Equilibrium of EuS with Gas Mixtures of H,S, H, and CO,
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EuS and Eug03 powder samples were equilibrated with HsS-H3-CO2 gas mixtures in the tem-
perature range 700—1500 °C. Since the sulfur and oxygen fugacities of the gas mixtures — as
calculated from thermodynamic data — can vary by about 107, EuS of different stoichiometries
may be produced. At higher oxygen and lower sulfur fugacities EuS is oxidized to Eug02S. The
border line between the two phases can be fitted by the equation log(f(S2)/atm.) =2 log(f(Oz)/
atm.) 4 48300/7 — 9.3 and compared to border lines of other phases of the Eu-O-S system, which

can be calculated from thermodynamic data.

Introduction

The consideration of oxygen contamination is
particularly important for sulfides of elements
which are very sensitive to oxidation, such as the
rare earth elements. Depending on the kind of
preparation samples of different compositions may
be obtained. EuS e.g. has been prepared (a) from
the elements [1—3], (b) from Eup03 and CS; [4],
(c) from Eu-oxalate [5], -citrate [6], -sulfate [7],
-sulfite [8], -chloride [9] or oxide [10, 11] and H,S,
(d) from EuSO4 and C [5]. Such samples exhibit
different physical properties like the conductivity
[1, 10], which are sensitive to small changes in
stoichiometry. The different sulfides can be equi-
librated to samples of well defined composition in a
gas-solid reaction with a gas mixture of HoS, Hs
and COgz. The sulfur and oxygen fugacities * of this
mixture can vary by about 107 (Table 1) [12] giving
rise to different stoichiometries of the sulfide.

Experimental Methods

99.999, EusOs3 powder was used as starting
material for most runs. Charges of about 70 mg
Eu203 in corundum crucibles were equilibrated at
700, 900, 1100, 1300 and 1500 °C in a flowing gas
mixture at 1 atm. total pressure. A vertical tube
furnace with ‘“Kanthal”’-winding was used for
700—1100 °C, with Rh-winding for the runs at
1300 and 1500 °C. A glass fitting attached to the

* The thermodynamically more rigorous term fugacity is
used in preference to partial pressure, since only at high
temperatures and low total pressures these two terms are
essentially equivalent.

Reprint requests to Dr. J. Hauck, Institut fir Festkorper-
forschung, Kernforschungsanlage Jiilich, 5170 Jilich.

bottom of the corundum tube served as the gas
inlet. Atmospheres of desired oxygen and sulfur
pressures in the furnace were obtained by mixing
high purity gases of HsS, Hs and CO3 in a gas flow-
meter [13]. The Hs was supplied from a steel con-
tainer with FeTiH, filling [14], where a higher
purity than in conventional hydrogen reservoirs can
be achieved. Controlled flow rates of the gases could
be obtained above ~ 0.03 ml/sec by calibrated capil-
laries [13]. The calibration curves were nearly linear
at flow rates up to 6 ml/sec, which was chosen as
the maximum total flow rate in the corundum tube
with the diameter 2.8 cm. This flow rate minimizes
thermal diffusion and temperature uncertainties
and provides for a slightly positive furnace exit
pressure [13]. The minor gas constituent of the ex-
periments exceeded 0.5 volume percent. At this
level, contamination of the gases is of minor im-
portance though the oxygen and sulfur fugacities of
the reacting gas mixtures can be as low as e.g.
10-22 and 10-8 atm. at 900 °C (Table 1). Usually
the mixing ratio of HS and Hy y =log ([H2S]/[Hz])
was kept constant and the mixing ratio of COz and
Hy; x=1log([CO:]/[Hz]) was changed in steps of
Az =0.1. The actual f(O2) and f(S2) fugacities of
these mixtures were obtained by graphical inter-
polation of the values in Table 1.

The temperature in the furnace was kept con-
stant to within 4+ 3 °C by means of commercial elec-
tronic controllers. The actual temperatures were
measured with a Pt-90 pct Pt-10 pct Rh thermo-
couple which was checked periodically against a
calibrated reference thermocouple. The samples
were kept for 1—3 hours in the hot zone of the
furnace and then pulled out to the cold end of the
corundum tube. In order to check that true equi-
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librium was attained, the final state was approached
from different starting materials.

The quenched samples were microscopically
examined in reflected light, where EuS (black),
impurities of unreacted EupsO3 (white) and the oxi-
dation product Euz02S (light yellow) could be
identified. The lattice parameters of the samples
were calculated from x-ray powder patterns, which
were measured on a powder diffractometer by step
scanning with @ (Au) = 4.0786 A as internal standard.

Results

EuS could be obtained from Eu3O3 in about half
of the experimentally possible range of different
mixing ratios of z and y (x=1og([CO:]/[H2]), y=
log ([H2S]/[Hz])). At the higher oxygen or lower
sulfur fugacities EusO2S was obtained as oxidation
product (e.g. Fig. 1 for 900 °C). The experimentally
determined oxygen and sulfur fugacities of the
border line are listed in Table 2. Within the experi-
mental uncertainties they can be fitted to a straight

I) 2Eu + O3 —2Eu0

II) 6 Eu0 + Oz —2Eu30y4

I1T) 4Eu304 + Oz — 6Eus03

IV) 2Eu + Sg —2EuS

V) 2EuS 4+ Oz —2Eu0 + Sg
VI) 3EuS 4 202 - Eug04 + £S2
VII) 2EuS + 2 02 — Eug03 + Sq
VIII) 4EuS + 202 —2Eu20:S + Sy
IX) 2Eu3098 + O3 —2Eu30;3 + Ss
X) 6 EuS + Sz > 2E113S4

The absolute values of the straight lines of the
log /(02)/log f(S2) plot were calculated from the
following values of the Gibbs free energy at 1173 K:

Substance G173 Reference
(kJ/gfw) *

Eu — 105.1 [15]. or interpolated between
the values for Gd and Sm [16]

0, — 26364  [16]

Sz — 164.54 [16]

EuO — 1725.32 [17]

Eu304 — 2651.21 value of [17] at the upper
limit of uncertainty

Eup03 — 1907.15 17

EuS — 600.25 [16]

Eu0:8 — 1739.98 from experimental values of
this investigation

EusSy — 1889 estimated value

* 1 cal=4.187J.
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line by the equation

log (f(Sz)/atm) = 2 log(f(Oz)/atm)
— 48300 (= 930)/T — 9.3(=- 0.7).

These values can be interpreted by a temperature
independent reaction enthalpy of AH= —925
+ 18 kJ g-mol-! and entropy AS=—1784+14J
- g-mol~1 deg—1 for the reaction

4 EuS —l— 202 = 2E112028 + Sz

with the reaction constant K = f(S2)/f2(02) and the
Gibbs free energy

AG=4H — TAS = —2303RT1logK.

The experimental values can be compared with
values of other Eu-O-S-phases whose existence
range can be calculated from thermodynamic data.
Figure 1 exhibits the Eu-O-S phases at 900 °C for
different f(O2) and f(S2) fugacities. The slopes of the
straight border lines I—IX are given by the coef-
ficients of Oz and S; in the chemical reaction equa-
tions I—X, if stoichiometric compounds are as-
sumed to a first approximation:

log f(O2) = — 4347,
log f(O2) = — 30.57,
log f(O2) = — 25.56,
log £(S2) = —36.75,
log f(S2) —logf(02) =  6.72,
$log f(S2) — 21ogf(02) =  25.37,
log f(S2) — 3logf(02) =  21.17,
log f(S2) — 21log f(O2) =  31.88,
log f(S2) —logf(02) = 1047,
log £(S2) =— 05.

The minimum values of log f(O2) and log f(S2)
are chosen at the stability field of Eu as is shown in
Figure 1. Proceeding along the sulfur axis, one
passes from the field of metallic Eu to that of EuS
and then to that of EusSs. At still higher sulfur
fugacities sulfur condenses. Since the experimental
temperature is above the melting point of sulfur,
the condensed sulfur will be present in the liquid
state. No further increase in sulfur fugacity is pos-
sible since any attempted increase merely results in
a further precipitation of liquid sulfur. The ap-
pearance of condensed sulfur thus represents the
upper limit of the sulfur fugacity at this tempera-
ture (900 °C). Proceeding along the oxygen axis, one
passes from the stability field of Eu directly into
that of EuO. At still higher oxygen fugacities the
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liquid S
0- EU;SA
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[congruent evaporation
of EuSosse

