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Abstract

The solubility and diffusivity of oxygen in.liquid indium was

studiéd by electrochemical titration of oxygen through calcia

stabilized zirconia (CSZ), in the cell

W | In oy ||csz] | Inggy » Iny0y | w.

The oxygen solubility was found to be l.ZXIO-s_mole of - [0]In per

mole of Iﬁ at 908°K.
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A. Introduction

As a continued study of the properties of the Group III elements.
the coméounds formed wiﬁthroup v materials, and their relationship with
oxygen, the sclubility and diffusivity of oxygen in liquid indium was
determined}-%ﬂuzcroup ITI element Al has received considergble
attention with respect to its relation with oxygen as a result
of the important ceramic applicatibns. Foster and Scardefieldl
have measured the solubility of okygen in liquid gallium over the
tempefaturévrange from 900 to 1200C by a grévimétric method while
the diffusivity of atomic oxyéen in galligm has been determined
by Klinedinst and Stevenson4 with gaivanostatié methods. Tb our
knowledgé no heasurement cf the solubility of oxygen in liquid
indium has been performed while the only diffusivity determination is
" -that of Kliﬁedinst and Stevenson.

A solid state coulometric titration techniqﬁe was first
introduced By c. Wagner5 to studj the dependénce 0f the silver activicy
on the Ag/S rétio in silver suifide. Several-bther investigators
have employed_éolid oxide electrolytes to determine oxygen solubilities
and diffusiyities in liquid metals.f’-11 ‘An okygen ion conducting
solid_electroiyte has been used in this study to measure thé oxygen
diffusivity and solubility in liquid .indium at é témperature of
.908°KX. The solubility was determined by coulometriéally changing
the dissolved oxygen content and measuring the resulting activity
“of atomic o;fgen. By obserﬁiﬁg the cell potential response in -

a galvanostatic experiment, a diffusivity of oxygen could be determined.
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B.  Experimental

A schgma:ic of the‘electrode arfangement uSed in this study is
shown in Fig. 1. The electrolyte consisted of a flat cloéed one-and
cylinder:of calcia stabilized zircenia Qith an outside Aiameter ot
0.95 cm. A‘pool of liquid indium was placed inéide the electrolf:e
crucible whi@h was dipped into the reference electypde mixture of
indium and indiunm éesquioxide.‘ The reference electrode material was
contained inside én alumina crucible and electrical contact was
made with tﬁngsteﬁ wire. Once the cell was assembled it was
placed in the peripheral apparatus diécuésed in Appendix I.-

Accurateée data acquisition aﬁd precise timing were accomplished with

the aid of a microcoﬁputer. All other ex@erimental equipment,

prbcedures “and materials were as éﬁmmarizeq‘in Appendices I and II.
C. Theory

The electrochemical cell utilized in this stﬁdy is the concentration
cell,

W[In(l)ﬂ oxide i In(25,1n203lw, (1)

electrolyte

wheré calcia—s;abilized zirconia was the solid electfoiyté. If the
oxygen conceﬁtration in the liquid indium electrode is léss than the
saturation concentration, then oxygen Qill diffuse‘through the solid
oxide électrolyté ~ as douoly negative ions ~.ﬁ5 the indium electrode
from the In(%) +In,0, buffered electrode, vhose oxygen activity is

2°3

fixed by the two-phase equilibrium. The indium electrode thus becomes
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progressively more negative as electronic charge accumulates until
the diffusion of oxygen ions ceases. At equilibrium, the cell

voltage is given by the Nernst equation,

O .
- RT 2 :
£ = 4F in eq ’ (2)
PO
9

02_ O2 )

-In(2)+1ﬁ203 electrodes, respectively. Since the dependence of the

where P_. and P9 are the oxygen partial pressures in the In(£) and

equilibrium oxygen partial pressure is known, the measurement of the
cell voltage is sufficient to determine the oxygen partial pressure

in the liquid indium. The resulting partial pressure is

2 p®9 L, (4EE
PO PO2 exp (RI )v. (3

2

When the indium is undersaturated in oxygen, then € is a negative
quantity. Oﬁ thé ofhef hand, when the liquid indium becomes saturated
in oxygen, theh.the cell voltage becomes zero.

