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Thermodynamic modeling is performed for the Ba—Cu-0 sys-
tem, which is essential to a good understanding of phase and
chemical equilibria in the Y-Ba—Cu-O and some other oxide sys-
temns containing high-temperature superconductors. A self-consis-
tent set of thermodynamic functions of the phases BaO,, BaCu;0,,
BaCu0,, Ba,Cuy0;,,, and Ba,Cu0, is obtained. A variety of
phase equilibria in the Ba—Cu-0 system are calculated for a wide
range of oxygen pressurces and temperatures. The present thermo-
dynantic data can be readily used for computing the phase equilib-
ria and conditions for thermodynamic stability of oxide supercon-
ductors. It is detected that both BaCuQ, and Ba,Cu0,, , have two
stability boundaries, one at low temperatures and high oxygen
pressures, and the other at high temperatures and low oxygen
pressures. Critical analysis of phase equilibria in the Ba—Cu-0
system makes it possible to explain a number of conflicting results
encountered in the literature, These contradictions arise from solid
state reactions between phases, which may be very slow due to

kinetic problems. © 1994 Academic Press, inc.

INTRODUCTION

The system undcr consideration is a part of the quater-
nary Y-Ba-Cu-0O system and the other oxide systems
containing high-tcmperature superconductors. Condi-
tions for thermodynamic stability of superconductors can
be calculated based on thermodynamic properties of these
phases and all the other phases that can occur in equilib-
rium with the superconductors. The phases BaCu,0,,
BaCuQ,, and Ba,Cu;0;,, are often found in equilibria
with the superconductors at low, medium, and high partial
pressures of oxygen, respectively. That is why the
Ba-Cu-0 subsystcm plays an important role in thermo-
dynamics of high-temperature superconductors.

Considerable difficulties are encountered in experimen-
tal studies of this system because of high reactivity of Ba-
rich phases, formation of BaCO; or carbonate-containing
phases in air or oxygen of commercial grade, low cation
mobility, and slow equilibration rate. Many phases have
been reported in this system. Consistent notations will be
used throughout to indicate the Ba: Cu ratio of the mixed
oxide compounds. The phases BaCuQ,, (1 : 1), BaCu,0,
(1:2), Ba,Cu,0;5., (2:3), and Ba,CuO;, , (2: 1) have been
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confirmed by a large number of authors (see e.g., Refs.
(1=7)). A number of other compounds have also been
reported, such as BaCuO, 5, BaCuQ, .; (8), Ba;Cus0Oy (3),
BaCu,0, (9), and Ba,CuQ, (2, 5), but thermodynamic sta-
bility of these phases under some conditions remains un-
proved (a compound may be unstable, even though it has
been synthesized as an almost single phase specimen).

Calculations of phasc equilibria should be made taking
into account only the phases established to be thermody-
namically stablc under somc valucs of thermodynamic
variables. At present these are BaQ, BaQ,, CuQ, Cu,0,
1:2,2:3, 1:1,and 2: 1.

Here we critically review the thermodynamic proper-
ties of these phases and calculate the phase equilibria
between them. At low temperatures or high oxygen pres-
sures such equilibria can hardly be studied by a direct
experiment while being essential to the understanding of
a numbcr of spccial features of these compounds. In this
case thcrmodynamic calculations of the phase equilibria
are feasible and valuable, because chemical thermody-
namics is provided with powerful methods of estimation
and extrapolation of thermodynamic functions to the
range of variables where experimental data are lacking.

THERMODYNAMIC PROPERTIES

I. BaCuO,,

Although thermodynamic functions of the 1:1 phase
have been reported in a lot of papers, they have not been
established reliably yet. Enthalpies and entropies of the
formation of this phasc from oxides and oxygen are given
in Table 1. Heats of the solution of 1:1 in acids were
reported in Refs. (10-16), while Zhou and Navrotsky (17)
used a lead borate glass as a solvent. The data in Refs.
{(18-21) were obtained by the emf method.

