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s ABSTR.CT

The thermodynamic phasc relations and thermodynamic

propertics of the oxides arc tabulated.

o4 THE ‘THRRKODYNAMIC PROPERTIES OF THE OXIDES

. By: Leo Brewer

a2

To be declassified end made available to others for use in reseerch, develop-

N ment, or manufacturing work.,
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THZE THERMODYN.MIC PRCPEZRTIES OF THi OXIDES
Leo Brcwer
Introduction

This rsport is part of a morc complete report which will
cover the thermodynamic and physical properties bf the oxides
of éll the clements, Since it will be some time before the |
recmainder of thc report will be complcted, the portion of the
report covcring the thermodynamic properﬁies of the oxides of
the olements of the 1loft hand sidc of the periodic tablg ub
tb the iron group will be given at this time.

This portion of the report will cover the thermodynamic

phease relations and thce thermodynamic properties of the

elements covered, It is hoped in thc near futurc to extend

this coverage to the remaining elemsnts, 4 sscond section of
the final report will cover the melting point and vaporization
data and a discussion of the gaseous spocies prescent at high
temperatures under various conditions as well as a discussion

of the goneral high tempcerature chemistry of the oxide systecms,

The work described in 'this peper wes done under the auspices of the Atoamic

Energy Commission.
t
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Referencos to the Thermodynamic Propertiss of the Oxides
Threc thermbdynamic quantities are given in Table 1, ¢Hpeg,
the hcat of formation at 2980K., A5298’ ths cntropy of
formation at 2980K., and AFpqg, the free energy of formation
at 298°K. AF298 was calculated by means of the relationship
‘ - £8pT, °8298 was calculated from the cntropy of the

L\l‘T == AHT

cxide mpd-the entropies of the elements. The entropies of
(31)

the elements were obtained from Brewer

The discussion of theo thermodYnamic properties will, in
general, follow the following order:  (I) The known important

oxide phascs will be listcd as reperted in Strukturbericht(69).

(II) The roferences to tho hsats of formation will be given

together with a discussion of the rcliability of the data in

many Cases. (III) Rofercnces for entropy values will be givcn
only for very recont detorminapions which arce not given by |

Kelley(z). In some cases; the entropy velues given in Tablevl
have been cstimated by the author, Such estimated valuss are
given in'parentheses in the table and no refcrcences arc given
for them, Most of the experimental values were obtained from

(2

Kelley ) and when no.notc has been made of the source of an

experimental entropy value, it was obtainced from Kelley(z), i

considerable number of centropy values were obtaincd from

(3)

Latimer which are noted in the references, (IV) Where high
temperature squilibria data are available, they are discussed in

relation to'tho thermodynamic data choscn in Table 1.
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Alkeli Metal Oxides < 41l of the alkali mstals have oxides

of the Mz0 type, all of which have the CaF,; type crystal
structurc, cxcept Csz0 which has the CdClz type crystal structurs,
All the alkali metals form the peroxide Mz0z which has bsen
shown to have a structure somewhat similar to the HgaClze
structure in the cases of Li and Na, One might gucss that K02
and Rbe0z might bccome even more like ngClz‘if the 0z group

is to be considered analogous to the Hgs group since the‘larger
alkali metal ions would corrcspond more closely in size to Cl
than do Li and Na. K. Rb, and Cs have Mz0s peroxides which are
face contered cuble anti-ThsP, cryétal type according to Helms
and Klemm(97) in the casss of RB and Cs and peroxides of the
type 40, which havs Been shown to have the Cacz type orystal
structure. Neum&n070) reports a transition of KOs at.75.5°C
to an unkiown low températﬁreﬁform. Naoz.is apparently un—
stable at room‘temperature at one atm. oxygeh.--scheohter,

(145)

Sisler, and Kiéinbefg have some evidence that.it

can be preparéd'at very low temperatures. In addition

to the normal oxides and the peroxides, sub-oxides have beacn
reportéd for the alkalil metéls. For cxample, Rengado(63)
reports the cxistance of compounds cs7o; Cs40 2nd Css0 melting
peritectically at 500, lOG and l70bC°, rescctively, and the
compound Cs702 melting at 360 without disproportionation,
However, no X-ray analyscs have béen imaée of thesec comycundé,

In view of the low temperatures required, it should bo simple
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to carry but a complete investigation of thesé systems to clarify
the situation. | |

Bichowsky and Roséini(4 give the hneats of formation of Ligo,‘
Li0, 1ag0, a0, ¥z0, KeOs, EOa, Rbz0, Csz0, and 0sO, from heats
of solution. They also give AH298=-101E6)kcals. for the compound
5

Nas0., The ﬁalue'determined by Forcrand was used for KO. The
values given for RbO, Rbz0s, and RbOg were estimated by Forcrand
by compariéon with other peroxides qf-the alkali metals and are
rather uncertain, The Valués given for CsO z?d Csz0s3 were based
on heats of gsolution determined by Forcrand . «ll the data for
the alkali metal oxides and especially for the peroxides are rather
uncertain, Uncertainties of + 5 kcalories should be applied to
most of the heats'of formation of the peroxides,
dntropies.of formation of the percxides sre not given, but
they will be much less negative per atbm of oxygen than the entropies
of formation of the normal oxides./ For example, the entropy of
formation of the 10 péroxides will probably be =27 e.u, per MO.
The higher peroxides have even less negative entropies of formation,
Rengade(l) reports that the Mg0 oxides disproportionate to
M geas and MO solid, In the most favorable case for such a reaction,'

we calculate for Csz0(s) = Cs(g) + Cs0(s), K = about lo"loatmosphmes

) [%
at 634 X,., wnich would indicate an extremely low reaction at this

temperature., If his report of a reaction at this temperature is

correct, there must be extensive so0lid solution formation between

(1)

Cs20 and Cs0. Likewise the work of Rengade and Centnerszwer and
1) :

Blumenthal( on the dissocliation pressures of the liguid jperoxides

give greater dissociation pressures than calculated from the heats

of formations and reasonable entropies if the phases are assumed to
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to be immiscible, Calculations taking into account. solutions”

¢re difficult because the phase relations of the oxides have not
been dstermined and the phases in equilibrium during the decon-~ (131)
positions are not well established, Xazarnovskii and Raikhshtein 5
nave determined the eqdilibrium/oz partial pressure due to deéomm
position of KOz below its melting point, Their results indicate
that Xz0s 1s thermodynamically unstable and their data are in good
agreement with the heats angd entropies of formation given in Table L.

4lksline darths —dxcept for BeO which has the Zn0 wurtzite

crystal structure, all the normal MO alkaline earths nhave the NaCl
crystal structure., ZExcept for Be, all the zslkaline earth metals

form MOz peroxides,which have vteen showrn to havs the CaC; crystal
| (103)

structure in the cases: of '8r0; -ard Bag,. Xotov and Reikhshtein
diccuss the structure of Cal0g, which apparently also has the Caly
sgtructure,

The heat of formation of BeO given by Roth, Borger, and

(7)

Siemonsen was accepted as probhably being more correct than the

sarlier lower values, The heat of formetion of Mgl was determined
, ,
. . (8) , . .
by Shomate and Huffman . The heats of formation of Ca0, CalQg, 3ro,

4)

s . N
Sr0z, and Bal0 were obtainsd from Bichowsky and Rossini' ', The

stendard states of hard high melting oxidss like Mgl wre 4ifficult

to defige unless the thermal history has_been oarefuél§ razulated,
This is illustrated by the work of Taylor snd Wells( 4 wine found
the heat of fofmation of MgO varied as much as a kilocalorie

depending upen the previous heat treatment. The heat cf formstion

of R2a0 was estiuated,

The sniropies of fermation of Calyp and 5r0z were estimated by

Latimer(B)a The entropy of Bal0. comes from Lewis and Randall(7lz,
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Data on tine dissociation oxygen pressures over Mglp and Calp are
nrh o of any use for thermodynamic calculations bhecausc equilibrium
conditions do not prevail and the peroxides exist at temperatures

at which they are thermodynamically unstable because of slow fates
of decomposition, One calculates one atmosphere of oxygen in
squilibrium with SrO0z and Sr0 at 6OOOK while 488LK is observed,

If there is no interaction between the phases, the difference must
be Gu2 Yo an error of one kcalorie in the heat of formation of

1/2 8r0, or 2 e,u, in the entropy which are well within the experi-
nental uncertainties. Thce oxygen peartial pressures over BalOz measured

by Hildebrand(72)

are in sgreement with the thermodynamic data in:
Telle 1.

