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The theory of the potentials of the cells with CaF,-type electrolyte and electrodes based on oxides of 
alkaline earth metals 

O,,Ptl(M,O)ICaF,I(M,,O)IPt,O, 

is proposed. The limits of utilization of CaF, as a function of partial oxygen pressure over electrodes are 
considered. The conditions of reversibility of the cells are analyzed for obtaining the thermodynamic 
parameters of the cell reactions under study. The theoretical analysis and experimental results demonstrate 
the possibilities of using such cells for thermodynamic study of new classes of refractory compounds based 
on oxides of alkaline earth and rare-earth or transition metals. 

Introduction 

An electrochemical cell proposed in (2) can 

The thermodynamic stability of condensed 
phases in the systems of the type MO-MeO,, 
MO-Me,O,, and MO-Me,O,, etc., where M 
is Mg, Ca, Sr, or Ba, and Me is Ti, Zr, Hf, Al, 
Ga, Y, Ln, Ta, or Nb, etc., is of considerable 
interest for predicting the behavior of these 
systems at elevated temperatures. However, 
high-temperature thermodynamic data for 
most of the listed systems are practically 
lacking in the literature. The application of the 
well-known calorimetric methods and the emf 
method with an [02-l-ion electrolyte to these 
systems frequently involves great experimental 
difficulties (I). Of great interest therefore is the 
emf method with a solid [F-l-ionic electrolyte, 
first used by Benz and Wagner to determine 
the thermodynamic properties of Ca silicates 
(2). 

be written in the general form as 

02, Ptl (M,O) P(M,o), M,F,I 
CaF,I (M,,O) P(~,,~), M,,F,IPt, O2 (I) 

where &M,O) and P(M,,O) are the chemical 
potentials of oxides of alkaline earth metals or 
Mg in solid solutions or mixtures of double 
oxide compounds (MrO) and (M,,O) which 
are at equilibrium with each other according to 
the phase diagrams. By way of example we 
consider the cell 

(-)O,, PtlSrO, SrF,ICaF,ISrZrO,, ZrO,, 
SrF,I Pt, O,(+). (11) 

The overall cell reaction is a process of 
transfer of one mole SrO from the pure state to 
the heterogeneous mixture SrZrO, + ZrO,: 

sqa= 1) -a sqa# 1) (1) 
or 

(2) 
9 

SrO + ZrO, --* SrZrO,. 
0022-4596/78/2434-0309S02.00/0 

Copyright @I 1978 by Academic Press. Inc. 

All rights of reproduction in any form reserved. 
Printed in Great Britain 



10 V. A.LEVITSKlI 

With the assumption of unipolar F--ionic 
conductivity of the electrolyte the change of 
the Gibbs energy of cell reaction (2) will be 

AG,” = -2 x F x E,, = .qsroj - IL&~, = RT In 
%ro)* (3) 

In recent years such cells have been used to 
determine the thermodynamic properties of 
some refractory oxide compounds for which it 
is almost impossible to use the emf method 
with an [O*-l-ion electrolyte.’ It should be 
noted, however, that the mechanism of for- 
mation of the potentials of cells (1) as a 
function of additions of MrF, and M,,F, to the 
electrodes and of the partial pressure of 
oxygen in the gas phase has not been studied 
up to now. The conditions of reproducibility of 
such cells in the thermodynamic study of 
phases based on oxides of alkaline earth metals 
are not quite clear. 

In the present paper we give a general 
thermodynamic approach to the calculation of 
the potentials E of cells (1) as functions of the 
chemical potentials of the phase components 
incorporated in the electrodes under study. 
The limits of utilization of the CaF, electrolyte 
as a function of the partial oxygen pressure are 
considered. The thermodynamic conditions of 
reproducibility of such cells are analyzed. In 
conclusion we give the thermodynamic proper- 
ties of SrZrO, and BaZrO,, which are com- 
pared with the available data given elsewhere. 

I. The Theory of the emf of the Cells with a 
Solid CaF2-Type Electrolyte 

(a) A model of the electrochemical cell with 
CuF;. The available data on the interaction of 
oxygen and oxides of alkaline earth metals 
with CaF, and BaF, (3-7) point to a slight 
solubility of MO in MF, and allow one to 
assume that an analogous picture is encoun- 
tered at the contacts of the electrodes (MrO) 
and (M,,O) with CaF,. In this case the 
electrochemical cell (III) composed of the two 

’ The results of the first investigations along these lines 
are adequately covered in the review by Tretiakov and 
Kaul included in (I). 

