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- Solid—State Electrochemlcal Study of the Gibbs Energy of
‘Formation of B-Gallium Sesquioxide Using a
Calcia-Stabilized Zirconia Electrolyte
T. J. Anderson and L. F. Donaghey
. Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Chemical Engineering, University of California, '
Berkeley, California 94720 .

July, 1976

Abstract
The. Gibbs energy of . formation of B Ga 04 (c) was determined with
va.high—temperature,-solid-state eleetrochemieal cell utilizing . a
caléia?stahilized zirconia as the solid electrolyte and a <CO,e CO2

gaseous mixture as the reference electrode.- The Nernst voltage of

the cell,

Pt |¢| Ga(t) , Ga o (c) IICa | co, co, | Pt

0.15% 0.8501.35l
was measured over the temperature range from 775 to 1100 K. 'A:’

'linear regression analysis of the data showed that the Gibbs energy

~ of formation can be represented,by

G?(Ga203,c,T)/kcalthmol-l = (-265.83%0.16) + (0.08345 0.00016) (T/K) .

A third law analy31s of the data showed that the standard enthalpy of

formation is glven by

o, . -1 .
Hf(GaZOB,c,298.lS)/kcalthmolv = -261.0 + 0.1
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which is in agreement with calorimetric results. The third-law

results show a temperature dependence of O. 004 keal hmol lK -1

which is most probably caused by an error in the estimated high

temperature heat capacity of gallium rather than by electronic

conduction in the solid electrolyte.

Send proofs to:
L. F. Donaghey
Dept. of Chemical Engineering
106 . Gilman Hall
‘University of Calif., Berkeley CA 94720

- Short Title: Gibbs Energy of Formation of Gallium Sesquioxide
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Introduction

- Gallium has pecome important iﬂ the semiconductor mictoeleétfonics
industries.as a comppnent-of pompounds for eiectroluminestgpt and
microwave devices. Gallium is also an.important sdlvent‘for.liquid-_
phase epitaxial crystal.growfh of compound sémiconductors where oxygen
is an electrically active impurity. Gallium sesquioxide added to

Ga - GaP Sdlutipng has ‘been usedfto'achiepevhighveléctfoluminescence

(1-4) Effective

efficiency in Zn-doped GaP 1light—emitting diodes.
“design of semiconductor device processes involving gallium should be

aided by accurate thermodynamic data for gallium oxide.

The Gibbs energy of formation of B - Ga203- by the reaction
26a(8) + 32 0,(g) = Ga,0,(c) : @
2 72 273 77 :

(5)

and’measured ﬁsing solid-state

(6)

has been estimated by Coughlin

electrochemical methods by Klinedinst and Stevenson and Smith

(7

and Chatterji. Pankratz and Kelley determined the high temperature

(8)

More recently

(9

heat content of B - G by calorimetric methods.

v 3203H .
Mills:measufed the heat capacity.of B - Ga'203 by drop calorimetry.
Unfortunately, the_Gibbs energies of fo;mationvas determined in ﬁhe
previpusvstpdigs show marked discrepancies,'especiallyIin the tempef—
ature»dependehée, i.é.,'the standard entropy of formafion, aﬁd there-
fore, further_expefimentation and critical review of'fhe data is
appropriate. In this étudy the Gibbs energy of formafion pf Bv— Gééoj
was measured in a'high—tempefature, solid~state electrochemicalpcell with
a 90 + CO2 gaseous mixture as the referehpe electrode..'A microcomputer
system was utilized for au;omated experimeptal'control andvfor data
acquisition, tﬁereby proﬁiding contindo@s detecpion Of aﬁy non~-cquilibrium
conditions and-of 1ncopsistqncies iq_experimental_data.(}p)
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Theory

The solid-electrolyte galvanic cell emplbyed in measuring the Gibbs

energy of formation of 8 - Ga203 can be represented schematically . .

as

- Pt || Ga(R) , GaéO3(c) ||ca | co, coé | Pt . (2)

0.15%%0. 8501 . 85

The equilibrium partial pressures of oxygen in the two electrodes are

related to the cell potential E , by the Nernst equation:

E/mV = {R/4F}(T/K)[%n {p(0,,C0+CO,)/atm} - Qn‘{p(Oz,Ga+Ga203)/atm}].(3)

In this equation, p(02,C0 +'C02) indicates the oxygen fugacity of

the CO - CO gas mixture, p(Oz,Ga,GaZO represents that of the

_ 3
Ga + Ga203 mixture, R 1is the gas constant, T is the thermodynamic

temperature and F : is the Faraday constant.

