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A novel method of thermogravimetry under controlled mer-
cury and oxygen partial pressures was developed, which allowed
us to obtain the precise thermodynamical data for the equilib-
rium MHgO2(s)8MO(s) 1 Hg(v) 1 1/2O2 (M 5 Ca, Sr, and
Ba). Temperature dependencies of equilibrium constants Kp are
described by the equations: log Kp(CaHgO2) 5 2 (9424 6 540)/
T 1 (10.28 6 0.57), (888+1013 K); logKp(SrHgO2) 5 2(10197
6 890)/T 1 (10.10 6 0.83), (1043+1118 K); log Kp(BaHgO2) 5
2 (10474 6 730)/T1(9.94 6 0.64), (1098+1163 K). Thermal
stability of mercurates increases in the order CaHgO2, SrHgO2,
BaHgO2. ( 1999 Academic Press

INTRODUCTION

Synthesis of a new family of Hg-based superconductors
HgBa2Ca

n~1
Cu

n
O

2n`2`d (1, 2) promoted the intensive
study of the phase diagrams and individual compounds
existing in the Hg}Ba}Ca}Cu}O system. The alkaline-
earth-oxide mercurates MHgO2 (M"Ca, Ba) were found
as common impurities in the synthesis of these supercon-
ductors. Earlier these compounds, as well as their Sr ana-
logues, were studied by X-ray (3}5) and neutron powder
di!raction techniques (3, 5), which showed that they are
isostructural and have a delafossite-type structure.

For the synthesis of Hg-based superconductors in a pure
form it is necessary to determine their P, ¹ existence condi-
tions taking into account the equilibrium between gaseous
and solid components in closed vessels. In this case it is very
important to know the formation conditions (including
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eqilibrium partial pressures of volatile components Hg,
HgO, and O2 over solids) for the common Hg-based impu-
rities, namely mercurates MHgO2. By the control of gas
pressure inside the reaction vessel it would be possible to
suppress the formation of these impurities and to synthesize
superconductors in a pure form.

Mercurates decompose under heating according to the
reaction:

MHgO28MO(s)#Hg(v)#1/2O2

K
1(MH'O2)

"P(Hg) )P(O2)1@2. [1]

The combined thermogravimetry}di!erential scanning
calorimetry (TG-DSC) method has been used before for the
investigation of CaHgO2 and BaHgO2 and determination of
their thermodynamic properties (6). The following values of
the decomposition enthalpy and entropy were determined:
*rH3T

"160.0$8.6 kJ/mole, *rS3T
"192.1$9.5 J/K )mole

for CaHgO2 at 830 K and *rH3T
"200.0$8.0 kJ/mole,

*rS3T
"229.1$9.1 J/K )mole at 873 K for BaHgO

2
.

Sin et al. (7) used the thermobaric analyzer (TBA) for the
total vapor pressure measurement over a CaHgO

2
/CaO

mixture. The enthalpy and entropy of the reaction Eq. [1]
were estimated from the temperature dependence of
total vapor pressure in a supposition P(Hg)"2P(O2):
*rH3T

"138 kJ/mole, *rS3T
"157 J/K )mole at the temper-

ature range of 1100}1200 K.
The TG-DSC technique has several limitations because

even if it allows one to determine the decomposition temper-
ature and the reaction heat, the partial pressures and en-
tropy can still be roughly estimated from experimental data.
The P(Hg) pressure for such an equilibrium can be directly
1
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FIG. 1. Schemes of silica ampoules in thermogravimetry under con-
trolled mercury and oxygen partial pressures: (a) a three-temperature
variation; (b) a two-temperature variation.
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measured and the P(Hg) vs. ¹ or P(O2) dependencies can be
determined by the static weight technique (SWT), which we
used previously for the investigation of the equilibrium
between HgBa2CuO

4`d, Ba2CuO
3`x

and gas phase (8). The
TBA technique allows one to measure the total vapor pres-
sure. However, this method is very sensitive toward vapor
contamination by any volatile impurities. Moreover, both
techniques (SWT and TBA) require a long time for correct
measurements, especially at low temperatures, due to the
necessity of achieving an equilibrium between solid and
gaseous phases.

