
a reference electrode for most of ths polarization messurements. The
potential of the calomel reference elsctrode wvas chocked =galnst a
reversidle hydrogen electrode in the same solutions &s involved in the

polarigailion measurements, Thue the potentials of the poluriged

analgen electrodes could %e determinec relative to the standard hydrogen

eleotrode without the complications normally associated with liquid~
Junction potentials.

The graph in Figure 2 represents polarisation data for an amalgmm
vith O.4% sodium ( by weight ) in 5 molar sodime hydroxide solution at
25°C. The interruption frequenocy for the polarising current was
400 secsl and the interruption period ( ourrent-off ) wes 500 miceosao,
Curve I renpresents the terminal 0ell voltauge and was obtainad by
seasuring the potentiasl betwoen the anode und the cathode 1.5 milliseo.
after the initiation of ths polarizing current. Voltage measurements
with ths eleatronic equipment indicatsd that the cell voltzge had
approachsd the steady-state valuv within approximately 1l mv., by cthis
time following tho initiation of the polarising ocurrent. OJurve II
represents the EMY and was obtained by measuring the cell potentizl
one microscc. following the interrvption of the polarizing current.

curve II[ w2s odtainsd by taking the difference betwocu the valuss

e o it . e
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repreasented by curve I ( cell voltage-current on ) and curve II ( cell
voltage=current off ). Thus, curve III reprcescte ¢he internal i-r
Arop within <ho cell under operating oconditionr. Jurves (V aad V
represent the cathode and anode potentiels, reapuctiively, ns functions
of the polarising curreant denaity. The deta for cuwrve IV were obtain:.
by taking the difference totween the cell voltage one miociosec. =2fter
the interruprtion cf the polarising ocurrent and the potenticl of ths
anodes relative to the roference calomel slectrode. Both curves IV and
Y, however, reprssent the elsctrodd potentizls relative to the staadard
hydrogor slcotrode. Cwive IV is typleal for hydirogon overvoltage on
platinised-platimm. The date. for the sodium amalz:n { curve Vv ) are
very interenting inasmuch as the potontial measursnonts iniicate
nsgligible polarization for this elsctrode at current densities ae high
as 1 a./om,2 wvhen tho eleotrolyte is egitated.

In addition to the practicel significance of this extramely low
polarigeticn, this fact is of theovctical interest; it implies that
the reve::se process ie also raversidble through high current densities
under s!milar ciroumetances. Such factore es hydration end ion migration
through the double layer do not secx respousible for overvoltage with

simple cations at current denaities below 1 a./cm.z.

11, THE SEL¥~--DISCHARGE RATE OF DILUTE SODIUM AMAIGAM ELECTRODES?

Quantitative information concerning the self cdischaris of dilute
sodium amglgams is presented in Figure 3. Those data were obvtained
Ly ths folluing prooedure. Approrimately 250 co. cf an ehglgam

contalalins 2.619 gslivs { Ty walght ) were plored in s bhottle with one

- i e e e —— - — 5 - o trm v n ———— .
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Current in milliemperes per square centimeter
o¢ apparent cathode aurface

2.0 100 200 300 Loo 500
T v T -
v
[eoho—o—o—v v v . - - .
1.8
1.6 |
l.410
l.2]
[ ]
&
-~
=
o ‘/ i 1 J re t
0 200 koo 600 8c0 1000
Current in milliamperes per squars
cantimetar of anode
Pigure 2: Cell Performance Data for = Sodium Amalgam-Aydrogen Cell

(Curve I: cell voltage with current on; OCurve Ii: cell
voltage less i-r drop; Curve 11l: internal i~T drop;
Curve IV: cathode volarization-hyidrogcen overvoltage on
Pt-Pt; Curve V: anode polarization - Fe(hg).
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liter of S-molar sodium hydroxiie. The contents of the bottle were
shaken periodloally. At variou: tiuzase, samples of the amaslgam vere
removed from the gystem snd weighisd, The samples were ther. trans-

ferred into a flask conteining 1 fixed quantity of 0.1 mormal

hydrochloric acid and a few particles of graphite wers_sddad. _Tha latter

produced a local couple which kslped to ensura complete discharge
of the amalgam., Tho amalgem-scld mixture was shalen, allowed to
stand overnight, and then both !itrated with 0,1 melar bass.

From tha graph in Plgure 3; it ie spparent that the corros’on of
the emalgam in concentrated soilum hydroxide 1s slow. For the Ophﬁ
sodium amalgam in S-molar sodium hydroxide solution, the walf dis-
charge 1s estimated to be equivalent to less then 0.5 ma./cn? In
the case of amsligams with conceatrationt of 0.1% or lese { by weight ),
no hyérogen bubtbles were evident in 5-molar bare provided the surface
of the emalger wero free of particles such as carbon. The relatively
low corrosion rates reflect the high hydrogen overvultage on mercury
ae vwe2ll as the depressicn of ths oxidation potential of tha scdium
through the amalgamation.