I I 

FIG. 1. Schematic representation of the cell III with 
CaF,; the components of the cell electrodes and 
electrolyte are mutually soluble only slightly (for details, 
see the text). 

oxide electrodes (J&O) and (M,,O), the 
CaF, electrolyte and two different metal 
electrodes Q’ and ct” can be represented in the 
general form as a diagram displayed in Fig. 1. 
In this diagram y’ and y” are the electrodes 
consisting of solid solutions or equilibrium 
mixtures of oxides denoted by (MrO) and 
(M,,O). The chemical potentials of these 
oxides are equal to &MrO) and ,u(M,,O), 
respectively. The electrodes of this cell differ 
from the electrodes of cell (1) in that they have 
no free fluorides MrF, and M,,F, and the 
partial pressure of oxygen at the electrodes P*d, 
and Pvo: is different and not fixed. The phases 
/I’ and p” represent limited solid solutions of 
the oxides MrO and Mu0 in CaF,, which are 
at equilibrium with the corresponding 
electrodes y’ and y” at the “electrode/electro- 
lyte” contacts. The solubility of oxides of 
alkaline earth metals in CaF, is very sma11.2 
This permits one to assume that dissolving the 
oxides MrO and M,,O at the contacts with the 
electrolyte leaves the activity of CaF, in the 
phases p and P,’ virtually unaffected. And, 
conversely, dissolving CaF, in (MrO) and 
(M,,O) does not affect the activity of the 
oxides MrO and MrrO in the electrodes y’ and 

,, Y * 
The measured potential difference Err, of 

this electrochemical cell will be equal to the 

* According to (3, 4), the solubility of CaO and BaO 
in CaF, and BaF, at 800°C is - 1 x 10” and 4 x 103 
mole fractions, respectively. 



CELLSWITHCBF,-TYPEELECTROLYTE II 

sum of potentials at the interfaces a’ly’; y’lfl’; 
/3’lfl; p//3”; /3”Iy”; and ~“/a”: 
E,,* = (@ - q~““) + ((p” - cp”‘) + (@” L (op’) 

+ ((I?“” - f/q + (q+’ - (IF’). (4) 
The first two terms of Eq. (4) represent the 
difference of potentials at the metal/oxide 
interfaces. They can be determined from the 
condition of electrochemical equilibrium when 
the electrochemical potential of electrons of 
two phases at the interfaces d/y’ and d’/y” is 
the same 

py;‘, - Fyi”” = ,a$-) - FqP’“, (5) 

,q-, - FqP’ = ,uy;-, - Fq+. (6) 

Considering that ,u$L) = ,u$-) = ,!$‘-j from 
relations (5) and (6) we get 

((pa” - p”‘) + (f/p’ - 9”‘) = ; (@V&) - p&,). 

(7) 

The third term of expression (4) is a 
diffusion potential at the interfaces p’ - P,’ 
which is determined in the general case by the 

different rate of diffusion of anions and cations 
in the electrolyte (8, 9). 

(6) The transport properties of the CaF, 
electrolyte and calculation of the d@lusion 
potential. In the general case the chemical 
potentials of the components h4,, Ml,, and 0 
of the electrodes y’ and y” of cell III are 
different. This should give rise to a con- 
centration gradient of the components and 
their diffusion through the electrolyte. In the 
case of CaF, the electrode components diffuse 
through the electrolyte in the form of w+, 
Mf:, 02-, Ca*+, and F- ions, the diffusion 
coefficients of these particles being different 
(10-13). According to Wagner (8, 9), the 
diffusion potential 

@“’ - (op’ = 7 (drpldx) dx 
P’ 

(8) 

occurring in such a system tends to equalize 
ionic fluxes: da, dx=- i qi c 3 grad pi (9) 

FIG. 2. The temperature dependence of tion of CaF, at PO, = 1 atm. Symbols: El, values of iiO, calculated from the 
data (2) for the cell: 

(-)02, PtlCaO, CaF,lCaF,ICaSiO,, SiO,, CaF,lPt, 0, (+); 

0, values of i,,, calculated from the data (14) for the cell: 

(-)O,, PtlCaO, CaF,ICaF,ICaTiO,, TiO,, CaF,IPt, 0, (+); 

0, values of $,, calculated from the data (I 5) for the cell: 

(-)02, PtlSrO, SrF,ICaF,ISrWO,, Sr,WO,, SrF,IPt, 0, (+), 
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where t, is the transference number for the ith 
ion with charge qi and grad ,q is the gradient of 
the chemical potential of the ith ion. 

In real conditions of a thermodynamic 
experiment with cells (I-III) the gas phase (0,, 
N, + 0,, vacuum) always contains a certain 
amount of oxygen. In this context we consider 
the effect of oxygen of the gas phase on the 
ionic transference number for CaF,. Figure 2 
gives the values tion for CaF,, which we have 
calculated from the experimental values E 
determined at PO N 1 atm. in (2, 14, 1.5) for 
the cells: ’ 
(-)O,, PtlCaO, CaF,ICaF,I 

Casio,, SiO,, CaF,IPt, 0, (+); 
(-)O,, PtlCaO, CaF,ICaF,I 

CaTiO,, TiO,, CaF,IPt, 0, (+); 
(-)O,, PtlSrO, SrF,ICaF,I 

SrWO,, Sr,WO,, SrFJPt, 0, (+); 

T. 

and from the reliable Gibbs energy values for 
the reactants of the reactions of these cells, 
determined in (16-18). The ionic transference 
numbers obtained from the data for each cell 
were found to be 1.00 & 0.02, 0.98 _+ 0.03, 
and 1.00 4 0.01, respectively. Figure 3 
presents the average ionic transference num- 
bers for CaF,, which we have calculated from 
the values of the total conductivity of CaF, 
obtained (6) at lower oxygen pressures.j As is 
evident from Figs. 2 and 3, the average ionic 
transference number for CaF, within the given 

3 The errors in the values of t, were taken as the 
square root values of the sampling dispersion uf,. The 
latter was determined from the formula: 

u:,= u; = u3o: + u;,u;:. 
where&, y) = x/y = &+/Ether,,, = u,on/uloc = t,; u: and 
ui are sampling dispersions of the values Ecxp, u,,,, Ethetm 
and utot, accordingly. 