The heats of formation ¢iven in able 1 may be checked by the
dissociation data of carbonates whioh ere mesviewed by Kelley and

(93) (4)

‘, v
anderson . Using Bichowcky and Rossinit's’ heats of formation of
the carbonates for Ca, Sr, and Ba, ons obtaine the following

comparison of the AHcgg values &howing satisfe~i-ry agresment,

From Table 1. Trom Carbonate Dissoclietia
Mg0 ~143 8+ 0,5 | ~Led, 1
Ccac | -151.7 £ 0,5 ' TR
3r0 -140,8 + 1 © ~147,4
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Boron Aluminum Group Oxides - Although all of the third group

elements have stable MO gases, 1t seems probable that the MO solids
are unstablé by disproportionation to M ahd M203 except perhép? at
(65) studied the Al-Al50,
phase diagram and report a compound A1809 melting at 2323°K.

with a eutectic between A1809 and Alzo? at 2291°K.

Brewer, Searcy, and McCullough(lqz) could find no new solid phase
upon X-ray examinatioh at room temperature of fuged mixtur;s of

Al + Alzo . A high temperature X-ray study would be of great -
interest. All of the elements of this group form Mzo oxides.
usually occurs as a glags, although Taylor and Ccle(zh) cleim

B,0,

to have prepared crystalline B AJ.ZO3 is known in at least three

204

 different crystalline forns, but the only stable form at all temper-

atures is the rhombohedral a-corundum form. However, the hexagonal
{3—1\.120,3 can be stabilized by addition of impurities such as alkall
metal oxides which form NaQO.llAlzoqe The cubic Y-Al,0, which is
often formed upon oxidation of aluminum or dehydration of hydrous
aluninum oxiae has a structure very similar to tbevspinal struéture

of F930 with vacant spaces in the Al latitice. Upon hkeating, it is

L
converted to the stable a-corundun. chcg, Yzoq,'and the rare

earths from Hozoq'to Lu203 have the cubic Mn?03 structure. The

other rare earths occur in three. forms depending upon the method

of preparation. The hexagonal Lay0, crystal structure or a-rave

3

earth structure has been obtained for l&as05, Te,0,, Pr,0,, N3,04

and Sm,0, by heating the oxides to temperatures ranging from 600°C.

3
for La,0, to 1800°C for SmQOg. GOldoChﬂldu, Ulrich, Barth and
Lunde(66) and more recently landelll -80) have shown that as one J

goes from La to Sm, higher and higher temperstures are required for

conversion tc the A structure. Fither the Lazoq structure is the
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thermodynamically stable form or the rsconversion is very slow when

once formed,

Oxides prepared at lntermediate temperatures have a pseudo-

(56)

trigonal form of unknown structure.according to Goldschmidt .

Iandelli also obtains this intermediate strudture known as the
B-rare earth structure but claims to have a different formf from
that reported by Goldschmidt., This B-rare earth form has bcen
observed for Gdz0s, Euzoa; Smz0s, and Nd20s and perhaps also
Prz0s and Dyz0s.

Finally, all of the rare earth oxides even back to Laz0s may
be prepared in the cubic Mng0s or C-rare earth structuras by ignition
of the nitrate, carbonate, or hydroxide at low temperetures
ranging from 350-600°C for Lag0s to 500-1300 C for Rugds. Thus the
C form of Smz0s is prepared by ignition df'the nitratse below SOOOCV
or 6f the carbonate below llOOOC. The B form is prepared deitween
800-18OOQC, and the . form is prepared’&bo&e 180000. Lghberg(67)
who was the first to preparevthe C forms of Laz0s and N&z0s
prepared them by heating La(NOs)s at 4BOCC for 20 hours and Na({NOs )s
at '700O C for 3 hours, 'He found that after % hours at 1000004,
the C form of Ndz0a had.been converted to the « form, Therc is

glways the possibility that the forms of La»0s, Nagz0s, stc, prepared

. at low temperatures are stabilized by the prasence of NOs or other

large anions which lowsr the cation to anion ratic and that the

high tewpersture tresatment vepcriées this impurity., This would
agree with the increase in temperature rsquired ac one goass from

La to smaller caticns, This might De chenked by détwrmining it the 
o form can hs rsconvérted 0o tne C [orp v heating with nitrste flux,

(68)

However, it might be noted that Zachariasean hes snowa that
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Ce 025 stﬁll has the hexagonal .. rarc carth form even thoﬁgh the
S anjion nas been lnserted.

Higher oxides are %nown in the cases of Cely, Tréoll, and
Tb407, all of which have the CaFg crystal structure, Nd also forms
a higher oxide, The tetravalent oxides with the fluorits structure
form & ratier wide solid solution range with the seéqui-oxides siace
the cubic Mn0s or C rere earth structure is the CaFz structure with

(133)

some of the F sites vacant. Gruen and Katz have by the action

“of atomic oxygen extended tiic solid solution ranges up to FrOz and

‘Tbog, These are probably metastable with respsct to one atmosphere

oxygen, One cah expect in soms cases8 to extond the solid solution
range perhaps ceven as aigh as M0, , by leaving vacancies in some of
the metal sites of the CaFy structure.

The heat of formation of Bs0s glags was deternined by Todd and

(17)

_ " 1 _ .
filler and recalculated by Rossini(12°). The heat of formation

(18

)
of ..120s was determined by Synder and Seltz " and the high

temperasture heat conteats and entropies of ..120z zre given by

(147)

Ginnings and Corrucciail . The heets of formaticn of Sc¢z0z; and

Y:0s were estinated. Thce heats of formation of Lasls, PrgCs,
11° Ndz0s5 and SmzCs were obtained by correcting Bichowsky
(4) o ,
and Rossini's values to conform with the new heats of formation of

(19)

the aqueous ions which were determined by Bommer and Hohkmann .

I‘I’6O

Tn “heat eof formation of Cex0s was cestimated and Hirsch9s(74) value

W

for the heat of formation of CeOz was taken instead of smaller
values b, other workers, Most of the rare earth velues are rataer
uncertain duc to uncertainty as to the form of the oxide used and

to the wide differcnces eamong determinations,
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The only equilibria data available to check the thermodynamic
data given in Teble 1 are the oxygen dissociation pressures over
the tetravalent .oxides. The checks are not very good as might be

expected from the uncertainties in the heats of formation. One

calculates an atmosphere of 0, over Ce0p at 2000°K while the work of-

wartenberg and Gurr(25) and - others indicate that reduction does not

cccur until temperatures much over 2300°K are reached. Also

(72)

could reduce Ce0,, with hydrogen only above

2
1400°Y while the calculations indicate reduction at nuch 1ower‘
temperatures. Unless rates are extreriely slow, these data
indicate that the  sH of formation of 1/2Ce0, should be at least
L4 kilocalories more negative than given in Table 1, or else the
(75) ‘

entropies are in error. According to Foex R Préoll starts

dissociating at 800-900°K. under reduced pressures. One calcu-

“lates 10'6 atm. 0, at 900°K. for Prg0;, decomposing to Pr,0,

which seems too low to correspond to the experimental data.
However, the difference could be due to solid solution formetion.
It is most likely due to the uncertainty in the heats of'formation.