The addition of sodium chloride to the hydroxide sclutlon to the
extent of 30 g./liter does not seem to increase the self-discharge
rate or to effect the elsctrode potential. Nitrates and other easily
reduced ions produca a considerable inorease in the corrosion of the
analgams as evideicsd Uy ths avolution of hydrogen gas.

At molefractions much above 0,06, scdium amalgams becoms #olids
at room temperaturass, furthermors, the rats of corrusion increascs.veyy

quickly and self polarization becomes excessive.
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111, THE ELECTROIE YOTERTIAL AND ACTIVITIES OF DILUTE SQUIUM AMAICAMSS
The reversidle potentials and activity coefficients of liquid
sodiun amalgame have been studied by many investigators. Hlastorical
acoounte of the early work on amalgame through 1906 may be found 4n a
paper by Richards and ForbesZ, and through 1919 in a pudlicetion by

Richards and Comt3 A

In the latter paper. tho electromotive forces of many :odium -
smalgam Concentration celle were measured in asgueous sodium hydroxide
soluticns. Bent and Hildebrand? used Richarde® and Conant's data to
caloulate the activities of sodium in the amalgans, referred to pure

sodium as the reference state!

Lim XA/a :]-—-)1

X/Vaw’i

The deviations from perfect sslution found in sodium amalgarsd

are in psrt associated with compound formation. Botk vapor preesure and

slectrode potential data for dilute eodium emalgame may be oxplained 1n

terme of the formation of the compound Ka 3816'

Lewis and Kraus® determined the standard electrode potential of
scdiun by measuring ths EMF detween & sodium amalgan and a norual
calomel electrode in 0.2 molar scdium hydroxides sclution and the EMF

between ths smalgsm and uodium metal ia a solution of sodiun {odide in

. T, Richards and G . Forbes, Carnegie Inst, Pub., 56, 1 ( 1906 ).
?. Richards and J. Conant, J, Am. Chem. Sog., 44, 601 ( 1922).

. H, Bant and J. Hudobmnd. ivigd.., _‘ﬁ. 3011 ( 192? o

° G. Na Le'l' and ve KI‘&‘J.B. im" 2_?‘. —“‘9 ( 1910)0

W Euwn
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othylenineS*7. Their data may be combiued with that of Richards and

Conant {a ordar ¢t~ calculate the aotivity of sodium in diluts analgrms.

The activity of sodium ir oonoentrated liquid analgalce and in

solid mlmc9 has been investigated. The aotivity of sodium in

ooncentrated iiquid esodium amalgame contuining a molefr=oticn of

about 0.5 of sodium was found to ds approximately the same as that

of sodium metal,

The electrochemical preparties of dilute sgdium axalgexs aleo

have been studiedl® ir soncentration cells containing & eclution of

sodiuz 1odide {n dimethylsmine. The rocults odtained in ths non-

aqusous cells were oomparedlO with those of Richerds and Consnt.

The agreement betwoon these two sete of data is &od.

The low corrosion rctea and the ravereibdble charasteristicae of

in the validity of activiiy data based on measurements wvith sodium

imnlgame in aqueocus solutions.

In Figure 4 1s a greph of the potentiale of liquid sodium

amalgeme in & 0.9902-10lal eodiun hydroxifo solution at 25°C. Po-

tential maasurcments wsre mads wvith a mercury-mercuric oxide reference

eledtrode coztaining sodium hydroxide of ths same concentration as in

contact with the umalgan. This reference electrode was subdbsaqueatly

6.

7.
8.
9.
10.

The nature cf the electrolyts has been shown’ to affect the potentiel
0< an amalgam-concentration cell in some cases. DBent ar G11f1illan
found erratioc potentiale for a oell involving a potasuiva analgas-pure
potessium coBple in a solution of potessium triphenylmeihyl inm
diethyl eother.

H. Bont and 2. 041fi%len, idid., 55, 247 ( 1933 ).
E. Gi11fillan=xd H, Bent, ibid., 56, 1505 (1934).
B. BPert and Forgisti. 4bid., 58, 2220 { 1936 ).
H. Bent &xd 3. Swift, ibid.. 3B, 221€ ( 1936 ).
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checked ageinet a reversidle hydrogen elecirode iz 0.9902-molal sodium
hydroxide soiution. All potentizl measurements were obtained with a
leeds and Northrup potentiometer, type E-2. The general agreement
between duplicate daterminations was of the order of a few tenths of
a millivolt. The concentration of the socdium in each amalgam was
determined by the back-titration procedurs desorided in Part I.

