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ABSTRACT

The thermodynamics of rafe earth-oxygen-sulfur syétems as stuﬂieéf'

. at high temperaEures )Sjing the following four types of oxygen
f

concentration cells.

»

g Type I Cells:

‘|m:osm REoso(s) o |
Pt | ° AR | €Sz | Air | Pt
I in presence of R5203(8) R I |

Type 1I Cells.

‘| RE,0,5(s), RE,0,50,(s) | T
pt | C2° 22707 [ csz | atr ] Pt
X in presence of Ag/Ag2 -] |

-

Type III Cells:.

Pt } RE203(3). REzoésou(s), Cu(s).'euzs(s) J €S2 | Alr | Pt
Type IV Cells:

Pt | REp05(s), RE,0,5(s), Ag(s), AgyS(s) |'CSZ | Air | Pt

rype‘Ifand II cells were usﬁﬁTEE‘FTSEE the standard free énerg

changes corresgonding to the reaction

1 . 1. - s
3 RE,0,5(3) + 0,(8) = 3 RK,0,50,(s) . D
. (KE = La,Pr,Nd,Sm,Eu,Gd,Tb,Dy)

-

. < .
at two different sulfur partial pressures, Type III eelii were ‘used to
determine the standard free sntergy changes for the reactio .

2 2 2 3 -
2 BE,0,(3) + 2 Cu,S(s) + 0,(8) = 5 RE,0,50,(s) + 3 Cu(s)

. (RE = La,Pr,Nd,Sm,Eu,Gd) : .
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Type IV cells were used to determine the ‘standard free energy changes

for the reaction. ﬂ

I
-

. 1 _
RE203(3) + AgES(s? = Ranzs(s) +3 02(3) + 2Ag(s}
N TR

PR 7 -
—~

Combining he,‘g:&?érimental results for Mthe above threesreggtions

. with the values © ‘AG?. for Cuzs and Ag,S, the standard free energies of

formation of Laaoasq_ . Pr20239

2727y SM0p%0ys BUgUpS0y 8450550
La 0,8, Pr,0,S, Nd,0,5, smeozigfﬂsuzoas._cdzozs,‘izozs and Ce,0,S were

termined at high temperatures. - In addition,”the standard free energy =

" Nd_0.S0,, Sm.0.S0,, Eu,0.S0,, Gd.0.SO

»”

272 272 27274

Q ' chaﬁges for oxidation_ of Tb,0,5 and Dy 0.S t',o- Tbh.,0.,50, and Dyzozso(}

1 3
were detlermined. '

The above data were used to construet the phase stabi‘li‘t_y. \

diagrams for the rare earth-oxygen-sulfur systems at ‘high temperatures. g

T
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_ CHAPTER I
INTRODUCTION
™~

Rare earth eleméntsc_aed their compounds have some very
interesting and useful properties and as a result are used 15 many-
industrial processes, The physico—€hemical properties of rare earth
eiements" are related fo their. electronic structures which are
characferized by progressive }illing of 4f orbitals, the outer shell
structure remaining the same (632 5d1) throughout the lanthanide series.
Thus, ®he most common valenee for the rare earth elements is +3,
According to Hund's Rule, a change in valence is expected at completely
empty (Ce , ), half full (Eu *) and comple%ely full (Yb ) bf
orbitals, This multivalence is illustrated in Table 1.1 along with the
normal valence of rare earth elements. . A qombinatiop :f charge and
ionic radius enableslrare earth elements (denoted by RE) to form some of
the most stable compounds with nonmetals.' For example, rare earth
oxides, sulfides and oxysulfides are among the most stable compounds
formed with oxygen and sulfur. ‘ -

The strong affinity et‘ rare earth elements for oxygen and sulfMar
can be utilized in several industrial processes; Inclusion morphology
controi in sﬁeeimaking. graphite morphology control in cast irons and
desulfurization of hot sulfur-bearing gases using rare earth oxides are -
some of the more 1mportant processes based on the ability of rare earths

to form stable oxygen-sulfur compounds.

L

x - -13—
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TABLE 1.1

IONS OF RARE EARTH ELEMENTS AND THE NUMBER OF

\
4f ELECTRONS IN THEIR RESPECTIVE GROUND STATES (Ref. 2)

Number of Uf

Element Ion "~ Electrons
Lanthanum ‘ La3+ 0
Cerium N ce>* 1
Cerium \ ce'* . 0
Praseodymium Pl‘3+ '4 2
Prasecdymium ‘ Pru*-' 1
Neédymium ) Nd3+ f)1‘3
(Promethium) PmS* e Ty
Samar Lum | Sm2+ 4 6
Samartum Sm* , 5
Europium “ Eut 7
Europium Eud* 6
Gadolinium ca>* B
Terbium Tp3* : 8 .
Terbiym ‘ o ™' 7
Dyspriesium Dy3+ 9
Hos* ; 10
Er3* "N
Tm3+ 12
R 14
Ytterbium Yb3+ 13
14

Lutetium Lu3* ) 1_\\\
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1.1 Inclusion Morphology Control in Steelmaking

' Sulfide inclusions formed at low oxygen potentials (e.g. those
prevailing in Al-killed steels) have a;aeterious effects on mechanical
properties, formability and weldability of steel, These effects arise,
primarily, from the elongation of sujfide inclusions in  the rolling
direction and can bgﬂminimized by ding rare earth elements to the
steel to form RE-0-3 type inclusions which are relatively undeformable

at the temperatures of hot rolling. The formation of rare earth

v

inclusions can be represented as:

2RE + 3g:= R2203(s) (1.1)
and

2RE + 20 + S = RE,0,5(s) (1.2)

1.2 Graphite Morphology Contrel in Cag@ Iron

Graphite moyphology in cast iron is contéolled by surface active
elements such as Qxygen and sﬁlfur. araphite spﬁéroidsw 'instead. of
flakes, are formed when the sulfur and oxygen contents of cast iron.are -
reduced to very low levels. Rare earth elements' can be conveniently
use&'to bring about this reduction in oxygen and ?ulfo levels.needeé
fof spherpdization of graphite in cast irons. The products formed on
adding RE to an ir&h melt (high in carbon and silicon) are R52028. 85233

and, sometimes, RES. Formation of these compoqnds may be represented by

-

the following reactions: _ ' \
5 .



\
2RE + 20 + S = RE2025(3) ) (1.3)
"\ 2RE + 38 = RE,S4(s) | (1.4)
N
RE + S =

RES(s) - -+ (1.5)

;

4

The first two of the above reactions normally predominate.

1.3 Desulfurization of'Hot-Sdlfur-Bearing Gases Using Rare

Earth Oxides

At Bigh temperatures, rare earth  oxides can reduce sulfur in

sulfur-bearing gases to very low levels., The important reactions in the

desulfurization of hot gases are:

1 .
RE,03(8) + 35,(8) = RE,0,5(s) + 20,(8) Cae)
RE203(3) + 552(5) + 502(3) = REZOZSOH(S) o 1.7)
RE0,S(s) + S,(g) = nsa§%(s) + 0,(8) ¢1.8)
* and ’ ' f - ]
RE,0,50,(s) + 5,(8) + 30,(8) = RE,(S0,),(s). (1.9)

The process of regeneration of rare eérth oxi&eé from the products of

desulfurization can be represented by the following reactions:

.
(3) + 55,(8) (1.10)

2

1 .
RE 025(5) + 502(3?.5 RE203

RES,(8) + 02(3) = RE,0,5(s) + S,(g) ENGURED!

¥

.

</
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- RE 53(3) + 60,(8) = RE CSou)3(s) | (1.12)
. RE oas(s> + 20,(g) = REO SOu(s) (1.13)
RE,(SQ,)5(s) = 35202504(5) + 5,(g) + 205(g) (1.14)
o ‘ ‘ ¢
1 3
REzoasOu(e) = RE;05(3) + 55,(g) + 50,(g) (1.15)

It is clear from the above'discussion that the products in the processes

of desulfurization and regeneration depend on the prevailing oxygen and

sulfur partial pressuresa, and temperature,

1.4 The Thermodynamics of Oxygen-Sulfur Compounds of Rare Earths

Any chemieal process can be understood in terms of the

- thermodynamics and the kinetiecs involved Thermodynamic parameters give -

an indieation regarding the formaﬁion and stability of certain phases,
under a given set of conditions, out of several possible phases. Thus
in order to understand a chemical process, it 1is- imperative to have
reliablek\thermodynamic data. The single most Important thermodynamic
parameter for a canpound is its standard free energy of formation,
denoted by AGf. The standard free energy of formation of a compound is
“the driving force for a particular compound to form in 4ts standard
sﬁate from 1t§ eonstituent elenents, each being -in its chosen_standard
states, |

_§ince sulfides. oxides, oxysulfides and oxysulfetes of rare earth
elements are 1mportant from ;an ‘indUStrial viewpo;nt. a knohledge of

their standard free energies of formation is essential.

-
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The standard free energies of formation of most of'ﬁhe stbichio—
metric oxides of the rare earths_'are fairly well establishgd' (3).
HoWwéver, only a few studigs (reviewed in Ref. 1) have been reported on
nonstoichiometric rare earth oxides. Some rare earth sulfides have geen

studied (42).- but for most, only estimates of their thermodynamic

parameters are available. ﬁhmilariy. onﬁigfqtimates are available of

. b

the standard free energies of formation‘of oxysulfideﬁ’l(3). except
Ce2023 and no" worthwhile *Yata are avaflable on the thermddynamic

properties of oxysulfates. The first work reporting the thermodynamics

- of decomposition of RE sulfates was done in 1913, Only Ce2(80u53'has
. ~

-

been studied thereafter, Thus; the main aim of the present study was to
determine the AG; of oxygen-sulfur compounds of rare earths,

concentrating mainly on the oxysulfides and oxysulfates, at high

temperatures.

1.5 Measurement of the Standard Free Energies of Formation of

Rare Eartﬁ Oxysuifides and Oxysulfates

The standard free energies’ of formation of cdmpounds ﬁave been
measured 'using a vabiety of techniques. However, calori@etric. gas
equilibration and qlectrochemical ‘methods‘ are most popular at high
températurés. ‘

Caldriﬁetéic.methodé. tpough lgss accurate, are absolute since
the thermodynamic data are qot measured relative‘to any substance. The

pormal accuracy of calorimetric techniques is around £1—5 kecals,

depending ﬁpon the temperature and the system under study.

-~



”

Gas equilibration methods ére relative methods. However, they
are more accurat®- than calorimetric methods and the range of composition

of a compound can be studied. The tybfcal_accurgcy of a gas

equil%?ration method is about +1000 cals. The ma{giSisadvantage of this

method lies "iA preparing gas mixtu;ps with a large component ratio.

Electrpch ical methods using solid elect olytes are tHe most
accurate - methods for determining AG? of a compound with a typical
accuréd& of about +1000 cals. However, thelr wuse 1is limited By

availability of suitable electrolyte and .electrode materials,

A

L

1.5.1 Solid Eleétrolyteé and Oxygen Concentration Cells

Solid electrolytes are materials which have substantial 1i;}ﬁ
d

éonductivity and negligible electronic'conductivity t elevate

temperatures, Some of the common solid electrolytes are \a-AgI, calcila
[ '

stabilized zircondia (Cs2), }ttria dopéq/%horia (IDT) and the g-aluminas.

Calecia stabilized zi?cbnia, which ‘conducts by ‘oxygen ions, has

been extensively used to study metal-oxygen systems since the pioneering

. N

work of Kiukkola and Wagner (5,6). An oxygen concentration cell can be
, s

represented by o F
uoL | CSZ | . II : where y.II.> y.I (1.16)
0 "02 0, "o2 )
\ Fhe oxygen potentials of two compartments are related through, E,
\ . _ :

~
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v

-

This oxygen partial pressure can be measured using a reference electrode

"Efzzpidéi cell of this kind can

having a known oxygen partial pressure.

be represented as:

Pt | A, A0 | CSZ | B, BO | Pt (1.17)

and the cell emf i3 given by:

Po (B/BO)

4F Po (A/A0)
2

-

where A and B are metals, AO and BO their respective oxides and

Pq (A7A0) and Py (B/B0O) are the oxygen partial pressures corresponding

.2 ‘ 2 q

to the metal/oxide coexistence,

In the case af'systems containing threé components, such as those
containing a metal, oxygen ahd sulfur, in pfesence of two condensed
phases, an additional constraint'néeds to be imposed on the system for
it to be uniquely defined at a constant temperature. Thé cell:

MO(s), MS(s)
Pt | | €SZ |/Air | Pt

(p = 1 atm.)
Jd/),’/// 502

used by Larson and\Elliott (7), illustrates this principle wherein  the

additional constraint is fixed by P 1.

392‘-

o

L

<

E :—ln[i—] - l(1°18)

iD



1.5.2 Oxygen Concentration Cells Used.in the Preéent Study

The following four types of oxygen concentration cell were used
to study the ternary rare earth-oxygen-sulfur systems:

Type I Cells:

REzoas(s). aﬁaoesou(s)

Pt |
- in presence of R5203(s)

| ¢Sz | Air | Pt

Type II Cells:

- RE;0,5(s), RE,0,50,(s)

N | CSZ | Air | Pt
in presence of Ag/Agas

Type III Cells:

Pt | REZO3(S). RE202504(S), Cu(s), CUES(S) | CSZ | Air | Pt

Type IV Cells: ' -
: ~

Pt | RE,05(s), RE,0,S(s), Ag(s), Ag,S(s) | CSZ | Air | Pt

The additional constra#Mt needed to uniquely define a ternary
RE-0-S system, in the presence of two condehaed phases at constant
temperatuge, can be provided either by fixing the potentiallof one of ’
the components _s.uch as sulfur by a metal/metal sulfide. cbuple {here
AS/Agzs or Cu/Cuzs) or by introducing an extra condensed phase., The
former prinéiple is utilized in cells of Type II, III and IV, while the
latter is followed in cells of Type I.

The underlying assumption in construction of all of the above

_
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cells is that the nonstoichiometryg the cor;densed phases 1s very
_‘ small. In view of this assumption, cells of Type I and II yield the
standard free ehergy ~of formation of the oxysulfate relative to the
oxysulfide and cells of "Type IIQnd T)tp,e IV yield the sﬁéndﬂd’ﬁee
energy of formation of‘ the oxysulfate and the oxysulfide, respectively,
relative to the qxide. Combining data from these cells, the standard

free energies of f‘ormation) of rare earth oxysulfates and oxysulfides

from their conskituent elementé. can be determined.

. X

% |



CHAPTER II
LITERATURE REVIEW
In this chapter, a brief discussion on the strucﬁural and
tﬁermodynamic..propertiés of the compounds _relevant to this study is
presented., Several excellent review articles (1,3) are available on the
'thermééynamic‘properties of rare earth oxides. Thus, in the present
study, only the highlights of RE-O systems will‘ be pres;nted. An
attempt 1s made to review and document the existing déta on rare earth
oxygen-sulfur compounds. Some important studies of RE-S systems have

also been‘included.

2.1 Rare Earth Oxides

As indicated in the first chapter, the most common valence of
rare earth elements is +3 and valences other than +3 are expected for

elements: 1ike Ce, Pr, Eu and Eb. Thus. oxides of the RE can be broadly

-

divided into two categories according to: ‘,,‘
1. . whether the rare earth has a valence +3 (Sesquidxides)

2. whether the rare earth has a vaﬁence other than +3 (higher and lower

oxides of rare earths). A

2.1.1 Rare Earth Sesquioxides (REagal

Sesquioxides are the most common oxides of rare earths. They

cexist in several polymorbhic forms. Goldschmidt et al. (8) designated
C084-3 | - 11 -



" 12

three polymorphs found below about 2000°C‘as A, B and C. Above this ’
temperature, two more polymorphs designated'x and H have been reported
(93. ?ig.'2.1, taken from the Ref. (1), shows the range of existence of
the various polymorphs of rQ?Qxfarth oxides. Polymorphs of type A, B
and C have been reported " for all rare earth systems. For any
polymorphiciform. there is é'gradual decrease in the lattice parameter
across the lénthanide sebfzs, as shown In Fig. 2.2, attributed to a
gradual decrease in the ionic radiu§ of the rare earth ion. In tﬁe
present study we are_conciseed with only the polymorphs of type A, B and
C, and in subsequent discussion. the wor& 'polymorphs' will refer only
to these fgrms.
¥

The.structure of various polymorphs has been extensivelx
studied, The hexagonal A-type sesquiexides have a space group P3ml wiéh
one formula per unit cell. The metal atoms are seven-coordinated {10).
B-type sesquioxides have a .space group C2/m and are monoclinic. They
have six formulae per unit cell in which rare earth atoms are seven- and
Six-coordinated (11), C-type sesquioxides have a body-centered cubic
structure with a space é}oup Ia3. The unit cell of C-type sesquioxides
consists of 32 metal atoms and 48 oxygen atoms. The rare earth atoms in
this structure are six-coordinated (12), »

Eyring and Holmberg (13) have pointed out a useful relationship
between the structures of the various polymorphs of sesquioxides and the
fluorite structure,. It ’has been proposed that A, B and C fLype

structures can be derived from the fluorite structure by removing oxygen

gzgmb along certain crystﬁllographic directions. Fig. 2.3 shows the ~

'

\
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Fig. 2.1 Polymorphic forms and transition- temperatures of the .

rare earth sesquioxides (Ref. l).
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Fig, 2.2 Lattice parameter, a, fo@ the cubilec rare earth oxides (Ref. 1l).



" Atype M503 " B-type Smy0g3

Fig. 2.3 Representation of ﬁEOz, C-type REzo3 , A~-type RE203 and B~type
RE,0, and interrelation in their structures (Ref. 1).
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relationship between the structures of A, B and C type polymorphs and

the fluorite structure. This figure has been taken from Ref. 13.

4

The range of ncnst&ichiometry in sesquioxides of all rare.
earths, except those of cerium. prasecdymium and terbium, is found to be
very small. ‘Miller and Daane () produced partially reduced C-type
oxides by codistilling and comelting the sesquioxides with their

respective metals. The compositions of Gdo ‘YO

3

1.495° Y01, 491" Fr01,ugg and
LuO, HéS were observed by these authors. On the oxygen deficit side,

the composition of..the -sesquioxide of Yb was determined to be YbO1 495

by- Bedford and Catalano (15).° Ackermann and Rauh (16) have reported

2.980
-at 2H00K in a tungsten effusion cell and as La, 02‘3?8 at 2427K in a

the nonstoichiometric composition of oxygen deficient Lay05 as Lay0

-

-\._/

rhenium cell. Fairly large ranges of composition have been repo(:Ed for

tAg\sesquioxides of cerium, praseodymium and terbjum. A discussion on

these will follow in the next section.

Thermodynamically, sesquioxides of rare eaxths are some of the

most " stable compounds. The thermodinam
i ' .
have been reviewed by Westrum (1), Holley et al. .(18) and, more

(

properties of sesquioxides

recently, by Gséhneidner et al, . The last review is more exhaustive
and includé? most of the stugfes conducted up to 1973. Some new data
ﬁave become availabie (19£23) since the review'df Gschneidner et al.
Howe;er. these do not afflect the standard free energies of formation of
the oxide:‘listed by Gsthneidner ét al.{in any 3ign£;zcant way. Table

2.1 shows the values {of the standard free energles of formation of the

sesquioxides at two different temperatures. The single most important
t
2
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TABLE 2.1

THE STANDARD FREE ENERGIES OF FORMATION AND THE STANDARD ENTHALPIES

OF FORMATION OF .RARE EARTH SESQUIOXIDES (Ref. 3)

—
Rare ngigtng AH°298'j 262 at 298K AGS at 1100K
Earth -COC) (cal /mole<K) (cgl /mole=K) (cal /mole'K)
La 2256 -482820 -407869 ' -353891
Ce 2210 429310 -iogos2 . -353529
Pr 12183 -435800 ~3144%0 ' ~360238
Nd 2233 —432110 .-?11072 . ~356927
(Pm) . 2320 |
Sm 2269 _435860 (B) ~4714804 (B) -359581- (B)-
~436760 (C) ~415257 (C) ~358996 (C)
Eu- 2291 | -394700 (B) -371891 (B) _  -314632 (B)
-397400 (C) =-374144 (C) ) -316122 (C)
Gd 2339 -433940 (B) -413522 (B) ~359810 (B)
. 436640 (C) ~415775 (C) "-361091 (C)
To . © 2303 ~445800 ~424679 . =371018
Dy 2228 ~485320 ~423948 -369701
Ho 2330 449550 -428214 .. 373567
Er 2344 ~453590 v -432338 -377257
n 2341 ~451406 429581 -374130
Yb 2355 -433680 - -413316 - -361484
% auer ~448900 ~427559 ~372002

Y 2376 ~455450 ~434266 -379255
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parameter which significantly affects the valués of the standarJ free

energy of formation, AG?. of a compound is the standard enthalpy of

o]

formation at 298K, denoted by AH298‘ For this reason, values of AHS

for the sesquioxides have also been.included in the Table 2.1, The aéfa

/

of Gschneildner et E!. (3) can be fitted into 1ineér equations, which are .

presented in Table 2,2.