Some inconsistencies in the calorimetric measurements
are apparent from Table 1 as well as a significant disparity
between the calorimetric and emf data, which is greater
than the errors of the measurements. A plausible explana-
tion of these discrepancies and a relationship between
thermodynamic properties and nonstoichiometry of the
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TABLE 1
Enthalpy and Entropy of the Reaction BaO + CuO +
(x/2)Q; = BaCuQ,, .

TEK) X AH (kl/mole) A8 (J-mole 'K™Y) Refs.
208.15 0 —908.2 o
298.15 0.05 —67.9¢ (an
298.15 0.095 -819¢ (1
298.15 0.00 —-89.0x6 12)
298.15 0.02 ~-92.7+8 (12)
298.15 0.05 -053=x6 (12)
298.15 0.06 -96.0 =6 (12)
298.15 0 —952 8 (13)
325 0 —-66+6 (14)
298.15 0 —63.2 (i5)
298 0.04 —629 44 (16)
298.15 0.01 —-852=x124 an
736=-1102 -63.4 52.5 (18)
1101-1182 =0 —-40.1 = 6.3 -56+56 19
9801160 -439 ~73 @0
10731223 —429 -78 @n
208.15 0 -39.1 —q4.1 Eq. [1]
1250 0 —40.2 ~5.7 Eq. [1]

¢ Increased by 18.1 kI/mol in response to correcting the heat of solu-
tion of Cu(ClQ,} - 6H,0 involved in a thermochemical cycle (see Ref,
(12) for details).

1: f phase are considered below in the discussion section.
The authors have previously derived (22-25) the equation

AG*(BaCuO,)/R
= —4669.0 - 0.2617 — 0.1327(1 — InT) U

for the Gibbs energy of the formation of 1: 1 from oxides
(BaO and CuQ) and O, at 298 = T = 1250 K, where R is
the gas constant. This was derived from the Gibbs energy
data of Skolis ef al. (19} at 1100 K and the values of entropy
and specific heat at 298 K estimated earlier (22-25). The
way of this semiempirical estimation based on adding
atomic contributions has been briefly described elsewhere
(25). The entropy of formation calculated by Eq. [1] at
1100 X equals —5.5 J - mole™! - K~! in reasonable
agreement with the data from Refs. (19-21) given in Ta-
ble 1.

The investigation by Azad et al. (18) appears so differ-
ent from the others that their results must be in error (see
analysis of these data in Ref. (19)). The emf measurements
of thermodynamic properties of the 1:1 phase are also
reported by Idemoto et al. (26), who probably failed to
identify properly the reaction corresponding to their gal-
vanic cell. They reported the reaction

2BaCu0,,, = BaCu,0, + BaO + (x + 1/2) O,,

but it seems that decomposition of CuO into Cu,0 and
O, was in fact studied (see Fig. 6 in Ref. (26)).

2. Ba,Cu:0s,,

This phase was first reported by Haldsz er al. (27) and
studied in more detail by Thompson et al. (28). Most likely
it has been just this phase which has been erroneously
attributed to the formulas BaCuQ,; and BaCuQ, ¢, (8),
and BaCu0), ;5 (19) and Ba,Cu;0y (3). The errors in identi-
fication of the 2:3 phase result from the lack of direct
controt over the cation stoichiometry in most of the exper-
iments. The other reason is that the single-phase 2:3
samples for the X-ray diffraction study can hardly be
synthesized under normal conditions, i.e., without mak-
ing use of lengthy periods of annealing or high oxygen
pressures.

Williams er al. (29) reported direct measurements of the
stoichiometry of phases by gravimetric and microprobe
analysis. Mixtures of CuQO and BaQ, of the overall compo-
sition from 1:3to 1: 1 were reacted at 950°C for40 hrina
58-bar O, environment, and the phases CuQ, Ba,Cu,0; o,
Ba,Cu,0s ,, Ba,Cu, ;0s 44, Ba,Cu, ;05 54, BaCu0, 4; were
found, thus illustrating the difficulties associated with
identification of the 1:1 and 2 : 3 phases.