Silicon, Titanium Group - Si0 is known in the gaseous state

but it disproportionates upon condensation to Si and Sio élthough

27
Inuzuka(gg) claims to have found a Si0 crystal form. Brewer,

(13h)_couldvnot find any new X-ray patterns

Edwards, and McCullough
upon heating Si and Si0, together. It may be possible to prepare
a metastable Si0 by rapid condensation.

The only silicon oxide definitely established in the solid
state is Si0, which exists in at least six crystal forms. There

are four stable forms. a-quartz is stable up to 575°C where there

is a.rapid transition to B-quartz which is stable up to 867°C.
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sbovs 86700; f-quartz ic thermodynamicaily unstable With fespect

to B-tridymite, but the transition is very slow, a~tridymite is
thermodynzaically stable up to 1470‘0 where B—cristobalite becomes
stable, but the trensition is very slow, Due to the slow trensitions
betwesn the quartz, tridymite, and cristobalitec systems, one can
obtsin a-forms of both tridymite and cristobalite upon cooling,
which arc thermodynamicelly unstable with fespact to a-quarﬁz.

(76)

fcsesmen and Pitzer ' revisw the stability and transitions of the

iezd

various forms of 9i0g.

The titenium oxygen system shows & greater varisty of solid

(1) .

oxidation staetcs than doss the silicon systom, Bhrlich S

made aﬁ L-ray study of the Ti—O’system. He found Ti dissolved up to
30 atomic percoiat O at 700-90000 with no phas¢ change, He found e
wide rangc of solid solubility around_TiO from TiOo;éé to Ti01.25
Thc crystal form was thc Hall type with Ti lettice vacancies on

onc sidc and O lattice vécancies on tine other side, TiO has & dcop
chestnut color, Tiz0s which has ¢ deép violet color, was found to
have thc rhombohcdral a-corunduws crystel type witi only a limited
30l1lid solubility of less thecn TiOl 16 to Ti°1.56° Ti0g was found

to have & solid sclution rangs from TiO, 4 to TiOl o With the rutile
. o /

structure while another solid solution rangc was found between

Tiol,S and TiOl 7 with a distortced rutile structure with oxygcn

(78)

latticc vacancics., Halla claims to have preparcsd another un-

stable form of Tigls in addition to the form with corundum structure.

(127 ) report

(79)

The structure was not dectermincd., Chreticn and Wyss

has studicd the hydrogén reduction of Tiog and thc work indicates

the c¢xistconce of the comgsound TiBO which was also studied by

>
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(127)

3 | )
vShomate(Z)) and reported to be docp blue by Chrction and Yyss .

This undoubtedly corrcsponds to ths Tj_O‘l 7= Ti0y g solid solution

(77)

found by Zhrlich although ths compositions do not chcckf In
sddition to the tctragonal rutile form of TiOp, a tetragonal anatasc
form and a rhombic brookitc fénm arc known, snatasc and brookito

are both thermodynamically unstable although they mightvbe stabilized
by impuritiés. The rate of coaversion of both forms to rutilc is
slow, but convirsion can bo obtained zbove 400—80000 with usc of
fluxes,

Mo oxides bolow O. are definitely known fbr cither zirconium
or hafnium., ‘It is . robablc thot thec lower oxidcs arec unstable by
dispropértionation or at bost only slightly stcblc, Fricderick
and dittig(l40) rsview earlicr attempts to prepare lower oxides\of
zirconium.and report they obtain a lbwer oxidc residuc whon ZrN

containing oxidc is dissolved in acid, They also tricd to roducc

4r0g with carbon, They finally conclude that no wsell-defincd oxide

Ny , (135
of zirconium has bcen prepared, Brewer, samm, and MeCullough )

could find no ncw X~ray patterns upon heating Zr and Zr0, togethcr,

(96) (128)

Fast end de Boer and Fasy found that 4r dissclves up to
+0 atomic porecont of oxygen without forming ¢ now phase, Titcnium
metal can also dissolve @& congidcrable amount of oxygen without
&4 phasc changs, Jaéobs(ll4) assumes thce oxids coating‘on zirconium
mctal to bQ Zr0 and obteins tH = =135 kilocalorics per molc for the
formation of Zr0 which would meke it stablc against disproportionaton,
Howsver, this is inoohsistont with thce X-ray cvidoace.

The stable form of 2r0z cnd HfOp &t normal tcemperaturcs is tho
monoclinic baddcolcyitce form which has a distortced CaFs structure,

Lsddition of impuritics such as Mg0 and CoOp will convert Zr0, and
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Hf0; to a cubic form with the CaFz structurc. .t lOOOOC,'the rono-
clinic forms of Zr0z and HfOz havc a traasition to a totreagonal form,

) : . o , 142
ThO,. has tho CaFg structurc, srower and gacnarlascn( )

have
studicd Th-ThOp mixtures., o X-ray cvidsncs was found for & scsqui-
oxide, «lthough TihO with NaCl étruotur@ and a, = 5.24-5.28 . is |

found., Bauaziger and Rundle(l44) found a¢ = 5.16 & for ThO, ThuQs

should be unstable by dispropcrtionaztion and ThO may bc unstablc

thormodynamically at room temporaturc slthough it can be formed ot

2
r

high tomperaturc

5

The ncats of formation of 310; (quertz), TiO, (rutile), and

(22)

Zr0z (baddcleyits) werce givea by Roth, Velf, cnd Fritz . The

3

hcets of formetion of #HfO, &«nd ThOz arc given by Biénowsky and
'Rossini(4), but thc TalO, veluc is belicved to be in arror and thev_
valuc ianabla 1 is boscd on a oomparison of ThCl,, UCl, and UO.
nccts of formation by Brcwer(l43), No dircct dctecrminations of the
hcats of formction of the lowcr titanium\oxides ors avaiiable.
Nasu(45) tried to determine ths cduilibrium Hz0/H; ratio for tho

raduction of TiOp in an iron tubc, The data show 2 distinct broak

79) _
and cs Kcllcy‘ 7 nasg pointed out, the high tomperaturs data
corrusponds cxictly to the Hp0/Hz ratio for tho FoO/Fe systcm o8
' (108)
given by Darken and Gurry . Howgver, thc lowcr tompsrature data

give lower HgO0/H, ratios than thc FcO/Fc systcem and could corrcspond

Vto gither tho TiOE/Tig,O5 or T1305/Tizoé systeums, In any casc, these

375

data can be uscd to sct limits to the hcats of Iormation of Ti,O
énd Tiz0s. The wceight losgscs that Nasu(45)givesrindicato_reduction

t0 Tiz0y o5, If we use tho Ha0/Hz ratio at 1022%K assuming it to

apply to the rezction 3Ti0z + Hz = Tiz0, + Ha0, we obtain AH298=-5OBK-

5
calories for Ti505 using sH298 = ~225 kilocalorics for TiOz, the
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(23)

entropies given by Shomate; and the high temperature heat capacity
data given by Naylor(SI). If one carries out the same procedure for
the reaction 2Tiz05 + Hz = ??i203 *+ H,0 using zkHégg ’= -603

kilocalories for T1305,'one obtains A&H298 = -380 kilocalories for
(79)

T1203. To meke these values consistent with Kelley'ts observa-

tion that there is a break ip_the_HzO/quratio at Tis05; we finaliy

choose AHygg = =605 * 10 kilocalories for Tiz0, and AHpgg = =381+ 6

kilocalories for Tis03. A value of ;;Hzég = -127 + 3 kilocalories is

estimated for Ti0 on the assumption that it is just bareiy stable towards

disproportionatiocn at room temperature., Chretien and‘wyss(127) report

Ti0 unreduced by lig. This is probably due;tovvaporization of the Vg metal,
The entropies of TiO, TiéOB, and T1365 were .determined 5y Shomate(?B)

'Thé entropy of rutiLe Ti0, was determined by ShométeﬁllB) The entropy of

Zr0, was determined by Kelley(ég) The ent;opies of HfOp and ThO, were

(3)

‘estimated by Latimer.