--t#pO, (atm) 
FIG. 3. The dependence of $,, of CaF, saturated with oxygen at PO, = 1 atm on the partial pressure of oxygen at 

P,,, = 1 atm. 



CELLS WITH CRF,-TYPE ELECTROLYTE 13 

errors is equal to unity over a broad range of 
temperatures and oxygen pressures. 

Measurements of the diffusion coefficients 
in fluorides of alkaline earth metals made in 
recent years (10-13) have given conclusive 
evidence for a much lower rate of diffusion of 
calcium and strontium in CaF, as compared 
with that of fluorine in this electrolyte. The 
values of the cation conductivity a,,, of CaF,, 
calculated with the use of the experimental 
dependences c,,~ = f(T) and o,,, = f(T) as 
determined in (6, 20), are found to be five or 
six orders smaller than utot for CaF, for the 
same temperatures, which is indicative of a 
low~cation conductivity of this electrolyte. A 
similar situation is observed in the case of 
CaF, when the oxygen concentration in 
the crystal is smaller than the intrinsic 
vacancy concentration of CaF, (Fig. 4). 
Our experiments on electrochemical 
transfer of oxygen through CaF, from oxide 
electrode to the metal one, made at 800- 
9OO’C in the cell PtlFelCaF,IFeO, Fe,O,lPt 

FIG. 4. The temperature dependence of the total, 

in an atmosphere precluding oxidation of iron 
cation, and oxygen conductivity of CaF, in the coordin- 
ates log (a x Z’) =f(l/7’). Graph 1: log (utot x 7’) = 

through the gas phase bear out this point of f( l/T). Graph 2: log (u,.r x T) =f( l/T). Graph 3: log 
view.4 Thus, the available data on the electro- (UOO’P x T) =f( l/T) [calculated from the data of (3, 6, 

chemical properties of CaF, unambiguously 20); Graph 3 was obtained for intrinsic region of 

testify to preferential F--ionic conductivity of CaF, which is in equilibrium with the gas phase at 

this electrolyte over a wide temperature and 
PO,= 1.10e5 Torrl. 

oxygen pressure range. All this considered, the 
expression for the flux of charged particles 
(J,-) through the electrolyte layer of the cell 

Summing expressions (7) and (11) and 

(III) (Fig. 1) can be written, according to (8, 
substituting them into Eq. (4) yields 

9), as 
&’ 

+ qF- & =o (10) 
&, = f [(@-) - @;-)) + (#;;-) - ,+))I 

+ 4 (12) 
where uF- is the electrical conductivity of 
CaF, and qF- is the effective charge of F- where LIP = (rp”’ - yS”) + (@ - ~0”). 
ions. From this expression, taking into account Expression (12) relates the value En, of the 
Eq. (8), we find cell (Fig. 1) to the chemical potentials of 

1 
$” - v = Yj (@t.-) - IupiF-)). (11) 

electrons in the oxides (M,O) and (M,,O), to 
the chemical potentials of F- ions at the 

4The formation of traces of the oxide phase on the 
interface of FelCaF, was observed only when the 

interfaces p’ and fl’ and to the potentials at the 

duration of experiment had been extended to a few days. 
electrode/electrolyte interfaces. Being general, 

The value of to; calculated from the data (3, 6, 20) for this expression does not permit one, however, 
intrinsic region of CaF,, saturated with oxygen at to directly calculate the value En, since the 
1200-1000°C is equal to < 0.01. values ,~(e-) and ,u(F-) in the phases y’, y”, 
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p’, and P,’ are unknown and the value Ap is 
not fixed. This problem can be solved using the 
proposed model of a concentration electro- 
chemical cell with CaF,, the components of 
the electrodes and electrolyte of which are 
mutually soluble to a limited extent. 

(cj Calculation of Aa, and E of the cell (III). 
The formation of the phases p’ and p”, which 
are at equilibrium with the electrodes y’ and 
y”, involves the exchange of F-, Ca’-, IV-, 
and w; ions and of oxygen ions at the 
interface y’lp’ and y”/,8” between the oxides 
and solid electrolyte. Taking into account the 
proposed cell model, let us consider equilib- 
rium at the interfaces y’/p and ,“//I” with 
respect to the most mobile fluorine ion and 
calculate the value Ap from the condition of 
electrochemical equilibrium for this case. Let 
equilibrium be reached at the interfaces y’/p’ 
and y”/pl’ with respect to fluorine ions 
according to the reactions: 

(F-)Y’,Y” z (F-)fi’,p”. (13) 

In this case the expression for Arp will be 

Substituting Eq. (14) into Eq. (12) yields 

=q,, = f W&) - P$‘)) - w&-, - P&,)1. 