In the present work a method similar to the SWT tech-
nique was developed for the study of the equilibrium be-
tween MHgO

2
and gas phase*the method of

thermogravimetry under controlled mercury and oxygen
partial pressures. This method is a variation of the well-
known &&mass-transfer method'' of partial vapor pressure
determination of volatile component over metal alloys, de-
scribed, for instance, in Ref. (9).

THERMOGRAVIMETRY UNDER CONTROLLED
OXYGEN AND MERCURY PARTIAL PRESSURES

The method of thermogravimetry under controlled par-
tial mercury P(Hg) and oxygen P(O2) pressures was used for
the determination of equilibrium P(Hg) and P(O2) in three
phase equilibrium S(MHgO

2
)S(MO)V of the reaction (Eq.

[1]) and related thermodynamics calculation.
The studied samples, consisting of MO/MHgO2 two

phase mixtures (M"Ca, Sr, Ba), were heated inside a hori-
zontal silica tube, where P(Hg) and P(O2) partial pressures
were "xed. The starting temperature was chosen, taking into
account preliminary measurements, to satisfy conditions
when K

1(MH'O2)
(P(Hg) )P(O2)1@2. Synthesis of MHgO

2
ac-

cording to Eq. [1] takes place. The equilibrium constant of
the reaction increases with rising temperature and "nally
it corresponds to the equilibrium state between gas and
solid phases at temperature ¹

%2.
, where K

1(MH'O2)
"P(Hg) )

P(O2)1@2. Further temperature increase results in the de-
composition of MHgO

2
because K

1(MH'O2)
'P(Hg) )

P(O2)1@2. The mass changes of the studied sample can be
used for the determination of equilibrium parameters.

The P(Hg) and P(O2) values can be "xed independently
inside the vessel. Two techniques have been used to control
these pressures.

In the "rst method P(O2) was "xed using the equilibrium
Co3O4"3CoO#1/2O2 at ¹(3) (Fig. 1a) as described in Ref.
(8). Mercury pressure P(Hg) calculated from the reference
data (10) was controlled by eqilibrium:

HgO(s)"Hg(v)#1/2O2; K
1(H'O(4))

"P(Hg) )P(O2)1@2.

Accordingly, HgO was placed in another part of the silica
tube and heated to ¹(1) at "xed P(O2).
This method was used for the investigation of CaHgO2.
The sample was placed in the central part of the evacuated
sealed silica tube at the intermediate temperature ¹(2) (Fig.
1a). We assume that P(Hg) and P(O2) remain constant
within the vessel. This assumption is correct if P(HgO) at
¹(1) and ¹(2) are similar and their di!erence is much smaller
than the P(Hg) and P(O2) values. Calculations based on the
recent thermodynamic data from (11) for the gaseous phase
equilibrium HgO(v)"Hg(v)#O2 show that P(HgO)
values are lying in the range 2}6% of the total vapor
pressure for our experimental conditions (P(Hg), P(O2) and
¹), thus supporting our assumption.

The second technique, a simpli"ed modi"cation of the
"rst one, allows us to take into account HgO(v) partial
pressure and its gradient inside the closed vessel. Similar K

1
values were obtained for CaHgO2 by both measurements,
and this supports our assumption for the "rst technique. In
the second method, HgO(s) was used only to control mer-
cury and oxygen partial pressures (Fig. 1b). This approach is
possible for the investigation of these compounds, because
the vapor composition over MHgO

2
and HgO has the same

stoichiometry Hg : O2"2 : 1 and, consequently, P(Hg)"
2P(O2).

In this case HgO was placed in one side of the evacuated
and sealed silica tube at temperature ¹(1) and the
MHgO2/MO mixture in another side at temperature
¹(2)'¹(1). Mercury and oxygen partial pressures and total
vapor pressure at ¹(1) can be calculated from the thermo-
dynamic values (10), taking into consideration the following
equilibria.

HgO(s)8Hg(v)#1/2O2; K
1(H'O(4))

"P(Hg) )P(O2)1@2

Hg(v)#1/2O28HgO(v);

K
1(H'O(7))

"P(HgO)/P(Hg) )P(O2)1@2,

where P(HgO), P(Hg), P(O2) are equilibria partial pressures
over HgO(s), and the total pressure P(1)

505!-
over HgO at ¹(1) is



FIG. 2. Scheme of the thermogravimetric technique. 1, silica ampoule;
2, furnace with temperature gradient; 3, di!erential electronic balance;
4, cover.
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equal to

P(1)
505!-

"P(Hg)#P(O2)#P(HgO).

In another side of the tube at temperature ¹(2), the follow-
ing equilibria take place over two-phase mixture of MO and
MHgO

2
:

MHgO
2
(s)8MO(s)#Hg(v)#1/2O2;

K
1(MH'O2)

"P(Hg) )P(O2)1@2

Hg(v)#1/2O28HgO(v);

K(2)
1(H'O(7))

"P(HgO)/P(Hg) )P(O2)1@2

where P(HgO), P(Hg), P(O2) are equilibria partial pressures
over MHgO

2
. Total pressure over MO/MHgO

2
mixture at

¹(2) is expressed as

P(2)
505!-

"P(Hg)#P(O2)#P(HgO).

In these last equations, which describe the equilibria at
¹(2), K

1(MH'O2)
, P(Hg), P(O2), P(HgO), and P(2)

505!-
are para-

meters to be calculated for the ¹(2)
%2.

temperature when equi-
librium total pressure over MO/MHgO

2
mixture at ¹(2)

is equal to total vapor pressure over HgO at ¹(1)

(P(2)
505!-

"P(1)
505!-

).
In order to determine ¹(2)

%2.
, a MO/MHgO

2
mixture

should be heated starting from ¹(2)(¹(2)
%2.

at constant total
vapor pressure P(1)

505!-
. When ¹(2)(¹(2)

%2.
and, consequently,

P(2)
505!-

(P(1)
505!-

, mass transfer takes place from HgO to
MO/MHgO

2
leading to formation of MHgO

2
, while at

higher temperatures, ¹(2)'¹(2)
%2.

(P(2)
505!-

'P(1)
505!-

), the reverse
process takes place with MHgO

2
decomposition and mer-

cury oxide condensation. Only in the case of ¹(2)"¹(2)
%2.

,
when P(2)

505!-
"P(1)

505!-
, no mass transfer occurs, and, conse-

quently, ¹(2)
%2.

is determined as a temperature corresponding
to the maximum mass of the MO/MHgO

2
sample heated at

constant rate.
This method has certain advantage in comparison with

TG-DSC and SWT methods. First, it is not necessary to
have an individual MHgO

2
phase as in the TG method.

Moreover, in the latter technique it is much more di$cult to
"x mercury pressure inside the device. In contrast with the
SWT method, it is not necessary to reach for the complete-
ness of the reaction with HgO in order to reach an equilib-
rium state. In our method partial pressures are "xed and we
have to detect temperature ¹(2)

%2.
only, when these "xed

partial pressures are equal to equilibrium ones. This method
is sensitive to the formation and decomposition of a small
amount of the MHgO

2
phase on the surface of alkaline-

earth-oxide grains.
EXPERIMENTAL

The device for thermogravimetry under controlled oxy-
gen and mercury partial pressures (Fig. 2) consists of a dif-
ferential electronic balance, a temperature gradient tube
furnace, and a recorder. A silica tube with a length
380}400 mm and an inner diameter 10 mm with substances
under investigation was placed inside the furnace on the
electronic balance shoulders. The temperature was mea-
sured with an accuracy of $1 K. The accuracy of the mass
measurement was $0.001 g.