A simple model for approximation of Gibbs energy of
the 2:3 solid solution as a function of temperature and
composition has been reported in cur previous paper (25).
The solid solution range for oxygen in Ba,Cu;0s,, is as-
sumed to be 0 = y = 1, so that Ba,Cu;05 and Ba,Cu;0, are
end-member stoichiometric components of this solution.
The entropy of the former was estimated earlier (25). The
other parameters of the model were obtained from the
data in Ref. (28). Use was made of four equations repre-
senting the equilibrium pressure of oxygen above the 2: 3
phase at four temperatures and compositions reported by
Thompson et al. (28). The conditions for equilibrium of
the reaction Ba,Cu;0s,, = 2BaCu0, + CuO + (¥/2)0O,
in air at 1063 + 10 K were also used (Thompson et al. (28)
indicated that 2 : 3 was stable at 780°C and decomposed at
B00°C). Equation [1] for the 1:1 phase was applied for
the analysis of this equilibrium. The equations

AIHDX (Ba2CU305+y)u'lR
= (1 = y}ag + ya, + y(1 — y)a,, [2]

AR5 (Ba,Cu; 05, , MR
=l =yby+yby —ylny — (1 —y)In(l —y), [3]
were derived for the enthalpy and entropy of the formation
of the 2:3 solid solutien from BaQ, Cu0O and O,, where
a = —59273K,a = —17196.7 K, a, = —8861.9 K,

by = —1.000, and b, = —10.079. The condition of equilib-
rium between the 2: 3 phase and the atmosphere is
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Ap(0,) = RTIn P(O,)
= 2Aﬂ.(0) = 2[aAj'Gox(B32CU3OS+y)/ay]T.

Combining this equation with Eqgs. [2] and [3] we arrive
at the following relationship among the equilibrium pres-
sures of oxygen, temperature, and composition of the
2:3 phase:

(T/2)In{P(0,), atm}
=a, —ay+ (by— b,) T+ (1 — 2y)a, + Tlaly/(l — y)].
[4]

Because of scarcity of the experimental data, Eqs. [?] to
(4] are no more than a rough approximation. In particular,
it does not reflect the existence of two different structures
for the 2:3 phase suggested by Thompson ef al. (28).

3. BaCu,0,

Here we used the thermodynamic properties of the 1: 2
phase obtained in our earlier works (22--25). For the tem-
peratures ranging between 298 and 1250 K, Gibbs energy
of the reaction

BaO + Cu,0 = BaCu,0, [5]
was expressed as

AG(TYR = —5542.2 + 0.471T — 0.0487(1 — In D).
(6]

This equation was derived from the Gibbs energy at 1048
K measured by Pashin and Skolis (30), and from the en-
tropy and specific heat estimated by adding together
atomic contributions, The measurements of Pashin and
Skolis (30) indicated that oxygen nonstoichiometry of the
I:2 phase is less than (.02,

Idemoto et al. (26), when citing their earlier work (16),
report the value of —693.4 = 0.9 kJ/mol for the standard
enthalpy of formation of [:2 measured calorimetrically
at 298 K. This vields 23.4 kJ for the enthalpy of reaction
[5] as compared with —46.2 kJ calculated from Eq. [6].
In fact, the 1:2 phase is not mentioned in Ref. {16), and
therefore it is impossible to find out the cause of such a
significant discrepancy. It may be safely suggested that
the original method of solution calorimetry applied in Ref.
(16} was used to obtain the above-mentioned enthalpy of
1:2. It should be noted that the enthalpies of Idemoto et
al. (16) are in poor agreement with the literature data.
For example, the enthalpy of the formation of YBa,
Cu;0 s, from oxides and oxygen was measured in Ref.
(16) to be 3.2 = 6.8 kJ/mol at 298 K. The same enthalpy

reported by Zhou and Navrotsky (17) equals —-80.1 = 7.2
kJ/mol and agrees with several other investigations to
within experimental error.