Whence, using the obvious relation ,+) = 
p(Fx) + &r-) we find 

If one fixes the values of the chemical 
potentials of fluorine atoms FX at the 
electrodes, e.g., by means of metals MI and 
Mu, the value En, in Eq. (15) will correspond 
to the emf of the cell: PtlM,, M,F,ICaF,IM,,, 
M,,F,IPt. Such cells have been used to 
advantage in recent years by a number of 
investigators to determine the thermodynamic 
properties of fluorides and alloys of transition 

and rare-earth metals (1, 29, 21) and will not 
be considered here. 

We transform Eq. (15) so that under certain 
conditions the equilibrium values of E of cells 
(I and II) could be calculated from it. For this 
purpose the values of the chemical potentials 
of fluorine and metals MI and Mu will be 
expressed in terms of the chemical potentials 
of the corresponding fluorides with the aid of 
the obvious relation ,D(~x) = fbcMF,) - pcMxj). 
Substituting this relation into Eq. (15) and 
taking into account the corresponding indices 
for the components of the electrodes y’ and y”, 
we get 

1 

+ Cu’iLf;) - P&q) 1. (16) 

One can see from Eq. (16) that the first term 
on the right side of this equation represents the 
difference of the chemical potentials of the 
fluorides MrF, and M,,F, in y’ and y” and the 
second one is the difference of the chemical 
potentials of these metals in the same 
electrodes. In the case of the cell under 
consideration (Fig. l), the values ,~$,,r~), 
,u?;);~,~~), &,:,, and ,u$,;, are not fixed, there- 
fore one cannot calculate from Eq. (16) the 
thermodynamic value E of cell (III), whose 
reaction would be, for example, reaction (2), 
without additional conditions. It can easily be 
shown, however, that the first term of Eq. (16) 
can be determined if the activities of the 
fluorides M,F, and M,,F, in the left and right 
electrode will be equal to unity. In this case 

~%,,F,, - &,FJ = &&,F, - %,F2 (17) 

Since the values of the standard chemical 
potentials of M,Fz and M,,F, are assumed to 
be known, the first term of Eq. (16) can be 
calculated using, for example, reference ther- 
modynamic tables. 

Now consider the second condition of 
reversibility of the cell (Fig. 1). To this end we 
express the values @a:) and ,u$&, in the 
electrodes y’ and y” in terms of the correspon- 
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ding chemical potentials of oxides and oxygen: 

I+:, = &.f,O) - cryby; 

Pi;l;; ) = P$f,,O) - &6x ) 

Substituting these relations into Eq. (16) yields 

1 
E,,, = Ijjj W&f,O) - &f,,O)) 

+ cll;&,- Pubs)> + wf,,F, - P%,PJl. (18) 

It follows from Eq. (18) that the potential of 
the cell III with the different oxide electrodes 
(M,O) and (M,,O) is determined not only by 
the difference p(,,r, - p(I,r, but also by two 
terms: the difference of the chemical potentials 
of the oxides M,O and Mu0 in y’ and y” and 
the difference of the chemical potentials of 
oxygen in y’ and y”. It is easy to express the 
latter in terms of the oxygen pressures over the 
electrodes P’c, and Pi, which can be checked 
in the course of experiment. Since pCox) = yFooxj 
+ (RT/2) In PO, expression (18) can be repre- 
sented as 

Because in the general case the values P$, and 
P$i are not fixed, the potential of cell (III) 
arbitrarily depends on the difference of the 
partial pressures of oxygen over the electrodes. 
Only on condition that 

P’d, = Pg; 

does expression (19) take the form 

(20) 

+ Nf,,F, -Y%f,F)l (21) 

and does it allow one to relate unambiguously 
the measured potential of the cell (III) to the 
difference of the chemical potentials of oxides 
in the left and right electrode. 

II. Conditions of the Reversibility ofthe Cells 
(I) with the Electrodes on the Base of Oxides 
of Alkaline Earth Metals 

It follows from the foregoing analysis that 
when conditions (17) and (20) are satisfied, 
expression (21) makes it possible to calculate 
the equilibrium potentials of cells (I and II) 
with complex oxide electrodes based, in 
particular, on oxides of alkaline earth metals. 
In fact, using Eq. (21) and assuming, for 
example, that the activity of the oxide (M,O) 
in the left electrode is equal to unity and MI = 
MII, we have 

E = kF (P;,, - N’;i.,,o+ (22) 

The last expression is identical to expression 
(3) for the equilibrium potential of cell (II) with 
strontium zirconate. 

In a thermodynamic experiment the con- 
ditions of reproducibility of galvanic cells (I, 
II, and III) will be satisfied if: 

(i) fluorides of the corresponding metals, 
whose activity in the initial electrode mixtures 
is equal to unity, are added to the cell 
electrodes; 

(ii) the activities of these fluorides at the 
“electrode/electrolyte” interface in the course 
of experiment remain unchanged due to the 
interaction of the latter with the oxide phases, 
with oxygen of the gas phase and with the 
impurities which lead to hydrolysis of M,Fz 
and M,,F,; 

(iii) the oxygen pressure over both 
electrodes is equal. 