About 3 g HgO (99.9%) was placed in one part of a
silica tube, while about 0.5 g CaCO3 (99.9%), SrCO3

(99.9%), or BaO2 (99.9%) was placed into an alumina cru-
cible in the other part of this tube. Then alkaline earth
oxides were obtained by decomposition under heating in
vacuum: CaCO3 at 8003C, SrCO

3
at 10003C, and BaO2

at 9003C. After complete decomposition of starting car-
bonates or peroxide, the silica tube was evacuated, sealed,
and placed on the balance shoulders. A mixture of
Co3O4/CoO was placed in the tube also for a three-temper-
ature experiment. MHgO

2
has formed at ¹(2) during the

experiments.
In order to determine the temperature ¹(2)

%2.
, at which

P(Hg) )P(O2)1@2"K
1(MH'O2)

, ¹(2) was increased at the rate
of 0.5 K/min, while ¹(1) (as well as ¹(3) for the three-tem-
perature variation) was kept constant, and the mass
change as a function of ¹(2) was recorded. The typical
patterns of cupola-shaped dependencies for two samples
of CaHgO2 are shown in Fig. 3. The mass of the sample
CaO/CaHgO2 increases "rst and then decreases due to
formation of CaHgO2 and its further decomposition. ¹(2)

%2.
is

de"ned as the temperature of the maximum mass of the
CaO/CaHgO2 sample where the mass transfer is absent.
This technique was tested using HgO as a standard
substance, replacing MO/MHgO

2
in the silica tube. The

accuracy of the ¹(2)
%2.

determination was estimated to be
$3 K.



FIG. 3. The results of the thermogravimetric experiments for CaHgO2.

FIG. 4. The total vapor pressure (P
505!-

) dependence vs temperature for
the S(MHgO

2
) S(MO)V equilibrium at P(Hg)"2P(O2) for: CaHgO2 (m,

three- and d, two-temperature variations), SrHgO2, BaHgO
2
. HgO, refer-

ences data (10).

154 MIKHAILOVA ET AL.
RESULTS AND DISCUSSION

The thermodynamic equilibria of CaHgO2, SrHgO2, and
BaHgO2 with gas atmosphere were investigated at di!erent
mercury and oxygen partial pressures. Both techniques were
used for CaHgO2, whereas SrHgO2 and BaHgO2 were inves-
tigated by the two-temperature technique only.

¹(2)
%2.

was measured in wide ranges of mercury an oxygen
partial pressures. The upper total pressure boundary was
10 atm, while the lower pressure boundary (1 atm) was
limited by low rates of the MHgO

2
synthesis at low temper-

atures and pressures. The values of P(Hg) and P(O2) and
corresponding equilibrium constant K

1(MH'O2)
were cal-

culated for each ¹(2)
%2.

as described above.
The total vapor pressures over CaHgO2, SrHgO2,

BaHgO2 versus temperature for the equilibrium Eq. [1]
(three phase equilibrium S(MHgO

2
)S(MO)V) together with

reference data for HgO (10) are plotted in Fig. 4. The total
vapor pressure for the reactions (Eq. [1]) at "xed temper-
ature increases in order to BaHgO2}SrHgO2}CaHgO2}

HgO. Consequently, BaHgO2 is the most stable substance
upon heating in this row. This depedence is typical for
thermal stability of inorganic salts containing alkaline earth
metals, such as carbonates and nitrates.

The obtained P
505!-

(¹) dependence for the S(CaHgO2)
S(CaO)V equilibrium for the pressure range 1}9 atm is in
a good agreement with the same dependence from Ref. (7),
determined for the range 9}27 atm.

In the case of BaHgO2, it is necessary to take into consid-
eration the possibility of BaO2 formation at elevated oxygen
pressures. According to Ref. (12), oxygen vapor pressure in
the equilibrium BaO28BaO#1/2O2 is described by the
equation: logP[MPa]"!7406/¹#5.803.

The determined P(O2) over BaHgO2 is slightly smaller
than over BaO

2
in the Ba}O system, and, moreover, the

latter compound was not detected by X-ray analysis. There-
fore, we can conclude that our data were not a!ected by
a possible appearance of BaO2. However, at higher P(O2)
and lower ¹ this problem should be taken into account.