2

The Gibbs energy of formation of B - G3203 is related to the

oxygen partial pressure over the Ga + Ga203 mixture by the equilibrium

constant for the formation reaction:

Ga53/2v (4)

‘ . _ ' A .
Kf(Ga203) = a(GaZO3) a(Ga).p(Oz,Ga203,

or

.Kf(Ga203) = exp {—AG?(Qazos,c,T)/Rf} . (5)

Equations 3 through 5 allow one to calculate 'AG?(Ga203,c,T) from the

measured experimental temperature and cell voltage:



0 _ ‘ ' '
AGZ(Gay0y,¢,T) ='1.5 RT &n p(0,,00 + CO,) ~ 6FE . (6)

Here, unit activities for Ga(f) and 03203(c) in the mixture are
assumed.
The reference oxygen partial pressure is eétablishedﬂbylthe

equilibrium reaction,

€O + 3 0, = CO, - | .»(7)

and is related to the Gibbs ehergy change for this reaction,

AG(7) ’ by: - ' !

' p(C0,)\2 : o
p(0,,C0 + CO,) = exp {246(7)/RT} (8)

p(CO)

where Ac(7)/ca1thmol'; = -68,270 - 0.18T %n T - 0.34x1071% +

0.87 105/T + 23.28T , can be deduced from the equations given by .

Wicks and Block(ll)

for the Gibbs energies of formation of CO and CO2 .

Experimental

The Experimental Cell

Th; basic; solid—s;ate éalvanic cell design is depicted in figure 1.
The cell cohsisted of a 5.08 cm diameter, closed-end alumina tube
45.7 cm in length secured by a Viton O-ring to a_watérfcooled;
brass cell—ﬁead. Three 0.318 cm Cajon through-bore fittings were
IOcéted on the_;ell head symetrically aroqnd a 0.635 cm Cajon -

through—bore fiﬁting. The thermocouplé lead wires contained in
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ceramic sheaths were passed through the 0f318 cﬁ fittings. Thé
larger, centered fitting was used to seal to a 0.634 cm diaﬁeter
calcia-stabilized zirconia (CSZ) electrdlyte tube, closed at tﬁe bottom.

Included in the brass head were bores for gas entrance‘aﬁd
~exit. The exit placement was such that the gas had to flow downward
to the experimental cell, then through an alumina pushrod. 'Threg
spring4loaded_tungsten wires provided support for a graphite chamber
_containingjiiquid'gallium and B - Ga203 in contact with the CSZ
tube. |

The electrode materials were contained in a 5.08‘cm diameter
closed graphite crucible fitted_with a screw cap containing a closely
fitting hole through which the CSZ tube was inserted into the gallium
electrode. Powdered graphite was added to seal the CSZ tube to the
graphite 1lid. Details of electrode compartments are shown in
cross—-section in figure 2.
| The cell was heated with a Marshall resistaﬁce—heated furnace -
51 cm in length with a 6.35 cm bore. Excellent temperature'control
was furnished by. an integrating, temperature;regulated, power supply
designed and built at tﬁe Lawrence Berkéley Laboratory, Temperature
uniformity and stability was held to within 0.5 K in the vicinity
of the electrodes. Stray cell voltages induced by the temperature
regulation circuit:were eliminated by avmetal ground shield placed )
éroundvthe 5.08 cm alumina tube. Type-S thermocouples (0.051 cm

diameter, Pt - Pt 10%Rh) were calibrated in the cell under vacuum

against a thermocouple calibrated at the National Bureau of Standards.

’



The caiibrationvwaslpérformed with the standard thermocouple occupying

the position normally that of the'electfode, while the unknown

thermocouple was placed in the normal operating positions.. Each

therchouple enf was amplified using é XlOO thermocouple amplifier

calibrated with a'ﬁeeds anvaorfhrup Tyée K-3 potentiometer facility.
The cell emf was measuredeith a Kéithley 640 electrometer.