A very important condition of reversibility 
of cells (1) is a correct selection of reference 
electrodes ensuring a reasonable accuracy of 
the thermodynamic values to be determined 
and a sufficiently high rate at which electro- 
chemical equilibrium is reached at the interface 
y’lp’. As is evident from relation (22), the use 
of free oxides of alkaline earth metals as 
reference electrodes is very convenient from 
the thermodynamic standpoint since the value 
AG; of reactions (2), calculated from this 
equation, are determined from the experimen- 
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(20 140 160 180 200 920 time, hr 

FIG. 5. A section of the kinetic curve of attainment of the equilibrium potential as a function of temperature for the 
cell : 

(-)O,, WSrO, SrF,ICaF,ISr,Al,O,, SrAI,O,, SrF,IPt, 0, (+). 
The dots denote the values E measured at a slow increase or decrease in temperature and at T = const. 

tal’ values E,, without recalculation with 
maximum accuracy. In this case errors in the 
determination of the required values ,uy&ol are 
determined only by experimental errors in the 
values E. 

By way of example, Fig. 5 gives one of the 
typical curves of attainment of the equilibrium 
potential as a function of time, which we have 
obtained for cell (II) with a reference electrode 
ISrO, SrF,I.s An analysis of such curves 
indicates that the equilibrium values E of such 
cells are obtained during several hours after 
the admission of oxygen into the apparatus 
and the cells themselves remain reproducible 
within a few days. 

It should be noted, however, that the use of 
free oxides of alkaline earth metals as 
reference electrodes involves some experimen- 
tal disadvantages due to difficulties in their 
preparation and due to high hygroscopicity 
(especially in the case of BaO). The values of 
the standard chemical potentials of CaF,, 
CaO, SrF,, and BaF, and oxides such as 
MeO,, Me,O,, Me,O, (Me = Ti, Zr, Al, Y, 
Ln, Ta, etc.) available in the literature en,able 
one to use the results of measurement of the 
Gibbs energy of the exchange reaction of the 
We 

5 The thermodynamic parameters of the cell reaction 

BaF, + MeO, + CaO + BaA4e0, + CaF, (23) 

for the direct determination of the ther- 
modynamic parameters of reactions involving 
the formation of barium- and strontium-oxide 
compounds from the elements, e.g., 

Ba(1) + Me + j0, + BaMeO,. (24) 

The cells where the least hygroscopic electrode 
with calcium oxide is used as a reference 
electrode turn out to be useful for this purpose. 
For example, 

(-)02, PtlCaO, CaF,ICaF,IBaMeO,,MeO,, 
BaF,IPt, 0, (+). (IV) 

In this case the values of the Gibbs energy of 
reaction (23) will be related to the values E of 
cell (IV) and to the chemical potentials of 
CaF,, CaO, and BaF, by the relation 

AG,4 = -2 x F x E,, = (,u&,, - y&J 

+ (Iu&F, - &F) (25) 

It is worth noting, however, that the value 
AG;,, calculated from Eq. (25), involves a 
greater error than AGf does, because AG&, 
apart from experimental errors in the values 
Elv, incorporates errors in the used standard 
thermodynamic functions of fluorides and 

2SrO + SrAI,O, -t Sr,AI,O, are discussed in (15). oxides of alkaline earth metals. 
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Expmimcmtai DetaII# 

For investigation we have chosen SrZrO, 
+nd BaZrO, because the reliable values of 
dH,O,,, S&, and C, = f(r) for these com- 
pounds available in (16, 22-24) allow the 
results of the present work to be compared 
with independent calorimetric values. 

In the literature there are no comprehensive 
data on the phase diagrams in the systems 
BaO-ZrO, and SrO-ZrO,. We have examined 
the obscure parts of the diagrams of these 
systems in the region with a high ZrO, content 
in order to determine equilibrium phases 
coexisting with BaZrO, and SrZrO, in the 
electrodes being investigated. The X-ray dif- 
fraction analysis of heat-treated specimens has 
shown that in the systems BaO-ZrO, and 
SrO-ZrO, in the range from 50 to 100 mole% 
ZrO, the zirconates BaZrO, and SrZrO, 
coexist with ZrO, without noticeable regions 
of solid solutions of BaO and SrO in ZrO, and 
of ZrO, in BaZrO, and SrZrO,. The 
electrodes were prepared by mixing MeZrO,, 
ZrO,, and MF, in an approximate proportion 
to the stoichiometric coefficients of the cell 
reactions. In order to obtain homogeneity and 
mechanical stability of the electrodes the 
pellets (about 5 mm in diameter and 1 to 3 mm 
thick) were subjected to annealing for 100 hr 
in evacuated double-walled silica ampoules. 
The X-ray study of the electrodes after heat 
treatment in vacuum and after electrochemical 
measurements did not reveal any noticeable 
interaction of the potential-forming equilib- 
rium oxide phases of the electrodes with MF,. 
This indicates that the condition uMF = 1 is 
fulfilled in the course of experiment; in the 
electrodes y’ and y” being investigated. Stron- 
tium and calcium oxides were prepared by 
decomposition of SrCO, and CaCO, in 
vacuum (1 x 1O-s-5 x lO-‘j Torr) at lOOO- 
llOO°C during 100 to 200 hr. The pellets of 
the electrodes I MO, MF, I were heat-treated in 

6The experimental part of this work has been 
accomplished together with Dr. Yu. Hekimov and Dr. 
Yu. Ya. Scolis. 

evacuated silica ampoules at 1 OOO- 1 100° C 
during 100 to 200 hr to obtain better 
homogeneity and mechanical stability. 

