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Abstract

THe Gibbs energy of formation of In203 was Stﬁdied in the solid-state

electrodhémical celi,

|| co,co, | Pt

Pt [c] In(e) , In,0 9

3 1102y 157rg 850185
over the temperature range from 950 to 1128 K, using calcia-
stabilized zirconia as the solid electrolyte and a CO + CO2
gaseous mixture as the reference electrode. The Nerﬁst equation

was used to derive data on the Gibbs energy of formation

of indium oxide. A linear least-square regression analyéis of the

~

data gave
Ac§(1n203;c)/kca1thmol'l = (-223j67 t .14) + (8.044 0.014)x10_2(T/K)_.
A third—law_analysis of the data shoWed that
3  éHg(InéOB,c 298.1§ )/kcélthmol‘%né -zzzfggit QfOl

in agreement with calorimetric determinations. Comparisons to results
of other studies are presented. No evidence was found for the

formation of In20(c) in the In(R) + In203(c) coexisﬁence electrode.
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Introduction
Indium sesquioxide is an n-type semiconductor with a substantial
electrical conductivity of “.20.ohm-1cm_1 and an electron mobility
. 2 -1 -1 |

‘of ~160 cm'V s at room temperature. These properties have made -
In203' useful as a material for processing thick film resistors.' A
review of its properties has been given by de Wit.(l)' For the

successful processing of in203 by chemical reactions,involving

oxidation, accurate information on the thermodynamic properties of

273

measurements of the Gibbs energy of formation of In2 3 using solid-

In 0, is important. This study was undertaken to:provide accurate

state electrochemical methods under microcomputervcontrol. A

vsyetematic method is applied to attain a level of eccuracy not-

_previously reported.

The Gibbs energy of formation of In203 by the reaction
21n(2) + 5 0,(8) = Iny04(c) | | (1)

has been measured using electrochemical methods by a number of

- (2-6)

authors. -The Gibbs energy of formation has also been calculated

from the equilibrium partial'pressures of water and hydrogen over a

mixture of In and In2 3 (7,8) Other studies on In203 from which .
thermodynamic data -can be derived include vaporization studies,(g’u»
(11)

thermogravametric analysis_ and calorimetric combustion experiments.
The values of the enthalpy -of formation reported by these studies

show a definite.temperature dependence, and inconsistencies in the

reported values of both the entropy and enthalpy of formation. These

(12-14)



discrepancies led us to re-examine the enthalpy and entropy functions
chosen for data fitting, to explore a third—léw analysis of the
experimentai data, and to examine in detail the consequences of side
reactions.

In this study a solid-state electrochemical technique was
used to measure the Gibbs energy of the reaction of In203 in the
temperature range from 950 to 1128 K. A solid—s;ate galvanic cell
was employed, utilizing calcia-stabilized zirconia (CSZ) as the solid
‘electrolyte, with experiments automated under microcomputer control.
The results of these experiments are compared with other available
data from the literature in a third-law calculation of the standard

enthalpy of formation of In , and an analysis 1is presented for

2%
assessing the effect of equilibrium partial pressures of In203
over a mixture of In(l) + In203(c), based on the results of this

study and on other available data. Finally, using the results of this

study we propose an alternative explanation of the recent thermograv-

ometric data of de Wit.(ll)

Experimental

2 + Ar gas electrode

An In + In203 coexistence electrode and a CO + CO
were used in the experimental cell whose structure was identical to

(15)

that reported previously. The coexistence electrode was prepared

from 99.999% pure indium powder (Orion Chemical Co.) and 99.999% pure
indium sesquioxide powder (Alfa Products). X-ray diffraction analysis

showed the oxide powder to be pure In Measured amounts of metal

2%
and oxide powders in the weight ratio of 10:1 were thoroughly mixed
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- and placed in a 2.54 cm 0.D. tube of graphite (spectrographic grade)

closed at one end. The graphite tube was fitted with a screw cap:

with a central hole'through'which a 0.635 cva.D.; closed—énd calcia-

stabilized zirconia (CSZ) tube containing the gas reference electrode

- and a platinum lead wire were inserted into the coexistence electrode.

The CSZ tube (Zirconia Corporation of America) had a nominal composition

of Ca The closed end of the tube was coated inside

0.15%%0.85%1.85°
with unfluxed platinum paste (Englehard No. 6926) to which a spiral

platinum lead wire was attached.

The CO } CO2 +vAr reference gas mixture (Matheson Gas Prdducts)
was prepared from high purity gases. Chemical analysis showed thé_

gas mixture to contain (25.29 * 0.02) per cent CO2 and (2.45.t 0.02)
per ceht Cb, with the balénce consisting of high purity argon. The

éressure in the experimental cell was maintained at 1 atm.