High¥isolatidn, triaxial cable was used to connect the experimental

~cell to the iﬁput head of the electrometer.‘ The inner conductor of the

triaxial cable was connected to the positive lead wire of the cell.
The outer conductor was driven by the unity—géin,feedback from the
electrometer, thus acting as a driven guard. Leakage sources at the

input head were negligible since the cable was guarded up to the

'sapphire insulated_electrometer contact.

Materials

Callium metal used in the study was semiconductor grade, 99.9999%
pure, obtained from Cominco American. Gallium oxlide was obtained from
Alfa Products,‘and had a purity of 99.99%. The oxide was confirmed

to be B - Ga and to show no detectable ‘second phases by X-ray

203
diffraction analysis.~

The calcia-stabilized zirconia tubes containing 7.5 weight per
cent calcia were obtained from the Zircoa Corporation of America.

The tubes were confirmed to be leak tight both before and after the

experiments. Spectroscopic-grade graphite was employed in the

electrode compartment containing the liquid metal and a small amount
pat ) .

of the oxide. Platinum lead wires were attached to: the gfaphite



compartment and to a platinum electrode made from Englehard unfluxed
platinum paste (No.'6926) inside ‘the CSZ tube end

‘The CO + CO2 reference electrode gas mixture was obtained from
Matheson Gas Products. Chemical analysis showed the nixture to

contain (25.29 * 0.02) percent CO, and (2.45 * 0.02) percent CO

2.
in high—purity argon. The ratio of the partial pressureIOf -CO2
to the partial pressure of CO in the primary standard gas was
10.322 * .092. | | " |

Pure argon for use in purging the experimental cell was prepared
by passing high-purity argon over Linde 4A molecular sieve at 195K,
‘then through a special, alumina-lined titanium-sponge purifer heated
" to 800 K. This gas was used as an inert purge gas for the metal—
oxide electrode compartment, with the purge flow rate adjusted to
1 cm3s 1. |

Reagent dibutyl phthalate was used in gas exhaust traps to

prevent back-diffusion of oxygen into the experimental cell.

Microcomputer Control System

Operationvof the electroehemical experiments and data-aquisition_were,
antomated with a microcomputer system based on an Intel 8008
microprocessor. The facility is scnematically shown in figure 3.

The system had the‘capability of setting the cell operation temperature
to a predetermined, cyclical sequence of values and monitoring the
cell emf and thermocouple ontput voltages on a specified time base
untilAequilibrium had been established, thus allowing continuous -

cell operation without operator assistance. A 4 1/2 digit panel meter

"
-



alternately displayed the cell voltage and temperature, while a
pethanen; record was obtained on a teletype. The microcomputer was

constructed from components stocked at the Lawrence Livermore Labofatory.

Ptoceduré. _ " ‘ ‘ _;

,Iﬁ each éf severa;Hexperiments the éell CQmpartments wefe 1eak-'
checked uéihg a higﬁ vaguumasysteﬁ, theﬁ burgéd with high.purity
argon. The gell temperature was programmed to rise at,O.OZKs“1
.tb'fﬁé'logéét meésureﬁent temperature, after which the feférence gas
 £10& was'initiated; The ceil tempefature-was then sequentially
inéfemep;ed and decremented.throughoﬁt the experimental range, with»
the éell voltage_measured.and periodically recorded at each temper-
afgreiuﬁtil equilibrium was reached and confirmed. 'Reference gas
and érgon_flow rates did not affect the cell voitage in the ranges
selected.  At the-conc}usioh of eachvexperiment the cell compartments
vere ;gain,chécked'fdr léakévand tﬁé metal electrode exémined for
evidence of oxidatioﬁfv,fhe electfode materiél wés.then analyzed

by'eray diffraction to confirm the‘absence-of Side—reactibn products.

,Rgsults
Tablevl_shOstthg measured éell pofentials, the partial'préssures,
Qf o#ygen in the reference gas miktufe,'the calculated equilibfiqm
zparfial ﬁréésures of oxygén,in the Ga + Ga203 mixture, and the-

calculated values of the Gibbs energy of formation of B —‘Ga203

over the experimental temperature.



