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ELECTROCHEMICAL STUDIES IN GIASS:
'111, THE SYSTEM Co0-NazSi20s

Alton M. Lecy end Joseph A. Pask

 Ianganic Materials Réseaféh.Division, Lawrence Radiaticn‘LaBoratory,
- and Department of Materials Science and Engineering,
College of Engineering, University of Califorria,
Berkeley, Californig
ABSTRACT
‘ Décémber 1970'”

, A sq]id electrolyte electrochemical cell of the fype »
Pt[Ni:NiOa;lerroz + T.5% Ca0][Co:Co0_ ) + NapSi,Os glass|Pt has been
used to measure the activities of cdbalt(dus) oxide in 35281205 glass
over the temperature interval 700°-1100°C. From the variation in CoO
aétiviﬁy, the activity of NSz glass in sélution has been caiculated.’
Partial molar free ,e'né_rgiés and entropies of solution, as well as free
Aenergies,and entropies of mi#ing of these components have been calculated
froma.ctlnty 'data‘.- A pa.rtial phase diagram for the CdO—NaiSizOs | system
has been ﬁfoposéd'from,SOlubility data acquired in this study. The solu-
‘bilify of Co0 in Na,Si, 05 giaSs'varies_from hh'to 52 mole % (2L to
31 wt%)onef this temperaiure renge. Coﬁparison of partiael molar enfj_
. tropies of'fe.ssO,’CoQ and NiO in glass‘solﬁtionvsuggests that the struc-
ture is basicaily ﬁhe same fbr a given 0/Si fatio. Soiubility limiﬁs_are
determined by thé relative stréngths of the —cation—oeéationa and

=Si=O-cation- bond éssemblages,

At the time this work was done, the writers were, respectively, graduate .
research assistant and professor of ceramic engineering.

'Based on part-of a thesis submitted by Aiton-M. Lacy for the Ph.D. degree
in ceéramic science at the University of California, Berkeley, Sept. 1969.
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I. INTRODUCTION
It'is well known ﬁhatvthe vpres.,ence‘ of cobalt oxide in fhe glaés at
the in’ter.face" of enémeled iron prbmofes@dher_exice of t_hé glass -ﬁo the
. metal. This phenomenon"‘is ‘due to the redox reaction .of';l;he o’xide with
'the..base metal to form iron oxide in the glass at the interface which
contributes to the dev‘elbpmen-t and niaint’enéric'e of a ch.enri'ca:l bond; the
cdrre"s'-pondinlg' rQu@en_i_ng ‘of the metal and growth 'of“coba.lt-iroh alloy
de'n'driteé_; into .t'ﬁe_ gless coﬁtribﬁte to adherence i’)y'v‘sdme mecﬁéniéal'
g.vnvc.hnring‘bf the glass to the base meta.l;_ Since the strength of the
‘. glass;metai bond depends upon the hatiirg of th_g reactions, the rate of
these interfacial reactions, and the 'degree tp-which they proceed to
completion; it is’ n‘ecessa.z'y-"to have thermodyneamic activity data avail-
e.ble in order to quant.itatively assess the extent to which reéctions |
will occu.f between meté.i oxides' in glass solution and the base'meta.l"..
in- parts I and IT of this 'serié,' the a.uth.ors. ha_ve presented therm&-
 dynamic da_.ta." for NiO- é.nd Feq .-9 5O—ﬁa2$i205 solutioﬁs at elevated 11:,.<‘aln‘pei’a.-‘-
tv'.zresxA.l’2 In this paper, we present similar data for the system B
CoO—NazSizos a.nd. discuss vsome. structural implicatioﬁs.
| II. EXPERIMENTAL |
Expenmenta.l ‘measuremex;ts were .made using an ele_ctxjoch.emical cell
T . ~ with a solid electrolyfe of the type |