2.1.2 Lower Oxideés of the Rare Earths‘

Monoxides of rare earths have an NaCl Structure. Of the mono-
xides, only Eu0 and YbO are well established (24, 25)11 Thermodynamic
properties of EuQ have been extensively stﬁdied;' Haschke‘and Eick (26)
and Huber and Holley (27, 28) have meésured.the standard enthalpy of

formation of EuO at 298K. The low temperature heat capaﬁity data for

this compound was obtained by Teany and Moruzzi -~ (29). Finally,

McMasters et al, (30) havé measured thé'heé£ capacity of huo at high
‘temperatures (up to 1725K) and calculated various thermodyhamic
functions at these temperatu;es. The values of the standard frée enérgy
-of formation of EuO0 at high temperatﬁres in analytical form, listed 1in
Table é.Ef haye been derived from these data.

The only other oxide of.rare eérths in which the valence of RE 15
less than +3 1s Eu30u. It 1is orthorhombic w@th g‘épace group énam
- (31). The thergod&namic'parametgrs-of Eu30u have been estimated by

Gschneidner et al, (3) and are listed in Table 2.2.
Finally, utilizing the availéple data, McCarthy (32} has

calculated the regions of \stability of the different oxides of

298,
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europium. His result e summdtized in Fig. 2.4,

-

© 2.1.3 Higher Oxides of the Rare Eagths &

Cerium, praseodymium and terbium are known to exist in valences
higher than +3 in some of ‘their oxides. These oxides can be represented
by a general formula REOx (1.5 < x £ 2.0). The dioxides in these

systems have the fluorite structure. Numerous f‘luo@.te related phases

-are formed due to loss of oxygen from the ,dioxides of Ce, Pr and 'I'b

The Ce-0, Pr-0 and Tb-0O systems are quite\'s\tTilar and each has a

\
homologouiwseries with a generic formola RE O Lo+ However, there are

. some important differences between these systemS mainly related to the

structure and etability of certaln phases, These (a\ft‘erences are

L -

extensively discussed.by Ey‘r:].ng (1). Because of the enormously 1arge'

%

number, n&o all higher oxides of the rare earths can be discussed here.

' However, an attempt is made to highiight the important t‘e_g_t}iz_::es of the

higher oxides. The phase diaw the Ce-0, Pr-0 and Tb-0 systems,
shown in the Figures 2.5, 2.6 and 2.7, respectively, give an indication
of the complexity of these systems.

Bevan and Kordis (33) reported the first extensive work on the

Ce-0. system. Is this work, the existence and stabilitly of Ce-0 phases

was studied at various temperatures and oxygen partial pres;lures The

oxygen partial pressure was controlled using H /Hao and CO/CO2 gas

mixtures, Using the information from their experiments. these authors
were able. to construct a Ce-G phase diagram which waS'subsequ_ently

modified by Height and Bevan (34) to its present form, shdgwn in.Fig.

»

..

22
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Fig. 2.5

.
T
f

r

The Ce~0 phase diagram. Ordered phases are indicated by Greek
letters. s characterizes a subregion within the fluorite
region having a uniform defect structure. Notation:

8-Ce0, 53 °‘C691.65;\T‘§:°1.714; 5-Ce0y 7783 €Ce0p gop’
G—C:e(.)-1 818’ a~-fluorite phase (Ref. 1).
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. ¢
2.5. v

1

Iwasaki and Katsura (35) used'a simiiér technique to siudy the
Ce-0 system at temperatures higher fhén’those investigated by Bevan and
Kordis.» These authors were thus abig to study the Ce-0 system up to'
1300%.

Campserveux and Gernadian (36) sfudied ‘the oxygen-rich side of
the Ce-0 system at: 1080°C and measured the partiai molar enthalpy of
solution pf 0,, denoted by AHO2. by microcalorimetry. Their values of
Aﬂo rare in fair agreement with those obtained by Bevan .and Kordis.

? Sorensen 7(37) investigated the oxygen-rich portion (1.75 < «x <
2.00) of the Ce-0 phase diagram at 900-1400°¢. Ihis study indicated
that the fluorite phase’ in the Ce-0 system at high temperatures consists
of several subregions, each consisting of an apparent nonstoichiometric

single phase. The nonstoichiometry in these subregions, characterized
)113

2
depended upon the nature of lattice defects. Based on their results,

by x (in Ceoa_x), was assumed to be proportional to (Po ,» where s
these authors divided the oxygén-rich region of the Ce-0 phase diagram
into different subregions according to the values of s. Their results

are shown in Fig. 2.5 at the upper right-hand portion of the diagram.

Recently, Fruehan (38) studied the Ce-0 system between 1000 and
1550%¢ using C0/CO, gas mixtures to control Po » His results are in
fair agreement with those of Bevan and Kordis f; the temperature range
common to the two studies.

/ .
Eyring (1) has extensively reviewed the studies on the Pr-0

" system. The studies of Hyde et al. (39) and Turcotte et al. (40) form



the basis of his discussion., The phase diagram of the Pr-0 systenm,
shown 1in Fig. 2.6, has been takep from Ref. 39. This diagram gives a
good indication'of the complex nature of the PE-O sys%em. As in tﬁe
C2-0 system, the range of stability of phases depends on the temperature
and the oxygen partial pressure, Fig. 2.8, takeﬁ from Ref.‘39. shows
the stabiliyy range of the various phases in the Pr-0 system.

Most of the work on the Tb-0 system has been done by Eyring and

~

his/co-ﬁorkers over several years. These studies have been reviewed by
Eyring (%). The phase diagram and the phase stability diagram for the
Th-0 system; presénted in Figures 2.7 and 2.9, respectively, are based
on §his work. The Tb-0 system.appears to be less complex_than either

‘the Pr-0 or the Ce-O system. However, it 1s still far from being _a

simple system.

2.2 Rare Earth Sulfides .

Rare earth elements form humerousr sulfides having different

crfstal structures and phyéico-chemical propérties. The rare earths
seem to prefer valences lower than +3 in their sulfides, Thus, valences
higher than 'f3 for rare earth. .ions are rarely "encountered in the
sulfidés. Thé two most common valence states are +2 and +3.

ba Anotﬁgr characteristie of rare.eafth sulfides 1s related to the_
coordination of the rare earth ions, Flahaut §ﬁ1) has pointed. out that
fhe rare earth elements have two kinds of coordination polyhedra in

their sulfides. One 13 related to the triangular prism while the other

is derived from an octahedron. -
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Fig. 2.8 Fields of stability in the Pr-0 system. The fluorite phase,

o 1s shown to be complex. Notation: same as Fig. 2.6.
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Numerous structures have been observed in sulfides of rare
earths. However, a detailed ‘discussibn i3 beyond the scope of this
work. Fdr the present discussion, we will consider only the structures
of the most. common high temperature modifications, namely the
y—-sesquisulfides and the monosulfides. y-type sesquisulfides have the
Th3Pu structure while the mohosulfides have the NaCl structure,

The thermﬁdynamic properties of bnly some rare earth sulfides,
Such as those of europium and cerium, have been extensively studied
(43-47). For .sulfides of most of the Ather rar; earths, especlally
those of heavier ones, the tﬁermodynamic information is quite scarce.
In order to determine tbe‘standard free energy of formation of a RE
sul fide frqm'thermochemical data, the following parameters need to be -
determined:

A.. The heat capacities of the rare earth element, sulfur and the
" sulfide in the temperature Eange of interest.
B. The standérq enthalpy of formation of the sulfide ‘at the reference
temperature, chosen as 298K, .
€C. The standard entroby functions of the rére earth metal, sulfur and
the sulfide at a reference temperature, normally chosen as 298K.
(These quantities are derivé{ from low’temperature heat capacity
data).
D. The heats of the transformation undergone by the RE metal, sulfur
and -sulfide. -
. Tables 2.3 and 2.4, 1list the standard enthalpies_pgéforgation and

the standard entropy functions, respectively, at 298K.'~As can be seen

N
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TABLE 2.3

STANDARD ENTHALPY OF FOREATION AT 298K, AHSQB' OF RARE EARTH SULFIDES

-

: Aﬂogé Error in AHS 8 (,
Compound . (eal amole) (cal /mole? ' Reference
LaS(s) . -109000 - +5000 42
LajS,(s) ~401000 +4000 ' yy»
La253(s) | -292000 +16000 ' 43
LaSy(s) -149000 . 8000 S 43
LaS,(s) ~144000 +2000 T 44
- , N i

CeS(s) ©109100 /”,,~¢gooo 43
Ce Sy ()  -395000 #5000 43
CegS,(s) . ~392000 45000 43
CepS3(s) -284000 +3000 - 43
CeS, (s) . ~146300 +2000 | 43

o | _
CeS,(3) -143000 42000 . 4y
Prs(s) -108000 +6000 42
Prs(s) - =109200 - - 45 4
PrS,(s) -391000 #4000 S~ aue
Pr,S4(8) ~275000 + " #15000 : 42

Prs,(s) . ~141000 +2000 . oy



TABLE 2.3 (continued)

o)

<

° . L]
c AH;% Error in AHZ?B .
ompound (cal ./mole) | (cal /mole Reference
. | . <

NdS(s), -108000 +15000 - y2#

Nd,S, (3) 388000 +4000 . . 4y

Nd233(3) -276000 +10000 43
S5(9) -139000 +2000 ' C yyw
(s) -108000 +20000 y2#

SmS(s) -103200 - . 45
EuS(s) ~106000 +1200 « - 16,

, -

rus &S -97500 | 45\
EuS(s) -100000 +15000 42

EuS(s) -106700 - ' 47
EﬁBSu(s) -355000 +20000 ' 42w
.GdS(s) ~110000 +11000 , - 2.
- of . : " how

| Gdg84(s) 288000 +30000(" e

I 4 P _ e .

TbS(s) -110000 . +10000 ‘ 2%

To,S3(s) ~290000 +30000 . n2w
f
’.\ .



TABLE 2.3 (continyed)

A4S Error in AHo :
Compound (ecal 533163 ‘ (eal /mol%?8 - Reference
DyS(s) - _ =110000 . +15000 y2e
Dy,Si€s) - © 292000 . 430000 Lo
Dy,Sy(s) . -292600 + 8800 | 91
HoS{s) -110000" ° " 415000 y2%
Ho,S4(3) 7 -293000 . - © +30000 yar °
ErS(s) . . 110000 +15000 . 42w
Er,S4(s) -295000" +30000 S uae

. J ) AR
. - v
TasS(s) - =110000 +15000 y2*
TnS,(s) - -297000 430000 B2
' YbS(s) ~108000 +15000 u2'1—=«f“é

S(s) & ~ 97900 - .45

Yb.S.(s) -280000 +15000 ' 42w
Yb,55(5) -280600 : +85007 :)' 91



3 TABLE 2.3 (continued)
0 o
' AH;QB Error in AHZ?B
Compound - {cal ’mole) (cal /mole Reference ‘%t
Lus(s) ~110000 : +15000 ‘ g2
Lu S, (s) -297000 - +30000 ' yow
YS(s - -110000 +3000 0 48 -
Y 54(s) -300000 = - +30000 ' 42w

* Estimated.

i

NS
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TABLE 2.4

-

STANﬁARD ENTROPY FUNCTIONS OF RARE EARTH SULFIDES AT 298K

0

o
@mpound (calsgl%gle‘!{) E!(-;:I'L. irgoiggE) Reference
LaS(s) 17.0 :;.o’ 42
Las(s) 16.0 — yg#
:Laas3(s) 39.43 +0.1 50
LaS,(s) 21.5 3.0 51
CeS(s) 18.7 +0.3 52
CeS(s) 17,61 - uge
Ce,S,(s) 61.0 #0.,3 42
Ce,Sy 3.1 w0 4 52
CeS,(3) 20.0 +3.0 y2#
PS(s) 18.6 ( 4.0 42
Prs(s) 18.62 - ug#*
ProS,(s) 61.2 yﬁ,o u2e
Pr,S5(s) 47.5 +2.0 " y2n
»
-NdS(s) " 18.6 ] +1.0 53
NdS(s) 17.éi - hg#
Nd oS (s) 44, 28 +0.13

50
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TABLE 2.4 (continued)
s9 Error in So
Compound (cal 33§1e-x) (cal /molgsé)' Reference
smS(s) 18.5 +2.0 y2#
SmS(s) 24.15 - T
SmZSB(s) 48.0 +3.0 o -l
EuS(s) 18.5 +2.0 y2n
EuS(s) 21.89 — L4g*
4"’
EuS(s) 22.89 40.7 46
EugS,(s) 66.8 ¢ 45.0 -4
GdS(s) 18.5 1%_0(@/ u2%
GdS(s) 20.69 4o#
Gd,S 4 (s) 57.5 +3.0 yon
TbS(s) 18.5 h +2.0 42w
.Tb233(s) 49.0 +3.0 42
LY

DyS(s)’ 18.5 /—— +2.0 u2s
Dy,S4(s) 48.0 ' EXI 42
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) \ TABLE 2.4 (cqntinued)
[e) . ! (o]
(.: 3398 _Error in 829E ‘
ompound (cal /mole<K) c.(c_al,— /mole*K) . Reference

HoS(s) 18.5 : +2.0 you
Ho,S . (3) 49.5 +4.0 u2e

~ ErS(s) 18.5 o e2.5 42
ErpS3(s) 48,5 © a0 4.

-~ ',"
TmS(s) 18.5° +2.5 4a#
TmyS 4 (s) 46.5 /\ +4.0 ’ 42w
YbS(s) 16.5 +2.5 ‘ y2#
Yb,S4(3) 38.5 5.0 y2w
LuS(s) 15.0 +3.0 4%
& . R

LuS,4(3) 38.5 +4.0 N2t
YS(s) 16.0 yox
Y283(3) 34.0 yon
_¥Estimated.
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. ’ y\
from these tables, experimental thermodyﬁamic data on the sulfides is
very scarce. The heat capacities of very few rare earth sulfides have
been ﬁeasured at high temperatures. The values of heat capacities, used
in calculations in subsequent chapters, have been taken from Ref. 42.
The thermodynamic data for sulfur is also taken from Ref. 42, whereas,
those for the metals have been taken from Ref. 22.

\

. v
. - »
2.3 Oxygen-Sulfur Compounds of the{ﬁare Earths

Numerous compounds of rare earths with oxygen and sulfur have
"been reported, However, only .the phases stable at high temperaturés

{above 80Q96). and at the oxyg

sulfur partial pressures of
‘interest in this study, are conside here. Therefore, in the present
chapter, we will concentrate only on e oxysulfides, oxysulfates .and-

sulfates, of ﬁhe rare earths.

2.3.1 Rare Earth Oxysy1fides (RE.0.S) .
. | s *4

—
stable compounds and have very

".

Rare earth oxysulfides are vep)

high melting points They . are fairly important materials.

-

from an 1ndust9 al yiewpoint because of their use as phosphors and theiF‘

v .
occurrence as inclusions in the rare earth treated steels.

3

* Thiosulfates, sulfites, sulfates with valences other th;% +3 and
" oxysulfides like L32 282 and L32082 are not' considered since they are

unimportant at high temperatures and the ranges of oxygen and sulfur

potentials under consideration. ,
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O;ysulfides of all the rare earth¢é1ements have.a Ce2023 type

structure. The structur; of(ﬁézoas was determined by Zachariasen (54)

and.was found to have a hexagonal unit cell with one formula per unit

cell and a space group of C3m. Figure 2.10 shows th; unit cell of
Ce2023. ) _ -

‘Gschneldner et al. (3) estimated the valggs of the standard free
energy of formation, AG?, and the standard enphélpy of‘ formation at
298K, AHgQB: %f rare earth oxysulfides using information on théir
preparation anq the relationship betwgen AG? and the relative unit cell

volume for these compounds. Necessary cor:fctions were applied when
r Y

eStimatinsnﬁG? values- for Eu,0,5 and Yb,0,5 by taking into account the
divalence of Eu and Yb in their ;tandard states.” Table 2.5 shows the
values of AGg(1100K) and AHgga of the rare earth oxysulfides estimated
by Gschneidner-et al. (3).

The estimates of-Gschneidner et ,al. (3) of AG? for YEOES, Ce2023
and GgéOES at different tfpperatures can bé used to derive analytical

expressions for AG? in the relevant temperaiure ranges. These .

‘expressions a;;:izgkbﬁ in Table 2.6.
0 : .
‘Soschin (55) estin_:ated AH298 for Ce,0,8, La0,S and Y,0,8 from

the erystal lattice energles and the sum of the heats of formation of

the gaseous ions of the constituent elements. Thus, for REEOES, hHgga
could be expressed as :
o o 3+ o 2- 0 2- ._
AH298 = 2AH298(RE ) + 2AH298(0 ?-+ AHZQB(S ) - U
» N

AU
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Fig. 2.10 Hexagonal upit cell of cerium oxysylfide.
o 2 Ce at *(1/3, 2/3, Ul) where U, =0.29;
20 at x(1/3, 2/3, UZ) where U, =0.64;
18 atx(0, 0, 0).
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TABLE 2.5

-'THE STANDARD ENTHALPY OF FORMATION AT 298K, AH°298'

AND THE STANDARD FREE ENERGY OF FORMATION AT

1100K OF RARE EARTH OXYSULFIDES®

Compound A Aﬁgga(cal /mole) X AG?(1100)(cal'/mole)+

Gschneidner et al. (3) Soshchin (55) Gschreidner et al. (3)

Laj0,8 ~1412000 o -420000 -337000
Ce 0,3 - =1115000 o -433000 -339000
Pry0,s -416000 -340000
Nd,0,9 *-416000 e : -341000
fmaozs _ =417000 - .-3u2000 -
Smy0,8 ' ~1419000 h{:] -343000
Eu,0,8 -379000 | -299000
Gd,0,8 -420000 ‘ -346000
- Thy0.S Y 422000 , -347000
Ho,0,,S ~_=424000 | -348000
Er,0,8 ~424000 ~348000

Tm,0,8 é)w ~425000 ’ ' - - =348000

T
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. TABLE 2.5 (contd.)
>
Compound AHggs(cal /mole) AG?(1100)(cal /mole)+
‘ - Gschneidner et al., (3) Soshehin (55) Gsachreidner et al. (3)
~N .
Yb,0.,5 ~103000 ” -331000
2°2 s
Lu202$ ' 4 T =426000 | | -349000 l///
Y2025 ” -430000 =439000 -354000 ,)

All the values ére.estimated

+ The error limits are estimated at + 15000 cals/mole
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where U is crystal lptéice_energy. Thelr estimated values are ineluded

3

in Table 2.5.
Only one work dealing with the determination.of the standard free
energy of formation of rare-earth oxyqulfides has been reported. This

work has been done by Fruehan (38) for Ce,0,5. In this study, the

reaction:

.