.20 L

log f(S2)

Eu,03

-30- Eu;0,

Eu -40 30 log f(0z) 20 10
Fig. 1. Phases of the Eu-O-S system at 900 °C and with
different f(Sg) and f(Ogz)-fugacities as determined from
thermodynamic data and experimental values (dashed
area). The incorporation of different lattice defects is
sketched for EuS. Letters indicate the f(Sz2)/f(O2) values
of the three phase fields of Fig. 3 I, roman numbers the
lines for chemical reactions I—X (see text).

Table 2. log f(S2) and log f(O2) values for the phase bound-
ary EuS/Euz03S as determined at 700, 900, 1100, 1300 and
1500 °C.

T(K) —logf(S2) —logf(02)
973 4.5 22.6
1173 1.2 16.6
14 16.7
2.6 17.0
4.8 18.1
6.9 19.5
1373 14 13.5
1573 0.8 11.3
13 11.2
4.8 13.1
1773 11 9.5

Eu3z04 and Eug03 fields are reached. There is no
upper boundary imposed on the oxygen fugacity as
by the condensation of sulfur, since the experimen-
tal temperature is higher than the critical tempera-
ture of oxygen. In this investigation with a main
interest on the upper limit of the existence of Eu2t,
the oxygen fugacities of HS-H3-COz mixtures
were taken as upper limit. The phase boundary be-
tween Eu202S and Eug03, as calculated from

J. Hauck - Equilibrium of EuS with Gas Mixtures

thermodynamic data, could be affirmed qualita-
tively by some runs at high CO; and low H2S con-
tent of the gas mixture. At these conditions the
reaction of EuzO3 to Euz0sS and the reversed reac-
tion were quite sluggish, giving rise to some uncer-
tainties for a quantitative determination of the
border line. At 1atm. Oz, EuS is oxidized to
Eug02804 [4, 18]. The intermediate Eu-sulfates and
oxysulfates are not included in this investigation,
because of experimental difficulties to vary oxygen
and sulfur fugacities at higher values. Somewhat
greater oxygen fugacities can be obtained by sub-
stituting SOg2-H3-COz mixtures [19] and in the
present study were only used in the HsS-Hz-COq
mixtures range to check the correctness of the
later’s experiments.

Figure 2 A—C show how the hypothetical phase
relations change by use of other thermodynamic
data. In Fig. 2 A the energies of formation of EugO4
and Eug0sS of [17] were used for calculations of
G1173(Eug04) = —2626.09 and G1173(Eug02S) =
— 1823.49 kJ/gfw, respectively. At this condition
the Gibbs free energy of the reaction

EuO + Eu203 - Eug0s AG = 6.38kJ/gfw

become positive, that means EuzOs would be
decomposed to EuO and EuzO3, which is in contrast
to the phase diagrams of ref. [20—22]. The more
negative value of EusO2S would imply a Euz02S
field enlarged over the whole experimentally deter-
mined area. In Fig. 2B the more negative Gibbs
free energy of EusO3— 1996.70 kJ/gfw of ref. [16]
enlarges the EuyO3 field even more in relation to
the EuO, EuS and Euz0;S fields and Eus03 would
have been expected in the experimental area.
McCarthy and White [22] estimate about the same
value for EuO but with larger values — 2720 and
— 1948 kJ/gfw for EugO4 and Eus0s3, respectively
(Figure 2C). The EugOy field therefore is larger than
in Fig. 1 and the EuS-Eu203 border is shifted to the
experimental area.