<
k‘ ) . ’ N ) |
Pthi:NiOa=l[[Z;Ozv+'7.S%YCaQIlCo:CoOa<l + na231205 g1ass|Pt

over the temperature interval .from 700-1100°C. Details of cell cqnétrﬁc-

*tion and operation have been given in part I of this series.l_ In
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addition, a cell of similar design was constructed but which eOntained_a
- mixture of Co/Co0 in the inner electrode compartment in place of the

- 5lass mixture. The overall.cel_'l. reaction for this cell can be written as
Co(s) + Nio(s) = Co0(s) + Ni(s) | (1)

Its e.m.f. output wes compared with that calcula.ted_ from‘ tabula.tedb '
thermodynamic data of Elliott and GleiserS in order to verify the proper
0pera.tion of the cell as constructed; the agreement was ‘1 mv. bFurther-
more th.e ce]l output esta.bllshed the reference e.m.f. which corresponded
to unit act_:.v:.ty of Co0 in the glass. |

III. RESULTS AND DISCUSSION

(1) Thermodynamic Date
The total cell reaction forv'the'.experimenta.i arrangement may be

expressed as
Co(s) + NiO(s) = Ni(s) + 'coo,(glass)a(l (2)
The free energy of this reaction may then be written as

AF = AF° + RT 1n (a

co0) @

if we define pure solid Ni, Co and NiO as the standard states. From thev

‘equality

AF = -0 FE “ o W)
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where n = the number of electrons transferred in each bha.lf—cell reaction
(in this. case, 2), #= Faraday's constant .(23,061 cal/V), and E = the
cell output (V), Eq. (3) may be rewritten as
-nFE =« nFE® + KT 1n (a, .) 0 (3a)
Co0 -
where E® is the output from the cell described by Eq. (1). From Eq. (3a)
the activity of CoO dissclved in the glass éoluﬁipn (relative to the pure

solid oxide standard state) may then be expressed as
= ey . - '_.o o - .
800 = SXP (- n AHE-E°]/RT). | (5)

" The e.z_n.'f-. oix‘;p'ut for all cells .vs témperature is present_ed in
Fig. 1. . The iexperimental uncertainty in each curve is * 2 mv. The iso;
thermal va.riatigin in activity of CoO with c@pos_ition is given in
Table I and.F.ig. 2. The a:ctiv_ity of NSZ in solution re]__ative' to pure

liquid NS: (Fig. 3) va.'s.v calculated by applying the é.ctivity-‘c.omposition

data to the i'n;é“gra.l form of the Gibbs-Duhem equation as follows:

Nys,
A . ’NCOO' e »
In Yo == = d1ny,_ ' (6)
NS, Nst Co0 .
NN82=1

where Y = activity coefficient.

* NS, is used throughout to designate Na,Si,Os.



Ceb- o UCRL196TT

Partial molar thermodynémié.“q_ua.ntit'ies for the solution of solid

Co0 and liQuid NS2 may be eva.lué.ted from the following expressionsl T

oxide = - RT Jn (aoxide): - R 1n NYoxide . - B .(7)
= N aAF) o , , o
A,Soxi;ie =-\T5t/ » end o o . (§)

Boyian = Fopggy * Mgy = =[50 (%)p] L

_The parti'a.l'molar freé energies a.ﬁd entropies for the solution of Co0
- and NSz are presented in Table I. The partisl mola.r.éntropy values for
Co0 édlﬁtiois are illustrated .’L;n‘F_igv. 4 along with similar values for vthe
sgluticns of NiO énd Feg.9s50 in NSz as calculated from data iﬁ_'parts 1
end II. | |

' Free energies, éritx"opv'ieév and enthélpies ofmjixi_ng may be caj_.culated
from ﬁa.rtigal molar data frém.th.e general exprlession |

R " U

t."rl_).erefv N, and N2 aré the mole f'ra.ctions of each coniponegt, and X is the
thermodyna.rhic pi'operty-of interest. Ffee energieé and entfopies of mix- V
ing of CoO ._a.nd NSz are given in Table II. |

For purposes of structural interpreta.tlibn'of devi#fions from ideal

solution behavior, the activity of the oxides mey be referred to a
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hypotheticdl supercooled'liduid standard:state by'consideration.ef the

reaction
MeO(supercooled liquid) = MeO(solid) ., (11)

at some temperature of interest below the normal melting point (Tf)

vhere Me'represents Fe, Co, or Ni. The free energy of this reaction may

be expressed as . '
- 8s01id | |
reaction RT 1n o RT Lok . (12)
liquid

- Sincefﬁeat capacity data for such.hyPofhetical supefcodled'liquids
are not available, it is necessary'to assume their equallty at tempera—
tures below T As a first approxlmatlon, the value»K may be related to
the heat of fusidn“(AMf)fbf these oxides by the relation

'an‘__'-_.ﬁng_‘.-(l_g).. . (13)

'Data pertlnent to thls calculation is presented in Tdble III
Act1v1t1es of .the oxides relatlve to the pure SOlld standard state
may be simply converted to those relatlve to the pure supercooled liquid

standard state by multiplication of the former by K.

(2) ‘Solubility Limits and Phase Equilibria
The saturation solubility of CoO in NS; (aéoo3=;l) mey be determined
by noting the com@dsition of Co0 in solution et'which the cell outputvis'

equal at the same temperature to the e.m.f. of the cell containing the
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mixpure ofJSOIid Co/Co0. As can be seen from Fig. 2, the valueé;of> _
'_saturatlon of CoO at 800, 900, 1000, " and 1100°C were 2h 26, 28 and b
:vt% respectlvely ‘These values correspond to mole fractlons of Co0 of_
0.4h, 0.46, 0.48 and 0.52. | |

- The SOlubility ofVKSZ may be determihedjby plopting the calculated
activities of NSz relative to phe:pure liéuid standard state andpthe
activity of liquid NS pelaﬁive to pure solid NS; (as determined from
»tebulated.data of Kelley.h)_’The pointéiof intersection of the expepi— !
mental curves and the calculated curve lndicate soluhlllty campositions,
and temperatures for NSz.' This plot is shown in Flg. 5. The solubllltg
data, presented in terms of a proposed phase diagram, for both CoO and
st’are_given in'Fié. 6; The intefsecfiou of the two liquidus lines

indicates a eutectic at 21.5 wt% CoO (N = 0.40) and 630°C. Although a

Co0
"simple eutectie‘diagram"appeers to be the mostvprobable, in the absence
of a phase diagram for the CoO;Na‘O-SiOz syétem fhe possibility of an
unidentified ternary compound analogous to that postulated for the.
V"FeO" NazO—SlOz systen? should be recognlzed

('3) : ‘Partia‘.l Molar 'Entropy and ‘Structural Considerations

Comparlson of the plots of partlal molar entropy of dlssolutlon of
Feo 950, CoO and NlO as functlons of comeSLtlon (Fig. 4) reveals
similer behav1or, in that the curves within correspondlng comp051t10u
ranges.are essentially parallel‘to eech'other. If no beSic structural
change were occurrlng in the_glass with an increase of the amount_of the
modifying oxide, then the probebility'for any one modifying cation site

don would decrease, and a con=-
ik ‘ ;

being available for an equivalent c

tinuous'decrease in the entropy for the reactions
L ' ' - '
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| "FeO"(é)égl = FeO(glass)a<l D ¢ £
CoO(s)a;l =‘¢oo(glass)a<l-- - . , ' (15)
Nio(s), _, = NiO(glass) a - (18)

would be expected. The upswing in the curves for "FeQ" and Co0 at a mole

fraction of sbout 0.3, 0/Si ratio about 2.75, is indicative of sighificant

structural changes beginning to occur in the glass with fTurther increase
of ‘the 0/Si ratio. At this point, the aversge number of silicon tetra-
hedra sharing 2’cbrners (briﬁging'bxygens) with other tetrahedra is be-
cbming greater then tﬁe nﬁﬁbér sharing 3'éorners{ ‘The subséqueht de-
crease in entropy with additions of "FeO" beyond a mole ffaction of about
0.5, 0/Si ratio of 3.0, agein indicates'no.further"mador change in ﬁhé
stfuctufe of the glass.‘-At'this point, the.three—dimensional silica net-
work has b;oken dowﬁ since the structure correspénds to one whereih, on |
an-afergge; each silicon_tetraﬁedron is:sharing only 2 cbrners. |
‘The parallel behayiqr of these curves‘suggestﬁ thét the sfrpcturé
is basically thé same for a given O/Si ratio and thét the atomié-struc— 7‘