2Ce02.+ 4CO + SO2 = Ce202$ + '4C02 (2.1)

;

v
was studied by hqaﬁing.a_sample of CeO2 In an atmosphere contalning a

¢

mixture of CO, CO2 and S0,. The formation of CeEOZS was detected by

analysing the sample after the experiment. ‘Tﬁé 302 content of the gas
mixture was bracketed within 8% in order to obtain the composition of
gas mixture in equilibrium with Ce'Ox and Cezozs. It was pointed out by
the author that ;ven though undé} the gxperimental +conditions
equilibri&mL exists between CeOx and 'Ce2028. and not .between CeO2 and .
Ceaoas, results can be tﬁeatgd to field the equilibrium constant'for the
Reaction 2.1: ‘ ' , > ‘

LKy = (Pag /Ba) e (1P ) (2.2)
9 2.1 CO2 co SO2 7 ' _

———

From the values of KZ.T: the standard f%ee.energy of formatidn of
Ce;0,8 can be obtained using the known values of AG? (Ce0y). . *
It 1s not clear'f;om this work whether equilibrium in the gas
phase was attained. Also, an 8; error in bracketing the SO, content in
tﬁe ingoing gases could cause a significanﬁ error Iin the equilibrium gas
. N

composition. The authers have estimated the error in the standard free
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. - . _ o
energy change for Reaction 2.1 #o be + 1.0 kcal . The value of AGf of.
Ce2028 determined by these ‘Quthors 1is about 12000 cals less negative
than that estimated by Gschneidner-et al. (3). ,‘,

Some thermodynamic data on oxysulfidés have beén reborted
recently at low temperatures (61, 62)._ However, the tempergkure range

is too small to yield Asgga, ‘ j. ) (\ : AN _

ar

2.3.2 Rare Earth Oxysulfates (Ranzsou)

All rare earth pleﬁents. except cerium, form oxysulfates .with a

general formula'REzozsou. The oxyéulfates of all rare earth elements
areliso§truétural (56), each having a body centered orthorhombic

structure.with two formula units per unit cell and a 1222 Space group

(57). Figure 2.11 shows the unit cell of the oxysulfate of lanthanum

-

- and "1s taken from Ref. 57, This structure can also be described as

o
oy

- - . . - \ .
being made up of alternate layers of'(Laaoa).2+ and Sou2 groups arranged

perpendicular to the c axis. The relative openness of this structure
could be the main‘reason for the unit ceifl volume bf oxysulfi%es ot
being affected by the lanthanide contractiof. éffl

"Thermodynamic properties of the oxysulXates have not béen studied

at all. Only one.work (58), which at best 1is semiquantitatiﬁe. has been

)

reported in the literature. In this woxk, Grezik et al. (58) studied

the reaction:

b
~

. - : Y ‘ 1 i » -
2La203(3) + 3802(3) = 2La202 ‘SOF(S) +.E.S2(g)' K (2.3),






~
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Sulfur deposited in the cold parts of the reaction tube was determined
by combustion to 502. The rate of sulfur deposition was taken as a
measure of the reaction rate. An apparent equilibrium constant was then

evaluated for each rate of SO2 abscorbtion. A plot of apparent

-equilibrium constant againgt the rate of SO2 absorbtion, extrapolated to

zero absorbtion rate, yielded the equilibrium constant. The PS in all
. 2
these determinations :was calculated from the amount of sulfur

deposition. It was found that this method worked only below 1173K,
Significant errors could be introduced due to:
-~ -

P21 Difficulties'iﬁ feasuring all the sulfur deposiied on the,cold
parts of tﬁ;.reaction;édbe.

2. Some of the 32 vaboirr',may go unconaensed and thus could go
unaccounted.

3. Gaseous Bpecies'other than SO2 and S may form. is 1s the
reason why this method fails above 1173K.

u, The temperature of the sample could giggz;lqantly change with the
flow-rate of 502 even though th;Acontroller 1s maintained at the
Same.setting. -

5. Kinetic factors could also play a major role in the temperature

range Investigated.

Because of the approximate nature of this determinatioa the

' values of AGf (Lazoasou) are not expected to be very reliable. From

these determinations, the AHZQS and 3298 for La 0 SOu Wwere found to be

-’ ’ T
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=539000 cal /mole and -104 cal ‘/mole.X, respectively. The values of the

standard free energies at different temperatures can be used to obtain
8Gp(La,0,50,) = ~550000 + 88.7T (cal/mole) (2.4)

in the temperature range 973-1173K.

EEY

Recently, low temperature calorimetric data have become available

for the oxysulfates of some rare earths (63). However, the temperature
range investigated 1s too small to yield 3398 values, ”‘:t:)

, 1,

2.3.3 Rare Earth Sulfates (352(504)3)

g c

Rare earth elements form sulfé%es which are stable up to fairly . .

high temperatures. Available thermodynamic data at 298K was reviewed by
Montgomery (43) in 1959. Krestov {59) has a;so listed AHgga and 3398 of
the rare earth sulfates. However.'the source of the data of thg latter
author 1is not known. Recéntly. valﬁes of the therﬁodynamic‘parameters
of Cez(sou)3 and Hdz(Sou)3'have become available (60) at high
tempefathres.

n

2.3.4 Oxidation of Rare Earth Oxysulfides to bxysulfates

=

Rare earth oxysulfides are known to oxidize to their respective
oxysulfates, when heated in air, 1; a single step. Eick (64) oﬁserved
that Sm202$ oxidizes to Sﬁzoasou in a single step when heated in air.
Haynes and Brown (65) studied the oxidation of La_0.S, Gd.,0.S, Y.0.S and

272 272 2727 .
Lu2028 in air ysing thermogravimetric tecﬁniques. They also observed

§
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;
. /
that an oxysulfide//gxidized. in a ‘bingle step, to oxysulfate which
f 4‘-. r
subsequently decompased to oxide. Hale (66) reported results .similar to
those of the above authors for neodymium oxysulfide. Ozawa (67) studied
the oxidation of Y2025 in air at elevated temperatures using
therﬁogrémimetric techniques and came to the conclusion that even thoﬁgh
the oxidation of the oxysulfide to oxysulfate occurred in a single step

there was simultaneous decomposition of the oxysulfate to the oxide.

The twoﬁgﬁbpa\wefe found to overlap, thus preventing‘fhe preparation and

TTsolation of pure Y.0.SO

272774

A more complete study on oxidation of the rare earth oxysulfides

-

has been recently reported by Leskela and Niinisto (68). These authors

confirmed the observations that the rare earth ox ulfides oxidize to

the oxysulfates in a single step, as reported by the prexiou
i

In addition, these authors reported thatlthe stabllity ?ange of rare

earth oxysulfates in air decreases aélthe atomic number of the consti-

tuent rare earth increases. Q%heir results are summarized in Fig. 2.12.

-~

, »
2.3.5 Decomposition of the Rare Earth Sulfates (REZ(SOH)B)

All rare earth sulfates, except that of cerium, decompose to
their respective oxysulfates when heated in air. The oxysulfates
decompose to the respective oxides on further heating at higher

temperatures (65,67,69). The decomposition reactions of the rare earth

»
_#

sul fates and oxysulfates can be written as:

REZ(SOH)3(3) = Ranzsou(s) + 2 303(3) (2.5)
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and nsaoesou(fi = hzzo3<s> * ;03(3) S (2.8
respectiyely. ’ 4
The thermodynamics of Reaction (2.5) were studied by Grunzweig:
{(70) in 1913 using static methods, whereby the pressure of gases above
the decomposing sulfate was measured. The results are sumnmarized in
Table 2.7. |

N

2.3.6 Phase Stability Diagrams

For a three component system, such as the. rare earth-oxygen-
sul fur system, the stabilitf of a phase depends uponigte temperature and
tne partial pressures of oxygen and sulfur. l plot of the partial
pressure of sulfur against the pertial pressure of oxygen at a constant
temperature helps a greet deal in visualizing the equilibria between
Vdiffefent phases, This kind of plots. are referred to as "Phase
Stability Diagraﬁs“ (PSD) in the present work.. PSD are known as the
Kellogg Diagrams in sulfation equilibria and the Inclusién Precipitation
Diagrams in steelmaking. = l |
The phase stability diagrams for the cerium—sulfu;—oxygen system _/i:j

( e

were wconstructed . by Vahed and Kay (71) at steelmaking temperatunes

Ghosh et al. (72) constructed the PSD for the same system at 1273K; T%%
latter diagram 1s more relevant to the present disnussion .and 33
. ‘(“ ."; & -..‘:

reproduced in Fig. 2. 13. This diagram. however, is incomplete Siaee the fcx-

., %7 .

?
nonstoichiometry of Ce0, and the formation of Cez(SOH)}-are;not

considered in its construction. ﬁ \)

@ e
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CHAPTER III
DEVE’I:.OPI‘&ENT OF ELECTROCHEMICAL TECHNIQleS
s USING SOLID ELECTROLYTES TO STUDY THE
THERMODYNAMICS OF RE-0-S SYSTEMS
~ AT HIGH TEMPERATURES
~ The research on the development of solid electrolytes a their .

use in thermodynamic studies at high temperatures received greégf

impetus due to the poineering work of Kiukkola and Wagner (5, 6),

- . A
the last two decades, a tremendous amount of research effort has been

. {
devoted to the development of new solid electrolytes and . improving

properties of the exlsting ones. The work on development,
characterization and use of..3011d electrolytes have been extensively
discussed in the excellent reviews that have appeared 1in -“past two
decades (73-78). In thg'present chapter, highlights of solid

electrolytes, oxygen conQéhtréﬁion cé\{i\and their application to the

-

study of metal-oxygen-sulfur systems are presented. ~
. ~ q

3.1 Solid Electrolytes: Electrical Conductivity, Transference

Number and Electrolytic Domain

N
A s0lid electrolyte is a material which conducts, predominantly

1 -
in the ionic mode, over a wide range of temperature, a-Agzs. Can.-
calcia stabilized zirconia (CSZ), and the B-aluminas are some common

examples of solid eléctrolytéﬁ. An ionic solid has both-electronic and

- 57 -
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*ionic defects, each of which migrates under the influence of an

. .
electrical potential. The conductivity due to a defect species i,

denoted by Ty éan be expressed as:

///// ag = Cy qi2 By - . " (3.1

’

where C, is the*cgﬂsgnh4ation of the specles i in particles/cmB;
qQy is the electrical charge of the species i1 in coulomb
particle; énd
Bi is the absolﬁte mobility’ of the species 1 1in particle-

cm24pec.J.

"

~

The transference number, ti. of a specles i is defined/jj//’_lfk.
% . _

ti =3 a; (3.2)
i ) . 1
The ionic transference num?fzﬂfiz;;hdgngg written as:
t. = [ o,/Lv, . . (3.3)
ion ion i 1 i -

where I °i is total conductivity
i

and I o, i3 total ionic conductivity.
ion 1 :

it -
For an ionic solid to act as a&ﬂd\electrolyf.e. tion should be

as close to, 1 as possible, a practical criteria being ¢t 2_-0.99.

ion

f.
[ ]

v : o ‘

4&‘
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2 . 10u times larger than

Since the mobility of electronic defects is 10
the mobility of ionic defects, from Egqn. 3.1, the concentration of ionic
-defects should be 1argé compared to the concentration of electronic
defects in order that t¥0n~z 0.99. .

Some solid electrolytes, such as a~-Agl, have a high concentration
of 1lonic defects whereas others, such aS CSZ,'need to be doped with
aliovalent ioqs to increase the concentration of ionic defects.

In an ionic solid MY, the concentration of “defects dﬁgz;hs on
both ﬁempe}ature and the partial pressure, Px , of the anionic species.
A §1milar behaviour 1s observed for‘solid electrolytes. Howewver, in
this case, there is a large range of Px in which the concentration of
lonic defects is substantially constant. This 1is schemapically
illuétéated in Fig. 3.1, which was drawn for yttria doped thoria by Rapp
and Shores (74). Fig. 3.2 shows the variation of conductivity with the
partial pressure of the anionic species, in thié case'égggen. This
Figure 1is also taken frou; the work of the above authors. From Ghe
-definition of ilonic’ transference numbef. it follows that for a.solid

electrolyte, ti remains éonstant at a 1 ue close to 1.0 in a certain

on

tion »1.0, 13 called the electrolytic_domai of the solid electrolyte.

AN
Fig. 3.3 schematically illustrates the electrolytic domain of a asolid

L
[

electrolyte, ' . ...

/~

N



v

60
Zonet ! Zone I o 7 ; Zone IX
| ne2fvg] | (M2 [% . 1 [p]ee
- ol ez [Mndrrgw *2[%] | Pee
- M) - vl
_f ' ;
= [
e L
s A -
- L /2
: [ 3
/e
" ) | .
:PmllllllLL]IlI]_lllllllllllll'llll]l|lLlJ!]ll'llllllllllllllll||

log (-Poz)
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with the partial pressure of oxygen for yttria doped thoria (YDT).

Kroger-Vink notations are used to represent the defects (Ref. 78,
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Fig. 3.3  Schematic representation of ionic transference
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)

3.2  Calcia Stabilized Zirconia Solid Electrolytes

Pure Zr0O, has a monoclinic structure below 1000°C and a

tetragonal structure above this temperature. However, when some oXxides,
such as Ca0, Y203 and Mgolare added to Ir0,, a cubic solid solution is
formed. Thid has the fluorite structure and oxygen ibn vacancies as

.predominant ionic defects. The composition range of the fluorite solid

solution is 12-20 mole % Cad in a ZrOE(CaO) solid'solufiqn at elevated .

J

temperatures’ (»1000%¢)(79)% The ionic conductivity of csz is a function
of Ca0 concentration with a maximum around 15 mole 1_559{“35 shown in
the Fig. 3.4 (80).  The electrolytic domain of caleia stabilized
zirconia décréaaes as the temperature increases. This is shoun in Fig.

7

3.5 which has been taken from Ref. 81. -

3.3 ‘Oxygen Concentration Cells
e .
The fact that CSZ can conduct ionically through .oxygen 1ion

vﬁcaag;es_at elevated temperatures can be used to form eleotrochemical
celI; ﬁsing electrodes rqvergigle to oxygen ion‘. Thds, an electrolyte
_conﬁucting through oiygéﬁ ion vacancies aqd two eldctrodes reversible to
oxygén.ioﬁs form hh oxygen cbncentration cell. ' An oxygen concentration

cell can be represented as

II ’ I

I . 11

B, | €S2 | uiT ¢ u < B

* 02 .o , 02 . Og . . : 02

. I o II . e :
where | and ug  are the oxygen potentials at the two electrodes. Based
- 2 2 . N

' . . - T o @

- . . . . N . .
o )
-_/_/. r . a » ﬁ -
{

-

N

ey
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Fig. 3.5 Variation of the electrolytic domain of Zr02(15 mole % Ca0) and

ThOz( 15 mole % Ydl 5) with oxygen partial pressure and temperature
(Ref, 81).
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\ﬁ P
on Wagner's analysis (82), the emf, E, of the above cell ecan be

expressed in terms of the oxygen potentiilb ué and ugI at the two
2 2

electrodes and is given by:

II
1 Vo, :
E = i bl duy ( F= Faraday's constant ) (3.4)
) u02 0 2 . } .

This expression reduces to: A )

RT

E=F§

II I
1ln (PO /PO ) (3.5)

2 2
-~y

t 2_:9.0 and the activities of oxygen are replaced by its partial
N 0 . el .
pressures.

3.4 Necessary Conditions for Successful Operation of an Oxygen .

Concentration Cell

The conditions necessary for successful -operationm of an
electrochemical cell using solid electrolytes in general, and an oxygen
concentration cell in particular, have been extensively discussed (74,

> .
¢

¢
83-85). These conditions can be summarized as follows:

1. Components at thee es should ‘co-exist, -

~

.2, The electrolyte/should not react with tﬁé—elecﬁrodes.
3. Oxygen partial fgressures at the two electfﬁdeg should be w{l in the
dlectrolytic domain of the electrolyte at all operating

temperatures,
"

5. It is most desirable to have the two electrode compartments

isolated from each ofher. [j
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s

5. fﬁé temperature gradient along the cell should be minimal.

6. The el®ctrodes should not react{with the lead wires.

7. . The two electrédes‘should be cdmpletely reveréible to oxygen ions.

8. ,Diffusional transport of oxygen through.tﬁe electrolyte should. be
minimized by having oxygen partial pressures at the two elegtrodes
as close to each other as possible. -

9. The effect of induction should be mihimized by shielding th& cell

with a grounded metal sheath.
’

10. Local equilibrium should prevail at the two electrodes.

0
11., The oxygen poﬁ%ntial of the atmosphere around an electrode should

be close to the oxygen potential established by the electrode,

-

12. _ The elpﬁhrolyte should be homogeneocus, nonporous andgmechanically

strong.

3.5 Application of Oxygen Concentration Cells to Study

Equilibria iq Metal - Oxygen = Sulfur Systems

A typlcal oxygen concentration cell using metal/metal oxide

[

eléntrodes can be represented by:
Pt | A,A0 | CSZ | B,BO | Pt

I II

-
L]
.

where A and B are two metals and A0  and BO their respective oxides.

Consider one of the electrodes, say electrode I, containing metgi&ﬁ'and

-y

r - b A

its oxide AO0. Since A-0.is a two component system in presence two

condensed phases at constant ‘température, the system is iﬁvariant.'

- . . -



68

5
. However, 1if sulfur is also présent as a component then an additional'
degree o{ freedom 1s introduced, Ttrus, for a 'q?tal-oxygen-sulfur
system, with two condenséd phases aﬁd a gas phase, there are two degrees
of freedom. Therefore, this §ystem will be invariang at.a constant
temperature only if an additional constraint is introduced. ° -

Larson and Elliott (7) used the principle outlined above to
determine the standard free energy of formation of MnS, MoS,, NbS,, PtS,
TaS, and ZnS. ;heir cell could be written as:

MO(s), MS(s)

Pt CsZ PO = 1 atm.

2

Pt (3.7)

P = latm,
SO2

\ - . '
where MO and MS are the oxide and sulfide, respectively, of a metal M.

The additional constraint was introduced by fixing-PSO \= 1 atm.

2
'if>%he anode and cathode reactions can be written as:

%Hg(a) +20° = %Ho(s) + 3502(3) + lUe

- 3
—

and He + 0,(1atm.) = 2 %"

y respectively.

-

Flengag (86) has used the same principle to study the equilibrium :
! ) - & .
5 - .
betwen CoO and CoSOu at high temerpatures,
Skeaff and Espelund (92) used cells similar to those mentioned

above to study oxgde/sulfate equilibria in systems involving Mg, Mn, Fe,
e s

Ni, Cu and Zn and sulfate/sulfate equilibria in the system involving Fe.

‘ .
X , A
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3.6 Application of Oxygen Concentration Cells to Study

Equilibria in RE-0-5 Systems

The construction of oxygen concentration cells, that can be used
to study equilibria in RE-0-S systems, can best be discussed in terms of
phase stability diagrams similar to that shown ESY the La-0-8 system in

Fig. 3.6. The data used in drawing this diagram are taken from Mills

(42) for sulfides: Gschneidner (3) for oxide and oxysulfide; Grunzweig ‘

(70} for the phase boundary between La50,S0, and La2(804)3, and Grizik
(58) for Lazozsou. The values of the standard free energy of formation

of 302 and 303 used in/ the above calculations are taken from Ref 87.

It should be noted that large errors associated with the thermodynamiec
data on all of the above compounds, except LaEOB' may significantly

alter the position of each 1lin The present positions of the phase
bod/ A

ndaries 1s obtained by making their interseqtieris consistent with the
phase rule, Therefore, ‘this diagram, at best, 1s only schematic,

However, it clearly shows the important features and the complexity df

RE-0-S s&stems.

As discussed in the previous section, an additional constraint

needs to be fmposed on a three component system having two condensed

phases and a asjphase-in order that the system be invariant at constant

temperature, In the present work, the additional constraint is imposed

by either fixing the sulfur partial pressure using Ag/Agas and Cu/Cu2
®
couples (cells of Type II, IIT and IV) or by introducijf:pn additional

condensed phase (Cell of Type I). P —

For the anccessful operation of.celis using a sulfur potential

-

-

\-ﬁ )
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- Fig. 3.6 Phaaé stabiligy diagram of the La-0-§ system constructed usigg
. 5% - available data from the literature. Positions of the phase
béunda}ies are adjusted so as not’ to violate the phtase rule. . _ S
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' o |
fixing couple, onefmore condition 1s introduced fn addition to those
listed in Section 3.4, This condition 1is that the oxygen partial

pressure established at the electrode using a metal/metal sulfide

]

couple, shoulp be several or&ers of magnitude lower than the oxygen

partial pressures correspopding to a) the Ag/Ag,0, and Ag,S/Ag,SO,
équilibria for electrodes using the Ag/Agas couple, and b} the Cu/Cu20
equilibria for electrodes usinglﬁhe Cu/Cu25 couple, This condition is

very lmportant and is further discussed later in this work.
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CHAPTER IV

EXPERIMENTAL APPARATUS AND PROCEDURE

Following the notékién of Section 1.5,2, the oxygen concentration

cells tudi;d during the course of this work can be ref¥esented as:

‘ Pt [La,0,5(s), Lay0,80,(s){CSZ| Air | Pt (I.¢a))

(in presence of La203)

Pt|Pr,0,S(s), Pr,0,80,(s)[CSZ| Air | Pt (I.(b))

(in presence o{\Pr203)

J

-

Pt|Nd,0,5(s), Nd,0,50,(9)|CSZ| Atr | Pt - (I.(e))

(in presence of Nd203)

v (- .
€ RelSA0,5(s7) $3,0,50,()(CSZ] Atr | Pt (T
- —_—

‘(in presence of Sm,0.(B))

Pt |Eu,0,5(3), Eu,0,80,(s) [CSZ| Air | i C(T.(e))

(in presence of Eu203(B))

, R g

=72~
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’ Pt |Gd,0,5(s), Gdy0 sou(s)|c32| Air | Pt (I.(£))
(in presence of Gdp04(B)) N
Pt |Tb,0,S(s), To,0 sou(s)|052| Air ; Pt (I.(g))

(in presence of Tb203)

. . .
: Pt|Dy,0,5(s), Dy,0,50,(s)|CSZ| Air | Pt\\\dt (/ . (I.(h))

(in presence of Dy ;04)

-

M

—

Type II Cells

’

' RQ|La2025(s), Laj0,80,(s)[CSZ| Air | Pt (II.(a))
(Ag(s)lngas(s)) - : i
P
PL|Nd,0,S(s), Nd,0,80(s)[CSZ| Air |:Pt : . (II.(b))
(Ag(s)/quiréQ) : L
o )
Type III Cells = , o
Y
Pt|Lay05(s),La,0,80,(s) ,Cu(s),Cu,S(s) |CSZ] ALr | Pt (III.(a))
.. — :
PtIPr203(s),Pr20250q(s).Cu(a).Cuzs(s)]CSZ1}A1r | Pt (III.(E))
- N r -
Pt]Hd 3(3).Nd202$0u(s).Cu(s).CuES(?)]CSZ| Air.| Pt (III.(e))
-
W

s e -
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\ - acid. The solution was heated and more oxide ‘was added‘\Ptil no mofg,,\\n

could go - into solutionff'The solution was cooled whereupon, the s/;{ate

¢
.
. ) ’
- - ’ -
- L. .