(82)

Vanadium Group - Hoschek and Klemm and Klemm and Grimm(83)

have studied the V-0 system. They find evidence for considerable
solubility of oxygen in the vgnadium metal lattice at high temperatures
which mey be es high as VOy_, ab 1450-1600%.  Between V0g.q and VO, 5,
they found a soiid solution range with NaCl crystal structure which

was unstable by disproportionaticn at lowef temperatures to the vanadium
‘metal phase and a higher oxide phase Whichfthey believe to be a metastable
V304 phaée. Their results do not correspond to equilibrium conditions,
Except at high temperatures, the lowest stabie oxide rhases is V203

with the a-corundum crystal structure, Betweén the compositions
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Y and VO they flnd a compcund winlch apparcntly corrc ssponds
1.65 1.75 |
t¢ the Ti305 of the titanium sysiem, Potween VOl,B ana VOE.O they

find 2 solid solution rangs wnicn is probably similsor to the
rubile solid solutioca réige found in thq titanium systum, VOz has
crystcl surueturc, Betwesn VO and VO, ., Hoschok

2,0 2,2 \
found, in addition to thc rutilc structure, anothur
X-ray pottorn whickh %hiy, attributed to cither another comound at
about VOP i or a geolid solution range above VCp with distortien of
thoe rutile structure, Lowsvaer, Flocd and hlcppa(lzo)who obtaincd
bl gaiae unknown struchure upon rcduction of V205 by 505 cleim thdt
it snalyzes cyactly VOg, and thsy believe it to be an cllotropic
@odifioathH.

Wo have Liores {obswbl‘ltlcs for the sxulanztion of the formation
of this mew compound, It may be (1) a metastable fofm, (2) 2 stable
allotropic form of V0z rclsiive to rutile ot low temporetures, or
(3} & compound cf higher oxidation Staﬁe, S8 VOE,l‘ The fact
thot tho unknown ferm is found togothor with the rutiic form over
a rengc of temperatures would indicats that ratos of conversion arc
slow and taat the cozpound ccould ‘be a mctastoble form. Tho rutile
form iS definitely stable at 625°C and abOVL since ths unknown form

iy

I ocoaverted to the rutile form upon hsating, ..fter fourtcocn days

- Q- . v
at 605°C, noither fom b -4 been convoerted Lo the othor; so that
it is not sossiblc to establish whcther tac unknown structurc might
bs a steble form ot lower toompoerztures, wlthough it is :sosaible to

(82)

erystallize metastabls forms, the fact that Hoschok and Klomm
could preparc thc udknoivn form by ¢rystellization from 2 molt at &
tomperaturs as nigh as 6460°C vould tend to indicete that it is

probably a stable form, Onc possible uxblandtlon of =11 thosc
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observgtlons is that the ncw comﬁound is VO2 1 and the transforma-

tion dcpends upon thc oxygen pa rtlul pressurc in the systum. AThe
oxygen prcssure in oguilibriun thh V205 and the now compound is
3.5 x 10 -6 atm, at 600 C. The oxygen pressurc reguirsd for further
reduction ‘to VOg(rutile) would then be even smaller, Tnus it

would requirc temperaturce greatsr than 60000 to get a high cnough

oxygen partial pressure over VO 0.1 to obtain reduction to V0.

Howcver, this assumes that the limits of error in Flood and Kloppa's

analyses arc large cenough to allow thoir compound to have an

~

v ., {146
oxidation number apprsciably above two, Aebi )has very recontly
determincd the structure of this uﬁknoﬁn oxide and has found it to

bu monoclinic and to iave the formula V12026 This confirms the

azbove interpretation of the S0; reduction work.

~bove V32056, Vo0p is the only other vanadium oxide. Foox(ll9)

reports a transition for Vzo5 at 172°K with = 2% linccr contraction »

and a 100,000 fold incrcase in electrical conductivity. Cook(lzl)

~determined the high temperature hcat contents of V205, VO3 and 8
‘ . (82)
V0, and rcports a transition for VOg at 3450K, Hoschek and Klcmm

5
found a nmagnetic transition at this temporature znd they also
determined the X-ray pattern abovse and below this trunsition snd
rcported no cnange, Howcver, Templeton‘lBé)reports that aithough
the potterns of the VOg forms below and above 345°K arc almost
identicel, therc is & graducl changs with temper:turo for high ordor
reflections waich lndicatbs a gradusl snifting of oxygen position
with temperaturé. .11 evidence thercfore indicstes no phase chango
at 345°K. |
(28)

Siemonscen and Ulich dcetermined the heats of combustion of
-V, V.03, and V30, to vzoS, L1 provious work on these gquantities are

very unreliable and need not be given any consideration. The var-
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ious equilibria deteminetions involving the V,0,/Va(), end VoQu /05 system are
also. unrslizble cxcapt for the very éxcellent work by Flood and

(120)

Kleppa on the 30z reduction of V0. to Vl2026' Recalulatipn

5

of their results yields aH -2118.8 kilocelories and &S

2987 298 ©
-549.2 e,u, for Vl2026' Their results asre in agrceement with the

(28)

heats of formation obtainsed from the data of Siemonsen and Ulich
(4)

and the stablility of V. 0 .Bichowsky &nd Rossini give a value

12°26°

for ths héat of formation of VO which is acccepted siace it is
consistent with thc disproportionation of VO at roém tempsraturs,
From tinc stgbility of V505, Wo can sot & limit to its heat of forme-
tion, uH298 Of4X%O5 will be more negative than -467 kilocelorics.

Kobayaskil has studicd the rcduction by Hp of Vi0s to VO and -
of VO to V mctal, His data yicld LH298 = ~113 kilocalories for VXO
whore VXO is the portion of the VO so0lid solution ranoe involved in
the squilibria, In the V,0s reduction work, hc was déaling with
Vyo which is et the upper end of the VO solid soluticon range, There-
fore until deta ars obteined Tor tihe reduction of V&C to V,0, it
will bo impossible to usc his dota to check the ftsats of formation
of’either VO or Vg0s thet sore eiven in Teblc 1.
’ 84) (100)