' *
Table 1 Summary of Experimental and Derived Data

_AG;- (Ga2O3,c,T)

1091.2

* ' v
atm = 101 325 Pa
calth = 4,184 J

| P(0,,C0HC0,) | p(0,,Ga+Ga,0,)
/R Emeasured/mv logyg atm 10810 T atm ‘ bk' -1
_ : . calthmol

776.9 | 421.1(0.1) ~26.782(+.008) ~37.710(%.002) ~201.08(%.01)
815.1 | 418.4 -24.998 -35.347 -197.74
855.4 | 416.5 -23,288 -33,105 ~194.36
902.3 | 415.4 -21.491 -30.773 ~190.58
933.4 | 414.0 ~20.400 -29.342 -187.98
967.9 | 412.4 -19.271 ~27.861 ~185.09
1004.4 | 410.9  -18.162 -26.410 -182.06
1039.9 | 409.1 -17.158  -25.090- -179.08
1044.7 | 408.5 -17.028 -24.911 -178.62
- 1048.8 | 408.5 ~16:917 24,770 . -178.31
1051.1 | 407.9 -16.856 ~24.680 ~178. 04
1059.5 | 408.0. -16.633 -24.397 ;| +177.41
406.9 -15.824 -23.342 -174.82



‘A linear least-squares analysis of the experimental data

obtained ih.the present study fesuited in the fqlldwing expression:
 AGg(Ga2O3,c,T)/kcalthmol_l = (-265.83+0.16) + (0.08345t0.00016) (T/K). (9)

-The.uncertainties given in this expression are those computed from
‘the standard errors of‘the mean vaiues.. The cqhstant térﬁ appearing’
in'eduation 9 corresponds to the standard enthalpy change while the

' tempéféture'cdéfficient repiesents the standard.éntropy change.

" .- Discussion
A comparison of the data obtained in this study with data reﬁorted in
previous studies is shown in figure 4. This figure shows the

experimental values of AG;(Ga203,c,T)_ plotted against teﬁperature;
with ‘the 1eést—squares straight'line drawn through the data points
for each study. Also shown are the estimated Gibbs energies of
formétiqn-versus-temperature of Coughlin,(S).the calorimetrid results

| (8) |
of Pankratz and Kelley
S ¢)) _(6)

“and of Klinedinst and Stevenson.

and the emf:measuremeﬁts of Smith and
Chatterji | v
The AG?(G3203,q,T) .Vaiues calculated from the experimental
data of the preéent study.shéwed exqellént internal consistency withbv
a standard‘error at 1000 K of éﬁly $0.31 kcalthmol—l . In comparisdn
to the results of-othef studies, the magnitude of‘ AG?(GaZOB,c,T)
-found in this study wés'more negative, excgpt at temperatures above
1000 K. Since electronic conduction in the solid electrolyte tends

to reduce the cell voltage, and thus the magnitude of the Gibbs energy



-10-
of formation, the higher magnitudes of AG (Ga 3,c ,T) are supportive
of complete ionic conduction in the solid electrolyte ‘with. possible
electronic conduction at temperature above 1000 K. The possibility
of electrolyte failure suggested.separate data analyses in the low

“and high temperature ranges of measurement. -

In order to evaluate the internal consistence of the experimental:

results, and to facilitate comparison-to'calorimetric-data, a third-
law analysis was performed. The ualues of the standard enthalpy.of
formation of B —.Ga2 3 AH?(Ga203,c,298.lS) s were calculated from
the following equation: | | B |

(o} _ (o] - : . -
AHf(GaZOB,c,T) = Acf(ca203,c,T) Af{H(T), H(298t15)}
o - o : : : -
+ T.ASf(Ga203,c,T) + Af{S(T) - s(298.15)}_ .