-

Pt|Sm2 3(B) szoasou(s),Cu(s),Cuzs(s)|CSZ| Air | Pt

Pt|Eu203(B),Eu2q'fou(s).Cu(s).CUZS(s)|CSZ| Air | Pt

-

PtIGdEOB(B){Gdzoasou(s)gCu(s),Cu?§(§)ICSZI Air | Pt

Type IV Cells

Pt]Cer(s).Ce2025(s).Ag(s),Agzs(s)|CSZ| Air | Pt

Pt|Y203(3).?2028(3).Ag(5);ﬁ§25(s)ICSZ] Alr | Pt J

4.1 Materials : r

74
(III.(d))
(ITI.(e))

(I1I.(f))

(IV.(a))

(IV.(BJ)

Starting materials along with their source and'purity are listed

n Table 4.1.

4.1.1 Preparation of Oxysulfates and Oxysulfides
>, oy ‘

4

Oxysulfates and oxysulfides of all rare earths, except those/of

lanthanum and'ceﬁiydffgere prepared from their respective oxides. | The

oxide was first dissolved 1n'a\solutipn containing 50 vol.% sulfuric

. N ’

-

heated 1in an/,oven _at “around

I §

N

' crystallized out and was removed, The . remaining’ solution was ., then

b j

S . -
'§T3K to rgmove;_ggtef: 1ea€ing. behind.
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TA'BLE ll..1
MATEI!IALS AND THEIR PURITY
Material Source Pﬁfifj
C(wt, %)
La263 (= 325 mesh) Cerac Inc, 99.9
Przo3 (; 325 meshi Cerac Inc. 99.9
Nd203 (- 325 tesh) " Cerac Inec. 99.9 |
Sm203 (- 325 mesh) " Cerac Inc. 99.9
Eu203 (=325 mesh) Cerac Incf 99.9
Gd203 (-‘325 ;eah) Cerac Inc: 9§.9
Tbuo7 (= 325 mesh) Cerac Inc.’ 99.9.
Dy20,3 ;(— 325 ﬁesh) , éerac Inc. 99.9
Laj0,5 (- 2Q0 mesh) Cerac Inc. 99.9
Ceaozs (- 200 mesh) éerac In?. 99.9
Yéo3 {- 325 mééh) Cerac Ine. 95.9 .
Cu1_85“(— 200 mesh) Cerac Inc. 99.9.
Ag,S (- 100 mesh) Cerac Inhc, 9%.99
Cu' (- 325 mesh) Cerac Inc. 99.9
Ce0, (- 325 mesh) Cerac Inc. 99.9
Ce203 (= 325'meshi Cerac Inc. 99.9
 Hoj0, (- 325 mesh) Cerac Inc. ;‘ 99.9
szoa_.(- 325 mesh) Cerac Inc, 4 99.9 .
B Er203. (; 325 mesh) Cerec IHE. -99.9
' ) \ . . \\ -
.

T



\
.+ sulfate crystals.‘ﬁshe sulfate thus obtained, normally, had some Wwater

~

of crystgllization which was removed by heating at 870K in a muffle.

-

furnace' t6 obtain anhydrous rare earth sulfate.

Rare earth oxysulg;tes were prepared by heating the respective

rare earth sulfates in air at tegperatures shown in Table 4.3. By this
X .

method, oxysulfates of rare earths up to holmium only could be prepared

-

(cerium does not forh an oxysulfate).

-

Rare earth oxyeulfides were prepared by reducing anhyﬂ:\ys rare

earth sul fates with &0 urified hydrpggen at 920~-1020K. The rare earth

oxysulfides thus obtained had very small crystallites which resulted in
R * - .
diffused intensity peaks in the X-ray diffraction patterns. Therefore,

the cnyézai%ites were grown by heating Ehe'

1 '900-950°C 1n argon for about S5 hours. -Afﬁer this ‘treatment, all the

y, 2 Characterizatibn of Haé%rials

oxysulfideé gave sharp-peaks when examined‘ﬁy X-ray Yiffraction,

A J

. - .
-

Oxysulfides and oxysulfates were charaeterized using X- ﬂayd

diffraction and thermogravimetric analysis.-

- ~ - . N -t .
4.2,1 X-ray Diffraction Analfgis .' . . o ’

i
A Norelco X-ray diffractometer ‘was empir;ed to examine the-

-

- T

jwdered aamples. .'Cu K . radiation Jyith a Ni filter was .emplbyed ‘EB
n

¢

nalyse the samples- The x-ray tube was operated at 30kV and 16mA . The

X-ray diffraction patterns of oxysulfides and oxysulfates were compared

~wWith those advailable in the literature (88), Diffraction patterns bﬁ-

- >

~ ]

eépared oxysulfides i}/fffh\
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some compounds, such as Pr20250u and Dyaozsou. for which diffr'action

1

ﬂataaie not available were analysed by comparing them with those of

similar compounds of other rare earths. .

§.2.2 Thermogravimetric Analysié

'Thermogravimetric analysis was performed by heating dxysulfidep
4 -

* and anhydrous sulfates in air and -noting their respective weight '

changés. About 5 gms of each compound was placed in a Pt crucible and
heated at 570-670 K to remove tuoiéture and water of cryatallization

+*

until a constant weight was abtained In the case of oxysulfidgs, the
samg}e was heated at .1070-1220K 1in air for about 12 hrs. For the
oxysurfides of the lighter lanthanides, theré was a nét weight change
cof&tiz?nding to a gain of 2-moles of oiygen per molé of oxysulfide. 1In
-contrast to this, .oxySulfides 'of the heavier rare earths direétly

converted to the respective oxides with' a net loss in welght,

corresponding to the eplacement’ of a sulfur—atom with an oxygen atom in

the oxxgdlfide. 'Thq;. the oxidation of oxysulfides of "lighter and
- f t: : .

heavier lanthanides can respe&tively be represénted,by:;
RE 0 S(s) + 20 (8) = PEVOéSb ('s) » '(ﬂ.1)
and- ° RE;0,S(s) + 3/202(3) = RE203(3) + 802(3) ‘ ' . iu 2)
" Table 4.2 compares the weighx changes accompanying the oxidation
of the oxysulfides of 1ight and heavy rare.earths. It is clear from
tﬁis Table that the conversion Qf. an gxysulfide to oxysulfate 1is
complete for rare earth elements up to dySprosium;¢ For elements heavier

ﬁhan dysprosium, and yttrium} okysulfidéh directly convert to oxides.
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* ¢ indicates the c-type rare earth sesquioxides.

oxide (e)

W
78
TABLE 4.2
i THERMOGRAVIMETRIC ANALYSIS
“\ L
: . ~71070-1220K
REACTION: 352023(8) + 202(3) 3ir > RE202$OH(S)
~ + // TN
1/
- Weight Gain ‘\\//%inal Products
Element Theoretical Experimental (x-ray diffraction
) (%) (%) analysis)
La 18.72 18.65 oxysulfate
Pr ' 18.51 . 18.48 oxysulfate
Nd . 18,16 .- 18.08 * oxysul fate
Sm ' r 17.55 17.48 oxysulfate
Eu ’ 17.40 17.31 oxysulfate "
Gd 16.91 16.78 oxysulfate ’
y ./
Tb . 16.76 . 16.66 oxysulfate '
Dy 16.45 16.20 oxysulfate
' + oxide
Ho 16.25 4,03 ‘oxide (e)* -
Er 16.06 -4.01 ' oxide (c)
v . 15.61 -3.92 oxide (c)
Y 26.47 ~6. 64 -



In order charactarize the oxysiulfates and sulfates of the rare
earths, the reaction given with Table 4.3 was use;?\ In this case, a

sample of anhydrous rare earth sulfate was heated at 900—950°C in air

Lo

and t weight change in the sample ‘was measured -after cooling it to

room temperature For the sulf‘ates of light rare earths), the welght '

“ e

- changes closely corresponded to a loss of 2 holes'of 502 and 1 mole of

> ber' mole of RE (s0 )3. The X-ray diffraction analysis confirmed the
\

formation of oxyaulfates. In contrast to this. when sulﬁates of the

1
heavier rare earth elements were heated, the final product was either a

/ ' &5
mixture of Tage and~owide, or only oyxide. The results of this

: ars. pres nted in Tab% 4.3. It is clear from these resulps
h}hat thef”bnvers én of a sulfate to oxysulfate is complete in the case

of the_ lighter rare earths. The sulfates of heavier rare earths

CONnvAr oxysulfates which simultaﬁeously decompose té oxides.

. w3 Characterization of the Solid Electrolyte

The solid electrolytes uaed in the presenp inveﬁtigation
consisted of 350mm 1ong calcia stabilized zirconia (JS'mole % Ca0) tubes

having a 7.4mm outer diameter and a flat closed end. The tubes vere

supplied by ZIRCOA. Ath\ifbes'u;ed in this inveétigation were He leak -
f

tested under a vacuum

characterized for ionic conduction using the electrochemical cell:
Pt|Ni,NlO|CSZ|Cu, Cu 0| Pt,

The reversiblé enf of this cell compa:;?/very we}l'with the estabilshed

values given in the literature, as sho in Fig. 4.1,

108 torr. The electrolytes were further
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P / - v
- » 7 o TABLE ‘4.3
"‘./ .7 - : . . .
- - TBERMOGRAVIMETRIC ANALYSIS
) " REAGTION: RA. b
REACTION: RE),(S0,)5(s) Z3p> RE;0,50,(8) + 2 SO,+ + O ¢
‘.
, hal ] j ‘ “l ‘ .
. Temperature Weight Loss . Final Products
.. Element Range - Theoretical Experimental (by x-ray )
}/ o ' (K> (%) (%) . diffraction
‘ N analysis) &-
La . 1170-1220 ' 28.28 .  28.25 oxysulfate -
Pr 1170-1220 o~ 28.08° 28.00 oxysulfate
Nq 1170-122 721,716 T 27.70 oxysulfate
Sm 1070-1120 27.18 27.10 - oxysul fate
’ i i » .
Eu 1070-1120 27.03 / 26.97 ° - oxysulfate
Gd - 1070-1120 . = 26.56 26,50 oxysulfate
Tb - 41'070-;\1 120 26.41 -, 27.60 oxysulfate
! ' .+ oxide ()
‘~\N< . Dy 1070-1120 26.10 - 27,21 oxysulfate
) - T . + oxide (c)
: Hos . 1070-1120 25.90 (38.70) . oxide '(¢)
' o Er 1070-1120 25,70 ©(38.u1) oxide (c)
| “Yb 1070-1120 25.23 (37.74) oxide (e)
* Y 1070-1120 34.35 (51.42) . oxide (o)




81

) “I¥NLVYIdWIL
el 20l
|} )

£.8
T

el2l
J

&mmv o2l p

?2. I0§21f3

uo 8}a3)s ‘(68) Aioypnoy)

2

»

~N .
“»
\/.
//
N .
/’

5 _(/

NIOM Juasaid e

-~ 1d[ono mo|zso| OIN“INfid : TTD

ra

06<e

Jo9z

0/l¢

—08<¢

...u.w‘\ :U ..ON

ny / 2sd / IN ‘OTN/3d

(AW) jwa TI3D

:TI2° 9yl 103 2anjeiadmaz yjfm jws Jo uofIvIaBp ['H "B14

-/



82

4.y The Apparatus

’ —_—
The apparatus used in the present study had the following major

component&.

4.4.1 Furnace

: Two ‘tubular furnacés. one latinum-wound and >the other

KanthaL—uound. Wwere used to heat the¢/ cell assembly in the present

‘investigation. The lengths of both furnaces were 300mm and the internal

diameters of the furnace tubes were about 75mm. The furnacé'assembly is
: - , -

schematically shown in Fig. 4.2. A furnace tube was.protected from the

inconel tube by an alumina tube placed bétween-them. Inside the inconel
tube, a working tube of recr&stallized alunina was placed, A The hot zope
of each furnace was 27mm long. In order to find the radial temperature

distribution in the working tube, a differential chromel-alumel

h N ' 4 .
thermocouple was useds” One junction of the thermocouple was located at
4

rking tube while the pther was moved

a point along the diameter of the
in a radial direction from the Jspter of the working. tube, The
temperature emf was measured otentiometer described in the

Section 4.7. It was found that the temperature of two diametrically

opposite points, and also, the temperature at the center angd the

~elrcumfrence of the uorking.tubp. did not differ by more than 0.5K. fhe

temperature. in the furnace was contbollgda By a Barber-Coleman

P

(621A-24060-067) propo ional controller” within 2K, measured at the

o e

center of the ébrki tube,
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_-TUBES | INCBNEL TuBE
l
-l
: - ==
1
FURNACE L
. WINDINGS
J U HUg— \
) CONTROL
. THERMOCRUPLE
FURNACE
TUBE

" . REFRACTORY
BLOCKS .

M. -

Fig. 4.2 The furnace assembly.
Iy
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" N.4,2 The Cell Assembly

The cell 3ssembly used in the present, investigation is shown in
Fig. 4.3. . A~calcia stabllized zirconia solid elecbrolxte tube,
deLcribedrin Section 4.3, was joined to a stainless steelltube of the
same outer diameter throggh a stainless steel O-ring coupling..lg thick;
walled spring-loaded aiﬁmina tube was piaced inside the C3Z tube to

~

compact ‘the electrode mixture, Another alumina tube, open at both ends,

was placed inside this alumina tube to insulate the Pt lead wire. A Pt

wire was also used to;EEES_Eégﬁconnecﬁion with the outer electrode. The

hhermocouple uséd.for measurlng the temperature Qa; placed)very close to

' 4

the cell. Tgi stainless. steel® tube was connédoted to a vacuum pump

thro®¥gh g“vacuum valve. Thus, the CSZ tube could be evacuated and

-

<
isolat€d by alternatively opening and closing the vacuum valve.

o5

L]

e

455 Configgrations of.the Anode . - '{J

. Whereas the o‘g was constructed by wrapping Pt gauze on the
outer side of the CSZ tube and was‘fairly simple {é construction, three
different configurations were used to construct t&g anode. These are
shown in-Fig. .y, —~ L 2 |

Configuration I was used for the cells of Type T and this was the

most obvious choice when the electrode mixture dfd not contain a

-

&

meta%lic component. .

Configuration II and III were uaedvfor cells of Type II, III and

IV, In ceonfiguration II, the Tare earth compounds, mixed in a molar

ratio of 1:1, formed the bottom lagyer of the electrode while the

b d

——

~

~
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Fig. 4.3 Te“cell assembly.
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metal/metal sulfide (Ag/Agas or Cﬁ/CUZS) couple formed the upper layer.
The advantage of this.arrangement was that there was minimal contact ’
between the rar;]earth compounds and the metal/metal sulfide, so that
chemical reactioné; if any, between the components in the two layers
were kinetically hin&ered. :Aiso at high temperatures, the metal/metal

sulfide mixture sintered together and effectively sealed the electrode,

whereby the oxygen potenﬁial at the electrode/electrolytz\iijsf;Lce was

not affected by the level of vacuuﬁ.

r

In génfiguratibn I1I, the two rare earth compounds

7
(85203/RE2028, RE203/RE2Q250u or REZOES/Ranzsou). the metal sulfide and
the metal were present in a ratio 1:1:1:3 or 1:1:2:4, the cell emf being
independent of this ratio. In this case, the Pt lead wire made thé

contact.with the electrode mixture at the top, s0 as to minimize the-

effect of a. reaction, between the Pt wire and the metal, on the
interfacial oxygen potential. This mixture also sintered together to
férm a cam%?ct mass which effectively sealed off tﬂ: electrolyte/
electrode interface.

~L

4.6 .Construction of the Anode

) :jff earth compounds used in making an anode were dried at 670K,
while 328 and wcu1 8S were dried at 200°¢. The copper and silver
powders used in the anode were heated in hydrogen at 770-820K in order

to reduce the oxide coating formed on the,metal particles, The ratio of

components used. in the anode are indicated in Table 4.4,

Components were mixed in the ratios listed in Table 4.4 in an
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* TABLE 4.4 ’
. _ ) CONSTITUTION OF THE ANODE
- v
Ay Y
Configuration Cells -+ Components Molar Ratiq
;s X - |
I I REZOZS‘ REaOZSOu 11 )

- II\bpper layer II & IV ag, Agzs

IT lower ;ayer IT RE2023. RE220280ll
II lower layer TIII _RE203, RE202804
II lower layer 1V RE,O., RE.0.S

II upper- laye I Cu, CuyS .
II lower layer III RE203. 3520250u
III IT . RE2023. RanasOu. Agas. Ag
III . ITI RE203, RE202$OH, Cuas, Cu

.

ol

v

1:1 /_/
1:1

1:1

1:1
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/,h\agate mortar, When construcfi;g an anode of Configuration I, the Pt

gauze and the Pt 1e§d wire alpnﬁ with the insulating alumina tube were
plaqfd in po;ition first and ‘then the electrode mixture was poured in.

The mixture was tamped using the outer thick-walled ‘alumina tubgn A
similar procedure_ was followed in construction of an L'_}a'node. in the
Configurap;on II. | |

« When constructing an anode of Configuratién III, the electrode .
mixture wﬁs‘first poured in and then thé Pt contact and the alumina

tubes we#e placed in position, Figure 4.5 shows an electrode

~

constructed in Configuration III.

-~ 1
4.7 Temperature Measurement

//’ Thermocouples used for "temperature measurement were constructed
ffom Pt and Pt-13%Rh wires, each 0.5mm in diameter. The' wires were

first annealed at about 1500k for 15 hours to relieve stresses and were

L
-

then used to make a thermocouple with two junctions. The reference .

Junction was placed in a water/ice bath. After every experiment abouﬁ ' '
~

3mm of tﬂz thermocouple wires, measured from the hot junct}on. Were

clipped off and a new bead was made, in order’ to reduce egrors due to

interdiffusion of the metals at the hot Junctioq. .

_&%1 thermocouples used in the present investigation were-

calibfated against a thermocouple which in turn was calibrated within 1K

of the International Practical\Temperahnpé Scale of 1968 Thermocouples

were also checked against the melting point of silven}covered with gra-
phite powder.