Plates of optical-quality CaF, single 
crystals, approximately 6 x 6 x 3 mm in size, 
were used as electrolyte. For the fulfillment of 
the third condition of reversibility of cells (I) 
(Pg = P&J the measurements of the emf 
were made in an apparatus with the common 
gas space (Fig. 6). In this case the oxygen 
pressure was maintained constant at about 
760 or 150’ Torr. Oxygen was first purified by 
passing it over concentrated H,SO,, activated 
CuO heated to 180°C, granulated KOH, 
P,O,, and through ‘a trap cooled by liquid 
nitrogen. 

The emf was measured with a high- 
resistance potentiometer accurate within 
L-(0.1-0.01) mV using the compensation 
method. The potentials E were considered to 
correspond to equilibrium if they were con- 
stant in time at constant temperature, were 
independent of the direction from which 
equilibrium temperature was approached, and 
were reproducible in subsequent runs. The 
equilibrium values E were obtained approxi- 
mately 5 to 15 hr after the admission of 
oxygen into the reactor and remained stable in 
the temperature range covered during 3 to 8 
days. The apparatus was held at a constant 
emf value for each temperature from 2 to 20 
hr. In this time interval, variations in E were 
within _+O.OOl V. The results of measurements 
were treated using the least squares method 
and represented in the form of equations: 

E(%,,,, x S,) = et,.,, x S,) 

+ wt,,, x S& x T, volt 

where S, is the rms error of the calculated 
value E, S,, S, are the errors in the terms a 
and h, and toeo5 is the Student criterion for 95% 
probability. 

’ Such a pressure of oxygen is obtained over liquid 0, 
at the Boiling temperature of liquid nitrogen. 
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6-. ‘1 

FIG. 6. A device for measuring E of cells (I) in oxygen 
and in vacua: (1) resistance furnace; (2) metal screen; (3) 
silica reactor; (4) silica vacuum jacket; (5) silica water- 
cooled jacket; (7) electrical leads; (8) clamp; (9) washer; 
(10) compression spring; (11) Pt-Pt-Rh thermocouple; 
(12) Pt electrodes; (13) inner silica compression tube; 
(14) outer silica tube; (15) orifice for mounting electrodes 
and electrolyte and for oxygen admission; (16) electro- 
lyte and electrodes; (17) ceramic cup with getter to 
remove reducing gasses in oxygen. 

Results and Discussion 

1. The Influence of Additions of Fluorides 
Benz and Wagner (2), who used this 

method to study the thermodynamic proper- 
ties of calcium silicates, pointed out that in 
view of low conductivity of compounds form- 
ing the electrodes it was necessary to introduce 
calcium fluoride into both electrodes to obtain 
equilibrium values of E. According to the 
foregoing analysis of the potentials of cells (I- 
III), addition of some amount of MF, to the 
electrodes (a,* = 1) is necessary for fixing the 

equilibrium potentials at the interfaces y’/p 
and ,“//Y’. Our experiments with cell (II) 
without additions of SrF, to the electrode 
have shown that the potentials measure d 
became constant quickly enough, remaining 
stable at constant temperature within a fairly 
long period of time (10 to 20 hr). However, as 
is evident from Fig. 7 (curve 2), the values E 
were much smaller than the emf values of cell 
(II) with additions of SrF, and were not 
reproducible with thermal cycling. An 
analogous picture was observed in (15). Such 
behavior-of cells (I and II) without additions of 
MF2 substantiates their nonequilibrium 
character and indicates that the added fluoride 
is directly involved in the processes which 
cause electrochemical equilibrium to be 
reached at the electrodes. Since the measured 
values E of the nonequilibrium cells do not 
permit one to obtain true values of the 
thermodynamic parameters of reactions (2, 
24), the addition of MF, to the electrodes v 
and J+’ of cells (I-III) is especially important in 
cases where the oxide electrodes and electroi 
lyte have different cations. 

2. The Thermodynamic Properties of SrZrO, 

The experimental values E of cell (II) are 
presented in Fig. 7 and in Table I. From the 
values E of this cell for reaction (2) we find in 
the interval 118s1360°K: dGf(f0.5) = 
-(lg.5 .t 3.1) - (0.86 f 2.5) x 1O-3 T 
kcal/mole. 