" The yaluesvof Af{H(T) - H(298.15)} and Af{S(T) - S(298.15)}_for o

Oz(g) were taken from Hultgren et al.,(lz).although similarvvalues

are given by Wicks and Block,(ll)'

th
" for AS (Ga 3,c ,298.15) was determined from the data taken from:
( 3) _(14)

Kelley for Oz(g) and from Adams Johnston and Kerr for
Ga(l) and 6 - Ga203(c)

The results of the third—law analysis are presented in table 2.
The overall mean value of AH (Ga 03,c,298.15) and standard error of
the mean were found_to be -260.72 and 0.16 kcalth, respectively, as
indicated in analysis I. In this analysis, the cluster of data.points

near 1050 K were weighted so as to produce a uniform weighting of the

that for Ga(l) from Hultgren et al.,

and that for »B - Ga203(c) -from Mills.(g) The value -72.87 cal ,mol lK 1

(12)
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Table 2 Second-Law and Third-Law Analyses of the Experiméﬁtal Data

- Third-Law Analysis

-, Second-Law Analysis

_'['[_

MM (Ga,05,¢,298.15) 8, L .
1 o 3 Observed Calculated
T kcalthmol | kcalthmol | 1og_1<.P | log Kp | 62
776.9 -261.46 -.74 -56.565  ~56.543 -.022
815.1 - -261.19 -.48 ~53.019 -53.038. 0.019
855.4 © -260.98 -.26 -49.657 -49.680  0.023
902.3 -260.90 -.19 - ~46.160 ~46.150 -.010
933.4 -260.76 -. 04 ~44,014 -44.005 -.009
967.9 ' -260.58 0.14 141,792 -41.786 . -.006
1004. 4% -260.41 0.30 -39.614 ~39.605 ~-.009
1039. 9% -260.21 . 0.51 -37.631  -37.631 -.005
1044.7% -260.13 0.59 -37.366 -37.374 0.007
1048. 8+ -260.13 0.58 ~37.156 ~37.156 0.000
1051.1% -260.05 0.67 -37.018  -37.035 0.017
1059. 5+ -260.07 0.64 -36.595  -36.597 0.002
- 1091. 2% -259.96 10.76 -35.013  -35.004 . -.009
Analysis I: AH;(GaZOB,c,29§.lS)/kcglthmol_léf26O;7 o AH?(Ga203,c;298f15)/k¢a1thmol-l=-2§5.2
o Standardverror/kcalthmol‘; = 0.2 ‘Standard e_rror/kcalthmol‘l = 0.1
Analysis II: AH?(G5203,C,298.15)/kca1£hmol'1=—261.0 | AH?(Gazoj,c,298.15)kca1thmol'l=—2§5.5l

Standard error/kcalthmol‘l'= 0.1 Standard error/kcalthmol‘l = 0.1 .

*
Excluded from Analysis II
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data over the temperature range of measurement. The caiéulated
valués of AH?(Ga203,c,298.15) showed a small temperature dependence.  ~

This temperature dependence can be eliminated by adding 4.54_calt
1 ' '

h

-1 -
mol K~  to AS?(G3203,¢,298.15) .

If is interesting to note the effect of utilizing alternate
sources of thermodynamic data in the third-law analysis. Glassner reports

‘a high temperature heat capaéity for liquid gallium which is 5%

higher than that.selected:by Hultgren.(lz) Nevertheless, if Glassner's

heat capacity data is used in the third-law calculation, the results

are essentially unchahged from those given in table 2. Similarly, a

third-law analysis with the thermodynamic data of Wicks and Block(ll)’

for Oz(g) substituted for the:selected_data of Hultgren(lz)

also
gaVe.fesults nearly equivalent to those shown in table 2. On the

other hand, the selected thérmodynamic data of Coughlin;(l6) when used

in the third-law analysis gave a significantly different result for

AH;(Ga203,c,298.15) , given by —261.32_— 0.00196 T kcalthmol_1 . Not

only is the mean value of = -261.32 * 0.06 kcalthmol_l outside the
~ standard error of the analysis shown in table'2, but the temperature

dependence differs in sign. = Other third—law‘analyses utilizing heat

7y

capacity_data for Ga2037 dgrived from Shchﬁkarev,e; al. and from

(8)

Pankratz and Kelley support the results shown in table 2. ' The

temperature dependence of AH?(GaZO ,C,298.15) in the third-law

3
analysis indicates either an error in the éstimated:heat capacity of
gallium at high temperatures, or a meaéuredcmll—voltagererrqr which

increases with increasing temperature.
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The values of AH (Ga2 3,c 298 15) calculated from the third— N

law analysis are compared in figuie 5 to the data of Mah 8).

determined by direct combustion calorimetry and to values derived from .