Grubs, Kubaschewski, and Zwiauar( snd Broauer heve
studiéd the Cb oxidés by hydrogecn- rceduction and by oxidé studics,
Their work indicctes that Cbo, CbOz and Cbao5 arc the stable oxides.
They could not propare & Chbgly phaSe, Cb0 nas é Nad; cubic structure
with lattice vacancies, CbC,; has no detoctable sclid solution raznge
and has a crystal structurcvclosqu related to the tetragonal rutile
structure, probably the 1o0g4 structure,. szo5‘apgarently has three
forms, The low toemgperature form is prceparcd at 500-90006 and has

the Ta205 crystal structurc, .nocthoer form is pnreparcd between 1000~

1100°C and = high temperature form is prepared above 1100°C with all
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hectings in an oxygen atmosphore, There 1s no reversal of structwe
upon cooling., With longcr heating times, tac conversion c¢an be
'made to takec place at lower tamperatures, Cb205 nas & solid solu-~
tion/range from Cb0, 5 to Ob02.1. .. reported Cbz0 phasc has bcen
shown by Brauer(lOO) to be CbgH. Cb metol forms a solid sclution
up to almost 5 atomic percocnt oxygoen. Zachariasen(85) h&cs shown
thaﬁ Cb205 and Tazo5 have ulmost idontic:l orthorhombic pseudo-
hexaegonal crystal structurcs, Brower, Zdwards, MeCullough and
Templctdn(l4l) studivd the lower oxides of Tz, Mixtures of Ta
and TayOg which had becn hoated to 1600°¢ gavé X-ray evidencs for
TaOz, The structure was not worked out but is probebly closcly
‘reclated to the monoelinic Zr0, asnd W0, structures, dndrcws(95)
found a s0lid solution range ih Ta motzl up to 2.3 ctomic percent
oxysen., |

Th? heat of formation of Cb205 was detcrmined by Becker and
Roth(27 . The hecat of‘formation of Ta O_ was given by Roth, iolf

(22) &2 (34)

and Fritz . Grube, Kubaschewski and Zwiausr ‘give data on the
reduction of Cbé05 by hydrogen and by hoating in inert gas,‘ The
inert gas must have had some hydrogen or other rcducing gas im-
purity since the degree of reductioh was not consistent with the
hydrogen rcduction experiments, The hydrogen rceduction experimants

indicate that sH of CbOy is cbout -192 + 4 kilocalorics per mole.

298

Taking this value for CbC., the data indicate that &H of CbQ

298
is mors positiva than -102 kilocalories and morc ncgative then
-98 kilocaloriss. AH = -100 + 2 kilocalories is .ccspted for CbO.

Chromium Croup - Cr forms an oxide Cr0s, with rhombic crystal

structurc cnd 05205 with the a-corundum crystal structurc. In

addition Blanc claims to have preparced two forms of Crz0s, one
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of which goss to the other upon nceating at 7QOOC undcr reduccd
pressures, Bianc(86) and Ryss and Selyacaskaya cloim thaot there
arc several intermsdicts oxids phascs botween Crls cnd Crgzls., It

is not likely that cll of thc rcported compounds correspond to

8)
squilibrium phasces., Michcl and Benard(9 prepered Cr0, with the
tetraogonal rutile type structurc and tiasy reiort that Crzls con

form a solid solution up to Cro, 56 witih a two phase rcgilon up to
L,

130 , )
Cr0.. Vnsanin( 30) reports thut Cr0s molts at 460°K and sterts

- - O . R . . '
giving off oxygen at 54071 with procipitation of a solid lowcr
oxidc., The rceaction is complcetce at 620°k end Vesonin clcims the

solid formcd is Cr20 X-rey patterns iadicsted a phasc which was

50
not Crz0s nor Cr0s, Further hsating to 707—7840K ccuscs deconmpo-

Y ) ; o 21) '
sitiocn to Crpls,. wertenverg ond Rousoh( reszort that Crg0s

particlly decoﬁposos at 226000 end 0,2 atm, O, particl nressure,
This may be duc to tho formation of CrsQ, but is probably dus to
solid solution formction., Thore hrve bewn somc claims of the
sxistence of a Cro ~hase; but Kellgy, Bocricke, Moors, Euffmazn and
Bangert(59) have made a careful study of the Cr-0 system below
Cr,0s «nd tasy codld find no cvidence for the formation of any
phascs below Gr203. Pascal(ll7?also confirms this, Iolten Cr mctal
dissolves 6.5 ctomic percent oxygen at 1700°C,

The valuc givon for thg ncat of formction of Crg0s is an
avorzgs of the vaiucs givon by helley;'Boericke, lioors, Huffmen

(59) and Roth and ﬂOlf(BB),

and Bangert

| The valﬁe for
Cr0s was obtained from the valus given by Roth and Wolf for tho
heat of dissociation of Cr0s to Crp0s and oxygen.

The Hg0/Hz ratios obtained by Grube and Flad(éo), Jartcnberg
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61) for the hydrogen reduction

and Aoyama( , and Aoyama énd Kanda

of Cr,0 to Cr metal agree rather well with the rétios calculated

3

from the heat of formation chosen here for Cr20 and the entropies

3

of the reactants.
' (51)

~ Hagg and Magnelil have'made an X-ray study of the nolyb-

denum oxides in the range MoO, to Mooq. Above 1275°K. only MoO,

2
and MOO3 phases were found, but below 1275°K. two forms of'M018052
were found, one being prepared below 925°K. and one above. A .
Mo,0q 4 phase and one other phase were also.found in addition to

Mo0, and Moo Moo2 has the tetragonal rutile type structure

;-
(69)

according to Strukturbericht , but Hagg and Magneli(5l) show

that MoO, is monoclinic instead of tetragonal. Moo,3 has a rhombic

1
type structure. Hagg and Magneli(5 ) also studied the tungsten

oxides between W02 and WO, - They find W02 to be isomorphous with

the monoclinic Mo0O, instead of the tetragonal form reported in

Strukturbericht(69). WQ,3 has & rhombic structure. Hagg and

(51) report that WO3 tends to loose oxygen to form a solid

Megneli
solgtion with slightly less oxygen; A compound at W02.9O is also
reported which has a narrow range of homogeneity. Another phase
of'approximate composition W02.75 was also found. Glemser and
Sauer(loz)koave also studied the phases betwsen w02 and WO, -

They report-that the solid solution W02;95_3.0vhas the Reo,a type
structure. A complex phase was found at W02.88~2°92 and another
phase of low symmetry was found af WO2.65-2.76 which Wwas tenta-
tively taken as Wﬁoll’ The WO, phase occurred at W02.00-2.03.
- The agreement between the work of Glemser and Sauer(loz)‘and

(51)

Hagg and lMagnelil is very close. The compound which is reported

as W205 in the literatu:e evidently should be W, 014"
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‘ ’ (123) ‘
Hanawalt, Rinn and Frevel and rhelps, Gulbransen and-( )
Hickman(124) have claimed to nave found £030s but dagg aznd Mug?eél)
125

could not find any ox1cmu below MoOg cnd chkman cnd Gulbransecn
have recently reported that thcy and Rinn find thoir serlier work
to pc in error, .lso Brewer, Scarcy and McCullough(l °) hove made
x-roy studies of Mo-MoOp mixturcs znd have fodnd no oxides bolow
MoOz, .t high ﬁempcratures it appears that MoOz and MoOsz are the
only stable wolybdonum oxids phascs, Brewer, Edwards, McCullough
and Templeton(l4l)could'find no x-ray ovidcncc for oxides below
\i0g, but the oxides betwsen W0, and W0s, such as W,01p, are
Drobubly stablc up to high tumpercoturcs,

_ Bichowsky und ﬁoss1n1( “) give the hoat of formation of MoQOy
Whioh is rather uncertain and thcy also give ¢ heat of formation
of MoO which egrces closely with the voluc accepted which wes
doetermined by Ton@saki(49) from hydrogen reduction cquilibria date,
The hgat of formation,giveﬁ for WO, was'obtained from Bichowsky
and Rossini(4>. Thompson(l6) hes roecloulated the nydrogcn
reduction data and CO rcduction data of wohlcer cnd Gunther, Llcmpt