Combining this equation with the car’ 
responding thermodynamic functions for SrO 
and ZrO, (16, 17, 23, 25) yields for the 
reactions: 

Sr(1) + ZrO, + j0, + SrZrO,, 05) 

Sr(1) + Zr + +O, -+ SrZrO,, (27) 

in the same temperature range: 

AG& = -( 165.1 + 3.2) - (23.7 f 2.6) 
x 10m3 T kcal/mole, 
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FIG. 7. The temperature dependence of the potentials of the cells: 

(1): Or, PtlSrO, SrF,ICaF,ISrZrO, ZrO,, SrF,IPt, 0,; 
(2): 0,, PtlSrOlCaF,ISrZrO, ZrO,lPt, 0,. 

0, 0, values of E kept constant at TFonat not less than 2 hr; x, +, values of E measured with gradial variation in 
temperature (-30°K hr-I). 

AC;, = -(427.4 + 3.3) - (68.1 +_ 2.7) (2) with the calorimetric value (AH0 (2),,, = 

x 10d3 T k&mole. -17.8 +_ 1.5),* found in (22), the Third Law 
8 This value was calculated from the calorimetric heat 

In the literature there are no data on the of the reaction SrCO, + ZrO, + SrZrO, + CO, (gas), 

thermodynamic properties of SrZrO, at determined in (22) at 298OK, and from the standard 

elevated temperatures with the exception of enthalpy values for the formation of SrO, CO,, and 

C,, = j(T) determined in (24). In order to 
SrCO, given in (23, 16). Using the values of AH;1298 for 

compare the data obtained herein for reaction 
SrO and SrCO, recommended in (30), for AH”(2),,8 one 
gets -17.9 rt 0.6 kcal/mole. 

TABLE I 

EXPERIMENTALRESULTS FORTHEEMFOFTHECELL(IQ 1 ATM 0,. PtISrO,SrF,ICaF,ISrZrO,,ZrO,lPt,O,1atm 
ANDTHETHERMODYNAMICPARAMETERSOFTHEREACTION (2)Sr0 +ZrO,+SrZrO,” 

TPK) 
T const E const 

(W (W 
E 

(Volts) 
kAE 

(Volts) 
-AG; 

(kcal/mole) 
--AH& 

(kcal/mole) 

1182 
1203 
1233 
1238 
1258 
1257 
1262 
1289 
1289 
1300 
1307 
1310 
1312 
1315 
1317 
1333 
1339 
1364 

11.5 11.5 
19.5 18.0 
8.0 8.0 

12.5 11.5 
21.0 21.0 

8.0 7.0 
8.0 7.0 

12.0 12.0 
2.0 2.0 
8.0 8.0 
2.0 2.0 
8.5 8.5 
3.0 3.0 
6.5 6.5 

24.0 23.5 
6.0 6.0 

17.0 16.0 

0.4398 0.0029 20.28 f 0.13 17.50 
0.4434 0.0026 20.45 + 0.12 17.60 
0.4433 0.0028 20.45 + 0. I I 17.52 
0.4485 0.0022 20.69 + 0. IO 17.75 
0.4475 0.0017 20.64 + 0.08 17.65 
0.4500 0.003 1 20.75 + 0.14 17.75 
0.4356 0.0011 20.09 + 0.05 17.09 
0.4385 0.0016 20.22 * 0.07 17.09 
0.4506 0.0044 20.78 + 0.20 17.65 
0.4348 0.0007 20.05 5 0.03 17.00 
0.4341 0.0034 20.02 k 0. I6 16.90 
0.4385 0.0012 20.22 f 0.05 17.09 
0.4558 0.0022 21.02 f 0.10 17.88 
0.4399 0.0020 20.29 + 0.09 17.14 
0.4547 0.0012 20.97 + 0.05 17.81 
0.4402 0.0032 20.30 + 0.15 17.10 
0.4396 0.0028 20.28 + 0.13 17.08 
0.4395 0.0011 20.27 +_ 0.05 17.00 

Mean values: 

a Calorimetric value AH& = - 17.9 f 0.6 kcal/mole. 

+_0.0022 17.37 + 0.55 
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TABLE II 

EXPERIMENTAL RESULTS FOR THE EMF OF THE CELL (IV): O,, PtlCaO, CaF,ICaF,IBaZr’O, ZrO,, BaF,IPt, 0, 
ANDTHETHERMODYNAMICPARAMETERSOFTHEREACTION (24):Ba(l)+ Zr+&-+BaZrO, 

E +AE t(E) -AC; (23) -AS; (24) -AK& (24) -AH; (24) 
T (OK) (Volts) (Volts) (hr) (kcal/mole) (ea.) (kcal/mole) (kcal/mole) 

1193 0.3358 0.0005 11.0 15.49 * 0.02 68.13 427.09 425.83 
1209 0.3361 0.0005 2.0 15.05 + 0.02 68.08 427.08 425.86 
1219 0.3358 0.0007 7.0 15.46 + 0.03 68.04 427.02 425.83 
1238 0.3349 0.0005 2.0 15.45 + 0.02 67.98 426.93 425.80 
1242 0.320 0.0010 7.0 15.04 + 0.05 67.96 426.53 425.41 
1254 0.3333 0.0003 11.0 15.37 + 0.01 67.92 426.78 425.69 
1284 0.3302 0.0009 14.0 15.23 2 0.04 67.82 426.5 1 425.52 
1297 0.3272 0.0003 2.0 15.09 + 0.01 67.77 426.3 1 425.35 
1320 0.3246 0.0008 10.0 14.97 + 0.04 67.70 426.80 425.42 

Mean values: 
Calorimetric value AHiz,, = -425.3 + 1.6 kcal/mole. 