1,

COLOURED PICTURES
Images en couleur

90



91

The thermocouple emf was measured by a fully guardéd Leeds and
Northrup (K-3) potentiometer having a gat.xranteéd accuracy of +.01% of
the reading plus 0.54V. This potentiometer was calibrated by the
supplier. The standard cell use} to calibrate the potentiometer was
supplied by Eppley Lab, Ine. (B8718). |

The overall accuracy of temperature measurement\iiestimated to
be +2K, g

5.8 Measurement of Cell EMF

The cell emf was measured using a Keithley 616 Electrometer with
an impgdancé of over 101“0. This electrometér was .checked agailnst the
potentiometer and a new electr_'ometer of t|he. same make. Tﬁe readings
shown by the new and the old electrometer were found f:o be 1ldentical.
Readings of the electrometer and the potentiometer differed by less than
oy However in*' this case, the electrometer is expected to be more
agcur'ate than the potentiometer.‘ The ove:'"all accuracy 1in the
measurement of ‘the cell emf is estimated $b be +1aV.

l -

4.9 Operation of the Cells

After’ assembling, a cell was ‘lowered into the hot zone of the
furnace and the furnace top was .covered with a f_'efractory cap./_Ihe
" assembly was then evacuated to 10"u torr and the furnace was turned on.
The system was isolated i‘r?m: the vacutm pump by closing the vacuum
valve, after temperature inside the furnace reached 570K. The fﬁrnace

4

temperature was then raised to around 1120k (except for the ";Iype Iv
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'
cells which were heated to 1020K) and the cell was equilibrated for 15
hours before readings were taken. In most cells, 3 to U hours were
sufficient for equiiibration and to give a steady emf. A reading was
taken only if the me did not vary by more than imV in 2 hours.

Reversibility of the cells was tested by passing a small Eurrent
through the cell by,connecting the potentiometer across it, the latter
being slightly off-balance, and noting recovery of the cell emf to the
original value with time. j/’fw . )

f/”— Cells of Type II, III and IV were found to fbe extremely
reversible and 1t took less than a minute for the cell emﬂ;to recover to

the originaly value after polarization. However, cells of Type I were

more lethargic and took up to 5 minutes to attain "the original cell

emf, 2

No reaction between the electrode materials and the electrolyte
was observed for any of the cells, The Pt lead Wwire was found to have a
black coat, presumably of platinum sulfide, in the cooler portions of
the cell. However, near the electrolyte/electrode interface the Pt wire
was not attacked. ' A\

Most of the cells -were operated for a period of 3 to 4 days
without any sign of deterioration. The reproducibility of the cells was
excellent. For most of the cells of'Type I at least three runs were
ma&e. However, for Some of the cells of Type I, such as those ;nvolving
lanthanum compounds, as many as six runs weée done. For cells of Types
'f fI. III and IV, two run3s, one each in anode Configurations II and’III.
weéere made. The electrode-products from the cells with anodes
constructed in Configurations I and II were examined by X-ray
diffraction, in order_ to verify coexisteﬁce of. th compounds in the

anode. . -
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this chapter. The experimental results and a brief giscussion on the

CHAPTER V

- - EXPERIMENTAL RESULTS

Cells of all types were standardized Before use 1in actual

experimental runs. A variety of standardization procedures were used in

' order ‘to test the reliability and reproducibility of the cells, and to

establish firmly the cell reaction occurring in each case, §These

standardization procedures are described in the first few sectibns of

1
cells of each type follow.

‘5.1 _ Verification of the Coexistence of the Components in the Anode

Coexistence of the components in the anode compartment is the
primary requirement for a cell to yield useful thermodynamic
information, Thus, mutual coexistence of all components in the anode of

a cell ‘was verified using X-ray diffraction techniques in most cases.

?.1.1 Coexistence of REEOZS with Rszuasou

In order to establish the coexistence of REZOZS'with RF.20280u for
cellé of Type I, a mixture of the two compounds containing 50 molg % of
each, was pelletized and .sealed in-an evacuated quartz capsule, The
gapsule was then heated at a predetermined temperature for 120 hours,

air-cooled and the products examined by X-ray powder diffraction. The
N
. ’ N

- 93 - /
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-

X-ra& intensity patterné thus obtained were compared with those obtained
usiﬁg the original mixture of components. Figurg 5.1 presents the X-ray -
diffraction patterns of La2023 + Laaoasou mixturéa before and after var-
ious heattreatmenté. It should BQ\noted that Laaozsou did not decompose
even at 1373K. the highest temperature used in coexistence studies. 1In
conﬂ?ast‘ to. this, oxysulfates of heavier rare earths decomposed to
oxides at a temperature which -depended upon the System being
investigated. Such # behavior is illustrated for gadolin@um ox&sulfate
in Fig. 5.2. 1In this case, the X-ray diffraction analysis was performed
before and after heabtreating a mixture of Gd0,5 anc.i‘Gdzostu. The
results clearly show that Gdzoasou decomposes to oxide at high
tempe atures, The results of similar investigations fof cher systems

are marized in Table 5.1.

5.1.2\ Coexistence of REZOZS with REzoasou'at Sulfur Partial Pressures

orresponding to Ag/Agas and Cu/CuES Equilibria

X ' .
The coexistence .of Ranzs with Rszozsou at sulfur partial

e
pressures corresponding to Ag/Agas and Cu/CuES equilibria was studied by

enclosing an REEOES/RE202$0u pellet with metal/metal sulfide pellets in
‘a quartz capsule. The capsule was then evacuated, sealed‘aﬂa heated at
temperatures shown in Table 5.1 for 120 hours, The sample was air-
cooled and examined using X~-ray diffraction techniques.

Tﬁe results of the investigation performed on various mixtures
are given iﬁ Table 5.1. It should be noted that the oxysulfides of the

rare earths, considered here, coexist with their respective oxysulfates

-
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Fig.- 5.1

Results of X-ray diffraction analysis performed on a mixture

of LaZOZS and La202504 after various heat-treatments. Notation:
D - oxysulfide; T -~ oxysulfate; & - angle of diffraction;
I/Imax - relative intensity.

L5



1/imax (%)

—Q
o)
=]

=

AS-MIXED D

D T
D T

T TD¢T|
i1

il

96

ﬂ‘u

T

—~0
_—bc

—

AFTER HEATING AT 973K FOR 120 HRS. |

T
(4}

TT 7O+

-

n -
Ir"nf

I i
AFTER HEATING AT 1250K FOR 120 HRS.. ¥

00 ~ D
||I| | 11
A

D T
D H ’
I o
i A | I AR P
1 ) 1 LI L
AFTER HEATING AT 1373K FOR 120 HRS. N
. B D
D P 18]
D T 0 - o
e M flirprrl b
ELECTRODEgFTEH USE FOR 140 HRS. ’
D o T
o T © |1. | ]
e T 111 P ¥
1 | ] I 1
60 50 40 30 20
29 (Deg.) :
VR



a7

Fig. 5.2

~4

4
Results of X—ray diffraction analysis performed on a mixture
of GdZOZS and Gd202504 after various heat-treatments.
Notation: D - oxysulfide; T - gxysulfate; O - oxide; 8 -

angle of diffraction ; and I/ hax -relative intensity.

The oxysulfate in the sample heated at’ 1373K decomposed to
the oxide. i ¥ ' '
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at sulfur potentials corresponding to Ag/Agas equilibria.but not at

those corrésponding to CuiCuzs equilibfia. At the sulfur potentials
‘ -

corﬁesponding to Cu/Cu2$ equilibria only oxide and 6xysulfate were found

among the products. ,
' vea.
o

5.1.3 . Coexistence of ﬂ5203 with RE,0,S0, at Sulfur Partial’ Pressures

Corresponding to Cu/Cu2S Equilibria *°

L
B

The experimental procedure followed in order to verify the

coexlistence of RE203 wity REZOéSOu at sulfur partial pressures
corﬁésponﬁing¢to Cu/CuES ed;ilibria was simglar to that Aiscussed in the
previous section. The results of the study .done on a !nixture of
lanthanum compounds are presented in Fig. 5.3. The results 37} the

compounds of other rare earths are summarized in Table .1.
-

r

5.1.4 Coexistence of RE203 with RE2023 at Sulfur Partial Pressures

Corresponding to Ch/Cues and Ag/Ag,S Equilibria

‘The experimental procedure adopted 1in this case was similar to

the one discussed in Section 5.1.2. The results of thig investigation

are summarized in Table 5,1.

& | B

"5.1.5 Reaction of Ag,S or Cu,S with RE,0,, RE,0,S and RE,0,50,

' .

Reactions between Agzs or Cuzs. and a rare earth compound were

studied by preasing a“pellet of a mixture of the two and sealing it in

an evacuated quartz capsule. The capsule was subsequently heated, held

at the rezction temperature, a;;;?ooled and the products analysed using

-~

-

et

N

k
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Fig. 5.2.

2

———— 26 (deg)

250, in presence of Cu/CuZS. Notation: same as in

\

+ 5.3 Results of X~ray diffraction analysié’performed on a mixture of
La203 and La,0
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X;ray diffraction analysis. It was found that the rafe earth compounds
did not react with either Agzs.of Cuzs. The results of this
1nvestig$tion are summarized in Table 5.1,

w

5.1.6 Discussion on theicoexistence of Anode Components

From studies on the coexistence of oxysulfides with oxysulfates,
it can be concluded that the oxyéulfides of rare earth elements coexist

with the respective oxysulfates up to a certain temperature abové which

decomposition given by the reaction:

RE,(S0,)3(s) = RE,04(s) + 3802(5)‘{3/202('3)., (5.1)

Qccurs.

I£ was noticed, while studying the coexistence of RE,0,S with

RE;0,S0, in the presence of Ag/Agas. that tﬁe proportioch of RE20280R in
RE 0 SIRE20280q mixtures increased significantly after heating. This

can be attributed to coversion of RE2028 to RE2 2SOu. given by the

reaction:

R5202$(3) + 202(3) = REaeasou(S). (5.2)

J
The oxygen needed for the above reaction may come from the remnants of

moisture in the anode, the decomposition of A32 the dissolved oxygen
)';

in Ag or from the atmosphere by diffusion through the walls of the

quartZ capsule, Since no such reaction was observed when

oxysulfate/oxysulfide mixtures were heated in the absence of Ag/Agas

(Section 5.1.1), it seems that the last of the listed factors does not
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»
contribute sighificantiy to Reaction 5.2. A similar reaction also
occurred when R5203/R§20250n mixtures were heated &n the presence of

Cu/CuES. in which case RE203 was presumably converted to RE20250u by the

reaction: (\\

RE203(3) + 3/202(3) + 1/282(3) = 35202504(5) (5.3)

Oxysulfideé of .all the rare earths investigated were found to
coexist with their respecﬁive oxides at sulfur partial pressures

1

corresponding to Cu/Cu,S equilibria.

5.1.7 Summary of Coexistence Studies

iBased on the experiméngal observation discussed above, the
following conclusions can be drawn: \\
1. Oxysulfides of’ rare earth elemehts from lanthanum to dysprosium
coegist with their respective oxysulfates. |
2. Oxysulfides of neodymigm and lanthanum coexist with the respective
oxysulfates in the presence of Ag/AgES (probably true for othef rare
earth compouﬂds). ]

3.."Dmides’g} rare earth elements from lanthanum to gadolinium coexist

1

with their respective oxysulfates in presence of Cu/Cuzé.

4. Oxides of La, %g'@nd Y (probably true for all RE elements even
tbﬁugh only La, 3m and Y compounds were studied) coexist with their
E;Aspective oxysulfides in the presence of Cu/Cuas.

5. No reactions of Cu25 or AgZS with rare earth compounds are observed.

6.  External sources of oxygen tend to influence the study by a slow

T
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1

conversion of a compound to one at is stable at higher oxygen

_ potentials.

5.2 Results from Type I Cells

5.2.1 EMF Data from i;ﬁé iiggléé : - ' -
| The emf data from cells of Tyse I are presented in Table 5.2.
The same data 13 presented in Figs. 5.4(a)-(h). For allﬂcells. except
those involving La compounds, the cell emf was found to vary linearly
with temperature up to a certain temperature, above whiqh a deviation
from linear behaviour was observed. For the 1lanthanum system, no '
variation from linear behaviour was observed (Fig. 5.4 (a)). The .
temperature at which a cell showed a deviation from linear behaviour,
varied from one run to another for the same system. Table 5.3 shows the
temperatures at which a deviation from linear behaviqur was observed for
various runs of a cell, In -Figs. 5.4 .(b)-(h) only the highest
temperatures, at which a deviation from linear behaviour was observeq.
are shown. Only rgfdings taken below_ the temperatures at which
deviation from linear behaviour was observed, are processed to yield

thermodynamic information., |
The linear portions of the cell emf vs. temperature plots were
analysed using linear regres;ion analysis. Equations of the 'best-fit!'
lines are presented in Table 5.4. Fig. 5.5 summarizes the data from all

cells of Type I.

-
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TABLE 5.2

-EMF_DATA FOR THE CELLS OF TYPE I

Temperature Cell emf
(X) (V)

Lanthanum System (Type I(a))

1107.50 .692
1134, 40; 676
1191.00 649
1202. 60 . L643
1249, 50 622
1263. 60 617
1273.80 613
1284.80 . .608
1295. 70 602
1305. 70 .599
1315.80 o .595
1328, 10% 589
1347. 60 -580
1361. 60 .575 B
1250. 80 620 LT
1198.50 646
1142, 60 .670
1196. 90 645
1195. 90 645
1245, 60 626
1276. 90 614
1277.90 613
1322.00 1593
1363.00 - .572
11392, 00 557 -
1418, 30 J5u6
1440, 90 1536
1438. 00 .536
1462.90 .526
1348. 30 - 578
1196.50 646
1228.70 633
1227.30 634
1260. 00 .620 S
1295. 30 1603
1485, 40 517
1463. 00 1526

1485, 40 a 517
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‘ TABLE 5.2 (continued)

%

Temperature “Cell emf
(K) (V)

Praseodymium System (Type I (b)) =

- 1157.00 .649
1115.00 . .666
1209.30 ", 627
1215.00 .623
1243.00 - .610
1184.00 * -+ 636
1234.00 614 )
1234.00 610
1274.00 <596
1149.00 .655
1101.00 .673 .
1139.60 .654
1172.70 .639
1214.00 .623
1250, 00 . .607
1284.00 .592
1315,50 .578
1386.00 . 544
1359, 00 .557
1330.00 .571
1305, 00 ~ 585
1262. 00 .598
1230.00 .613
1196.00 .628 .
1160, 00 . 643 '
1123.00 .658
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TABLE 5.2 (continued)

Temperature Cell emf
{K)- (V)
’ AN
Neodymium System (Type I(e)) \\\

1135.00 . 650 A

1113.00 : .661 /

1153.00 642 /
1167.00 _ .636
1179.00 .630
1192.00 624
1210.00 : .H16
1228.00 .B07
1250.00 <597
1265.00 591
1278.00 .585.
1344.00 .555
1362, 00 548
1390.00 .535
1410.00 . .526
1279.40 .587
. 1303.00 . 574
1327.40 .562
1343.50 : .553
1351.70 .549
1400, 00 .529

1376.80 .539 -

1425.00 517
1287.00 .578
- 1287.30 .578
1285.00 579
1285.80 .579
1320.00 . .563
1320, 00 .563

1363.60° 544

A
LA



TABLE 5.2 (continued)

Temperature
(K)

Cell emf
)

Samarium System (Type I(d))

1046.00
1105.00
. 1140,00
1179.00
1211.00
1242.00
1276.00
1305.00
1338.00
1338.00
1369.00
1172.00
1156.50
1198.00
1179.50
1220.50
1242, 00
1264,00
1285.00

- 1295.00
1305.35/
1320. 40
1224,

1309.00

.688
.663
. 646
.628
.614
.599
.583
.570
.555
.553
. 542

.628
.633
614
.623
.603
.593
.582"
.592
.567
563
557
.599
-560

112
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TABLE 5.2 {(continued)

Temperature

(%)

Cell emf
)

Europium System (Type I(e))

1110, 00
1136.00
1096. 00
1066.00
1046.00
996.00
1028.00
1053.00
1077.00
1109, 00
1144, 00
1172.00

117100

© 1189:00
1211,00.
1232.00 %
1253.00 °
1272.00
1294, 00
1316.00

.. 654
.64
. 660
.676

.700
. 688
.679

- .668

653

.637
.624

688 TN

113
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TABLE 5.2 (continued)

Temperature Cell emf
(K) (V)

Gadolinium System (Type I(f))

1026, 00 .688
1050.50 . .678
1072.00 .669
1094.50 .658
1118.00 . 616
1136.50 .640-
1172.30 .624
1173.00 .621
. 1192.00 .612
1222,00 600
1242.50 .589
1261.50 { .581
1282.00 ° . .572
1263.00 .582
1276.00 .576
1016.00 .694
1040. 00 .682
1053.50 677
1080, 00 663
1108.00 .651
1126, 00 642
1131.00 .641
. 1153.00 .629
1185,00 617
120800~/ .606
1233.00 .593

1259.00 .582

g
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TABLE 5.2 (continued)

Temperature . Cell emf
(K) )

Terbium System (Type I(g))

11028. 00 .695
1066.00 .667
1070.00. . .672
1072.00 .668
1032.00 . 680

- 1066.00 66T
1110.00 . 650
1130.00 .641
1152, 00 .630
1174.00 - .620
1195.00 611
1190.00 ‘ 611
1162.00 ° .625
1140.00 .635
1120.00 .645 . M
1094, 00 . .65T.
1080. 00 L6684
'1057.00 .675
1045, 00 © -.683 )

Dysprosium System (Type I(h))

1042.00 .676
1063.70 . 664
1089.30 .653
1108.80 - .645
1128.30 .636
1150. 10 .624
1172.30 - .616
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TEMPERATURES AT WHICH A DEVIATION FROM THE LINEAR BEHAVIOUR

TABLE 5.3

WAS OBSERVED FOR THE CELLS OF TYPE I

i
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RE Temperature Average Temperature
(Cell No.) (X) (X)
La (I(a)} > 1500 -—
Pr (I(b)) 1410, 1370, 1380 1387
Nd (I(e)) 1430, 1350, 1410 1397
- Sm (I(d)) 1320, 1360, 1300 1327
Eu (I(e)) 1335, 1300, 1290 1308
Gd (I(£)) 1280, 1260, 1200 1247
Tb (I{g)) “~1190, 1150, 1180 1173
Dy €I(h)) 1170, 1160, 1170 1167.
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‘Anode: 5 RE,0,S(s) + ?o‘ = 5 RE,0,30,(s) + le
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5.2.2 Analysis gf.the Electrode-mixtures Using X-ray Diffraction

Anode-mixtures were analysed before and after operation of a cell
using X-ray diffraction. The resuils of such analyses for cells I(a)
and I(f) are included in Figs. 5.1 and 5.2, respectively. Similar

results were obtained for other Type J4 cells, These results confirmed
-

the observations madé~in Section 5.1.1, and are presented in Table 5.5.

- , !
5.2.3 Standard Free Energies of Oxidation of Rare Earth Oxysulfides

to Oxysulfates

A cell of Type I can be represented as:

Pt | RE,0,5(s), RE,0,50,(s) | CSZ | Air | Pt

The two electrode reactions can be reﬁresent‘g as follows:

1 1

272 2

L

Cathode: . 0,(.21 atm) + 4e = 20"
B

Thus, the virtual cell reaction can be represented by:

“ p
1 1 - S
3 REZOZS(S) + 02(.21 atm) = E-Ranasou(s) . (5.4)
From Eqn. 3.5, for a cell of Type I: '
E =0 30 [P, (.21 atm)/P. (Anode)] (5.5)
T 4F o, 0 ’ -

2 2
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Therefore, from the measured‘ﬁalues of E and T, the partizd pressures of
oxygen corfesponding[to oxysulfide/oxysulfate- coexistence may be

_calculated. These walugs of log (Poa) ar? }isted in Table 5.6. The

.
- ‘

standard free energy change for the reaction:

-

1 1 -
> 352025(3) + 02(5) = E.Hanstq(s) (5.6)

is given by:

O

AGg ¢ = 2.303 log(P, (.21 atm)) - 4FE (5.7)

2

.

Utilizing Eqn. 5.7, from the experimentally determined values of E,
AGg 6 values for various rare earth systems are calculated and are

listed in Table 5.7.- <

S5.2.4 Break in the Cell emf vs. Temperature Plot: Decomposition of

Oxysulfates

A break in Cell emf vs. temperature plots was observed in all

cells of Type I except those involving lanthanum cohpounds. The
temperature at which the break occurred varied from one run to another
as indicated in_Taﬂle 5.3. X-ray diffraction analysis of the anode
products indicated that the‘break occurred due to the decomposition of
oxysulfate to oxidg (Table 5.5).