Idemoto et al. (26) also reported the decomposition of
the 1:2 phase studied by the electromotive force method
with zirconia electrolyte. Nevertheless, an analysis of
thetr data leads us to the conclusion that decomposition
of Cu,0 into Cu and O, was in fact studied.

Borowiec and Kolbrecka (21) expressed the Gibbs en-
ergy of reaction [5] over the range 1073-1223 K as AG,(T)/
R = —3651.3 + 0.1087. Compared to Eq. [6], this yields
far more positive values of AG,. The cause of this discrep-
ancy is unclear. A piausible explanation is that the mea-
surements of Borowiec and Kolbrecka (21) were per-
formed by the emf method with the electrode containing
BaCu,0, being in contact with the ZrO, electrolyte. Our
thermodynamic calculations reveal that BaCu,O, and
ZrO, must react to form BaZrO, under these conditions,
so that the equilibrium in the galvanic cell may be dis-
turbed, and this may introduce large errors into the mea-
surements (to exclude such a reaction, a thin layer of
Cey 3Gdg ,0O, o was applied on the surface of the zirconia
electrolyte by Idemoto er al. (26), contrary to Borowiec
and Kolbrecka (21)). In spite of this, the properties of
BaCu0, obtained by the same method (21) are in reason-
able agreement with the results of several other investiga-
tions, as can be seen in Table I.

4. Ba,Cu0,,,

The oxygen nonstoichiometry of the 2: 1 phase results
from the formation of vacancies on an anion sublattice of
the —CuQ,- layer located in the basal plane (5, 31). A
very similar plane is in the structure of the well-known
superconductor YBa,Cu;0,, .. The 2: 1 phase is found in
two structures, tetragonal and orthorhombic, in much the
same way as YBa,Cu;Og, .. If there were no vacancies
in the basal plane, 2: I would have the formula Ba,Cu0O,.
But for the YBa,Cu;04, , phase, half of sites on the anion
sublattice in the basal plane are always vacant even at
very high pressures of oxygen. The same is true for the
2:1 solid solution, and the oxygen content varies over
the range 0 < g < 0.5.

Zhang and Osamura (31) measured the temperature de-
pendence of g at 0.21 atm of oxygen pressure. A drastic
change in g from 0.32 to 0.09 was detected over the range
1033-1100 K, and the structural transformation from or-
thorhombic to tetragonal occurred at 1083 K. Since more
detailed data on the function g(T, P(O,)) are not available,
as a first approximation, we put to use two stoichiometric
compounds, tetragonal Ba,CuQ;; and orthorhombic Ba,
Cu0, ,, to describe thermodynamic properties of the Ba,
Cu0,,, solid solution. This can be considered as a misci-
bility gap in the 2 : 1 phase, as is the case in YBa,Cu,04 .,
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at low temperatures (22, 32), when the solid solution de-
composes into two phases.

Very few thermodynamic data are available for the 2: 1
phase. Skolis et al. (33) measured Gibbs energy of the re-
action ‘

2Ba0 + Cu0 + (¢/2)0, = Ba,CuO;,, (71

at 969-1087 K by the emf method, The results obtained
on different galvanic cells are in better agreement at high
temperature; therefore, we used the value of the Gibbs
enecrgy at 1100 K and 1 atm of oxygen pressure that equals
— 50 = 3 kJ/mol and presumably corresponds to formation
of the orthorhombic phase. The entropies of the Ba,CuQOs,
and Ba,Cu0;, , compounds were estimated and combined
with the above value of Gibbs energy and the orthorhom-
bic-to-tetragenal transition point (31). The following equa-
tions were derived for the Gibbs energies of the formation
of the compounds according to reaction [7]:

A/G**(Ba,CuO; \)/R = —9170 + 2,997, [8]
AG*(Ba,CuO,5/R = —~ 11689 + 5.16T.  [9]