67.93 f 0.29 426.73 + 0.58 425.63 f 0.44 

(1 t(E) is the time during which E remained constant. 

treatment of the values E of cell (II) has been 
employed. The calculated values dH” (2),,, 
are tabulated in Table I. The absence of any 
trend for variation in dH” (2),,, with tem- 
perature is indicative of the absence of 
systematic errors in the measured values E,,. 
The average value dH” (2),,,, calculated from 
the Third Law (-17.4 + 0.5 kcal/mole), agrees 
within the limits of errors with the value dH” 
w,,, = -17.9 f 0.6 kcal/mole determined 
calorimetrically. Taking the mean value (AHo 
(2),,, = -17.7 + 0.8 kcal/mole) and using the 
standard heats of formation of SrO and ZrO,, 
given in (25, 26) and recommended for use by 
the working group CODATA, as well as S& 
for Sr(s), Zr(s), O,(g), and SrZrO, (16, 18, 
2.3), for the reaction 

Sr(s) + Zr + j02 + SrZrO, 

we find at 29S°K: 

(28) 

dH” (28&, = -425.2 +_ 0.9 kcal/mole; 
dG0(28),,, = -405.0 + 0.9 kcal/mole. 

These values may be recommended for use 
instead of those adopted in (23,27). 

3. The Thermodynamic Properties of BaZrO, 
The results of measurement of the emf of 

cell (IV) with BaZrO, are presented in Table 
II. From the dependence EI, = f(T) of this 
cell for reaction (23) in the interval 1 ISO- 
1320OK we find: 

dG,O,,, (kO.2) = -(20.5 + 2.3) 
+ (4.15 _+ 1.86) x 10e3 Tkcal/mole. 

The Third Law treatment of the obtained 
values E,, is given in Table II. The ther- 
modynamic functions of CaO, CaF,, ZrO,, 
BaF,, and BaZrO, are taken from (16,17,23, 
24, 28). The absence of a systematic trend for 
increase or decrease in the values dH0(24)298 
with temperature and a good agreement of the 
mean value (-426.7 f 0.6 kcal/mole) with the 
independent calorimetric value (-425.3 + 1.6 
kcal/mole) recommended in (23) favor the 
validity of the values E,, obtained. 

Thus, the analysis of the data for BaZrO, 
suggests that the cells of type (IV) can be used 
for the direct determination of enthalpies and 
Gibbs energies of the reactions involving the 
formation of such oxides from the elements. 
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In fact, taking from Table II the mean values 
AH,” (24) and AS; (24) for reaction (24) with 
BaZrO, in the range 1180-1320”K, one 
obtains: AGo (24) = -(425.6 +_ 1.5) + (67.9 
f 0.9) x 10d3 T kcal/mole. Using the 
thermodynamic properties of BaO and ZrO, 
(16, 17, 23, 25, 29), it is easy to find the 
change in the Gibbs energy for the reaction 
involving the formation of BaZrO, from 
oxides for the same temperature range: 

AGo = -(32.1 + 1.6) - (0.5 + 1.1) x 1O-3 T 
kcal/mole. 

One can see from the dependences AGo = 
f(T), obtained for the reactions of the 
formation of SrZrO, and BaZrO, from the 
oxides and elements, that changes in the 
entropy for reactions (2) and (24) with SrZrO, 
are in good agreement with AS; for similar 
reactions with isostructural BaZrO,. 

Conclusion 

Thus, the experimental results prove the 
validity of the theoretical approach to the 
calculation of the potentials of the cells (I) in 
which the components of the CM,-type 
electrolyte and electrodes based on oxides of 
alkaline earth metals are mutually soluble only 
slightly and current transport through the 
electrolyte is effected by fluorine ions. In 
particular, the fuhilment of the conditions of 
the reversibility of the cells (I) formulated 
above gives the possibility to determine with 
sufficiently high accuracy the thermodynamic 
parameters of the reactions of the formation of 
alkaline earth oxide compounds from the 
oxides and from the elements. The analysis of 
transport properties of CaF, shows that within 
the uncertainty limits of thermodynamic data 
obtained and total conductivity measurements, 
the usefulness of CaF, as a solid electrolyte 
extends down to low oxygen activities. Since 
the potentials of the cells considered depend on 
the chemical potentials of nonmetal (F and 0) 
at the electrodes, the expressions of the type 

(18) and (19) allow us to determine the 
unknown chemical potential (f-e. ,$+g from 
emf data of the cell studied and the chemical 
potentials of the components of the electrodes 
if the values of these potentials can be fixed in 
the process of the experiment. 

Thus, the results of the present investigation 
indicate some promising possibilities of using 
the cells (I) for thermodynamic study of new 
classes of refractory compounds based on 
oxides of alkaline-earth and rare-earth or 
transition metals which can possess intermedi- 
ate valency and exist under equilibrium con- 
ditions at low oxygen pressures. 
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