The partial pressure of diatomic oxygen in iiquid indium can be
- established By conéidering the reaction»for the diséolution.of Qxygen

in liQuid indium which is,

0 - 2[0]. . | | %)
2 In )
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For this reaction, the equilibrium constant at one atmosphere total

pressure and the temperature of interest is

aZ
(0]
K= —0 (3)
P
O2
where a[O] is the activity of dissolvéd oxygen in liquid indium.
In : '
Combining Eqs. (3) and (5) results in the following expressiom
for the dissolved oxygen activity,
\
a _ eq 2F¢
[01; K Poz exp(GT) 1(6)
Finally, the activity of oxygen can be eXpresséd in terms of an
activity coefficient, Yo’ and the oxygen mole fraction,’xb, to
give
VK /PS4 2F¢
X, = Y 0, exp(Tr (7

Provided the term /K /Yo is known, the cell vol;age is sufficient fbt
determining the bxygen mole fraction in the indiﬁm electrode.

The térm,/i/Yo, can be determined as a function of oxygen
content as follows. By applying a constant curfent for a known
amount of.time the compositi&n of the indium electrode can be changed

by an amount

bn = T2 ' _ ' (8)



where Q is the total charge passed. Assuming the number of moles

titrated is small in comparison to the initial number moles of [O}In

and In,iEqs. (7) and (8) combine to give

= - Q 1 | (9)
o ZF“IP gq o 2Fe e (ZFEZ), )
Y Y P RT PURT

Here, €1and éz represents the equilibrium cell voltage before and

In

of indium liquid present in the electrode. Thus; the term

- ) . . i , )
after the titration is performed and n,_ is the number of moles

Vﬁ?Yo can be determined as a function of concentration in cell (1)
and this value can be used to calculate the solubility of'oxygen in liquid In.
Alternatively the solubility can be determined as follows.

The chénge in oxygen atom fraction pfoduced by titration is given by

: n, .-n N
o 0,1 0’2 L :
X - x = = (10)
*0,1 ~ *0,2 np_ ZFag,
From Eq. (7) we find
x'/ )x ='IQLZ ex rgz(gv_g )] o - ‘ (11)
0,1"%0,2 " ¥, P RT 1772 | | y

Combining Eqs. (10) and (11) we obtain

Y ' .
AN
1 - %.]_‘. exp [.;);% (3-2_;;1)] = ___.___Q..__..___. » (12)
0,2 =7 - 2Fn. X

In 0,1
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Assuning Henry's law is valid and letting state 'l represent the

saturation condition Eq. (12) reduces to R

27 Q- |
1 - exp [RT 82] =" ppvalll (13)
2Fn_ x
In
2F
(5= €,) versus Q (or It') should yield a

Therefore a plot of exp RT 2

stfaight line of slope -1/(2Fn1nxsat)

thus al;owing the calculatiqn
of a saturation solubility. o
D. Results

Electrochemical titrations were performed on the electrochemical
cell (1). Listed in Table 1 are the equilibrium cell potentials
neasured  before and after the titration of this éell operating at
a'temperatgre'of 908'K. In each titration a cdﬁstaﬁt current of
50 UA was put across thé cell for a period of BOYmin.‘ Also'given

in Table 1 is the term nyYo, which was caluclated from Eq. (9).

The value of qu was calculated from the Gibbs freé.energy of the
2 X B

reaction

21n(2)+~% 02(v) = In203(¢) (14)

The reference oxygen partial pressure is thus given by

(o]
eq _ AG (l 4) .
P02 = exp(T 5 gy ) | (15)

. 0
where 4G (14) was taken as



Table 1. Titration of oxygen into 11quid indiuh.