(105)

and Shibata and obtains a good uhGCK with the heot given by

/
Bichowski znd Rossini(4). However, his ca lculations do not givo

a reasonable catropy value.since he did not corrcct the data to

be consistont with the entropics, It is very common to fihd that
high tcempereturc cquilibria dotc often inave the corrset ofdcr of
magaitude of equilibrium constants or fros chergies of reaction but
have incorrccet tempercturs depondcncces or heats of ruuctlon This
is duc to the many sources of crror which can very with the tompora-
ture énd the best way to treat the data is to corroct the experi- .

mental data to obtain 2 corrccted curve which goes through the
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center of the sxperimental points 2nd has a slopc consistent with
the cntropies. The tcmperaturc ranges of the originesl data wore
looked up and thc average tomporaturc taken c¢s the center of the

sxperimentel data., This is illustratod by thc squations given by

(16)

Thompson for thc reaction w(s) + 2HL0 = %i0z(s) + 2Hz(g).
bbserved - Correctad
2log(He)/(H20)  2log (He)/(H:O)

Wohler cnd Guntherts date- 3800/T -3.108 3440/T -2,8

Licmptts data 2222/T -1.169 4090/T -2.8

Shibata's data(lOS) 3146/T -2,%322 ~ 3700/T -2.8

The average for the lost column ié 3740/T -2,8 fdr 2log (Hz)/(iin0).
The much better cgrcemcont in the 1last column then in the first
shows that thc¢ throc determinstions agrca foirly well as to the
frec cnergy of feaotion, butb diffcr;nt srrors in the diffcrent
determinations causc difforent tomporaturc dspondoncics, Using
\

tho corrccted avorage, onc obtaini for AH298 of Woz(s) a value
of =133 + 3 kilocalorics comparcsd to -130.5 kilocalorics given by
‘Bichowsky and Rossini(4), AH298 = =131 + 2 kilocalorics was
accepted as the heat of formution of WOz, 6y

In < similer manner 28 above the aqgationsvgiven by Thompsoél )
for the reaction'zﬁOg + Hp0(g) = WéG5 + Hz{g) wcre corrceted to

agrece with reasonable catrooics,

Observed Corrccted
log(Hz)/(H20) log(H.)/(Hz0)
Wohler and Guather's data 1000/T - 1.218 880/T - 1.1
Liempt's date 817/ - 0,88  1062/T - 1.1
| Shibata?s;data 730/T1-_O.807 1035/T - 1.1

990/T - 1.L

1§

The average valuc for the last column is log(iis)/(HZ0)
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Using this value and -131 kilocolories for tH,gq Of W0z, one obtaing

tE = =324 + % kilocalorics for NzOE. Using the dats siven by
298 . (16) : . o
Thompson for U205(s) + Hz0(g) = 2Wls(s) + Hex(g) in a similor

manncr as above, cnc ubtains o

= - 328 + kilocclorics for
298 328 + 5
WBO5 using $H298 = - 195.7 kilocalories for W0, from Bichowsky and

Rossinl -, Tals agrecmsnt is fairly good ond tH = =325 kilo-

298

coloriss has becn accapted for Wg0_, but it should bo rcgardcd as

5’
somcwhat unccrtain in view of the x-ray work discusscd above that
indicates o phase woz. betwcen wzos and W0z ond in viow of ths‘fact
thot Shibata(lo5) reports considerable solid solution formction
botween W‘ZO5 and W0z, |
The above culculaticas on dats which disrsgerd the intcermcdiate
phase cssume that the intermcdiate phese is just barcly stable cnd
the Hz0/Hz ratios are the samc for the roduction step from 4/0s to
w02.9 and from w02.9 to W02.75. If sufficicnt data~werg cvailable

to treat the two steus separatsly, morc accuratc calculations could

be made, The usc of W O5 in the celculetions instsad of W@Oll does

2
not introducc any difficulties in most calculctions os long as one
formula is uscd conmsistuently. TFor exampls, if instcad of

gwoz + Ha0(g) = w205 + Hgz(g), we had considcred the\cquilibrium to
‘be 440 + 3H 0(g) = W4Oll + 3H2(g){ we would h;ve obtaincd AH298;
-711 k-calorics for W, 047, From.w4oll + Hz0(g) = 41005 + Hz(g),

we would H:vo obtained AH298 = =719 kilocalorics for W4Oll'
aH298 = - 715 + 7 kilocaloriss may b¢ taken os the best value for
W,017. = @aore coipletc X-ray study in conjunction with the re-
duction work’is necessary here, The hcat of formation of W0z given
(4)

by Bichowsky and Rossini appears to bc rceliable as two diffcrent

determinations cgreed closely,
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The entropy of formction of IcOz was cbtuined from the hydrogan

L4 sa e -2 . ' ot
rcduction deata of TOHOS&KI( 9) while the cntropies of MoOs and VioOa

. (50) :
were determined by Seltz, Dunkerly ond DGW1tt( . The sntropiss of

. . (3)
WO and w265 were estimatcd by Latimer .
»11 data given for uranium worce obtaincd from Broewer, Bromley,

(52)

Gilles and Lofgroen , .who discuss thc uranium oxidses in detail,

langancse Group - knO has the cubic WaCl structure. Mne0s; has

the cubic Scz0s structurc which is closcly related.to the CoFy
structure, MnsQ04 has a totragonally distorted spinel structure
and it can be oxidizasd to another form of Mng0s with a similar
distorted spinel structure with Mn lnttice vacanncies, Tho spinel
type Mng0s, which ccn clso be prepercd by dchydration of MngOs+Hz0,
is unstablc with rospcet to tic normal form of !Tn.0s. Le Elanc
and Uuhncr(88) aave found thaﬁ Mn0 proparcd in vacuum is cspociclly
activc and can teke up oxygen very recdily., It takoss up oxygen
up to l\inOL13 with no change in phasc, Similorly thcy found that
Mns0,4 can take up oxygen forming a sdlid sclution uy to Mn01.42.
wbove Enol.42, the unstable distorted spincl type of Enzoé was

feormed Wnioh nad a .solid solution rangs up to LnC Upon

1.58°
decomposition of MnOg, whicih has the totragoanl rutile structure,
they found form:ition of cubi; MngOé at Mnol.95 which indicates

a very smell solid solution rdnge for MnOz, The MnOgz lincs were
still obtcined ¢t Man‘8, but at Mncl.é‘only the cubic Mnz0s
structure was observed, It is quitc possible that the wide solid
solution rengss obssrved for the Mno phasc and the MnsO, are not
tho cquilibrium ranges and that ths obscrved rangos extend boyond
the cquilibrium limits duc to the low rotc of coavorsion to the

stable phasc, Further work ot highoer temporoturcs and longer hesat-
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ing timcs is nccessary to clarify thelequilibrium limits of the
solid solution rcnges. Baroni(lOl) has studicd the in-0 systcm up
to 900°C and chocks the results 'of L¢ Blanc and Uehnor(SB), thet

there arc no other cquilibrium phascs bestween Mz0s and 1inOg, How-
ever, Glemser (89) has obssrved another phasc botwsoen MnOl 76 and
Lnol 93 which is unlike any of the othor phascs roeported in the

mangznese oxide system and which is not the same as the unknown
(90) . (91 .
structurc found by Ramsdsll and Dubois in the sams composi-~
tion range. Thesc phases are undoubtedly mctastable., Cole,
!

(148)

Yladsley and Welkley roviewed the various compounds reported in

(137)

the litcrature, Hany contain potassium and hydrogen., Dclano

hos shown t.:at compounds KzMn408 and KzMn8016 cach form solid
gsolution ranges up to Mnoz with graduel removcl of potassium., The
Kihn408 series is the nOy form known as ramsdcllite cﬂd S MnOg,

2

while the K Mn8 6 scries is tho 1inOz form kaown as cryptomelane.

1
wpparcntly both of these forms becoric actasteble with respcet to
pyrolusite, the stable form of MnOz with rutile structurec, when
X . (138) ,
the potassium is complctely raemoved, Genin hcs also done work

on thesc compounds . wnich confirms this interprstation. Thore are
no stable oxides above MnOz.

(54)

‘Soutnard and Shomate determined the hoat of formation of
Mn0. The heat of formation of Ins0, was detormined by Shomate(56)
and the valuc given horo was obtained by correcting his value
slightly. iis correction of the Bichowsky and Rossini(4) valuc for
the heat of_formation of aqueocus HI wes not considorod werranted,
In fact, a corrcction of 410 calorics mcking thce ncat of formation

. o o,
morc nogatlve to correct from 18  to 25 C was made to Bilchowsky and

.. 4
Ross1n1?s( ) valuu instcead of thc corraction in the opposite
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dircction suggested by Shomate. The corrccted °H298 for LinsCs

is -330,920 + 260 colories from the HI experiments and -331, 6401300
calories from the Hg0z cexperimonts, AH298 = ~ 331,000 + 300 cal-
orics was token s the everagé value.‘.The acat of formation of
¥nOz was also dote:mined by Shomate(56\and ig beliovod to be nmuch
more reliable than carlisr work, Using thc corrected MnsO, valuc

~ 124,250 + 200 calorices as tihe

from cbtovs, onc obtains AH298 =

heat of formation of WMnOz by averagé?g the two diff§§cnt determinn-
‘ (5 (50

tions of the MnO. heat by Shomate . Sicmonsen . rcevicwed data

on.tho dissociaotion prossurcs of MnOp and kngOs. He obtained

tH = 50.1 xilooaiories_fbr,éMhzOé = 4Mnsz04 + 0. and AH298.= 36.2 k-
cals., for 4MnO, = 21ingQs + Oz, Using thc nhcats of formatiocn of
Mns0, end KnO, from above, we obtain aH298 = -229 kilocaloriés for
ling0s from the first reaction and ~-231 kilocualorices from the second

reaction, AH2987: -230 + 1 Kkilocaloriss wizs taken os the best

valuc,

| toore ST . _ . (2
Kelley and lioore determincd the cntropy(og)MnOz. Kelley

gives the cntropiss of MnO and MnsO.. Sicmonscn dctermincd

the cntropy of Mnp0s from tiae above dissociztion data.

(55)

woycma and Oka studied the rceduction of MnO by hydrogcn
and their date may be ussed to choeck the hects cnd cntropics of
formation given in‘Tablcil for MnO. ..lthough their data give too
high a hcat of formation 6f MnO, a plot of the froe énc:gy of
rcactién against_témperaturo calculated from thc thermodynamic
data given in Table 1 and the high teumpoerature spécific heats
determingd by Southard and Shomatc(54) and\Kellcy, Haylor and
Shomatc(/e)goes directly througih thc cxperimental points of .aoyama

(55)

and Oka  with deviations of only a few hundred caloriecs, This
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is another excallent cxemple where oxperimontsl houts of reaction
et high temperatures may bec in crror although tho frec canergles arec
only slightly in ocrror,

1605 has a cubic structurc somcewhat similsr to the rihombic
. RocOy

j0s structure, There arc clso the oxides 36207 and RcO
129) a

=

and TeO. have the wonoclinic MoOg structure( with densitics of
11.2 =nd 6.9, respectively, X-ray work sas iladiczted that there
ar<c no stable oxides below ReOs.

The heats of formatioin of ReCs and R0207 werc dstermincd by
Roth cnd Backsr(94) but thcy must be greétly in ¢rror; for thgey
indicete that ReOs 1s vory unstable by disproporticnation to solid
Re;-eo,7 and Rc mectal., The acat of formation of ReOpz was cclculated

| (3)

frem the freec cnergy of formation given by Latimer .

Iron, Nickcl and Cobalt Group -~ The lowest oxide for this

group is the #0 oxide with thc MNaCl typce crystal structurc,

(108)

.ccording to Darkcen and Gurry , the F¢O phosc which is unstable
. . . o0
by disproportionation at room temperaturc becomcs stablc ct 833 K

with « composition of Fe 0. s thnc tempornturs is reiscd the

0.945

solid solution rcgion becones vider, The low oxygsn sidce rcmains
almost constant at about Feo 95O winilc thoe high oxygon side

' Vs : . . . s /an©
boecomes higher in oxygen as the temperaturc is raiscd, ..t 1697°K

111)

thé selid solution cxtcends to Fo Bcrnard( has also

0.835°
studied the FeO solid solution in dctall, ZLiguid fcerrous oxidc in
cguilibriuvm with iron has ths cosposition FGO,968O et 1644°K cond
FGO.9920 at'l797°K. The solubility of oxygen in thce Fe nretal
phase is small. .ccording to Sloman(104) +the solid solubility of

cxygen in a-iron is 0,01 to 0,02 atomic pcrcont ot room tcempcerature.

) (106)
Vogel and Martcl give date con the high tempereturc scliad
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_solubilitice in the various forms of iron, but their soclubilitics
arec apparcntly too high. wccording to Darkon and Gurry(lOS), the

solubility is not over 0,04 atomic percent of oxygen even at
lSOOOC. Ralston(107)and Taylor and Chipman(llo) give data on tho
solubility of FeO in liquid iron. Theé solubility is 0,5 atomic
percent of oxygon at the cutcetic point of 152400, 1.05 atomic
percoat at 160090,'and 2.1 ntomic percent at 1800°C.

~The oxtent of solubility of Co0 in Co is not kaown although
it is small cnough so that no changs in the Co lattice oonstant.
ban bs obscrved at BOOOC upon addition of Co0, The sxtent of the
gnlid solution range.of t é Cbo phase similar to that of the Fel
phase is not known althougn apparcntly ccnsidorable amounts of
OXy&en cénvbe taken up by CoO without a phase change., |

.ccording to Honscl and Scott(lo9); melton Ni dissolves.

0.785 wztomic peroonﬁ of oxygen at the cutcctic temperature of
143590C, 1.08 atomic percent arc dissolved at 14650, 1.55 atomic
percent of oxygen arc dissolved at 155000, and 1.93'atomic percent
of oxygun ars dissolved in wmolten nickel at 1650°C, The solubiliﬁy
range of the NiO phoso is not known glthough considcrable amounts
-~ of oxygen can be taken up by NiO without a phase change, Bogatéiig)
claims that héating Ni(NMOs)z in air at tempsraturcs ffom‘BOOoC to
1000°¢ will producc compositions from HiOg to ITi0 with the same
cubic crystal structure‘ékcept that the lower tcmperature'prépA
arations of nigher oxygen cgmposition heve lergsr lattice constants,
Bennett, Cairns, and Ott(ll )reportva different cubic form (not
Tace centercd) of NiO when preparcd below llQEQ.