- The electrode assembly was contained within a 5.08 cm‘O.D.'
cioéed—end alumina tube sealed with a viton O-ring to a water-coéled
brass cell head containing Cajon seals to alumina tubes supporting.
electrode leads and Pt, Pt + 10% Rh. thermocouples calibrated to an
NBS reference thefmocéuple. The coexistence electrode compartment
was purged with argon purified by passing it ové; titanium sponge
ﬁeated to 1123 K. |

The cell was placed in a Marshall resistance-heated furnace and

shielded from rf interference from the triac-controlled temperature

*
In this paper the units used are related to SI units by atm = 101.325
kPA, Torr = 133.32 Pa, and calth = 4.184 J.



regulator by a groﬁhded platinum shield placed between the 5.08 cm
0.D. alumina tube and the fﬁrnace winding. Temperatures could bé
maintained to within * 0.5 K.

Cell emf was measurgd with a Keithley 640 electrometer which
was connected to thé cell 1eads with a triaxial cable containing a
driven guard to reduce leakage currents. The electrdmeter oﬁtput
and amplified thermocouple output were monitored periodically by
a microcomputer control system based on the Intel 8008 microprocessor;
The contfol pr&gram was able to raise the. cell témperature at

2 1 :
to the operating temperature, monitor the cell temperature

2x10 “Ks
and emf and print the data on a teletype,‘test>for equilibrium, and -
repeat the measurements at a series of fixed temperatures within

the desired temperature range. Thé sequence of temperatures at

which measurements were taken was chosen to test the reproducabiliﬁy

of the experiments and to eliminate systematic errors arising from

thermal transients.

Results
The Gibbs energy of formation of indium sesquioxide was determined

with the cell

Pt |C] In , In |ca

205 | co, | Pt . (2)

0.15%%0.85%1.85! | <0

The activity of oxygen in the coexistence electrode relative to that
in the reference gas mixture was measured from.the cell voltage

E, and the Nernst equation,



o
L
-
Borcer?
Y
o
o
(-
Tud

E RI

s = X2 in {P(oz,co + 00,)/p(0y,In + o)} (3

where R . 1s the gas constant; T the absolute tempefature, F 1is the
Faraday cohstant, p(Oz,CO + C02) the oxygen partial pressure over the

CO + CO2 mixture and p(Oz,In + In203) that over the coexistence

electrode.

- The Gibbs energy of formation of In203vis related to the cell

emf through the equilibrium constant of the reaction given in equation 1.
 Assuming unity activities for In(L) and In203(c),AGg(In203,c,T) is

given by:

o oy \ 2 ' .o
AG,(In,04,¢,T) = 1.5 RT(PCOZ/PCO). + 3060 . - 6 FE . (4)

The ratio of partial pressures of the reference gas components,

(PCO /PCO)’ was determined by chemical .analysis to be (10.322 + 0.092).
2

The term AG:ef in equatibn 4 is the Gibbs energy of reaction for the

‘reference gas equilibrium,

1 ) .
Cco + 5 02 = COZ‘ (5)

(16)

and wés-calculated from the data of_Wicks and Block to have

the form,

L o _68.27 - 1.8%10™%4n T

e » _
AGref/kcalthmql

- 34007 1% + 87./T + 0.02328(T/K) .



Liéted:in table 1 are the temperatures of measurement, recorded
cell emf, the pértial preésures of oxygen in tﬁe reference and |
measured elect;odes.and the Gibbs energy of formation of In203 > as
calculated from équation 4.

A linear least squares regression analysis of Fhé AGz(In20356,T)
data shown in table 2 gave the following equation: |

AGE(In,04,¢,T) /keal,

pmol ™! = -(223.67%,14)

+ (8.044£0.014 YX10~2(T/K) . | (6).

\

The error values given in this expression were obtained ffom the
combined errors in the'feférence gas composition, the celi temperature
and the deviation of the data from the least-squares 1ine{ The totél
error was found to be 0.25 kcal at lOOOZK, which qorrespﬁnds roughlf |
to a 3 K error in temperature measurement or to a 1;8 ﬁV error in

cell emf measurement.