ture may be considered to be isombrphous for a given moie fraction of

: transition metal oxide. Consequently, the solubility range for the

different oxides is not determined by the atomic structure of the glass

but by the relative strengths of the -Si—0-Si-, -Si-O-cation-, and -

[ A
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-cation-O-cation- bonds. The descending magnitude of goxido in solution

in the seri-es, "Fc_aO", Co0, NiO siix_ggé_sts &corresponding increasing tight- '
ness’ or strength of the -oa.tion-O-'catiori- relative to the -Si-O—catioo—
bond in the ‘g'lass which is oon‘siste‘ntv witﬁ res’pecti.'ve'. incréases in heats
of fusion and melting pomts for these th.ree oxides. :

The decrea.smg tightness of the -ca.tion—O-ca.tlon— bonds in the order
NiO, CoO, "FeO",‘ respec'tive]y, is also indicated ‘by the compa.ra.tive '
deviations from Ra.oult s Law, wh.en the activity of th.e oxide in glass
solution (relatlve to a pure supercooled liquid sta.nda.rd state) is
plotted against ’mole' fractlon o_f the _onde as seen_ln Fig. T. The de-
nations .'exh.ibited bj the metal oxides are intérpreted as ‘av competitioo '
 between Me2* ang 5i** for the oxygen introduced by the metal oxide. The
most negativo-deviatioh (and largest solubility) exhibited by_"‘FeO" is
indicative of the largest degree of dissocistion of the —Fe-O-Fe—
structure by the -Si-0-Si- of the glass to form -Si-O-cation— bonds.__~ The -
‘rie'a.'r ideaility and low -solubilit'y of Ni0 in solution, corréspondingly’, .

' ihdica.ﬁes ‘relatively strong -'I.\Ii'—ov-_-‘Ni-,‘ bondo 'whicli cannot be so easily
dissocia.ted by the sodium disilicgte_ solvent;
‘ ‘IV. SUMMARY .

A hlgh temperature electrochémical cell utilizing a.v stal)ilized zir-.
conia electroly’te has been used to obtain thermodynamlc data on the
'solution of Co0 in NSz glass over the temperature mterva.l ’{00°-llOO°C
From this d_a.ta., the authors have calculated the activities of both CoO
ond NSz ixi. a mixed solution. From solubility data for these c,ompo‘nénts,
a bina.ry{;‘:ha.s_é diagram for the CoO—I\lSz system has been proposed; Paftia.l

molar entropy data suggests similarities in atomic structure £Or,'the-thr¢e
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systems "FeQ"-, CoO— “and NiO-NS2, with a respéctively increasing

'strength of the -catlon-O—catlon- relative to the -Sl—O—cat1on— bond.

' The latter. conclusion is c0n51stent with meltlng p01nt and heat of fusion

data for the pure oxides.
. V. ACKNOWLEDGMENIS
The authors wish to express their appreciatlon to Prodyot Roy, Leo
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.Table I. Actiﬁty and pa!rtiaili molar thermodynamic data for solution of Co0'in sodium disilicate ‘glass. .

Feoo o0 - v _ 0Fpg Nys, ®§s3 » Bys, o0 NS2
'800° © 900° 1000° 1100°  800° 900° 1000° 1100° 800° 900°. 1000° 1100°° - 800° 900° 1000° 1100° o
.05k .020 1,020 .020 020 -B340 -9120 -9890 -10700° .96 .945 .9k5 .96 . .96 - 120 .- 130 - 140 - 150 7.8 .05
..120 056 .056. .056 .056 = 6140 ~6720.-T290 - 7860 .880 .885 .86 .87 .88 - 330 - 350 - 350 --360 5.8 .1k
.182 120,115 .110 107 k520 --5040 -5580 - 6100 . .818 T60 .TT T8 .19 =580 - 600 -630 - 6k  h.T .32
221 7 .16 .155 .17 -3780 -390 -MTI0 - 5230 .T79 .69 .71 .72 .73 - 790 - 800 - 830 -.860 k.3 . b1
217 .26 .2h 225 .21 . -2910 -3330-3770 - 4260 .723 .59 .61 - .63 .65  -1130 1150 -1170 -1200 @ k.1 .52
2321 .35 .33 .29 .27  -2270 -2620 -3130 - 3570 . .679 .52 .53 .56 = .57  -1420 <1480 -1L90 .-i520 k.1 .53
2367 b9 kb .39 .36 -1540 -2910 -2380 - 2830 .633 .43 .b5 L7 .50 .  -1820 -1880 -1910 -1950 k.2 .8
kot T2 .59 .51 L6 - 7iq" -1236; ,-17'30' - 2120 .593 .34 .37 .40 .43 2290 :=2320 - -2340 -23k0 L4 o 36
437 1,00 , o 563 .28 : . -2m0 kT a0
sk By .73 .63 2280 - 800 - 1280 .546 .27 .31 .3h - 23050 -2960 -2940 -
k62 1.00 0 , .538 25 .k -0 '
.8g 1.00 - o S ' 22 -3660
517 1.00 0 L1483 -k190

ETI..

LL96T-Ton
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,Taﬁlé ii. ‘Mixipg péta‘for CdO;NazSizOs:System
¥eoo - Mys, UL UETEER NN\ JOU . g
. ®®T_owt | o't T

.05k .9k6 _560 -620 -670 - T20 0.40
.120 f.880: ©.1030 © -1110  -1180 = - -1250 0.82
.182 .818 -1300 -1410  -1530 _16k0 1.12
221 LT 1450 -1570  -1690 1830  1.28
27T 723 -1620 -1750 ;1890" -2050 .~ . 1.50
.31 679 ~1690 -1850 2020 -2180 1.66
367 633  -1720  -1800 2080 2260 1.81
40T .593 1660 ~ -1880  -2090 . —2250 1.92
.b37 563 ~1530 © 2.00
b5k .546 -1800  -1980 -2190 |

| ,h62 ;538 -1730
.88 .512 1880

517 483 o030
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Table ITI. Estimation of Entropies, Heats and Free
~ _ Energies of Fusion of Pure Supercooled
Liquid Oxides at 1173°K (900°C)

Oxige | T f("_’K) AH f(jcv:a.llmole) - &s f( e.u.) AF f( cal/mole

Feg.950 - 1650 - Thgo* L.k

Co0 2078 gl3ose 4.5kt

NiO 2238 10160% L5kt

«395

_.1?1.

- .125

. % reference 4

*#% calculated assuming s, = L.5h e.u.
t estimated = : '
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- FIGURES

-

 Isocdmposi£ionalﬁcéll"output fér‘CoO—NS2 glaSSes as a function

Isothermal dependence of CoO éctiviﬁy_(referréd to pure"solid ' Y

stendard state) on camposition.

Isothenmal'aCtivities of NS, (referred to pure liquid standard

state) calculated from Gibbs-Duhem integration.

e ’ . o O ‘
xide lnvNSszolutlop ap 900°C (1173°%K).

Isocompositional activity plots for NS, for determination of

NS, liquidus in the CoO-NS,

Proposed partial phase’diagrdm_fér the CoO-—NS2 system.

system.-

Estimated activities of.metal oxides in st glass solution

relative to the pure supercooled liquid standard state.
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This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commzss1on nor any person acting on
behalf of 'the Commission: :

A Makes any warranty or representanon expressed or implied, with

_respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method, or
. process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor,‘ to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




“n - =T

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