Of the higher oxides, Fes0y and Coz0, arc known with the spinel

typc crystal structurc. Foz0s is known in the rhombohedral
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c-corundun form cond in a cubic form which can be obtained_by
oxidation of Fey0, and has the same spincl type structurse with
vacancies in the Fe lattice, There is dsfinltely souc solid solu-
tion formation betwsen Fes0, and ¢-Fs303, but thc sxtont hes not
been clarified, Tt is complicated by the feact that 2 complctes
solid sQlution zxists between Fes0, and the metastabie cubic
Y-Fe,0s, and unlcss rates of conversion ars rapid, squilibrium
conditions will not be maintéined between the Fos04 and a-rfezls,
wnite(llz) and'Corey(ll3) review the preparations and propertiscs
of the iron oxides, |
Coz0s has nover been prcpargd in thc pure statg, but traces
of' 2 phasc¢ which mey have the a-corundum structure nave bcen ra-
ported for sémples of Co0 heated in oxygan, Baroni‘lOl) claims to
havc prenared Cog0s with ¢ structure which is srobably tctragonal.
Hé also claims that Co0 will rezcct with 50-100 ctmosphcres Oz at
100-800°C to form a surface layer of CoCz .which cculd be dctected
by slsctron diffraction, but no Col0z can bo pfepared'in the bulk,
No nickel oxides above NiQ havs bcen dcefinitely preparcd or
videntifiéd as a distincet passe altihough as noted above, the cubic
Ni0 pnasc can apparcntly teke up considerablé oxygon without a
phase change, Lowever, as in the case of Co0,, diétinctioxides
can be prepered as a surface film, TFor exomplec, Selwood(139)
- reports tnut Wi0 is formed if deposited on a Higl surface while
Niz04 1is formed on a .1g0s surfece and Hilp is formed on avTioz
surface. .1l ovidences indicate that thesc highor oxides arc

unstable as purc phases,

i
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| Thermodynamic and Thysical ?roperties of the Oxides

The heats and fres energies .of formation are given in

k-caloriss per atoﬁ_of oxygen, The centropy of formation is

given in calorics

Oxide

Lig0

1/21i205

[l

T&20

l/2Na202
K ;0

1/2K20,
1/3%K 203
1/2K0,
Rb 0

1/2Rb 20z
1/3Rb0a
1/2Rb0,
Cs g0

1/208205

-154.

LHs g
"142‘0 3t2

5548

-76.

-9905te2 "3109

-59.6
-86.2¢3  (-321)

~54,

-42,

£8298 Iy K

(-28.) .

o
M

2000

d.470°K
1000

733

763
703
653

840
762
685.
163

867

+ 73mm0,

per degree per atom of oxygen.

o]
T T, X

10-%atn

4]
volatile at 1200 X
as Lig0 gas

at 1 atm 0,

vaporizes by dissocia-
tion to Na and 05
gascs
d.919, 1 atm O3
dissociates to X
and Oy gases

the peroxides
decompose giving
off 0z gas

dissociatss to Rb
and Oy gases
77mm0, 1156
163mm0y ‘1043°
225mm0, 1033

dissociates to Cs
and 0, gases

1187°



- Qzide £¥o08
1/3Cs2Cs
1/2Cs05
BeO  -140.
g0 -136.
1/21580
Ce0 ~144,3
1/2Ca0, =71.0
310 -133,
1/23r0, -70.
BaC -126.
1/2B20, =70.
ReO -123.
1/3Bs0s -104.

gls.
1/3-1505 ~125.6
1/33c505 -140.
1/3¥205 ~143,
1/3La.0s -145 .
173Coz05 -142.
1/2Cc0, -116.
1/3Prz0s -141.
1711 rr 0,7120.

1/3 Nda0s-140.
1/35p:05 ~136.
1/23iC, -6

TiO -120.

LHpgg L2560

=295

-417

-4l

~147+5  -23.4
143.8+.5 -25.7
-151.7+.5 -25.0
78,2 -23. |
-140,.8+1 -24,8
~76.6t2 -23
-133+2  ~22.8
76,283 =20

(~130)+4 (=-23.)

-112.8+.3 (-26)
-133.0+.1 -24.9
147,43  (-24.)
(-150)+2 (-23)
-152.+2 (-22)
-149.,£2  (-22)
C.123.44  (-22)
~148.+2 (-22)
-127.+4 (-22)'
-147.+2  (-22)
~143 44 (-22)
-104 ,+2 . ~26.7
(-127)+3 -22.8

o)

H T
Ty
f\58

775
705
279530
307530

d.361 at

2845+20

d., 548 °K

2730+20
d. 488,
2196+10

1070+ 50

567

2300+ 20

2690+ 100
255020
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o,
T1o-%atn T &

108mm0, 1125°

225mm0, 1153°

1 2900£50  4300£100

vaporizcs by dissocic-
tion to lig and O gascs

1 atm.0s to 1:g0z. 310

vaporizss by dissocia-
tion to Co cnd O gases

in 1 atm, C,

2400+100 3400£200

_ 1 atm, 02

21004100 2900+20C

d,1110, 1 atm, Og
21770
2395 5250
4570
4470

3000+200 undcr Oz pressurce

d, losing Os

1973

12500



LF

Cxide 2298
1/3Tiz0s -120.
1/5Tiz05 -114.
1/2TiC,  -106.
1/22r0,  -122.5
1/21r0, -129.5
ThO

1/2Th0,  -148,
V0 91,
1/3V,05  -92.
1/5V305

1/2v0y -79.
1/26V;,50,,-75.
1/57,05  -68.
cbo
1/2Cb0, -89,
1/50bp05 86,
1/2Ta0y
1/5Ta,05 -94 .
1/30rz0s -83.5
1/3Cr0s  -40,
1/2400y  -60,5
1/11Mo40

l/BMOOa
1/2w0,

-53.
-59.5

l/llwq'oll "59,

DEPEY:

-127+2

-121+2

~112,5+1

LS

—298

-22,6
-22.3
-22.1

-12905105 -2303

-135,8+1

(~150)+10

-155+10
-98+5

~-21,2

~21.5
(-22)

"'0103 N

"'210 9
-21.2
-21.1

-20.6
-20,5
-20.5

T %g

b

2400
2130+ 20
29838
3053+20
3225+200
2323
2250

1818+60

%43+3
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T m ©

Lio-satm 1 ©

3300

<3270
4570
4670.
3300

3000

1795+100 under 0. pregsure

2150+100

2710+10
460

1068
1850

3300

décdmposes 540

disprororticnates
disproportionates
1055 1424

d,1900 to W+ios (g)



Oxide

1/2.9%0,

o /

1/3%0s

vo

1/2004
1/2.25U00
/2.25 »

| 1/2.6200,
1/8U308
1/3U0s
¥nC
1/4Mns0,
- 1/31in.Cs
1/24n0g
1/2Re0;
1/3ReCs
1/TRep07
Feo'950
1/47e50,
1/3Fe40s
Co0
1/4C0s50,
, NiO

RuO .
RulC,
Rh20
RnO

Rh 204

AF

298

-59.
-130.
~129.

-59.1

-60.8
-59.4

-50.8

£Hpgg

(-65+1)
-65+.1
-136+5
~135+2
~-125+2

113,52

-112+2
-102+2
-92,0+.1
-82.8+.1
-76.7+.3
-62.1+.1
=T70+7
-27.5+15
—42,5i55
-64‘. 3+.5
-66,8+,1

-65.8+,7

-57.5+.4

~22.4

3000+200

d. 1950,

d. 925, lvatm, 0., to U;0p

2070
1865+20
d.

1644+1

1 atm,

WR

S

0z to UC

2.25

1870+2 under 0.0575 atm, Oz

d.1730 to Fesz0, 2t 1 atm, Og

2075+ 20

2230+ 20
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o)
T, X

0xid i) b S
xide LF ;§298 4 T % T Ty

298 —298 M 10-°atm

Pao
Pdo,
?do;
0s0,
0504
Ir0g
Pto
¥t0;
Cuz0
Cu0
+&€20
g0
.“uzo -

ad uzod
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