This behaviour can be explained in terms of the diagram shown in
Fig. 5.6, drawn for the gadolinium system. This diagram has been drawn

using thermodynamic data from the present work and those from Ref. 3.
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It @ bastcally a plot log (P, ) against 1/T at various constant partial
pressures of sz. The phasze ;Zundaries between the important phases in
this stﬁdy are clearly indicated, From this figure, under condifions of
oxysulfide/oxysulfate coexisteﬁce, the cell operates along the 1ine.AB¢

' so that the oxygen potential established is independent of Pg, . The

: 2
PSO inq}de the anode is éstablished by the partial’ decomposition of
. 2 _ .
. .oxysulfate to oxide, Therefore, inside. the anode compartment. we

N

ae ually have three condensed phases, namely, okysulf}de;‘oxyaulfate and

the)oxide. Thus, AB is simply the locus of the point, determined by the
aboye three phases. As the temperature of the cell increases, the PSO
' _ : ‘ ' 2
corresponding to the oxide—oxysulfide—oxygulfate coexistence increases,

cauging more oxysulfate to decompbse in ofder fé establish the PSO
. o ' 2

S0,

déingnded by the above equilibrium. A condition is reached when the P
emanded by the oxide-oxysul fide~oxysulfate coexistence is more than

that can be establlghedeby complete decomposition of the oxysulfate. At

' this ganperature the cell no longer operates along the line AB but

deviatestialong line BC, which corresponds to the. oxide/oxysulfide
equilibrium, : giving a break in the cell emf vs. temperature plo\\

ﬁﬂhérefore. the yffiperature at which a break is observed depends upon the

A

maximum PSO that-cén be established in the anode, which in turn depends
e

- ~ upon the absolute amount ‘of the oxysulfate present in the anode

compartment, It is for this reason the break-temperature varies. from

one run to another. : : )

-
-

<«
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5.2.5 Standard Entropy Change of the Reaction:

'Sou(s)

1 ' 1
E‘REEO 5) + 02(3) = ERE202

‘If 1t 'is assumed that the standard enthalpy change, AH; g and the

—
standard entropy change, Asg g* ©f Reaction 5.6 do not wvary with

temperature, then ASg g and hHg_s can be equated to -B and A, in Table

o .
5.7, respec!&vely. It i3 noticed that A55 6 does not vary much from one

rare system to another and has an average value of about -39 cal /K.mole

02. Since ASg 6 can also be written as:

1 <0 1 0 o
as? . = =58 w == 3 -55 ,\“\\\
5.6 7 2 _R520280u 2 REZOES 02 - “ .

where S° denotes the standard entropy function of é'supstance and 300
' 2

is about 60 cal /K.mole in the temperature range under consideration, we

obtain:

L
.

- ' L

o .
. 8 - = 40 ecal /mole.K
. RE2025014 RE2 2S . .

o o
A positive value of (SRE 0.50. ~ SgE 0 S) indicates that the structure

' 272774 272
of RE,0,80, 1is substantially disordered® compared to that of RE,0,S.
The structure of oxysulfafes. determined by Fahey (57),.when compared

with the hexagonal close-packed structurexeixiifsulfides. confirms this

point. ,
, \/

¢

. considering only configurational:entropy.

. (.
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. r )
5.2.6 Errors in the Standard Free Energy Changes for the Reaction:

1 .1
Easaoaé(s) + 0,(8) % FRE;0,50,(s),

In addition to the statistical error (Appendix A gives details),
there are experimental errors arising mainly from the measurement of

cell emf and temperature, A 2K uncertainty in the measurement of

!

temperature and a 1mV uncertainty in the measurement of cell emf will

together contribute an error of about +180 cal 1in AGS 7 in addition to

the statistical error. Y
.--./"-“':"" . < ]
5.2.7 Limitations of the Cells of :Type I

Cells of Type I are applicable'bnly to rare earth systems which

have a stable oxysulfate in the temperature and oxygen partial fressure

-

- ranges in which calcla stabilized =zirconia acts as an electrolyte,

Thus, the systems involving rare earths heavfbr‘fhan dysprosium can not‘
be studied-using'cells of Type I because the oxysulfate is unstable in
the temperatufe range in which CSZ is ; fully iomie condu;tor.‘ Even in
cases where Type I cells are applicable, the working ;emperéture range -
i3 restricted by fhe decomposition of the oxésulfate aﬁd the resistance
polarization of the cells. These are important limitations of Type I

cells.
. [ ]
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5.3 Results from the Cells of Tyﬁe I

5.3.1 EMF Data from the Cells of Type II

EMF data from the cells of Type II are presented in Table 5.8 and
Figurgs 5.7 (a) and (bi:- The cell'emf 1ls found to v;ry linearly with
temperature. The data from ﬁhese cells when compared with the data from
the correspoﬁding cells of Type I indicate that the two “are identical.
Table 5.;\ in which the emf values obtailned from cells of Type II for La
and Nd are compared Hifh‘those obtained from the corresponding cells of
_ Type I, Elearly demonstrates this point, Thus; for a particular system,
cells of Type I and II really examine the same ﬁhase boundary, 1i.e., thg
phase boundary between the oxysulfide and 'oxysulfate. This .also
indicates that the phase bbundary between the oxysulfide and oxysulfate
in a phase stability diagram (gimilar to Fig. 3.6) is parailel to the
log(PS ) axis.

2
Tables 5.10 and 5.11 list the results obtained from cells of Type

II.

.
,

5:3.2 Analyslis of Anode Products

i~

\

Anodes constructed in Configqﬁétion II were examined by X-ray
diffraction. The components in the lower and‘upper layers were easily
identi;;able. However, anodes constructed in Configuration iII. when
examined by X-ray diffraction, ga;e lines corresponding ‘to silver on}y,
due to its large amount. vThus. in this case, other components in-tﬁe

anode could not be ‘identified. Therefore, anodes constructed in

Configuration III (Fig. 4.4) were examined‘metallographically. Since

j-—\
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TABLE 5.8

EMF DATA FOR THE CELLS OF TYPE II

Temperature Celf'émf
(K) D)

Lanthanum System (Type II(a)

1246.50 . .623

1233.80 .629

1208.20 .641

1201.50 .64

1186.70 .651

1154, 90 . 666

1132.40 .676

1113, 20 . .68u \
1088. 80 695

1065.70 .705

1037.00 17

1015.50 T .726

1015.50 .727

990, 90 .738

959.10 CLT53

953.00 .56

1075.00 .70

1076. 00 70
1035.00 722,

1040, 10 .721

964.10 T .T50 .
980. 70 B (5 ’
1024.70 .723

1193.20 .648

1174.00 . .65T

1152,50 . 667 .
1139.50 .673

1126.20 . .679

1118.00 683

1109. 50 . 687

1104, 70 .689

1087. 80 .697

1051.70 74

951.90 " .T760 \\~\“g§§
986. 80 .T45

1024, 00 726 ‘
1094, 40 .692

1059, 60 .708

1061.30 .707

977.60 |LTHO
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TABLE 5.8 (continued)

\

Temperature

X)

Cell emf
QD]

Neodymium System (Type II(b))

1063.
1049,
1035.
1021,
1037.
1029,
1082.
1199,
1187.
1160,
1151,
1133.
1115,
1099.
.00
1054,
1056.
1033.
1017,
1018,

1081

70
30
00
10
00
4o
00
60
00

oo -

0o
00
50
60

50
20
00
60
00

.681
. 690
.697
.702..
.696
.697
677
.619
.627
.639
.645
.653
.661
.668
.677
.690
.689
.699
.705
.70

-
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-TABLE 5.9
COMPARISON OF THE EMF DAT INED FROM
) THE CELLS OF TYPE ¥ AND TYPE II
Lanthapuﬁ’g;;;:; Neodymium System )

Temperature Cell emf (mv) ~ ' Cell emf (mV)

(X) Type I Type II Difference ° Type I Type II Difference
\

1000 737 735 +2_ T12% 713 -1
10 T 712 +2 689* 690 -1
11 692 690 +2 666 667 -1
1150\ - 669 667 +2 643 644 -1
1200 647 645 +2 620 621, - -1 -
1250 623 621 +2 597 598% -1
1300 601 * 599% +2 574 575% -1
1350 578 576% +2 551 552 -1
1400 . 556 554 # +2 528 529% S I
1450 533 531% +2 505%  506% -1

1500 - 511 509% . *2 4g2% 483 -1

\
@ Sxtrapotated ) -
. \T\h“;—q//——’——_~j/ﬂ
//

o A
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the anode componén_ts, RE2025. REEOESOII' AgZS anc.l Ag, were present in a
molar ratio of 1:1:2:4 or 1:1:1:3, it was difficult to identify phases
other than Ag and Agzs. However, in some cells which were heated beyond
the melting point of silver, the rare earth compounds segregatgd
together and it was possible to see them under a microscope. Figs. 5.8

(a) and (b) show micrographs of electrodes usedf in a Type II cell heated

. T B .
to temperatures below and above the melting point of silver,

respectively, Under metallographic exami‘nation only three phases (Ag,a
Agas and an RE containing phase) were identifiable: -"The segregated
port‘.ioh of the electrode was exami'ned by x-ray diffraction which
indicated that the RE contai‘ning phas‘e‘-was a mixture of oxysulfide and
oxysul fate, tﬁe latter belng  present :I.'n larger proportions. This
ob.-slervatlion confirms tﬁe results of coexistence studies reported 1in

P

Secﬁion 5.1. . - .

/’

5.3.3 Possibility of Secondary Reactions within the Anode

Becauée of thé presence of four condensed phases, namely, RE2028.
REBOESOH' ‘Ag and A_gzs. in the anode compartment, the possibility of
reactions -other than the one represented by the jfrtual cell réaction
has to be Gonsidered. As noted in Sectior™5,1,5, no reaction takes

.

place between the rare earth compounds and Ag or Agzs.
Palazzi et al. (90) have reported the f‘ormatioh of a compounS

between Ag,S and La 0,8 with a chemical’ fermula (La0)AgS. The author
have also reported that this compound decomposes into Ag ’S, and La,0,S at -~

. 272
about 1023K. In the present study, no evidence indicating the formation
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Fié. 5.8 Micrographs of the electrdde mixture consisting of La,0,8, La

.

205 0,50
AgZS and Ag in a molar ratio 1:1:2:4 after use at a.temperature
(a) below the melting point of‘AgZS

(b) above the melting point of Ag” .

The bright phase is Aé; the'darker phase is Agzs; and the rare -

earth phases are dispersed-in the Ag,S phase.

Y r

272778

3

————— b e L



(a) X600

(b) X600
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édmpound was found. Since emf values of the Type II cell are
very close ‘t.o those. -oﬁtained in the corresponzjing Type I cell, Laz‘oas
and, Lazoas 3 present in the anod-e- of Type II cell must be in an
uncombined form (x--ra\y. diffraction analysis. in Seetion 5.3.2 coqfirms
this assertion). '._

There is no possibility of Ag,0- formation at the temperatures an-d
oxygen partial pressures prevalling in the anode c‘:partment, since A320
is extremely unstable under thesefonditions. Also, tﬁe'p;:ssibility \oi‘
Agzsou formation may be discoun : ause the: oxygen-parf.ial pré"s’sgres
required for the conversion of Agzs to Agzsou are much higher than those
prevailing inside thé ancde compartmernt of a celFof‘ Type II. The above

two points are illustrated in Fig. 5.8.

-

5.4 Results from Type III Cells ‘ ‘\

5.4.1 EMF Data from Type III Cells

/

The experimental -data from.cells of Type\III are presented in
Tables 5.12 and Figures 5.10 (a) to (f). Figure 5.11 summarizes the

results A straight 1line rela‘ticlmsﬁip

system under

léad wire L Be—cell inoperable. A - discussion on this
the limitations of cells of Type III will follow in-

phenomenon an@d

td

e LT TAPT
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*y

1gq 3.9 Variation of anode oxygen partial pressure with temperature
; for Cell II(a) and II(b). The higher values of log(P ) for
AgZO/Ag and AgZS/AgZStZ)4 equilibria indicate that the %ormation
of AgZO and AngO4 is highly unlikely.

Ty
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Ag/Ag20 ™~ __

. (extrapolated from
low temperatures)

Ag2S/AgpS0,

Nd(II(h))
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~ T i
/} . - TABLE 5.12 ' FQ
. E EMF DATA FOR THE CELLS QF TYPE III /o
Temperature Cell emf
(K) (V)
~ Lanthanum System (Type III(a))
| - 1140.60 . .630
" 1140.60 .630 -
1140.50 .630
1162, 00 .619
: 1179.00 611
’/,,/”‘ 1196. 00 .602
7 1212.30 .593
~ 1231.30 .583
1249.20 .573
. . 1251.20 | . 573
© 1266.60 .564 - .
1282.30 .555
1302.50 .544
- 1302.00 . 545
1318.00 .536
1331.00 .528
~ 1347.60 .520
1364.00 .,  ,513
1376.80 .507
Praseodymium System (Type III({))
1181,60 .573 ‘
1212.30 .556 , -
1240.00 LS I
>,,~”//‘ o 1150. 80 .588,
| . 1116.00 . .608
. 1083.00 .623
1098. 00 .616 "
1128.20 .600
1165.70 .582
1195.90 .564
1225, 60 .5U8
1255.00 533
1274.80 522
1288.00 514
1309.70 .503 3
1329.00 LU493

i 1347.60 o .ugh
c084-1.8
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.”/
TABLE 5.12 (continued)
Temperature Cell emf
X) W)

Neodymium System (Type III(c))

1230.20
1261.00
1210,20
1186.20

1185.70 -

1137.00
" 1106.70 .
1045.20
1285, 00
1284.00
1304.50
1339.40
1300. 00
1087.20
1161.00
1247.10

.535
.518
.545
.557
.558
.582
. 600
.624
.504
.506
gy
475
. 1495
.609
.570
.525

r—

Samarium System (Type III(d).) (

. 1103.00
1143.60
1160,50
1189.00
1179.50
1125.50
1108.00
1209.00
1230.00
1252,70
1273. 80
1297. 80

576
555
.SUT
.532
537
561
.569
.522
.51
.500
. 488
.473

150
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TABLE 5,12 (continued)

Temperature Cell emf &
(K} V)

Eurobium‘System (Type III(e))

1103.00 .556

1117.00 . .550

1134, 00 542

1150.00 .535

1164, 00 ©.528

1180.00 -~ .520

1198. 00 .510

1217.00 .501

1235.00 .u92

1254, 00 L483 .

1276.00 LU72

1292,00 461

1310, 00 . usy

1324, 00 L443 S
1336, 00 .435 "

Gadolinium System (Type III(f))

1159.00 .518
1190.00 .504
. 121950 .490.

© 1 1238.00 T3
1261.00 469 .
1285, 50 . 455
1292.00 JA53 . .
1288.00 Lu54 . e
1311.00 ..448
1176, 00 . .512 o
1206. 00 497 4
1248, 00 .475 S ot

1276.00 061 ke Ol T
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‘Section 5.4.6, The linear portion

159

K

f a cell emf vs. temperature plot
was analysed using linear regreésion apalysis. Equations of the best-

fit lines are given in Table/5.13.

5.4.2 Analysis of the Anode Products \\\

The products in_ the angdes of Cbnfiguratie II could be.eesily
analyseé-é; X-ray dgffraction. The results fno;L:h%ﬁ'analyses are
presented in:ﬁahﬁe¥5.1u;}and indicate:thaf oxiQeg‘of RE elements coexist

with their cornespondin% oxysulfates at sulfur potentials fixed by the

Cu/Cu S couple, /

The producta in the anodes constructed in Configuration III were
analysed microscopically. é\%ever i ;has possible to identify only
Cu-rich and the Cuzs—rich phase under 'a miecroscope, the rare
phases being tgb small and too widely dispersed. In some electrodes .
which were heated above the melging-point of Cuas. l;re earth combounds

sqgregﬁated 1npo the Cuzs-rich phase. However, even in these

_electrodes, different rare earth compounds could not be distinguished by

a microprobe b&{of the small size of the rare earth phases and the :’

strong background of sulfur from Cugs. ‘'Figure 5,12 ‘shows microgréﬁhs of

an electrode, which was heated to a temperature above the melting point

of Cuzs. at different magnifications. When the CuZS-rich part of ‘such

an electrode was examined by X-ray diffraction, the presence of both
oxide .and oxysulfate, with oxysulfate present in majoﬁ pFoborhions, was
indicated. Thus, during the cell operation, some of the oxide -is

converted to oxysulfate. Because of problems associated with the

-~

AT
- . Cos

e ——— - ~
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Flg. 5.12

Micrographs Pf the elect::He mixture consisting of
L3203, LaZOZSOA' Cuzsf Cu in éhe molar ratio 1:1:2:4
aftel\use at a temperature above the melting point
of Cuzs at two different magnifications. In both '
micrographs , the bright phase is Cu; the,darker
phase 1is Cuzs; the darkest area consist of the

rare. earth compounds.

(% 3
1
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Cathode: he + 02(.21 atm)

164
s

a?élysis of the produets in an anodg constructed in ﬁonfiguration IIT, \\\
mdﬁe-thaﬁ 50% of the studies ueggxdone using anodes in Configuratipn II,

in which case broducts could eégily be identified bﬁ X-ray diffraction
té§nniques.

’

5.4.3 Standard Free Energy Changes for the Virtual Cell Reaction:

2 RE,05(3) + 2 Cu,S(s) + 0,(8) = 2 e

y .
3 3 3 02303 + = Cu(s) ¥

2 3 r

The cells of Type II cansbe represented as:

' Pt | REy05(s), RE;0,50,(s), CuyS(s), Cu(s) | CSZ | Air | Pt

and two electrode reactions can be represented as follows:

—— i

Ahode: 2 RE,04(3) + 2 Cu,S(s) + 207 —g-m-:zo 550,(s) +‘% Culs) + te

3 3. |
.l :

20

' H
Thus, the virtual cell reaction can be represented by:

-

’% RE,0,(s) + % Cu,S(s) + 62(.21 atm) --§ RE,0,50, () + 3 3 Cu(s) ' (5.8)

ne partial pressure of oxygen at the anode can be calculated'using Eqn. r
(5.5), and by a.treatment similar to that discussed in Section 5.2.3,

the sténdard free energy change for the reaction; .

I\)

2 . 2 : y
3 RE203(3) + 3 Cuzs(s) + 02(8) 3 RE 0 SO (s) > 3 CUCS) (5.9)

-

.;
St
S SN

.#f': '

can be expressed as:

L ]
~

i



‘Table 5.16 can be equated to the standard entropy change, A

-(60), A§59 is estimated to be abo -48 cal /mole 02.K in the

- )
165/

3

AGS . = 2.303 10g(P. (.21 atm)) - YFE (5.10)
5.9 O2
Values of the partial pressures of oxygen in t?\e anode and AGOS 9 are
listed in Tables 5,15 and 5,16, respectively, 7
5.4.4 Standard Entropyﬁagefor the Reaction?
2 y
ReO(s)+Cu25+0 EREOSOH+§-Cu

-

Following the discussion in Section 5,2.5, the value of =B from

85 g for

Reaction 5.9, Sg 9 for systems involving light rare earths is about -45

cal /mole 02.1{,\ Asg 9 can also be written as:

-

273 2

Rge>a;'ranging. . -

o _ 4.1 .0 _ 1 q0 _ q° 4 q0 o 1 g0
835.9 = 392 Sae,0,50, < 2 Se,0, %, *3%u " T%u,s*3%

+d g0 _ 240 _g\so _s°
5 9/_J3\_BE 0,50, *3 Cu 3 “cu,s T 3 TRE,0 0.°

203 » ﬁEEOES + the term inside the brackets can be
replaced by Asg 6 #’' =39 cal /mole 02.1( (Section 5.2.5}.' Thus..

Hence, assuming Sﬂg

is (5.11)

o 2 .0 1 -0
85,9 = =92 +35¢y = 35cu s * 35
2 2
Q*‘
0 0
Faking the valuea of SCu SCu 3 and S0 from the literature

2 2
¢

tempervature range under’ consideratiom 5 value is in good agreemen;:.