5. BaO,

BaO and BaO, dissolve in each other in considerable
quantities and form a continuous solid solution at T =
1500 K and P(0,) = 100 atm. Unfortunately, the data that
may permit the thermodynamic properties of this solution
to be estimated are not available 'yet. Therefore, these
phases were considered to be stoichiometric compounds
at temperatures and oxygen pressures substantially lower
than the critical values, Equilibrium conditions for the
dissociation of BaO, were obtained by Aptekar’ et al.
(34). We used these data to derive the following equation
for the Gibbs energy of the formation of BaO, from BaQ
and O, below 1323 K:

AGP(Ba0,)/R = —8526 + 7.83T. [10]

CALCULATION GOF FHASE EQUILIBRIA

As in our earlier works (22-23), phase equilibria were
calculated by minimization of free energy or by evaluation
of cquilibrium conditions for all possible reactions be-
tween the phases in the Ba-Cu-O system. The above
properties of phases, along with the thermodynamic func-
tions of pure oxides presented in Ref. (25), were used for
the calculations.

Several types of phase diagrams are of practical use,

A - BagCana 03/2
B - BﬂzCUOs_l
C — BaCu0;
D - B8.2C11305+v
BaO; Cu0
BaO BaCUQOQ CUQO
FIG. 1. Phase equilibria in the BaO-Cu,0-0, system at 1100 K.

Equilibrium pressures of oxygen in three-phase fields 1-11 are 1.46 x
1077, 4.09 x 1075, 7.21 x 1077, 2.32 x 1077, 1.17, 0.301, 0.301, 40.6,
0.350, 127, and 1.90 x 10° atm, respectively.

as exemplified in Figs. 1—4. An isothermal section of the
temperature-composition phase diagram of the ternary
Ba0O-Cu,0-0, system is shown in Fig. 1. There are two
independent composition variables on such a diagram.
This type of diagram is useful for analysis of equilibria
and processes in closed systems. For example, the se-
quence of equilibrium phase assemblages can easily be
derived from the diagram if coulometric titration at fixed
temperature is used to alter the oxygen content in the

P(02)=021 atm
1500 r

~ - ~
~ Fa ~ -
.
~ “~ -

. L-T1183 K
N
1:1+Cul

.
1193 K 1173 K]
1083 k BaO+Bl g+1:1 1062 K

BaO+Al p41:1]1:1 r
990 K +

813 K| 2:3
R BaOz+A A+2:3

1000

2:3+Cu0
500 578 K -

Ba0p+2:3

0

BaO(Ba0z) 2:1 1:1 2:3 Cu0
FIG. 2. Phase diagram of the system BaO(BaQ,)-CuQ at 0.21 atm
of oxygen pressure. A and B denote the phases Ba,CuQ;; and

Ba,CuQ), |, respectively,
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T=1100 K
10 s ' E
1 Ba(0p+2:3 127 F
10 24
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_5j 4.09107° F
1073 1:2+Cu0
10 st B+1:2 !
2] 146107 E
10 ' BaD+1:2 r
Bal{Bal;) 2:1 1:1 23 1.2 Cud{Cug0)
FIG.3. Phasediagram ofthe system BaO(BaQ,)-CuO(Cu,0)at 1100

K. A and B denote the phases Ba,Cu(};; and Ba,CuO,,, respectively.

volume initially filled with specified quantities of BaOQ
and CuO. '
Examples of yet another type of phase diagram are
shown in Figs. 2 and 3. These are plots of a potential
function versus the composition, which is a molar metal

Temperature {°C)

500 800 700 600 500 400 300

10° — :

FIG. 4. Stability diagram of the Ba~Cu-0 system. The curves corre-
spond to univariant equilibria (11-20), which limits the stability ranges
of the phases in this system. Points 1-10 correspond to the ihree’-phase
fields indicated in Fig. 1.

ratio. One- and two-phase regions are indicated by vertical
lines and areas, respectively. Horizontal lines represent
univariant three-phase equilibria. A tentative liquidus is
taken from Ref. (35). This type of diagram is useful to
keep track of phase relations in the system, which is open
with respect to oxygen, for example, when it is heated
under fixed partial pressure of oxygen.