Discussion
'Thé calculated yalpes of AGg(In203,c,T) bb;ained in this study are
showﬁ plotted inAfigure 1 as function of temperature aﬁd compared to |
data from the emf studies of Klinedinst and SteVenson(S) (using an
6xygen reference elect;odé), of Schaefer(z) (using a Cu - Cu20 |
reference electrode), of Newns and Pelmore(a) (usihg a Ni ; NiO
reference electrode), of Chatterji and Vest(é) (also using a Ni - NiO

€6 (also using a Ni - NiO

reference electrode), and of Bird et al.,
reference electrode). Also plotted in figure.l are the values measured
by Hochgeshwender and Ingraham employing a flowing gas equilibration

technique.(7)



"Table 1 Summary of Experiméntal' and Derived Data .

1128.

-14.935

- L ra | 108 p(0,,C0+C0,) | 1og p(02,1n+1n203) .AGE(In‘203,c,T) _
measured’ _ 10 atm 10 atm , kcalthmol_l_

0 950.8 | 128.9(+0.1) | -19.820(.008) -22.553(¢.002) ~147.18(+.01)
1953.6 | 129.0 -19.729 -22.487 -146.98
986.1 | 128.4 -18.708 -21.716 -144.38
988.2 | 128.2 -18. 644 -21.288 -144.19
1 1021.6 | 127.5 -17.667 -20.565 -141.52
1026.0 | 127.1 -17.543 -20.041 -141.12
1 1041.8 | 126.8 -17.107 -19.737 -139.86
1059.0 | 126.6 ~16.646. -19.243 -138.51

1067.8 | 126.0 ~16.417 -18.899 -137.75

1094.9 | 125.8 -15.732 ~18.330 -135.64
3| 124.7 -17.515 - -132.91

...L._

0

F N,



In order to better ascertain the reliability of the ekperimeﬁtal
data, a third-law calculation was performed. The values of

AH;(In203,c,298.15) were calculated from the equation,

o _ o _‘ o -
AHf(InzoB,g,298.15) = AGf(InZOB,c,T) Af{H(T) H(298.15)}

+ T[ASf(In203,c,298.15_) + ag(s (M - S(298.15)}] )

The values of the entropy and enthalpy functions were taken from
Coughlin.(l7) The value of AS¥(298.15) was taken to_bé.—0.0735 kcal-th

-1,-1 . : (18) o - :
.mol "k T, as suggested by Hart. Component values were. combined
according to the stoichiometry of the formation reaction, equation 1,
to determine the magnitudes of the terms in equatiom 7.

The results of the third-law analysis are summarized in table 2.

A statistical study of the third-law results showed that
o | -1 '
AHf(In203,p,298.15)/kcalthmol = -222.09 + 0.01 .(8)

~with a surprisingly small standard error from the mean value. The

derived values of the enthalpy of formation show a negligible
temperature dependence of 0.00045 kcalthmol—lk_l._."

A comparison of the derived enthalpy of formation with calbrimetrically
determined values is presented in table 3. The value derived in the.
present study is within the error limits of the calorimetric results

of Becker and Roth,(l3) but differs by twice the standafd error from
' (14)

the more recent, and more accurate, results of Holley et al.

Therefore, it is probable that the thermodynamic functions of Coughlin(lz)

are 1n error by about 0.2%.

i
e e



Table 2 Second-Law and Third-Law Analyses'of the Expéfihental_Data.

Third=Law Analysis

6 .

- Second-Law Analysis

Standard error/kcalthmolf

1

+0.01

= =222.53

AH;(In203,c,298.15) 1 , e
: —1 1 Observed Calculated
T/K kcalthmol kcalthmol log Kp log Kp 62
950.8 -222.11 -.02 © -33.830 -33.832 0,002
953.6 ©=222.14 -.05 . ~33.685 -33.681 =.004
1986.1 - -222.13 -.04 -31.998 - -31.991 -.007
988.2 -222,12 -.03 . -31.888 . -31.886 -.002
1021.6 -222.11 -.02 -30.275 -30.269 -.006
1026.0 - -222.07 0.02 -30.060 -30.064 0.004
1041.8 -222.07 0.02 -29.339 -29.341 0.002
1059.0. =222.10 -.01 . -28.584 -28.579 - -.005
1067.8 -222.04 0.05 -28.193 -28.199 0.006
1094.9 -222.10 -.01 . -27.074 -27.065 -.009 "~
1128.3 -222.04 0.05 =25, 744 -25.744 0.000
_ Mean/kcalthmol-; -222.09 AH?(In203,c,298,15)/kca1thmol‘1

_6—

0

LonoE PO
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Table 3  Comparison of Calorimetric Data with the
. Derived Enthalpy of Formation of In,0,

MHZ(In,0,,c,298.15)
kcalthmol-l Source‘
-220.% pitee(1?
-2é2.5t0.7 . Becker aﬁd Roth(13)
~221.2740.40 Holley et a1, ¥
-222.09%0.01 This wdfk (third-law)

~ As

corrected by Becker and Roth(13)



OO0 04400074

~11-

On the assumption that the third—law'analytical results could
beafﬁmt&lby an error in the estimated entropy of formation of In203

‘entropy data werevre—examined. The values of $(In,%,298.15) and

. s'<oz,g,298.1s) have been very well determined by }Kelley(lg) ‘and

are not expected to be in significant error. Becker and Roth(l3)

-estimated the entropy of cubic In203 at 298.15°K to be 0.0270%0.0025

kcalthmol_lK— while Stubbs et al.,( ) calculated a |

value of 0.0301 kcz.llthmol_lK_l fron.their phase equilibrium studies.
Another alternative celcnlatiOn of AS?(Inéoj,c,298.15) is based on
‘the assumption that Cp(In203,c,T) is equal to Cp(B—Ga203,c,T), where -
the coefficients for a linear temperature—dependent expression for

(20)

Cp(In203,e,T) are given by Glassner. Using these values as
extrema leads ns to estimate a tange from —0.07431 to -0.07121
kcalthmel;lK—l for AS® (In2 3,c,298.15).' The variation of
AS?(In203,¢,298.15) within this range in the third—law calculation
does.not, however, ehenge the resulting temperature'dependenee of the-

derived values of AH (In ,€,298.15), but does shift the magnitude

273
of the enthalpy of formation by 1.6 kcal mol l 'An.enttopy of
formation of -0.726 kcal hmol -1 is needed to give a temperature—
independent value of AHS (In2 32Cs ,298.15) which is in exact agreement
with the calorimetric results of Holley et al.(la)
"The results of the third-law enalysis applied to the present
experimental data and to that from other electrochemical»stndies

are compared in Figure 2. The results obtained in this study exhibit

the most temperatnre—independent'values of AH?(In203,c,298.15) of all
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the electrochemical studies conducted to date, with all calculated
values falling between the calorimetric determinations of Becker

end Roth(13)

-and Holley et al.(la) The values of . AH?(In203,c,298;15) '
obtained from the other four. emf studies (where actual data points
were available) showed a definite temperature dependence of about

-1.-1

-0.0075 kcait mol K ~. It is interesting to note that all of the

h
previous electrechemical sfudies utilized metal-metal okide,
reference electrodes, whereas e‘gaeeous‘reference electrode.wes
used in the present study. Poiafization of the eoexistence electrode
'vwoulaehave the effect of reising the vaiue of the derived enthalpy
of formation. Thus, the negative temperafure eependence ofvthe‘
third-law results could be explained if experimental measurements”
were made in the direction of decfeasing temperatures while electrode
polarization increased. 1In the present study, measuremente were
repeafed several times as fﬁe cell temperature was cycled between
chosen limite, so as to test for long-term,.cell degradatiop effects.
The fhird—iaw analysie wes repeated with other_;herﬁodynamie
functions in order fo teet their effect on the derived values of.
Aug(lnzoB,c,298.15). Values of {S(T) - s<298.15)} and_{u(TX - H(298.15)}_V

for gaseous oxygen were taken from the study of Wicks and Bloc (16) -

(21) (19)

from Hultgren, and from Kelley. Values for liquid indium we

obtained from the selected values of Hultgren, and from Kelley. For
indium sesquioxide values were calculated by integrating the heat

(9

capaclty data of Shchukarev et al. In the latter calculation the

heat capacity data was reduced to the form,
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1-1 3

Cp(1n203,C-sT)/cal£hmol— K = 29.36 + 7.0x107°T -7.66x10° (T/K)
~by a least squares calculation. These analyses gave lower values of

- AH?(In203;c,298.15) with mean valués in the range from -217.3 to

?217}5:kcalthmol—1 with a temperature dependences of about 0.4

kcalthmol_lK_l. These third-law analytical results are primarily

(9)

influeﬁced by the heét capacity data of Shchukarev et al., and
v”tﬁe lack of agreement of the derived enthalpy of formation with
'.caiorimetric data suggests possible erfqr in their data.

A second;law_test of the experimental data was also performed.
These results are présented in table 2, and compared to‘values’dérived
frOm_o;hér studies in table 4. The second-law test résulté are in:
fair agreement with the résults of the thixdfléwiénalysis, and_ |

differ by only 0.06%, well within the error in tabulated thermo-

chemical data. The second-law test results of the data of Newns

o (8)

are in best agreement withvthe calorimetric results

(14)

and Pelmore
of Holley et ai., wheréas other electrochemical studies gave
highér second-law values of AH?(In203,c,298.15).

An important siae reaction to consider ