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.. ABSTRACT . ~', 

; 

>.:" 

A solid electrolyte electrochemical cell of the type 

PtINi:Ni0a,.=11IZro2 + 7.5% ca.oIINi:~U0a.<l + glasslpt haabeen utilized to 

measure the activities of NiO in sodium disilicate. glass over the 

tempert;lture interval from 75p to 1100oC. The data inqicates a solu

bility varying from 11 JIlolepercent (5.0 wt%) at Booo to 20 mol.e percent 

(9.f~r at 1100oC. From t~e variation in NiO activity, the a.ctivity 

of s~\ua disilicate in gless solution has;bee~ esti~ed'i and :from 

these combined data. partIal molar free 'en~,rgies and entrOpies of solution 

of NiO and Na2SiaD" and t~e energies and entropies' of mixing have been 

calculated. A parti.:lphaSe· cliagr.am for the .system ,.1~ia.26h05 is pro-
" ' '<,;;·t'.l . 

posed trom solubility d&t. indicating a eutectic at approximately. 12 mole 

This work. was done under the !luspices of the U. S. A~C Energy 
COJIIIQ.ssion. 

At the ~ime this work was' clone the writetswere. re.je~\ivel¥. ,graduate 
research assistant and professor of ceramic engi.neeria&~ .. 

Based en part of the thesis submitted by Alton M. La,.cyt~r the Ph.D. degl'ee 
in c~r~c science at the University of California,Berkeley, Sept. 1969. 
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1. INTRODUCT.ION 

The ability to predict and understand reactions occurrine; between 

materi ala of any system. reqUires a knowledge of .:the thermodynami c 

properties of the constituents. In the development ofa chemical bond 

'. . 1-3 
between glass and metal, Pask and co-workers have shown that a neces-

seXy 'criterion for ~aximUm bond strength is the establishment of a con-

diti,Q1:l', of saturation of the glass by the oxide of the metallic substrate. 
~~. . . 

Equilibrium composi tion$ can also develop at the interface by redox 

react16ns between dissolved: oxides in the glass and the metal substrate. 

The eX;tent to which any reaction will occur is dependent upon the im-

',. 
balance of chemical potent1,als of the constituents in the reacting phases. '1 -

The stability of glasses in' oxidizing or reducing' atinospheres t as well 
.... ,' as the' kinetics of d1tf'us:1~-controlled reactions are dependent upon the 

actiVtties of constituents in glasses relative to activities of the same 

components elsewhere in the system of interest. This ~ork has been 
. . . . 

Imdert_en to establish q~titative1Jr the compositional dependence of 

actiVities of some "adher~nce oxides" in .odium disilicate glass (NS2) 

in order that We ID8¥ improve our understanding of this gJ.ass as a 

reactive consti tuent in bonding and wetting 'st udies. 

Those activit7 measurements on molten silicates reported'ln the 

l1t~rature have been made principally on binary metal. oxide-silica 

systems and on multicompcment slags. Most of these have been carried 

out by ,gas equilibration techniques. An electrochemical method is 'often 

preferable becaase of the wider range of oqgenpotentials capable 01' 

being taeasured accurately. The number of electrochemical studies of 

., !:,r ,'It 

..... 

,~. ~ .. ; 

, ',~ ~ . . ., A "".,:;:, Of ., .•..• ' .,' ~~' "';\." ~; ""';)'''; . ... ~\;.,~~t:liir~ 
glasses reported is, hoWever t relatively small. 
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Herring 
4 

and Didtsh~nko and RochOW5 have used cells of the type 

02(Pt)/liq I::li'1 II/Oz(Pt) in order to detehnl:1F: the activities of NazO 

in soda-silica glasses and of NazO, K20 and Li20 in PbO-Si02 glasses 

respectively. This type of cell is not generally suitable for quantita-

tive measurements because of the. inherent possibilities for error arising 

from undefined thermoelectric emf's, liquid jlllcti on potentials, poorly 

detine4 cell reactions an:~ lndeterminant transferrence numbers of the 

conducting species. Esiri
6 

has utilized a simple formation cell of the 

type MIMO (in glass 50l'n)/02 to measure activities of FeO in complex 

silicate melts. Unknown transference numbers and Questionable reversi

bility also present problems in these measurements~ Matsushita and Got07 

. '. 8 
and Charette and Flangas . have carried out stUdies of the OiIdde acti vi ties 

in the Pbo-BiO system between 900-ll00o C using a solid electrolyte cell 

of the tyPe Ni/Nl0i/cszt //Pb/PbO + Si02. Their data corresponds well 

with that of Richardson andWebb9 obtained 'by other methods. 