Another important type of phase diagram results when
both axes are potential functions. This type is exemplified
by the so-called stability (or predominance) diagram
shown in Fig. 4. Stability fields of all the phases in the
Ba—Cu-0 system are superimposed over each other on
this plot. Each line represents conditions for the corre-
sponding two- or three-phase equilibrium, and the phases
stable on each side of the line are indicated in Fig. 4. For
example, the 2:1 phase is stable at temperatures and
pressures between the bold solid lines, the 1: 1 phase is
stable between the thin solid lines, 2:3 is stable above
the short dashed line, and the 1:2 phase is stable below

- the chained-dot line.

The stability fields of the phases in the Ba—Cu—0 sys-
tem are bounded by the reactions

2Cu,0 = 4Cu + O, (1)
4Cu0 = 2Cu,0 + O,, [12]
2Ba0, = 2Ba0 + 0, (13]
Ba,CuQ, ; = Ba,CuO;, + (0.1)0,, [14]

6Ba,Cu0; ; + (3.1 + )0, = 8Ba0, + 2Ba,Cu;0s, ,,

[15]
2Ba,Cu0;, = 3Ba0 + BaCu,0, + (0.6)0,, [16]

8BaCu0, + (0.3 + y)O, = 2Ba,Cu0,; + 2Ba,Cu,0;,
[17]

3BaCuO, = Ba,Cu0;; + BaCu,0, + (0.450,, (18]

Ba,Cu;05,, = CuO + 2BaCu0, + (y/2)0,, [19]
2BaCu,0, + O, = 2Cu0 + 2BaCu0,,  [20]
2BaCu,0, = 2Ba() + 4Cu + Q,, [(21]
2Ba0 = 2Ba + O,, [22]

2Ba,Cu;0s4, , + (2 — y)O, = 6CuO + 4Ba0,. [23]

The equilibrium is reached in reactions [21] and [22] at
very low, and in reaction [23] at very high oxygen pres-
sures, so the corresponding lines fall outside the scale of
Fig. 4. It is worth noting that the stability fields of all the
phases may be limited by melting at high temperatures.
Thermodynamic modeling of the liquid phase is outside
the scope of the present study, and no attempts have been
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TABLE 2
The Conditions for Equilibrium in
Reactions [11-20] Approximated by the
Equation log;{ P(O;), atm] = A — B/T

A B Reaction
7.4654 17450 [11}
10.0634 13972 [12]
6.8011 7405.6 [13]
9.4242 10941 [14]
5.1801 3379.9 [15]
11,9555 20665 [16]
8.1400 7172.1 [17}
9.3617 15121 18]
6.4030 7530.9 [19]
9.9872 13330 [20]
8.2266 22378 [21]¢
10.5622 58022 [221
5.4696 210.05 [23]°
% Approximation over the range B825-
1250 K.

b Approximation over the range 1050-
1450 K.

¢ Approximation over the range 600-
1250 K.

made to plot the lines related to formation of the liquid
on Fig. 4.

Thelines in Fig. 4 ar¢ approximated by linear equations,
and the resulting coefficients are summarized in Table 2.
Based on Fig. 4, the diagrams shown in Figs. 2 and 3 can
readily be constructed for any oxygen pressure and tem-
perature.

If the system BaO-Cu-0, is considered instead of
BaO-Cu,0-0,, two additional three-phase regions ap-
pear in Fig. i, namely, BaCu,0, + Cu,O + Cu and Ba-
Cu,0, + BaQ + Cu. Equilibrium pressure of oxygen for
these regions at 1100 K was calculated to be 4.00 x 10~?
and 7.66 x 10~ atm, respectively. These are equilibrium
conditions for reactions [11] and [21], respectively. The
studies of the latter reaction have been reported in Refs.
(21, 26, 36). The data in Refs. (21, 26) were discussed
above, when thermodynamic properties of BaCu,(), were
considered. Golikov et al. (36) measured the pressure of
oxygen above heterogencous mixtures of BaCu,0,, BaQ,
and Cu. They obtained much higher values than those
calculated in the present study; for example, P(O,) =
1.1 x 10~'" atm was reported for the equilibrium of reac-
tion [21] at 1100 K, Nevertheless, such pressures are
too low to reach, in a reasonable amount of time, the
equilibrium between the solid phases by exchange of oxy-
gen through the gas phase. Hence, the experimental
method employed by Golikov et al. (36) seems not to be
reliable for the study of reaction [21].