Equilibrum emf (mV) " Charge transferred into‘ B Equilibrium emf‘(mV) %g X]Ou9 | T A o
before titration . indium Electrode (Coulomﬁs)‘ . after titratién | - | | <
’ - o . - : oo
- 0.99 . 40.045 S - 0.17 1.60 .
-0.32 | ~0.045 x - 1.04 1.82 N
52,64 : -0.09 : -55.94 . 3.13 | | <
~55.94 | 0.0 o -60.44 2.53 | €
-60.44 | -0.09 o -62.55 . sss <
~62.55 | ~0.09 ) ~64,80 5.83° R
~64.80 |  -0.09 - - 67,92 bst
-67.92 -0.09 S22 a1
72,12 | -0.09 - 1582 - 5.15
-75.42 -  -0.09 R PP 488
1923 ‘_ ~0.09 S C 8l.ek o 8.36
-81.64 -0.09 - |  -85.30 5.95

=85.,30 - -0.09 : -89.50 \5.73
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8G(14) = 223.16 + 7.947%107°T , keal mol ™ - (16)

Shownvin Fig. 2 ié a typical response of ghe cell voltage to the
applied current both during the. actual titration and the following
approach to .the new gqui;ibrium value. |

| E. Discussion

- Upon examination of Table 1 it\is obseérved that the term VE7Y0
is nearly constant with respect to the dissolved oxygen content.
Each titration resulted in oxygen mdle fraction changes of

x[o]In = 5x10—5. The fact that this term is constant implies that
the oXygen activity varies linearly with the oxygen mole fraction or
that Henry's law is applicable as is usual in moét dilute metal
solutions. This is especially apparentxwﬁen the oxygen content is
far from the saturation value. Using a mean value of 5x109 for
/E/Yo allows the solubility of oxygeh in liquid indium at 908 K

to be calculated from

VK.PO

X(0). = — 2. 5a0° /i’;" . : @)
In Yo 2
The solubility of oxygen in indium at saturation was fpund'to

be x[ = l.2x10_3, which was calculated using a value of /E/Yo =

O]In

1._6X109 since this was found when the cell voltage was nearest to
zero or saturation. Unfortunately these measurements weré
performed at 6ﬁly one temperature thus not permitting the
temberature dependence of /E7yo to be found. It is possible to
estimate the standard Gibbs free energy of reaction Eq. (4) with
the data as found here. Expressing the equilibrium conscant,.K,

in terms of its standard Gibbs free energy change and combining this

with Eq. (7) gives
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. [c'; . . . .
1G°(4) = 4FE -RT gn [*4 J]- - 2RT 2n £ .~ (18)
» pea o
%

]

Here, thé.oxygen standard state is taken as.lﬁétm and the oxygen
activity is.given by the pfoduct of an activity coefficient, fo’
.and the Wéight percent of dissolved oxygen, {% 0]. In the limit
that the oxygen weight percent goes to zero the oxygen activity

coefficient goes to unity thus eliminating the last term in Eq.

(18):
o o | (% 072
AG (4) = 1limit {4FE-RT Ln[*=—' ]} .~ (19)
(% 0)> 0 Py’ v
V2

Thus by plotting the bracketed term in the aboVéfequatidn versus the

. oxXygen éonteﬁt, [%Z 0], AG°(4) can be found by»extrépolafion; The
oXygen welight percent can be measured from the total titration current
providedbthe titration was started at the onset of saturation-
(approach to zero cell voltage) and the saturation solubility is
known. On the other hand, if Henry's law is assumed to hold at

very small mole fraction the resulting plot will be horizontal at

the valué_of A6° (4) given'by

S .
(e} : Vi M.WL (0D}
A /, - D 'Q“ AL AL S 20

o .
where M.W.(0) and M.%W(In) are the molecular weigﬁcs of atomic oxygen
and indium, respectively. The'small mass of the dissolved oxygen

relative to the indium was neglected.
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Using an average value of /E/Yé = 5.056><109 (obtained by averaging

all data except the first two listings of Table 1) results 1in

] oy -1 . .
AGT(4) = (73.5%2.4) kcaltﬁmol . For more concentrated solutions the
. 1 . .

oxygen activity cceffecient will deviate from unity and can be
calculated by using Eq. (18). When the value of K determined is
combined with the average /E/Yo Yb is found to be 0.138.

hown in Fig. 3 is a plot of exp(zi

;) Qs ﬁhe différential charge
titrated. If Henrv's law is applicable the piot should be line;r

with a slope inversely proportional to the satufation solubility and have
an intercept of unity. Good linearity was found in the less concentrated
solutions with non-linearity at higher oxygen céntent{ Thué.either the
Heﬁry's law constant varies with [%Z 0], or the first three titrations
were in error. Assuming theblétter to be true yields a saturation