We are presenting here the first part of a current aeries of electro-

chemi.cal. studies ot the act! vi ties of the transition metal oxides NiO, 

FeO.47 ,and COO ~n sodiumdisilicate glass. 

n. EXPERIMENTAL 

A schematic diagram of the experimental set-up is illustrated in 

Fig. 1. The cell arrangement was constructed by positioning a 6" calcia

• stabilized zirconia tube in a Coors CN-5 alumina cruelble containing a 

tightly paclt.ed Ni/NiO mixture. The Ni powder was certified chemically 

t CSZ refers to O.l~ eao·Q.85 Zr02 

.Obt.d,ned f'r0ll Zirconium Corporation of . .America, Sol-on, Ohio • 
. ' 
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l;ure by A. D. Mackay Co. Inc.; and the NiO was a Baker's analyzed reagent. 

The electrodes were 20 mil Pt wire--the outer wi.::'2 doubly wound around 

the lower por:;ior. of the zirconia electrolyte tubE': and twisted tightly 

to se,~:ure ,1. t, and the inner electrodewCis coi led on one end and pushed 

to the bott0m of the tube. Approximately 1-1/2 grams of xNiOoNa20-2Si02 

glass was put into the tube with a small quanti ty ,Jr- powdered Ni metal. 

A boronni tride plug with a 25 mil hole was placed over the upper end of 

the tube to pre':ent the Pt electrode from touching the tube walls at any 

point abuve the gla.ss surface. In the latter stages of the experimental 

program, 'the outer electrode was contained in a short piece of mulli te 

tl1ermocouple protection tub~ng which penetra.ted the surface of the Ni/NiO 

mixture. The remaining exposed surface of the Ni!NiO powder was sealed 

off from the ambient atmosphere by covering it with' a powdered s r,hii um 

disill.qate glassconta1.ning 7.55% NiO plus excess Nimetal. I twas 

found that the _e.m.f. output of a cell was riot a.ltered but that the cel.ls 

were s~ahilized for longer periods of time, increasing the precision of 

the measurements. 

The assembly shown in Fig. 1 was then seated in a Pt basket and sus-

pended, on a push rod containing Ii thermoc:ouple and the electrodes leading 
:. ' ~ 

,-

to the recorder. ,~fter sealing in a resistance wound furnace, the system 

, -5 
~as pumped out to approximately 10 rom Hg. ( -8 ) "'2 x 10 atm 02 and the 

cell was lowered in vacuo into the hot zone of the furnace. After one 

miqute, argon was introduce9- into the t'urnace and the ambient pressure 

was ~rought up to 1 atm. After one hour, measurements'bf the generated 

e.m. f. were taken. Although a tendency existed for some of the residual 

oxygen in the system to be picked up by the Ni metal in the glass, this 

~'" ' 
) \ft 

, '~ .', .' ... :" ,':' 
~, .' ;'. • •• r f .• .J 

.. " ~. '.~ 
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presented no significant problem, since the quantity of oxygen was not 

large enough after evacuation to significantly alter the composition of 

the gle.ss even j f it were primarily absorbed into the glass; and secondly, 

the quanti ty of Ni metal exposed t.o the ambient. atmosphere was sub-

stantially greater in the outer electrode compartment than inside the 

tube. Quantitative electron microprobe wlalysis after operation of the 

cell indicated no change in the glass composition due to Ni oxidation 

and subsequent solution. 

The e.m.f. output was recorded by a Honeywell Electronik 19 high 

impedance potentiometric recorder. All cells were run for a minimum of 

2 d~s. Over this time, the temperature was varied between 750-ll00oC. 

The reversibility of the cell was'inferred from the reproducible 

behavior of several cells containing 'the same glass, and also by the ten-

dency for the cell to ·return to the same e.m.f. value when disturbed by a 

temporary short circuit or by impressing a small voltage via a potentio-

meter •. 

Ill;. REStILTSAND DISCUSSION 

(1) 'l'llermodynamic Data 

~ince .measurements were made by using a cell of the type 

Nl/NiOIICSZ!lNi!NiO a<l + NS2, the overa1l ce1l reaction may be expressed 

as 

lIiO(solid) -1 == NiO(glass) <'I a- . a 

At equilibrium in a reversible ce1l, the free enerQ of this reaction Dl8\Y 

be related to the cell potential by the expression 

f~ • ~; ~. 
,;. 

. ~ .,. ~. ',J.l .• ' '. 