DISCUSSION

The thermodynamic calculations reveal the main fea-
tures of the phase equilibria in the Ba—Cu-O system.
Nevertheless, the reality may be more sophisticated in
some details, because a number of assumptions have been
made in thermodynamic modeling of this system. First of
all, we have to use simple thermodynamic models for
some phases and neglect oxygen nonstoichiometry. No
account has been taken of cation nonstoichiometry of the
phases, because such data are lacking. It should be noted
that the crystal structure of the 1:1 phase leaves room
for a substantial solid solution range for metals in this
phase (37). Our calculations take no account of the Ba,
CuQ, phase that may exist at low oxygen pressures.

The uncertainty in thermodynamic functions of the
phases may introduce errors into the calculated equilib-
rium temperatures and pressures, even though the qualita-
tive description of phase equilibria is correct. For exam-
ple. in Fig. 2 the temperatures of the three-phase equilibria
involving the 1:2 and 2:3 phases may be several tens of
K in error. Exact details of the thermodynamic properties
and phase equilibria in this system must await further
experimentation, but the results presented here can be
helpful in setting the task of these experiments.

It should be noted that an unduly large error in the
thermodynamic functions used for the calculations may
lead to erroneocus qualitative results. For example,
Moiseev et al. (38) reported thermodynamic properties
of 34 phases in the Y-Ba—Cu-O system calculated by
empirical methods. Their enthalpies of formation of the
1:1 and 2:3 phases at 298 K are, respectively, 24 and
103 kJ/mole less than those derived here, while the entrop-
ies of the phases are similar. It can easily be shown that
if the data from Ref. (38) were used for the calculations,
the 1:1 phases would be thermodynamically unstable at
any temperature and moderate oxygen pressure with re-
spect to reaction [17], and would disappear from equilib-
rium phase diagrams. This is in conflict with the experi-
mental evidence.

The conclusion to emerge from our thermodynamic cal-
culations is that the 1: 1 phase is unstable at low tempera-
tures and high oxygen pressures. It must undergo decom-
position reaction [17] at about 876 K in oxygen and at 813
K in air (see Fig. 2). The decomposition of the 1 : | phase
upon cooling at 0.2-1 atm of oxygen pressure is also
reported by Thompson et al. (28) and Roth (39), As can
be seen in Fig. 2, the 2:1 phase also decomposes upon
cooling, so that the ultimate products of the decomposi-
tion of the 1:1 phase at room temperature are BaQ, and
Ba,Cu,0;.,. The presence of BaO, in the 1:1 samples’
has been reported in several papers; for example, the 1:1
samples for calorimetric measurements contained from 1
to 25 (!) mole%s BaQ, as indicated by X-ray diffraction
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(11}. However, there is no experimental evidence of the
presence of Ba,Cu,Os, , in the 1:1 specimens. This may
be due to the fact that the relatively new 2:3 phase has
received little attention yet, or the crystallinity of the
2:3 precipitates is not enough to be detected by X-ray
diffraction. At 90 atm of oxygen pressure, the decomposi-
tion of 1: 1 into BaQ, and 2: 3 was detected below about
1000°C (7) as compared to 1116 K calculated in this study
for the equilibrium of the reaction

3BaCuO; + [{1 + ¥)/2]0, = BaO; + Ba,Cu;0s,,. [24]

Some inconsistencies in calorimetric measurements of
the enthalpy of the 1:1 phase and a significant disparity
between the low-temperature calorimetric and high-tem-
perature emf data (see Table 1) may be due to the partial
decomposition of this phase. It should be noted that ther-
modynamic instability of a phase says nothing about how
quickly it decomposes; and if a metastable equilibrium
with a local minimum of free energy takes place, a speci-
men of the thermodynamically unstable phase may exist
for an unlimited time under appropriate conditions. But
in actual practice, such appropriate conditions are far
from being obeyed at all times, so that the expectation of
the slow Kinetics of the decomposition is to be supported
by the proper experiments.