Figure 1, 2B and 2C qualitatively exhibit the
same phase relations with EuS in equilibrium with
EuO, Eu304 and Euz02S as is shown in Fig. 3. The
three phase fields, a—i, exhibit the f(O2) and f(Sz)
fugacities of the points a—i of Fig. 1 or at some-
what different values in Fig. 2B and C. If the phase
relations of Fig. 2B are used the EuzO4 and Euz02S
phases would be missing. As depecticed in Fig. 2C
the Euz0:S field does not extend to the liquid sulfur
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Fig. 2. Alternative phase relations of Eu-O-S phases at 900 °C as calculated from different thermodynamic data (see text).

stability field so that Euz02S would be in equi-
librium with EugSs and EupOg which is impossible
besides the phase assemblage Eu02S-EuS-Euz03
(Figure 31). If the coexisting phases EuO and
Euz0.S (Fig. 2A) are incorporated another phase
diagram is produced, Figure 3 II. Solid state reac-
tions of EuO/Euz02S mixtures in sealed quartz
ampoules at 900 °C confirmed the phase relations
of Fig. 31 with EuS and EuyO3 coexisting as the
reaction product.

Calculations of the thermodynamic data of
1800 K with the same sources as for Fig. 1 indicates
qualitatively unchanged phase relations, the reac-
tion line VII of coexisting phases EuzO3 and EuS

Fig. 3. Schematical phase diagrams of Eu-O-S system
with the three phase fields a—i; phase diagram I for the
phase relations of Fig. 1, 2B and C, II for the phase rela-
tions of Figure 2A.

however has decreased to such an extent that at
higher temperatures EuS might not stay in equi-
librium with EusOg, but prefer the coexistence of
Eu304 and Euz0sS or even EuO and Eug02S as is
depecticed in Figure 3 II.

Figure 1 also includes the f(S2) partial pressure
of congruently evaporating EuS as measured by
Knudsen cell mass spectroscopy [23]. The composi-
tion of this compound exhibits a slight sulfur
deficiency with a formula EuSg. 999, if compared to
EuS at 2000 K, which was taken as stoichiometric
standard. The Gibbs free energy of EuS as derived
from these data G298 (EuS)= —488.75 kJ/gfw is
slightly more negative than the data of [16] with
G298 (EuS) = —476.21 kJ /gfw. The high temperature
data of McMasters et al. [24] can be evaluated to a
slightly less negative G1173(EuS)= — 585.89 kJ/
gfw than G1173(EuS)=600.25 kJ/gfw of [16]. The
slightly different values for EuS would change the
phase relations only by small differences which is
not relevant for the qualitative type of phase
diagram.

In this investigation the phase boundary between
EuS and Eus03S is considered to be accurate, be-
cause of the very sensitive method of changing
7(O2) and f(Sz) fugacities in small intervalls by gas-
mixing. Also the Eu border line is considered to be
accurate because of the feasibility to calculate
thermodynamic data of the elements. The con-
necting reaction lines V, VI and VII between these
values might have small changes in length but will
retain their similar slopes.
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Composition of EuS Samples

From Fig. 1 one can see that EuS exists within
a wide range of f(S2) and f(O3) values and thus can
exist in different stoichiometries. Holtzberg et al.
[10] had shown by neutron activation analysis that
single phase EuS prepared by reaction of EupO3
with HsS at 900—1900 °C contains up to 400 ppm
oxygen at 900 or 1900 °C and a minimum of 6 ppm
oxygen at 1300 °C. It can be shown from thermo-
dynamic data that the equilibrium phase by this
method of preparation is near the phase boundary
between EusSs and Euz02S at 900 °C. At increased
temperatures the composition moves further into
the EuS field. Ishikawa et al. [4] reported 0.2—
0.3 mol9% O content for EuS samples prepared
from Euy03 by reaction with CSy at 900—1000 °C
at sulfur pressures which are close to the boundary
to EugSs. McMasters et al. [24] analysed 1.27 mol
- 9% O for EuS single phase samples prepared from
the elements which were obviously contaminated by
oxygen impurities. EuS prepared from the elements
and especially samples with a slight Eu excess can
increase the oxygen content by O impurities to point
a of Fig. 1, where the maximum solubility of EuO
in EuS is reached. The S-content of EuS should
vary between the approximate composition EuSp.99
for samples near the Eu field to Eug.97S for samples
near the EugS, field [23]. The Eu3+ content in EuS
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samples prepared from EuSO4 and H,S, that is at
high f(S2) and f(O2), should be less than 29, [25].
The lattice parameter of the different samples of
this investigation varied by 4da/4logf(0s)~
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the charges. The resulting formula would be Eu;_,S
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