17y

other studies. The value obtained by Shchukarev et al. from

'isothermal eyaporation studies and the value derived from the present
» study are in close agreement with the calorimetrically determined
value of -261 05 kcal hmol -1 . Also shown in figure 5 are the results;

obtained from a third41awianalysis of the data of Klinedinst and
(6)

Steveson; The resultlng values for. AH (Ga 298§l5) exhibit a

2 3’

large temperature dependence with thé aveérage value lying somewhat

above»the calorimetrically determined value. Third-law analyses of

&)

o : ! )
the electrochemical results of Smith and Chatterji are shown . by the

dashed line in figure 5. Because the actual data were not available
for this calculation, a data-fitted equation was used. :This equation
gave a’nearly'temperature—independent value of the standard heat of
.formation of»-B - Ca203 ,vbutishifted approximately 1.75 kcalthmol"1
above thevcalorimetriéallyfdetermined value.v Smith and Chatterji.
reported an error range of 0.8 kcalthmol;l' with no apparent,temperature
dependence from theirlthird—law'analysisa |
The values of AH;(GaéO3,c,298l;5)_ calculated from the present
experimental data-show somewhat different temperature dependences in
the low and high temperature ranges. of measurement, as shown in figure 5.
Below 970 K the calculated values of AH (Ga 3,c 298 15) have a

temperature dependence of = 4.2 cal _ mol lK -1 , whereas above 970 K the

th
1.-1

temperature,dependence is 5.4 calthmolf K . On the assumption that

geeaoer w00
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the experimental results ére'in error in the high.temperatﬁre range,
an additioqal third-law analysis was performed on the experiﬁeﬁtal-_
data in the ¥ange below 976_K. This analysis is deﬁoted by aﬁalysis
II invtableVZ.' The average.value of AH?(Ga203,c,298.15) ob;aiﬁed
hmbl-l 'with a standard.érror‘of

This result differs from thé_value obtained ih

from énalysis iI was -260.98 kcalt
.'0.13.kcalthmol_lv. |
énalyéis‘l'by én amounf only slightly 1arger than the staﬁdard error,
indiééfing no siénificant sysgematic error in the high teméératﬁre
raﬁge alone. - Thus, the éméll temperaturé dependence in
Aﬁ?(G5203,¢,2981.15) _obtained in tﬁe Fhird—law analysis most
probably indicatéé a systématic error in thé thermbdyhamic fdnctions,
rather'than an‘experiméntél.error in the high temper#tufé ranée alone.
vA'sgcond—lawlanalysis of the aata obtained.in tﬁe preseﬁt study
was alsd perfofmed,vand the results are shown in table 2. 'The ieaét*
squares value Qf AH;(Gézoé,c,Tm)' at the mid-point éxperimegtélv
temperatﬁré, Tm = 934.05'K was found to be. 4265,83’k¢$1thmol-1‘. 
This;valﬁevwas cqf#éctedAto.ZQS.lS K by adding :-Af{H(968.5) - H(298.15)},
to obtéin' -265.15 kcalghmolflv for'ﬁhe standard.heatAof-fotmation of
B = Gayly | | |
than the third—laﬁ analysisb(I),by 4.43 kcalthmol_l, whicb is larger -

from solid gallium. This value is'lérger in magnitude-

than the standard errdr of the mean values from both second-law and
third-law analyses. A sécond aﬁalysis (I1), in which the high temper-
ature Aata_above 970 K was excluded, yielded a value of -265.54 for :
AH?(Ga2b3,p,298.15) within the standard errorvof the value obtained-

in ahalysis I. The differeﬁqe between the vaiues of AH;(G3203,C,298.15)

derived from second-law and third law methods is not surprising,



-15~

because of the liﬁited range in temperature of-the expérimeﬁtal‘
measﬁrements.‘ A small differénce in slope of the measured vAG?(T)
éan prodqce a large.qhangé in the value of AH¥(298.15) deriﬁedzf:om‘
_the.sécqnd—law énal&sis, |