In connection with the low-temperature instability of
the 1:1 phase, we can take a fresh look at experimental
data on the oxygen nonstoichiometry of this phase. Re-
cently, Lindemer er al. (40) reported the results of a
thorough study of the oxygen content in the 1:1 phase
as a function of temperature and oxygen pressure by
static thermogravimetry. The nonstoichiometry, x, in
BaCu0O,, , was measured (40) to range from 0 to .18 at
673-1223 K and oxygen pressure ranging between 10~*
and 1 atm, which is in reasonable agreement with several
other investigations in oxygen. (The samples of this phase
with x < 0 can be obtained by nonequilibrium annealing
in inert gases (41).) Lindemer er al. (40) succeeded in
detecting a number of distinctive features of this phase
that were not observed in previous studies. These are
breaks on the x(T) isobars at some temperatures, which
are clearly visible at low oxygen pressures, and the exis-
tence of two distinct curves x(T) at P(O;) = 1 atm and
below about 1073 K,

We believe that these findings support the decomposi-
tion of the 1 : 1 phase, yet cast some doubt on the homoge-
neity range of this phase reported in Ref. (40) and in
previous papers. Taking into account the oxygen nonstoi-
chiometry of the 1: 1 phase, reaction [17] can be written as

4BaCuO,., + [(0.3 + y — 42)/2]0,

= BﬂQCUOJJ + B32CU305+y- [25]

It can be obtained from Eq. [4] and x values reported in
Ref. (40) that (0.3 + y — 4x) > 0. Hence, only the fower
curve x(P(0O,) = 1 atm, T) and high-temperature parts of
the other isobars in Ref. (40) can be attributed to the 1: 1
phase, while the other data describe the properties of
heterogencous mixtures of the 1:1,2:3, and 2: 1 phases.
There is no quantitative agreement between the data ob-
tained by Lindemer e¢f al. (40) and the overall calculated
oxygen content in the phases on the righthand side of
reaction [25], but this is to be expected, since only a small
part of the I : 1 sample can decompose in reasonable time
if reaction [25]: does take place. This view is supported
by the fact that 1:1 can exist for a long time at ambient
conditions withcut any evidence of oxidation in air. The
true value of the oxygen nonstoichiometry of the 1:1
phase is less than that which follows from the treatment
of experimental data without regard for the partial decom-
position of the samples. This is one of the reasons why
the stoichiometric formula BaCuQ, is used for the 1:1
phase in the present study.

Of importance in the emf measurements is the possibil-
ity of the formation of the 2: 3 phase from 1 : 1 and CuO.
As can be seen in Fig. 4, the equilibrium temperature for
this reaction equals 1062 and 1181 K in air and 1 atm
oxygen, respectively. Skolis er al. (19) measured the elec-
tromotive force on the galvanic cell O,|BaCu0,, ,, Cu0O,
BaF,|BaF,|BaF,, CaO, CaF,|0, and observed the drastic
change of the temperature and oxygen pressure depen-
ence of the emf, which may be attributed to reaction [19],
that occurred in electrodes of the cell. If the 2:3 phase
forms in the left electrode of the cell, the apparent value
of x measured at 1100 K in 1 atm oxygen must be equal
to about 0.3, taking into account that Eq. [4] gives y =
0.6 in Ba,Cu;0; , , under these conditions. Something like
that value was actually obtained in Ref. (19).

In summary, a self-consistent set of thermodynamic
functions of the phases in the Ba—Cu-0O system has been
derived from the critical analysis of all available data on
the synthesis conditions of these phases, their structural
features, thermodynamic properties, and phase equilibria.
This makes it possible to calculate all kinds of phase
equilibria between these phases.
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