The plots of log K
1(MH'O2)

vs 1/¹ for CaHgO2, SrHgO2,
and BaHgO2 are shown in Fig. 5, and the corresponding
dependencies are described by a linear equation,

logK
1(MH'O2)

"!*
3
H3

T
/2.303R¹#*

3
S3
T
/2.303R,

where *
3
H3

T
and *

3
S3
T

are the average values of standard
enthalpy and entropy of the reaction (Eq. [1]) for the experi-
mental temperature intervals given in Table 1, R"

8.314 J/K )mole-gaseous constant.
The determined temperature dependencies of K

1(MH'O2)
for CaHgO2, SrHgO2, and BaHgO2 are described by the
following equations:

logK
1
(CaHgO2)"!(9424$540)/¹#(10.28$0.57)

(8884¹41013 K) (SD"0.07988, N"9)

logK
1
(SrHgO2)"!(10197$890)/¹#(10.10$0.83)

(10434¹41118 K) (SD"0.06767, N"12)



FIG. 5. The dependencies of logK
1
(MHgO

2
) vs 1/¹ for the equilib-

rium MHgO2(s)8MO(s)#Hg(v)#1/2O2 for CaHgO2 (m, three- and d,
two-temperature variations), SrHgO2, and BaHgO2.
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logK
1
(BaHgO2)"!(10474$730)/¹#(9.94$0.64)

(10984¹41163 K) (SD"0.03772, N"9),

where SD is the standard deviation of logK
1

and N is the
number of experimental points.

The calculated average values of *
3
H3

T
and *

3
S3
T

for the
reaction (Eq. [1]) are given in Table 1. The standard en-
thalpy *

3
H3

298
and entropy *

3
S3
298

of the reactions were
estimated using the assumption that the heat capacity of
MHgO

2
is equal to the sum of heat capacities of oxides

MO(s) and HgO(s). The experimental data of heat capacities
measurements for CaHgO2 and BaHgO2 in the range of
193}600 K (6) con"rm this assumption. The values of heat
capacities of monoxides were taken from Ref. (10).

The obtained enthalpy of the reaction Eq. [1] for
BaHgO2 (200$14 kJ/mole) is in good agreement with
TABLE 1
The Values of Enthalpy and Entropy for the Reaction

MHgO2(s)8MO(s)1Hg(v)11/2O2

Alkaline- Temperature *
3
H3

T
*

3
S3
T

*
3
H3

298
*

3
S3
298

earth metal range, K kJ/mole J/K )mole kJ/mole J/K )mole

Ca 888}1013 180$10 197$11 191$10 215$11
Sr 1043}1118 195$17 193$16 209$17 214$16
Ba 1098}1163 200$14 190$12 215$14 212$13
the value obtained by the TG-DSC technique (200$
8 kJ/mole), while there is some deviation of our value for
CaHgO2 (180$10 kJ/mole) from the literature data
(160$9 kJ/mole) (6) and 138 kJ/mole (7). These di!erences
can be caused by the limitations of the TG-DSC and TBA
techniques, which are discussed above, and di!erent temper-
ature intervals in our and TBA measurements.

The calculated values of standard enthalpies *
09
H3

298
and

entropies *
09

S3
298

of the MHgO
2

formation from oxides
MO(s) and HgO(s) are presented in Table 2. These data
were obtained using the reference data (10) for the reaction:
Hg(v)#1/2O

2
"HgO(s)(*

3
H3

298
"!152.09$0.12 kJ/mole,

*
3
S3
298

"!207.11$0.13 J/K )mole). The obtained values
of *

09
S0
298

are close to zero. This fact is an indirect con"rma-
tion of the reliability of the obtained values, as the entropy
change in solid state reactions without vapor phase should
be a small value.

The standard enthalpies of formation of mercurates from
the elements *

&
H3

298
and the absolute entropies S3

298
of

MHgO
2

presented in Table 2 were calculated using the
references data from (10): CaO}*

&
H3

298
"!635.09$

0.88 kJ/mole, S3
298

"38.21$0.13 J/K )mole; SrO}*
&
H3

298
"!592.04$3.35 kJ/mole, S3

298
"55.52$0.42 J/K )mole;

BaO}*
&
H3

298
"!548.10$2.09 kJ/mole, S3

298
"72.17$

0.38 J/K )mole, and HgO}*
&
H3

298
"!90.79$0.10 kJ/mole,

S3
298

"70.27$0.13 J/K )mole).
The obtained data of vapor pressure over CaHgO2 and

BaHgO2 can be used for the optimization of the synthesis of
Hg-based superconductors. The dependence of mercury
partial vapor pressure over HgBa2CuO

4`d (Hg-1201 phase)
vs temperature and P(O2) is expressed by

logP(Hg, atm)"!6040/¹(K)!0.266 logP(O2, atm)

#5.959 (Ref. (8))

for the S(HgBa2CuO
4`d) S(Ba2CuO

3`9
)V equilibrium.

The dependence of P(Hg) over BaHgO2 in equilibrium
(Eq. [1]) vs temperature and P(O2) is described by the
following equation:

logP(Hg, atm)"!10474/¹(K)!0.5 logP(O2, atm)#9.94.
TABLE 2
The Values of Enthalpy and Entropy of the MHgO

2
Formation

from Oxides and from Elements

*
09

H3
298

*
09

S3
298

*
&
H3

298
S3
298

No. Compound kJ/mole J/K )mole kJ/mole J/K )mole

1 CaHgO2 !39$10 !8$11 !765$10 101$11
2 SrHgO2 !57$17 !7$16 !740$17 119$16
3 BaHgO2 !63$14 !5$13 !701$14 138$13



FIG. 6. The dependencies of P(Hg) vs ¹ at P(O2)"0.2 and 0.8 atm for
the equilibria S(BaHgO2)S(BaO)V and S(HgBa2CuO

4`d)S(Ba2CuO
3`x

)V
(Ref. (8)).
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These dependencies (P(Hg))"f (¹) for HgBa2CuO
4`d

and BaHgO2 are plotted in Fig. 6 for P(O2)"0.2 and
0.8 atm. By analyzing such type of diagrams one can choose
the optimal synthesis conditions for HgBa2CuO

4`d.
As seen from Fig. 6, the stability "elds of these two phases

(BaHgO2 and HgBa2CuO
4`d) depend strongly on the par-

tial oxygen pressure. Let us consider the equilibrium corre-
sponding to the point A (P(Hg)"7 atm, ¹"8503C), for
instance. At P(O2)"0.8 atm both phases are thermodyn-
amically stable and coexist in equilibrium with gaseous
phase. However, at lower oxygen pressure (0.2 atm) only
HgBa2CuO

4`d is stable, while BaHgO2 does not form.
Therefore, synthesis of HgBa2CuO

4`d at P(O2)"0.2 atm is
more favorable, since it allows to avoid the formation of
BaHgO2 as a possible impurity phase. At lower oxygen
pressure inside the reaction vessel a larger temperature
range can be chosen for the synthesis of Hg-1201. Earlier
(13) we have shown that synthesis of monophase Hg-1201
samples is indeed much more successful if it is performed at
P(O2)40.2 atm.

Similar conclusions can be made for the synthesis of
HgBa2CaCu2O6`d and HgBa2Ca2Cu3O8`d when thermo-
dynamic data are available and compared with the data for
CaHgO2 obtained in the present work.
CONCLUSION

The novel technique of thermogravimetry under control-
led mercury and oxygen partial pressures was developed to
investigate the phase equilibria MHgO

2
(s)8MO(s)#

Hg(v)#1/2O2 (M"Ca, Sr, and Ba). Two modi"cations of
this method allowed us to determine the total vapor pres-
sures for these equilibria and to calculate the enthalpy and
entropy values of the reactions, as well as the standard
values of enthalpy and entropy of CaHgO2, SrHgO2, and
BaHgO2 formation from oxides and from elements. It was
found that the thermal stability increases in the order
CaHgO2, SrHgO2, BaHgO2.
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