......... ' 

• 
( 
f' ·1 

• 

.... , .,. 
',;,',., ' 
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, , 

~F = -nFE = RTC2.3(3)log(~iO). (2) 

, 
The activity of NiO in the glass (re1ati ve to pure solid NiO may there-

fore be directly calculated from (2) as 

~iO = exp(-nFE/2.303RT), ( J) 

where F = Faraday's constant (23,061 cal/volt), E =the~::;~e.u '~)~~put in 

"'>i~': ,", 
volts, 'R= the gas constant (1. 987 cal/oC), T = absol~t,!~;.',tem~e,rat~e', and 

;; •. ' 

f: 

n = the number of electrons transferred in the cell reaction (in this 
, '"",',;.J 

'c .. "~: £f./ , , 

case, two)., 
•. '. i , l.~· 

The isocomposi tional cell output vs. temperature iSishown in Fig. ,2. 

Each line represents the average of a miniml:Ul1 of two experimental deter-

minations ,for each glascomposition. ,The uncertainty 'is,;t2 mv.The 

variatioo of ~iO with temperature ,for each, composi ti?Jl is shown in 

Fig. 3. and the '~j,{;,~::" ://activity-coiaposition curves are given 
"... .. .. , ..• ,"",::!it." . 

in Fig. 4 for several temperatures. , , 

The acti vi ty of N8
2 

in :the glass'relative to 
.;, : ~. , 

p~e:iiquid N82 ~be 
':' ,: .J ..... ',D~~ 

, , . 
YNS'2 ;~~e,te YNS2 = ~S2/NNS2)' found by calculating the' ELcti Vi ty coef'f:lcient, 

from integration of the Gibbs-Duhem equation 

In y, , = 
:NSz 

d In YIflO ' 

~ .. : . ' .; ' .. 
'. ; .. ,' .... 
'r, "' 

(4) 
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The calc~ated activities of NS2 are shown in Fig. 5. Over this 

small concentration range, the experimtntal unc~rtainty is too large to 

distinguish precisely the temperature variation of the acti vi~y of NS2 t 

hence a single line is drawn wi t.h an estimated uncertainty for all 

temperatures of 2%. 

The partial molar quantities for the solution of pure solid NiO and 

pure liquid NS2 in glass ~ be calculated from the following expressions: 

,~ 

AS . '= 
OXl.de . 

-RT In a id' ox e 

-(:~t and (6) 

/Iii oxiae: 6F oxide + TAil oxide = -nF [E_T ( ~) J ( 7 ) 

.,;.,' 

. ~, 

whereE is the cell output in volts. The partial molar data for the glass 
. . 

. . . 

stud.1edhereispresented in Table 1. Free energies. entropies and en-

thalpi~s of mixing of pure NiO and NS2 may be calculated from the general 

expression 

where. N
l

, N2 are the 'mole fractions of each component, and X is the 

the~U1ic property of interest. Mixing data are presented in Table II. 

(2) Solubility Limits 

For any temperature, the composition in which the activity of NiO 

equals unity represents the saturation solubility of H10. By extension 

of the isothermal activity-composition curves (Fig. 4). to ~iO • 1, the 

.. ,~ 
.' " ... ~. \ ." ~ 

r; 

:;:' :-
'.i. 

" (. I 
(: '. 

: 
I. 

'.: .. 
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equilibrium solubility limits can be estimated. Similarly, extension 

of e.JII..t.-temperature curV'es (Fig. 2) to E=O will produce the same infor-

mation. 

TheNS2 liquidus was' determined ,by the intersect~on of the experi

mentally calculated ~S2 VB temperature plots, wi t.hi,tl!i~ plot of the 

activity of pure soli,d N62relati~e to the pure ll4\d.d ,standard state. 
:,': j 

The data for this determination was taken from the compilations of 

Kelley.iO The graphical an8.J.ysis is shpwn in Fig., 6. 

Since no compotmds along the Join NiO-NS2 are known to the authors, 

the s,olubili ty data'determined from' these data are presented in the 

tentati ve phase diagram of Fig. 7. Intersection of these two liquiduses 

indicates a eutectic at NNlO = 0.12 (5.28 wt%) at a. temperature of 

approximately 830°C. The broken curves in Fig. 7 are interpolated. 