The values on the lef: ordimats im Figurs 4 represent the poten-
tials of the amalgens relative to a reversidble hydrogen elsctrode in a
0.9902-mo0lal sodium hydroxide solution. The values on the right ordi-
anate represent the potentials of the émalgams relative t¢o 2 standard

hydrogen electrode ( without liquid junction potentiel ) snd are based

-
(]

on the assumption that ths activity of the hydroxide ion the agme an
ths mean activity of the electrolyte.
The slectrode potentiale represented in Figure 4 should obey the

Hernst eguationt

g RI gt} (1)

Gt
Az (Ho)
‘ Kw Qya
vhore € 18 the csll resction potentiel ( EMF ) of the cell

¥a (Hg) i FalH ‘ Ea ( Pt-Pt )
CS ;a ( h‘? ) i3 the standard oxidation potential for the amalgamatad
sodium, L+ is the mean activity of the sodivm hydroxide, E, is ths
icnization constant for water, and a—na (HC) is the activity of the

dissolved scdium in the amalgam in terms of the referencs ztutat
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Xﬂa

{;:1[ Lus ] —>1 (2)

whare IB‘ and 1135 ers the molefractions of the sodium and marcury,

n of Harned and Hecker, the inter-

respectively. According to the data
polated valus for the mean ectivity coefficient qf the codlur hydroxide

&8 25°C le 0.679. Eq. {1) may then de expressed in ths foru:

E—0.cons /09 Ko = F; () ~© 05'915/03 4.37510° +¢. 05915108 %ﬁ (3)

Fror equations (2) and (3), 1t 18 apparent that

o] /3
Lin. [£-o.osafslo3X~a]—-> 5%(,, )"0:05’9/5/034.3?5‘/0 4)
Xy ¢
Thus, by sxtrapolation of the term LE. -~ 0.059/5 /og XM:?.] to sero
2o0lefraction of sodium; the sizndard electrode poteatial for the amalgamated
sodium can b3 evaluated in terms of the reference state given avove. By

this procedurs, the value Zor E?;V 18 found to be <+ 1.9566 volts in

R¢ He)
ocontrast to the usual valiue of < 2?3 volts for purs 25144 sodium. The
0,7- volt difference ie not surprising in view of the large emount of hsat
liderated upon formation of the 1liJuid sodium amalgams.

Figures S and 6 represent graphs of the aotivities and éctivity co-

efficients for ths sodium in the liquid amalgams as obtained in two.

11. H. Hasrned and J. Hecksr, J, Am Chem. Sgc., 55, 4838 (1933); as
"qucted by B, Harned auna B, Owen, "The Phyeriocal Chem'stry of Klectro-
1ytis Soiutions®, 2nd. %d., Kew York, Reinhold Publishing Co..
1950, p. 560.




ssparate seriss of msasurements. The activity data have beon calcu~
lated from the potential measurements in Pigure U4 by means of asquation
(1). The electrcds potential data of Richards and Conant® ané Bent and
Swift10 have siec been used to calculate values for the mctivities and
activity coefficiente 1. terms of equation (1) and the refersnce state
indicated by equation (2). Those values are also shown im Figures 5 and
6. The agroement is quite satisfectory, particularly when cne considere
that Bent and Swift worked in non-aqueous wedise,

The linear dependsnue of the logarithm of the activity cosfficisnis
on molefracticn of sodium in ths 1iquid amalgaxs ie interosting and cen
be partially ratianalizéﬁ ir terme of compound formation between the

B = -
sodium and maroury.

I¥. THE SIGNIFICANCE OF DILUTE SODIUM AMALGAMS IN BATTERY DEVELOPMENTS

The relatively high slactrodc potential snd the virtual non-polar
1zaPility of the dilute vodium amalgam anode suggest Lts use in high
draia primary batteries. If the scdium amalgam anode is aned with en
oxwgaﬁ electrode, an ENF of epproximately 1.8 volts is obtained with
5-molar sodium hydroxidés as the electrolyts. Sodium hydroxide would szlso
be the product of the cell reactiorj hence, the cell would generate its
own electrolyte-

There are cbvious disadvantages associated with the use of sodium
amal.gams in primery cells. Not the least of these are the weight ¢f the
morcury and the relatively low scdium content of the lignid zmalgams.
Solid sodium emalgams corrode at an. oxpessive rate and polarize vary

readily. In g large installation the liguid sodium smalgam could be
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oirculated with a special reactor outside the ¢slls in which the sodium is
contimwusly dissclved in the mercury. Isclation pumps would permit ths
anodes of ocells in series to be conatantly replenished with fresh amelgam,
A horisontal-type oonstraction would probatly be most practical with
porous separatsrs of some type to isolate the amalgam rfrom the cathode
in the event that the cells wore tilted. The enginsaering nrodlems would
bs subdstantial, hovever.

The 1dea of using mixtvres of metils for anodes in primary cells ¢
promising. In good pert the depreezion of the electrode potential of

sodiuz in mercury is associated with the formation of a compound of the

type Huﬂ¢16.
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