3

sat _ 3.3x10 . The x-axis in Fig. 3 is arbitrary

solubility df x
because titration was not started at saturation;’ Thus‘the intercept
is not useful to determine the accuracy of the early data. But an
examination of the extrapolated intercept and':he results of
the titrafibns performed near saturation suggeéfs_ that the data of the
early tiﬁrations are in error. The value of xzat found agrees
well with that found by extrapolating with thevrgsponse curvé.

By moniﬁoring the cell potential during a titration experiment
it is possible to extract kinetic data. In this galvanostatic
experiment charge-carrying oxygen ions are transferred across the
solid electrolvte with oxidation occuring at the positive cell

electrode ‘and reduction at the negative electrode. Several mechanisms

for oxygen transfer between the elactrodes are operative while
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usually one step is rate limiting. If the redox reaction rate is

controlled by the adsorption or desorption of neutral oxygén

2

<=

atoms then the electrical potential is nearly independent of time
and in contradiction with our results. An assessment of other
mechanisms indicates that the rate-limiting step is the diffusion
;o . . . . 3’4 ~ . : . P

of oxygen in liquid indium. - Thus the diffusion coefficient of
atomic oxygen in liquid indium can be ascertained from the data
presented ‘in Fig. 2.

During the passing of the constant current, I, the measured

potential, € is given by

e-c + IR =2Z gn {p. /P%9)
o o 0,70

4F

2 2

where eo is.;he equilibrium cell voltgge-befo;e the titrétion and
Ro is the iopic electrolyte fesistance..

The>solution of the diffusion equation for 6né‘diménsional
'.o#ygeﬂ diéfusion out pf a semi-infinite,indium épecimen with the

initiél.condition
xo=xo(to) 220, t=20

and the boundary conditions

X =X (t.) for z = o, Tt >0
o} o0
Sxo(z,t) I vIn
v __ = ——— r >
%z = %mp fer t>0
z=0 o

(21
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and evaluated at the electrode - electrolvte interface, z = 0, is

i

given by .

1/2
¢t .
i v I

x (¢) = x (¢ ) - —75 575 - (22)
° °© o Fmrl/"Dol/"-

Here, VIn is the indium molar volume, A the interfacial surface area
and Do the oxygen diffusivity. Egqs. (21); (22), and (5) cén;be

combined to give

. y 1/2
: : Y, .VInIt

€(t) + IR -¢ = RT/2F 4n {——= (x (t ) - ———)} . (23)

» o o V¢ ped o o FAﬁl/ZD 1/2 : :

02 o}
/K PO
Theref lot of ——2 2E (e(t) +1R € )] 1ct/2

erefore a p»o o Y exp[RT e(t) + o €)1 versus -

. . o _ ”
should yield a straight line of slope VIn/FATr]'/"Dol/2

and idtercept
xo(to).
Figure 4 shows such a plot from which an oxygen diffusivity of

6

- 2 -1 . . L
-2.2x10 " cm sec = was determined. This value is in good agreement

with the value of Klinedinst and Stevenson(g) of‘(7.614.7) 10«7
who used the potentiostatic method witﬁ cylindriqal geometry. The
extrapolated value of xb(to)-was 1.05X10_3. The‘érrors involved
in these results include those associated with the measured emf,
the det ermined /E}Yo, and RO’ the fact that the electroae was nbt a
semi-infinite medium, and ;he possibility of radial diffusion.

F. Conclusion

" The results presented show that oxyvgen iollows Henry's law waen
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dissolved:in'liquid indium at 1§w‘concentrations. At éoncentrations
more near to saturation it could not.be shown thét the solution is
Henrian in‘nature. Furthér work on this system should involve GLocth
galvanostatic and potentiostatic measurements at séveral temperatures.
The pfeférred geometry should be cyclindrical because of ease of
electrode separation and because an independent measurement of the
diffusién-cdefficient can then be made which does‘not reqﬁire

solubility data.
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