- -



166

p

o6Lie- 116 . OLEL-09LL PO
op9ee- - . h9'6 ozEL-ooLl ng,
00622~ 656 00€L-001 | wg
Oh9EZ- 6L°6 OHEL~0KOL PN
ot2he- 80°0 " owEL-08OL » g
_Ol6he- l0*ot \\\\\\ OHEL-ON 1L T -y |

a |

Z ., : : i
(rswe ur O4) 1sg + v =% O4) 8ot ¢ (d) 98uey aunjeaadwsy ay
. - "

III 34Xl 30 ST13D 40 IGONV IHL LV NIDAXO0 40 m::mmmmm TVIEEVd

-
G}°6 39Vl -




P~ .
w
i
i =
’
. -goL°F . HOLF OLLT 69'Lh ¢ 01166~ OLEL-09L1
L80°F 90I% OLLF LL"hk 065£01~ 02EL-0011
680°F 901F 09LF 18°€n - . 028HOL- 00EL-004 L
(\/ .
6L0°F " 96T 0LLF h8 "tk 081801~ OHEL-OKO!
££0°'F L ¥ ’ 0lF €L 9k 0£60L1L- _OhEL-080L-
620°F . LEF . 0Lz : £8° S 066€1L- ohEL-OHLL
(
o : . A : ;
(%0 210w/ TED) (S0 @210W/ TEO Amo atou; 1es) .
(3-%0 210w/ 1E0) (S0 @Tow/ Te0) aul] PeAITd a - v
g JON TBAJI2IUT ¥ J0J TEAJI3IUT ay3 Inoqe uolg ) { (3) oBuey
3 g6 - Juoy 366 —etasq paepuesg " (%p eTouy TED) 18 + V = o5t san3gsdual
e .V
. i , PO
(s)ng m + (8)"0s%%3u m = (8)% + Anvmmsu.m + (s)Eo%ay m

*NOTIOVAW 3AL H03 FONVAD XOUANI 3304 QUVANVIS

/ :

-

. 9176 3NAVL

-



‘. o
with the values of AS5 9 (i.e. =B in Table Q.IG) obtained from the

168 .

second law analysis of AG5 9+

5.4.5 Error in the Standard Free Energy Changes of the Reaction:
' ~ - [ . -

y
? RE 03(3) + _'q£2§(3) + 0 (g) = § Ranasou(s) +3 Cu(s)

In view of the discussion in Section 5.2.6, the experimental

errors introduced in AG°5’9 are estimated to be +180 cal . In addition,

‘there are statistical errors (see Appendix A for details) which have

L
been listed in Table 5.16.

<" :

5.4.6 Possibility of Secondary-Reactions in the Anode Compagthent:

- Limitations of Type 124 Cells

From the discussion in Section 5.1.5, it can be concluded that ne
reaction occurs between Cuzs and the rare earth compounds. Also, there
i1s no possibility of a reaction between Cu metal and the rare earth

compounds ,

The .lower limit of the temperature ran in which cells of Type
IIT are operable is determined by the tics e attainment of
eqdilibrium tetweet the phaéeslpresent i e anode It was. found that
most cells gave steady and reproducible -emf above 1100K.
The upper limit of the temperature rangé in which cells of Type
s
III are operable 1is determined by the 11qu1dds température of the

Cu-rich phase. Once the Cu-rich phase mglty, it combines with the Pt

contact lead, establishing an indefinite Cudactivity at the ‘:ode which

~ . - . - -

—_—
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in turn sets up an indefjeméte activity q; oXygen. y
—~ The Cﬁ-rich phase.‘saturated with sulfur containing a negligible
| amount of‘oxygen (well below the saturation level), melts at 1340K(96).

Thig temperature forms an absolute upper limit tdé the temperature range

in which Type III cells can be operated. For a cell where no signifi-

cant reaction between the Pt and Cu-rich phase togk place, such ag the

e} ;;:blving lanthanum compounds (Fig. 5;10(a)). the dhangé in slope of

the.cell emf vs, tempesétﬂre plot is caus;d by )
(1) the melting of the Cu-phase and
(2) a change in the activity of Cu due to. the increased solubility of
sulfur in the Cu-rich 1liquid Qghe solubility of sulfur in the
Cu—ricﬁ liguid is 1.653 at, % at 1340K and increases to 1.8607at. %
at 1378K, compared to its ;olubility In so0lid Cu which.is aroun
014 at, % (96)). .

Calculationﬂ show that the changg In slope 1in ‘the emf vs,
temperature plot (Figs. 5.10). due to the melting of Cu, 1is about
.05mV/K, Also, assuming t%e sulfur cohtentlof the Cu-rich liquid to be
1.653 at. %, the chaﬁge in slope of the cell- emf vs, temperature plot
due to the change in ‘the activity ‘of Cu (caused by the 1increased:
N " solubility of sulfu; in 1liquid Cuw), 1is calculated to be less phan

:O1mV/K. Thus, the combined change in slope is aroun& .06mV/£. This is
in good agreeﬁent with the observed change in slopé of tpe cell gmf V3.
) temaﬁrature ﬁlot for the lanthanum system (Fig. 5.10 (a)).
" ‘ ‘ '-,~Singe the cells involving the ‘compounds of praseonmfum.

. - Al
:> : neodymium and samarium were not operated at high «enough temperatures,
i . . 1

Ve .
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the éforemegtioned £hange in slope due to the melti of Cu rich phase
could not be observed. . N

If the solubilities of oxygen ar_ld sulfur in the Cu-rich Cu-0-8
melt are taken as their‘-respective solubilities in the Cu-0 and Cu-3
binaries, then the caleculations show E.hat no significant change in Cu
activity in the melt will_ occur.' Thus, an unusual large change 1in
slope of the cell emf vs. température plo f‘ r gad. linium can not be
attributed to an increased oxygen content of he Cu-rich liquid in the
anode only. A more likely reason qould be the cl'iange in Cu activity
beca\u\;e of its alloying with the Pt lead contact on melting of the
Cu-rich liquid in the anode. Also, as Figure 5.13 showg, the oxygen
partial pressures prevalling in. the anode of a cell of Type‘ II.I-;re at
leal*. 2 orders of magnitude lower than the oxygen partial pre:s-sures

corresponding to the Cu/Cu,0 equilibrium. Thus, no formation of Cu,0
2 s 2

can be expected within the cell. : >

(eJ) showed a behaviour

The cells involving europium (F;.g. 5.
similar to that Q’lﬁgrved for c.e.rlls involying lanthanum compounds.
Hquever.' in i‘.his case the temperatu.re. at ¢h the change in slope of
the cell emf _Trs. temperature plot occurred, dropped. f.o about 13251(.
This drop may bve "solely due tao' the increased oxygen-. content of the

Cu-rich phase in the anode involving europium compound-s. compared to that

‘1nv,olviné lanthanum compounds. No data on {:he changes in liquidus

L ——
temperature or the oxygen content of sulfur)saturated Cu with\oxygen

partial pressure 1is available. However, follouing the treatment of .

Yazawa and Azakami (97), it can be said that the oxygen content. of the /
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| — T —
..CELL: Pt] RE04ls), REZ05Q4(s), CuSts).Cuts)|cSZ

Lair|Pt
(RE=La, Pr,Nd,Sm, Eu and Gd) '
..4._ " —
” —5—- =
_6—. —
...?_. —d

N all N
/
-2 ' . —
| \ Pr— )
\ ~13L | — -
. -07 .., 08~ " 039 1o~
L | P - (s)xI000 (K"xloc}é)

- V . i )
( N ‘& .t P
N ' N : :
) h

-Eig.SS.IB Variation 3f the anode'; oxygen partial pr ss_ui'e with ‘,
“temperature for cellTof Type IIT, The ngher ‘oxygen
" partial pré@sures:. for Cu/Ci:ZO ‘qux-ilibria indicate that the

\ ' formation of Cu20 is ‘uﬁllkely. o



172

Cu-rich liquid could be about 2 orders of magnitude higher in tiwe anode
involving europium compounds as compared to the one invelving lanthanum
compounds. As an extreme case, the oxygen content of the Cu-riech ‘phase

in the anode involving gadolinium compounds will be quite high. Thus,

the Cu20 activity 1n a cell involving gadolinium compounds could be o

significant, especially at high temperatures. A smaller value of B (in , ¢////j$\l

Table 5.16) for the Szll.involving gadoliniuﬁ-cbmpounds could arise from

the increased activity of'Cuao within the cell. - /
. . - O ~

L ’

5.4.7 Possibility of formation of REEQZS in the Anode

' In a cell of Type III, RE.O; and RE.0.S0, coexist at a s:;;;:-_\f\“

23 27277y
" partial pressure corresponding to the Cu/Cuzs equilibrium, in the

temperature range 1nv¢stigated. Thus, in the phase stability diagram
shown Im Fig. 3f6. the Cu/Cu S line intersects the phase boundary
between RE203 and 'aszozsoy. If the Psz. corresponding to the Cu/Cu,S 9.
quilibrium. increases faster than that corresponding to the coexistence

between oxide, oxysulfide and oxysulfate.‘as the temperature 1is

increased, then at a certain temperature. the Cu/Cu28 line will inter-

* .sect the RE 0 5/85202804 phase boquary. At this temperature, RE203

will be eliminated'and REEOES will form.

. In order to examine the formation of oxysulfide, the 1°5(P82)
corresponding to the Cu/Cuzs equilibrium a %9 that corresponding to -the
doivariant equilibrium between sfide.‘ oxysulfide and éxysulfgte. i;

- plotted against 1/T \{(as shown in Fig. 5.14 for the lanthanum compounds).

Since the two lines diverge at high teﬁperatures, ther&\isd
. *
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noe possibility of-oxysulfide formation.

5.4, 8 Applicability of Cells of Type 111 to Study 0xide/0xysu1fide

Eguilibri

As demonstrated earlier in this section, cells of Type III ¢an be

-

r

successfuiif used to study oxide/oxysulfate equilibria. From the nature

of, the phase stability diagram (Fig.,3 6), it was expected thétithese

cells would .also be’ applicable to study oxide/oxysulfide equilibria.

Therefore, a cell of the type: _
Pt|Lay0,(s), Lay0,5(s), Culs), CupS(8) |CSZ|ALT [Pt (Type V)

‘was constructed and operoted in a manner oimilar to that used for the

cells of Type III, ‘
No‘pteady emf could be obtained for tois cell. At a constant

temperature, thé cell eﬁf‘continuously decreased ‘with time. coming Eo a

~ steady value which was very close to emf of the cell®

|Laj03(s), Lay0, S0,(s), Cu(s), Cu,S(s)|CSZ|Air|PE.

Thereafter, the cell opera%ed exactly like Cell III(a). X-ray analysis

~

of the anode products showed that the La 0 S present in the original-

cell had completely converted to LaEOZSOH.

Since the‘difference.between the oxygen partial pressure at the
anode and that at the cathode is about 17 &rder of magnitude, one could

expect a strong -diffusional flux of oxygen dué to partial electronic

-

conduction in the CSZ. The oxygen could combine with the oxysulfide to
t

fonu oxysulfate, For this reason, Type V cells will not be suitable to

study systems involving Pr, Nd, Sm, Eu and Gd, because the oxygeo"



partial pressures at the anodes are expected to be even lower thar that

-t .
1

obtained for the cell involying lanthanum compounds. ~
RSN The cell: )
) T e : , ‘
% PtIY20 (3), Y 20,5(s), Cu(s), CuES(s)ICSZ[AirIPt
was also stuii?e), but it polarized very quickly and the cell emt‘

. .

coqtinuously decreased with time to zero. Sinece the partial pressure

,!‘ corresponding to the transient emf of this cell was well beyond the
b el_ectroiyt,ic domain of calcia stabilized zirconia, el'ectron_ic conduction
. 13 again expected to play a s-j.g_nific'an_t Eoie in t\he polari;gtidn' of this

.cell. Forl this réason. a cellv,vof Tybe v cduld notlbe uged torstudy the>

.

Ce-0-S system. . ' o : S

-

.. 5.5 Results fram Jype IV C;!'I 1s

5.5.1 Study of the ¥-0-S system Usin%<§.ée11 of Type IV
The 'cell - ' N
. ) 2
Pt|¥,0,(s), Y, 0, S(s) Ag(8), Ag,S(s)1CSZ|ALr [Pt .
was .-itudied in a very limited temperature range. The upper li,_mit was
determined. by the melting point of the !&g-saturated Agzs and, v;as
. 1077K(100), In order for CSZ to conduct 1onica11y, the temperature of
the cell should be greatgr than 10¥0K. The above two _fa;:t;.ors rpsult in
‘a very narrow t_é!npe}'at e range in whach the .cell is operable. Inspite
' '

of these restrictions, the cell wad operated up to about 1179K, the

melting point of sulfur‘-satur_ated sifver. !a'ble ‘5.17 gives the results

+ from this cell. ' -
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o EMF DATA\\an;IHE CELL: °
. . P|Y504(8), (0,573, Ag(s), Ag,S(s) [CSZ|ALr|Pt
: - = \ .
"® -\ .~ Temperature N Cell emf oo
DI /;m+"'}> V)
- . A . . —
1068 ! .813
) 1036 .818 T :
ot .., 1065 ~811 ' t

1085 “. .809 ' ' -

\-*

- ’ ‘,
An emf reading for the above cell.ﬁ'was “taken after 'a long

equilibration time of around ‘"20 rs. ‘The r.eading at 1068K was

T . ‘
expected to be most reliable a;/hus was used for' the calculations.
. -

. The abd(ve data, when combined with the standard OKe energy of formation

" of Ag,s (Ref. 60) and Y23 (Réf‘ 3) ylelds: »

AG°(Y2028) at 1068 K = -354300 cal /mole

- Thix compares very well uith the value of‘ —357000 cal /mole estimated by

Gschneidner et al. )(é\) for AG (Y,0,8) at 1068!(
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.5.5.2 Study of tHe Ce-0-S System Uaing a Cell of Type IV

r

The oel}
Pt|Ce0 (s), Ce,0,5(s), Ag(s), Ag,S(s) |CSZ|Air|Pt
) . - S .
was studié&/in a very 1fnited temperature range due to the reasons

outlined in the previQus section, Only.two reading of the cell.emf were

taken after about 40 hours of equilibration for each reading, These

values are iisted‘in Table 5.18.

TABLE 5,18
EMF DATA FOR THE CELL: -

PL]Ce0, (5), Ce,0,5(s), Ag(s), Ag,$(s)|CSZ]ALr|Pt

Temperature Ceilhemf '
K) - ()
1040 ' . . 906 '

1072 .894

.,‘:."

In view of thé,oonsiderations Qutlined in tﬁe previocus section,
the valué'at 1072K is expected to be the more réliable. From the.data

of Bevan and Kordis(33), the composition of CeQ, at the prevailing

oxygen partial' pressure of about 10 -18 at 1072K, 1is expected to be very

close to Ce02. Thus, assuming CeO (3) to be the oxide in equilibrium

_uith Ce 028(34 in the prevailing experimental conditions, G2 (Ce 'S)

can be calculated; Combining the cell emf data. at 1072K with the
standard free' energy of formation of CeO2 at 1072K we obtain

AG (Ce 028) at 1072 K = -3“0100 cal /mole.

—_——.
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\ : .
This value 1s in elkellen agreement with the value of \

, . _ .
-340200(+15000) cal /mole, estima¥ed by Gschneidner et al.(3) and the

J .
value, -338000 (+4500) cal /mole, determined by Fruehan(38). The error

A

in the present value of AG?.‘CeZOZ‘S) 13 estimated to be less tha
e - . /\
"eal /mole, . . S ('
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3 t\_\‘h_”/r6.1 Standard Free Enegfy Changes fog,the_ﬂeaction

- &)
y - )
A
. GHAPTER VI Lot
4" GENERAL DISCUSSION
s | : ’ ) Yy

-

-

; S(s) + Oﬂfﬁ) = - E202804(s): Extrapolation of the.

Results

Figure 6.1 shows a\gi?t of the standard free energy changes for
Reaction 5.6 against the atomic number of the relevant rare earth
element at different temperatures. Some of the data used in*this plot
are obtainea oa eittapolating the. data . of Table 5 T to temperatures ndt
covered in thé)experimental range. It is clear from this*plot that the
relative stability of an oxysulfate with respect to oxysulfide decreases
as the. atomic number of the rare earth element 1ncreases. It.dé also
clear from this plot that AG _g Jecreases quite sharply up to neodymium
and more gradually thereafter, The latter portion of this plot is
linearly extrapolated to heavier rare earths. -The extrapolated redults

.

are’ presented in Table 6.1 along -with experimental results obta;ned in

this study.

.

The error limits given in Table 6.1 are a combination of both. the -

experimental errors of about %200 cal and the statistical error artsihg

from the linear fit of the data.

}\.
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ATOMIC NUMBER

-

Fig. 6‘1 Variation of the standard free energi\ﬁhanges with temperature

for the reactiou 1/2 REZOZS + 2 02 = 1/2 REZOZSOQ

1
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STANDARD FREE ENERGY 'CHANGES FOR THE REACTION

L

TABLE 6.1

1 RE_0,50

272

1 =
3 REEOZ%(S) + 02(3) =

\

182

RE " Temperature 8G° = & + BT (cal /mole 0,) Error aG°

‘Range (K) . ' {ecal /mole 0,)-

. A B
(cal /mole 0,) '(eal\ /mole Oé'K)
La  1100-1500 -109930 38,91 +320
Pr 1100-1400 ~106890 37.67 £360,
Nd  1100-1430 (;i—Q\\ -108000 J 39.21 £320
Sm  1050-1370 " —108400 39.92 " 1490 .
Eu 1020-1320 -106860 38.95 360
. ‘\\. ,

Gd  1000-1280 _ -106520 38.88 £270 o
To . 1020-1200 To-108410 - 40.56 +160
{ .
By  1040-1180". -10656)3 39.39 . £270
Ho*  1000-1400 -106840 39.75° -
Er®  1000-1400 -106660 . 39.82 -
Tm®  1000-1400 ~106480 . 39.89 -
Toe 100Q:1599/ * ~106300 - 39.96 -
Lu® ~ 1000-1400 -106120 _

ko.03

* Estimated

\

%
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6.2 Standard Free Energies of Formation ‘of Rare Earth Oxysulfates

from their Respective Oxides

The standard free energy change for the reaction: .

¢

2 2 o2
3 35203(33- + 3 CuyS(s) + 024(3) = 3 BE0,50,(s) +

3 Cu(S). (6.1)"

3

Biven 1in Table 5.16 were combined with the standard free energy of {

/ o
# .
formation of Cu2$(§) ' AG{,CuES' given by:
1 - ¢ -

AG? c (1000-1300 K) = [-29872 + 5.503Tj % 300 cal /mole,
’ u23 .
l »*

tg‘yield the standard free energies of formation of rare é;rth'
oxysulfaﬁes from their respective oxides. These values along with .the

- ’ . ' :
error assoclated with them are presented in Table 6.2.

The error 1limits listed in Table 6.2 are due to a combination of
experimental and statistical errbrs and errors in the standard f;ee

L)
energy of formation of Cu,S(s).

6.3 . Standard Free Energies of Formation of Rare Earth Oxysulfates

The standard free energies of formation of oxysulfates from their
‘respective oxides, given in Table 6 2, can be combined with the standard
free energles of formation of rare earth oxides, compiled by GscHneidner
ep'al. (3) (Table 2.2), tao yieldlthe stahdarﬂ ffeg energies of formation
of rare earth oxysulfates from their constituent elemehts. These calcu-

lated values of the standard frée energles of formation of rare- earth
1

y .
¥ The data used to evaluate AG? Cu_S has been taken from Mills (42) for
"’
, 2 ,
Cuzs(s); and Kubaschewski et al. (87) for Cu(s). ‘ \\

v
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' ] TABLE 6.2 N
: SfﬁNDAﬁD FREE ENERGIES OF FORMATICN QF RARE EARTH OXYSULFATES FROM
— THE OXIDES
. 1o e +2 oca
REACTFON. RE203(8) +3 52(3) 5 02(8) = Ranasou(s)
o 2 . - o
RE Temperature . /G = A + BT (cals/mole) - * Error in AG
. Range (X) ’ ; (cal /mole)
A ) . B
(cal /mole) (cal /mole‘k)
La 1140-1340 . " =200850 T4.24 1580
Pr 1080-1340 ~196260 . TH.69 $580
Nd  1040-1340 ~192140 72.76 £730
Sm 1100-1300 ~187110 T1.30 : 1720
J ‘ . N
Eu 1100-1320 ° =185260 ' T1.66 730

1160-1300 -179440 68.03 £730

Sos

e,



“to yield the Standard free energles of formation of '%he rare earth
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oxysulfates, Gf RE 0S50 @' listed in the Table 6.3 along with the .
: 27550

associated errors. The same results are plotted in Fig. 6.2.
Figure 6.2 shows that the stabliity of raie earth oxysulfates

- * .
Idecreases as the atomic number of the constituent rare earth increases,

Eu,0,50, being a notable exception e stanégrd free energy of

~formation being significantly lowe ﬁ this case. The lower standard

A ] ——
. 1
free energy of formation of europium oxysulfate 13 due to relative

. —/-._/‘

stability of the bivalent as compared to trivalent state (3). However,

the trend of’ decreasing stability of the oxysulfates with atomic number

is opposite to thae observed for oxides and oxysulfides where the

stability increased wi&p*an\igfrea in atomic number . ) m\" N
Figure 6.2 also shows the AG £, Lazozsou determined by Grizik et
al. (58). This value differg significantly from the value determined in ’

the present study. The reason of this could be found in the .approximate '
nature of the determination made by Grizik et al. (58), as discussed in

Section 2.3.2;
. e

.  J
6.4 Standard Free Energies of Formation of Rare Earth Oxysulfides N

The standard free energies of formation of rare earth
oxysulfates, fisted in the Table 6.3, can be combined with the standard

free energy changes for the reaction:

e 3 BEL0 2S(3) + 0(g) = % Razozsou(s)

o

oy
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Fig. 6.2 Variation of the standard free;enefgies'of{formation of

rare earth oxysulfates with temperature.
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oxysulfides from their constituent elements. These values are listed in

Table G;H-along with associated errors. The same values are plotted in

Fig. 6.3. In this Figure, it can be clearly seen that the values of
-

AGO' of all rare earth oxysulfides, but that of Eu, lie in a close
f REzozs

band. Thus, any regular change in AG?'RE 0. With the atomic number,
22 .

if present, is not clear due to the large errors associated with these

values. Figure 6.3 alsc shows the values ;f aGo . determined by
. f,Ce202$
o 0
Fruehan (38) and the 'values of AGf,Céaozs and AGf,Laaoes estimated by
Gschneidner et @al.(3). As already pointed out in Section 5.5.2, the

values of AG? Ce 0 s reported by Fruehan and Gschneldner et al. afe in

22 . N
excellent agreement with the values, obtained in the present study

Also, the value of AG; La 0 §* Treported by Gschneidner et al.(3), is in.
N L 2 2

good agreement hith that obtained in the present work, within the error
limits of +15000 cal specified by Gschneidner et al.

Gschneidner et al. (3) have estimated the values of AGC .-
. f,REEOZS

for all oxysulfides at 1100 K. A comparison between these values and
those obtainéd in the present investigation: (Table 6.%) shows a good

agreement in all cases.

. : -
o

-]

-(l
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Fig. 6.3 Variation of the standard free energies of formation of

rare earth oxysulfides with temperatu*e
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TABLE 6.5
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f

-

STANDARD FREE ENERGY OF FORMATION OF deSULFIDES AT 1100 K

o ( .
,AGf RE 0 s at 1100 1 /mole)
1 2 2 . i

- Sm

RE .
W . »

, i Present Work Gschneidner et al. (3)
La. N -338900 (+ 3509 -337000 (s Ysbto)
Pr -343400 (+ 4600) ~340000 (+ 15000)
“Nd 339300 (¢ 3200) ~341000 (4 15000)

" ~339300 (+ 3800) 2343000 (+-15000)
Eu | -293000 (2 4000) ~299000 ( 15000)
6d ~337000 (+ 3800) ~346000 (& 15000)

Estimated
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,6.5 Phase Stability Diagrams (PSD) of RE-0-S Systems

. | -192

Phase stability diagrams are very useful ip making predictions

about the stability of RE-0-S phase under given cohditibns of \

temperature and partial pressures of oxygen and sulfur. Phase stabilit§

,diagrams for RE-0-S syétems can be constructed utilizing the

o} . o]
and aG , and the
f.RE2023 f.RE20250u

- /
data from literature on thermodynamics of oxldes, sulfides and sulfates.

experimentally determined values of aG

"All the diagrams have common general features, however, they
differ .in some important aspects frpm each other.:- These differences are
highlighted in the viecinity of ‘the poiqt, defined by the oxide-
oxySulfide-oxysulfate co-existence. This region 1is most impor;ant from
the viewpoint of the present study. The:various ﬁE—O-§ phase stability
diagrams. would differ rrqm each other in %the followiqg important
aspects:

1. Some , rare garths, such as cerium, do not. form an ox}sulfate and

form oxides having a wide range o( compositiohs.'

L4

2. Some rare earths, such astraseodymium and terbium, form stable
oxysulfates even though they form oxides wiﬁh a wige range of
compositions.

3. Europium and ytterbium have a stable valence of less.than +3 in

some of their oxides, but europium forms an oxysulfate stable at
high temperature;. whereas ytterbium does not.

4. The stability of an oxysulfate, relative to the bxysuifide and
oxide, continuously decreases as ‘the atomlc¢ number of the

constituent rare earth ipcreases.

A

e

<
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These aspects areé highlighted by constructing the phase stability
diagrams of the La-0-S, Ce-0-3 and Gd-0-S, systems. \

Figure 6.4 shows the ﬁhase stabilitf diagram of the La~0-3 system
at 1100 K. The Qafa used in oonsthction of this diagfam were taken

\ ' from. the present worﬁ\for La2025 and Laaoasou. from runzweig (70) for

the LaE(SOH)3/La 0 250y equilibrium; from Gschneidner et al

Lay03i from Mills (42) for LaS and La,Syi and from Vasileva et al. (98)

for Lasa. The data fbé La?"Su are not knowﬁ; Thus fbr the present

_ construetion, Gf La3Su 1s taken equal to the ° AGf Ce 3Su Beﬁause of

the large errors associated with the standard free energies of formation

of some of the compounds, the data are inconsistent with each other.

> Thus,” the phas -stébility diagram 1s constructed so as to make various

data consistent.withfeach other and not to violate the phase rule. .

Additlonal complications are introduced, in the ph;se stabilitx

diaérmn of the Ce-0-S system by the existence of ﬁqn—stoichiometry in

the oxides of cerium. Figure 6ﬂ5 shows the phage stabil;ty diagram for

. the Ce-0-S system at 1100 X. The d;£a.used in the constructionh of this

\diagram has been taken from Gschneidner and Kippenhan (99) for sulfidés;
from Gschneidner et al. ¢3) and Fruehan {48;;

Bevah and Kordis €335 for oxides; and from Barin et al. (60) for

Ce2(SOu)3. This diagram is drawn by making the available data

self-consistent at the low oxygen and suifur partiay pressures,

However, when this is done, vafious phase boundaries becomeuinconsisten;

Wwith, each other at high oxygen and sulfur partial pressures.

Furthermore, when Fru;ﬁan's (QB) data, instead of the Gschneidner's

/‘\

!

<

- “for the oxysulfide; from



194

o y'9 814 - .
~ sdibor- N o

8- vZ- 02- 91- 21- 8 ¢+ O ¥ 8 %L 9L 02 2 ,mN ¢E 9t Oy b

T 1 T T T T | T | T T T T =1 T
E{ros)Zm i
stoia  toten -

e
,, i
/ . ’ Nmﬂ._ _
€% o~ Tt
Y0O0LL 1V WALSAS §-0-€1 40
WYHOVIAQ ALTHEVLS 3SYHd .
. : g

A} . 7
s At 4

ZL
9L
14
be
8z
44
Wﬂ
ov
144

8b

{€od)Bol-



195

™

§'9 311

(Zsd)Bo;”

PL- 8L- ZT- 9T
i

05 ve- BE- 2N

——

1 r

0011 LV WILSAS §-0-¢

40 WYYDVIQ ALNIEYLS ISVHd

(ZOd)BOI



. 196
)

estimates, are used for AG?,CeEOES' in constructing the phase stability
diagram, the Ce2025 bhase field becomes‘ very small. This 1is 1in
contradiection with practice in that Cezﬂzs is observed over a\wide range
of\oxygen and sulfur partial pressures. Thus, if'Fruehan's data 15
taken t? be aceurate then the thermodynamic data on sulfides need to be
si%nificantly modified in order to'maigiain a large Ceaoés phase }ield.
However, at-this point no Judgement can be passed on the. accuracy of the
data reported in the above two works. The.only reason for usjng. the
AG?'CEEOZSE from Gschﬂeidner et al. (3) in the present constructiﬁn is
because it gives a phase stability diagram that is more consistent with
practical observations,

The phase stability diagram of Gd-0-5 system is very similar to
that of the La-0-S system. ° ﬁowever, the point, determined by oxide-
oxysulfide-oxysulfate coexistence, shifts to higheF values of oxygZen and
sulfur partial pressures. This 1s illustrated in Fig. 6.6_uhére the
Gd-0-5 phase stability diagram (drawn with solid lines) is sgperimpésed

on the 'La-0-% ‘phase stability diagram (dashed 1lines). The phase

stability dglagram of Gd-0-S systemﬁ?s constructed using the data from
Mills (42) for sulfides; from Gschneidner et al.(3) for the cxide; from

the presekt werk for the oxyéulfide and the oxysulfate; and from

‘Grunzweig (70} for oxysulfate/sulfate equilibria.

As temperature increases the-point, corresponding to the oxide-
oxysulfide-oxysulfate coexiétence. moves to lower oxygen and sti::r
partial pressures. This is illustrated in the Fig. 6.7 drawn fo;\ e

Gd-0-3 system.
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CHAPTER VII

CONCLUSION AND SUMMARY .

Thermodynamic data on oxygen-sulfur compounds of Care earths are

quite scarce in sgpite of their importance from an industrial
vieupoiﬁt.v

Oxygen conéentratioﬁ cells, using caleia stabilized zirconia} can
be successfully used to study ternary rare earth-oxygen-sul fur

systems at high'temperatures. The\iflls:

| RE,0,S(8), RE,0:50,(s)

| |
Pt | S DA

[ .
. Air | Pt {Type I)
| in presence of RE203(3)| \\\\N | .
. ‘x\r\
| RE,0,S(s), RE,0,S0,(s) | | | 2 \
pt | °° 20T | eszfatr | Pt (Type ID)
I

in presence of Ag/Agas | ]

RE_0.(s)}, RE_0 S0, (s) | |

|
Pt | ©3 272 csz | atr | Pt (Type III)
Culs), CusS(s) | |

| RE;0.(s), RE,0550,(s) | I
Pp | 29 22 1 esziatr | Pt (Type TV)
| Ag(s), Ag,S(s) | |

were used to study the rare earth-oxygen-sulfur systems at high

temperatures.
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[ 4
Cells of Type 1 were used to study the oxide-oxysulfide-

oxysfate univariant equilibria at high temperatures, These
cells’ could be used to study systems involving rare earths up to
dysprosium, cerium system being the only exception, The results

obtained using the cells of Type I are summér'_ized in Table 5.2.

The results of the least square analysis of the emf date from

'Type I cells are presented in Table 5.4 and the standard free

energies . of oxidation of oxysulfides calculated therefrom are

presented in Table 57

'Thg lower limit of the temperature range in which a cell of 'i‘ype ‘

I could be operated was set by the kinetics of electrode
4eactions and the resistance polarizatiof of €sz at low

temperatures, Thus, cells of Type I could noL\be operated below

«

1000K. b *
The upper 1limit of the temperature range in whi.c_:h'a cell of Type.
I could tGe opera,ted was determined by the decomposition of
oxysulfate to oxide, The temperature of decomposition varied
with the system. Thus, a Type I cell involving lanthanum
compounds could be operated up to 1500K while that involving
dysprosium compounds could be operated only up to 1180K.

The temperature at which an oxysult‘a-te decomposes to -the
respective oxide decreases as the atomic. number of the
constituent rare earth element increases. These results are in
agreement with those reported by the previous workers (64-68).

The standard free energy change for the reactiocn:



(8)

(9)

(10)

(1)

" in order to be studied utilizing

. ' 201

] . :
5 352023(3) *0,(g) =3 Rzaoasou(s)

iy . e~

]

Increases as the atbmic number of. the- constituent rafe earth
élgment increases. Fig, 6.1 summarizes this conclusion.

The results from a cell of Type II are found-to bejdentical- to
the corresponding cell of Type I, ingicating that the phase
boundaries between oxysulfides a%gfpxysui}ates in the relevant

Phase Stability Diagrams (PSD) are pérallel to the log(PS ) axis.
- . ’ -, ¥ ) . 2

Results from the cells of Type II and those from the coexistence

studies, summafized in Table 5. 1 indicate that (LaO)AgS type

compounds do not form 1n the temperature range examined These

compounds have been reported by Palazzi et al.(90) at lower

temperatures. i
The cells of Type III were used to study the phase .bounfary
between oxide and oxysulfate in a rare earth system. 'The re ults

obtained from the cells of Type III are given ih Table 5,12, The

. ‘ .t
least square analysis on these results is performed in Table 5.13

"and the standard free energy changes for the reaction

2 RE.0,{3) + % Cuzsts)‘+ 02(8) =2

3 RE0, RE.,0,50,(s) =

3 RE0,50, Cu{s)

3

obtained therefrom are presented in Table 5. 16.

f
The cells of Type III could be used to study ‘the systems

L

involving rare earths upto gadolinium, cerium system being the

only exception. The eri ia that should be met by a system

ells of Type III are discussed

in Sections 3.4, 3.5 and 3.6.

”

¥ .
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The&‘grer limit of the temperature range in which a cell of Type

IIT can be operated was determined by t —’Eigepiés of electrode

reactions and the resistance polariz ioh'of the cell, the former

being the more important factor. . Thus no cell.of Type III could

be operated below 1040K, ‘ ~—
B |

The upper limit of the temperature range in which & cell of Type |

IITI could be operated was determined by the temperature at which

Cu-rﬂFh liquid phase formed. . perature depended upon.the
oxygen and eulfur contenfs of the Cu-rich phase whieh in turn ;83
determined by . the. oxygen and sulfur ~partial é;essures in the
electrode. Ihus. the temperature at which Cu-rich liquid formed

depended upon the rare earth system, For this reason, the cells

of Type III involving lanthanum compounds could be operated right

upto éhe melting point of pure coppe}.. while those involving

compounds of gadolinium could bé studied only up to 1210K.
The oxygen partial pressure prevailing in the anode compartment
of a cell of Type III inc}eased as the atomic number of, the

constituent rare earth‘inereésed. Hbuﬁ{;r. only systems giving

oxygen partial pressures which were at least two orders. of

—_
Ad/;,,mégnitude lower than those established by the Cu/Cu20 equilibrium
’ b}

£ial in the cell. _
(15 istence studies, reported in Tables 5.1 and 5.14, indicated

could be studied. S0 as to avoid the establishment of a mixed

that ng chemical reaction takes place in the anode of cells of

Type III.

)
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The cells of the type:

»

Y

Pt | RE03(s), RE,0,S(s), Cu(s), Cu,S(s) | CSZ | Air | Pt

could not be studied because the oxygen partial pressure
established at the anode was found to be outside the electrolytice
domain of CSZ. - '

Thelcells of Type IV could be operated in a very restricted -
temperature range' as discussed 1in Séction 5.5.1. 'These cells
were used to study the phase boundary between oxide and
oxysulfide 1in the cerium-oxygen-sulfur and the yttrium-oxygen-

sul fur systems,

(18) - The standard free energies of formation of the oxysulfates of

19)

#lanthanum, praseodymium, neodymiﬁm. samarium, europium and
gadolinium were determined using the cell data and are listed in
Table 6.3._ The standard free energies of formation of
oxysulfides of lanthanum; praseodymium, ﬁeodymium. samar ium,
europium and gadolinium have also been determined uéing the cell
data and are listed in Table.6.4. ’

The values of the standard free energies .of formation of

lanthanum oxysulfate obtained in the present study. are found to

be in disagreement with those obtained from the data of Grizik et

al. (58). However, the values of Grizik et al. (58) are expected
to involve large errors because of the approximate nature of the
- technique used in their study. The values obtained in the

present study are expected to be much more reliable.



(20)

21y _

(22)

(23)

(24)
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The standard free energies of formation of oxySulfides at 1100K

-obtained 1in the preseat study are in excellent. agreement with

thqse estimated by Gschneidner et al. (3). This comparison is
shown .in Table 6.5. | .

The sta.ndar'd free energy of formation of Y2025 at 1068K is found
to be -354300 cal /mole. This value compares very well w.ith the

value of -357000 (+15000) cal /mole estimated by Gschneidner et

al. 3.

The standqrd free energy of formation of CeZOES at 1072K is found
to be -340100 (+3000) cal /mole. ‘ This. value 1s in exceilent
agreement with the value of -340100 (+15000) cal /mole, estimatéd
by Gschneidner et al. (3), and the value of -338000 (+4500)
cal /mole, dei:ermined by ®uehan (38), /_“ ' _

Phase Stability Di'ggrams for La-0-S, Gd-0-S and Ce-0-S systems
were constructed to illustrate the principles :I.nvb;l.ved in their
construction and highlight tﬁeir utility.

Cells similar to Type IV cells can be utilized to study rari;'

earth-oxygen-halogen systems. bne such cell which can be used to

study rare earth-oxygen-fluorine system can Jbe represented by
Pt | RE,0;(s), REOF, Ag(s), AgsF | CSZ | Air | Pt.
Similar cells can be constructed to study other rare earthe

oxygen—ha]\.ﬁgen systems, However, this is only a pr‘eliminary

proposal and a detalled coexistence’ study for the components

’

needs to be done before actual experiments can be taken up.
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APPENDIX A

. LINEAR REGRESSION ANALYSIS

This section summarizes the .statistical methods sed in thi
investigation to treat the. experimental data. These methods are
discussed by Johnsqn'and Leone (1 ‘ and Lindgren et al. in great detail
(o).

In the pée&ent work, we are mainly concerned with the 1linear
regression of a dependent variable on a single independent variable x.
Such a regresssion is "performed by calculating vé#timates of the two
parameters, a and 8, in the fofmula _ :

® . &

Ety{x) = o+ BX
where E(y/x) is the regression function; & and B are two parameters.
representing intercept and slope. respectively.

The following assumptions are made in order to obtain the least

square estimates of a and 8:

1. 7 The x; values are controlled and/or observed without error.

2, The regression of y on x is linear, that is,

= a + BX A

3. The deviation - E(y/x,) are mutually independent,
k, These deviations have the same variance, whatever the. value of
Xy
- 212 -
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0
5. These deviations are normally distributed.
Using the method of least square.‘the following estimates of the
sleope, b, and the intgrcept, a, can Fbe obtained. Tﬁus for n

observations,

g EXYy - By By

2 2
nk Xy - FZ xi) ‘
azy-bx
p Where I represents the sum from i=1 to n; y 18 the mean value of ¥,
glven by £ y,/n; and X.is the mean value of-x, given by I X,/t.
The goodness of linear fit of -the data points to the regression
: * . . )
 line is measured by the standard deviation, S , about the fitted line,
and is given by

s* = (¢ (3, - a - bx;)?/(n-2))'/2

The least square coefficients, a and b, can be thought of as

-

estimates of the 'true coefficients 1d'the regression function, a'+ BX.
To see how good thej are as estimators, one has to study their

distribution, and in order that this be possible, the specification of

the regression model must include a distribution for the error component_

€. This is ysually assumed to be normal. The standard errors, S, and
8;, in a and b as estimators of a and B can be obtained (101) as

: Q -~ ,

\/{\/ »
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] =2 ’ -
+a (1/n + x2/x (x2 - x)2)]1/2 .

1]
"

s §)2)1/2]

b 1[0'/(2 (x; -
where °?+‘ is the standard deviation about the fitted line for the
populatién SS' is the‘sténdard deviation for the sample).

' When only S’ is‘ﬁndwn, the confidence interval for the estimators
of ¢ and caﬁ'be obtained u;ing»t-distributibn with (n-2) degrees of
freedom. The 100 (1-q) berbénp confidence interval for the slbpe and

the intercept are given by "

n-2,1-a/2
_ 33172

-

> sh
2)1/2

#
=8) (
<B<b+

(t Fn;a,1-a/2

(£ (x, - x)

b -
(I (x1

5

#
2)1/2 S <a

-2 -
a- tn-2.1—u/2 ((1/n + X {E‘(xi - x)

=2, . =2.1/2
<a+ tn—2.1—a/2 ((1/n + x°/2 (xi - x)7)
. ) ¥
The correlation coefficient, Yo is the measure of the correctness

of the model and is given by

y = nIxy;-Lx Iy
= 2 2 2 2,41/2
[in I X - (Z xi) lJIn: v - (r yi) 11

.

. #* P
i In the results treated in this work S = g , since the number of

r

observatig%s are large.:
f] .

e
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v

L 4

Jl/“

- Although in the present work, there was obviously an error in

measurement of teﬁberature.h@he independent variable, the above analysis

L8 } .
i1s not invalidated, Since th error in the temperature measurement can

. be considered as an error in the free energy, assuming the temperature
was copfecy, The -errors discussed above only represent the statistical

“errors and do not include any systematic errons.
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