;·IV. SUMMARy 

The solid electrolyte electroche~cal method has been shown to be 

adaptable to studies on the solution of nickel oxide in sodium disilicate 

glass, providing numeri,cal' thermodynamic data as well as information con-

, cemina the phase diagram, in the absence of direct observation of 

crystalline products. 
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NNiO· 

800° 900 0 

.015 .17 .11 

.027 .27 .1.7 

.053 .45 .29 

.076 .63 .1+2 

.099 .86 .59 

.109 1.00 .68 

.u6 .74 

.127 .86 

.139 1.00 

.149 

.170 

.200 

---v-;~~----~ --_.,--

~ 

Table 1. Activity and partial molar free energy date for the 
solution of NiO in sodium disilicate glaS-s 

~iO ~FNiO (ca~/mole) NNS2 ~S2 
6" " 'r~ 1\ ;:;2 

1000° 1100° 8000 900° 1000° 1100°, 800° QOOO , 

.075 .050 -3780 -5150 -6550 -B170 .985 .99 - 20 - 20 

.12 .080 -2790 -4130 -5360 -6890 .973 .98 - 40 - 50 
2"· • v .111 -1700 -2890 -4070 -5360 .947 .96 - 60 70 

.31 .22 -990 -2020 -2960 -4130 .924 • Y3 -150 -170 

.43 .32. - 320 -1230 -2130 -3110 .901 9f'1 · ~ -2:':'0 -250 

.50 .38 0 - 900 -1750 -2640 .891 8P 
• u -270 -300 

.54 .42 - 700 -1560 -2370 .884 .87 --330 

.62 .48 - 350 -1210 -2000 .873 .85 -380 
0 .861 .83 -430 

.Bo .62 .;. 560 .. 1300 .851 .82 
1.00 0 .830 .77 

1.00 0 .800 

• Entropy data given in (cal/mole.oK). 

~ .. 

• ..........,.. ____ v.~ •• _.__...----~~~ • __ "_~_ '\;..-..... .: __ ". ___ ........,.'._-:~ 

-: 
~ 
~~ 

~ . 

---~~ --=----.----~ 

(,~al!mole ) M
NiO 

M
NSz 

1000c HOOo 

- 25 - 30 
.., c: ,.., .03 ..L.J.c. 

- 55 - 60 13.3 .07 
s-: 
·c 

- 8G - 90 !.O.8 .10 t 
-180 -200 9.7 .15 
-270 -290 9.0 .22 

I 

-320 -34c 8. E.l .25 I-' 
0 

· ... crl -380 8.5 .30 I - :;/\.., 

-l10 -440 8.2 .ho 

-470 -51C 
-500 

-710 

c::: ( .... 
0 L,.r. 

!::d f,' 
t-l 
I 
I-' 
CD 
-.l 
0\ 
\J1 

!::d 
(j) 

~ 

~::-

t, 
::;,-... .y, t'-

-~.: 
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'l'able II. Mixing data for the NiO-Na2Si20s system 

la, 

\ 
NNiO NNS2 6F mix 

(cal/rncle) liS * . mJ,X 

Booo 900° 1000° 1100° 
.' 

• 0 L~) .985 - 76 - 97 -123 --152 .26 
.027 .973 -114 -160 -198 -244 .1. ~) 
0"') . ) .. , .9117 -147 -219 -291 -369 ' .67 

.07t, .924 -214 -311 -391 -499 .95 

.099 .901 -230 -347 -454 -569 1.10 

.J 09 .891 -241, -365 -476 -591 1.19 

.116 .884 -373 -490 -611 1.25 

.127 .815 -376 -512 -638 1.39 

.139 .861 -370 

.lu9 .85l -483 -628 

.170 .830 -415 

.200 .800 -,..-- -568 

--------------------------------------~--------------~--------
* Entropy data given in (cal/mo1e·oK). 



-12-

FIGURE CAPTIONS 

!<'igure 1. ~3cl,ematic diagram of tne exp'~rime'!~_" 1 cell assembJ.y 

Figure 3. Variation in the acti vi ty of HiO (referred to the pure s<)Ud 

standard state ) with t~empe:cature fur 2ach composition sttdied. 

Figure 4. Isothermal dependence of NiO acUv'i ty (referred to the pure 

solid standard state) on composition. 

F'igure 5. Acti vi ty of NS
2 

(referred to tile liquid standard state) 

calculated from integration of the modified Gihh3-Duhere 

equation. (One curve is drawn to represent all temperatures 

between 800° and llOOoC. Over this small range of ('oncen-

tration, the experimental uncertainty is too large to Jis-

tinguish precisely the temperature vari!1tioo on act i vi ty <)f 

NS2 ). The estimated uncertainty in these data is 2%. 

Figure 6. Isocomposi tiona]. activity plots for NS
2 

for determinat.ion of 

the NS2 1iquidus ir. the NiO-NS2 system. 

Figure 7. Proposed phase diagram for the NiO-NS
2 

system. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, 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. 
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