A comparison of the standard_entrbpy and entﬁalp& of formation

of B - GAZO3 as derived-frém’different sources 1is summarized'ip

téble 3. Tﬁenenthalpy'and entropy values reported by each source

‘ weré C6rrected to the referencé temperature. The &alﬁes_of
AH?(G3203,C,298;15)‘ obtéingd %n previpus:¢1e¢trochemical studies differ

sighificantiy from that obtained in the present stﬁdy,'and are more

¢onéistent with the value selected by Brewer,(lg) and by Rossiniv
,(20) (-258%3 kcalth) , than with the more precise value
obtainéd by Mah;(18) The results of the present study show the highest

et al.

consistency with the combustion-calorimetric data.
A potential source of error in the present study was electronid
conduction in the CSZ electrolyte. Shown in figure 6 are conservative

and liberélvloWer oxygen partial pressure limits to the electrolytic

domain of CSZ as derived_from‘the data of Schmalzreid(21) and
Patterson, Bogden and Rapp.(zz) Also shown in figure 6 is the
GiBbs_energy of formation of 8 —_Ga293 and. Ga20 .(16) The

conservative limit places. the’ Ga203 - Ga - 02 equilibriﬁm o;tside |
the ionic electrdlytic domain at temperature above 880 K. The more
recent and liberal limit places the most stable equilibrium of ‘
interesp weil within thevliﬁits of operation,»however. In this study
the working temperatﬁre was maintained below 1100 K iﬁ order to

prevent conditions allowing electronic conduction in the solid




Table 3

Method

Comparison of the Starndard Enthalpy and Entropy of Formation
of B - Ga203 from Different Sources '

o S | -1
AHf(Ga203,c,298.lS)/kcalthmol

» o  o :.-l
_ ASf(Ga203,c,298.lS)/calthmol

Experimental  Third Law Second Law Experimental ~ Second Law

Combustion Calorimetry
Drop.CalOriﬁetry
Isothermal Evaporation
Electrochemical Cells
coexistence electrode
coexistence'electrbde
gas reference electrode

. gas reference electrode

gas reference electrode

 -261.05%0.3

~72.87
~260.85£1.4 |
-252.3 ~ - - '-65.1
-259.2 -258.8 - o ' -72.38
-252.1 -  -66.0
| -260.7%0.2 _265.250.1 |  -77.60
~261.0:0.1  -265.5:0.1 - -77.45

Referénce
18
13,14

17

-6
.

6

‘This study (I)

This study (II)

_9'[_
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electrolyte. Thé results showed that while the emf daté did not
showba cﬁangé'in the‘température dependence atlhigh temperafure? the
-values.of AAH%(GaZOB,c,298.15 K) derived-from thé third-law énalysis
showed a small increase in the Lemperature dependence above 970_K.:
This resu1t indicates'possiblé electronic conduction in the solid
eleétfblyfe above 970. For this reason, the thifd—law analyéis (I1)
is considered to be a more accurate test of the emf data. |

The most probable cause of the variation of AH?(Ga203;c,298.15)
with'temperature'is'that the thermodynamic data for galiium 1s
incorrect. The specific heat data for 02 should be very accurate,

(9 for . B - Ga

(8)

and the more recent .calorimetric data of Mills 203

.agreedbto within 1% with the data_of Pankratz énd Kelley. Thebmost
‘1likely source of error_is in'fhe specific heat.of gallium; for which
a constant heét capacity was assumed above 700 K. Indeed, itiappears
that no measurements.ofvthe specific heat of'gallium have been made
above 720 K, and fhe assumption of a constant speéific heaf in this
temperature range is probably in error. Neverfhéless,.the diregt
measurement of AG;(B - Ga203)_ performed in thié study showed muchv

better consistency with the calorimetric data than did the data from

earlier emf studies; as shown by the second-law and third-law analyses.

Conclusion
The Gibbs energy of formétion of B - Ga203 was measured with high
Accuracy‘in an electrochemical cell utilizing a CO + CO gaseous

reference electrode. The use of a microcomputer system for automatic

- . vy e o . g k ﬁu 3 v" ]
E;: f’: F} @ (} Q ?;' é’? ﬂ O
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control of fhe experiments proved exceptionally véluablgifor testing
the reproducibility of the experimental data. The values of
AH?(Ga203,c,298.15) determined from a third—laW‘analysis’wefe_in
closevagfeement with the calorimetrically detérmined value., A small
temperature dependence of the derived values of AH?(Ga203,c,298.15)

were attributed to errors in the predicted high temperature specific

heat of gallium.
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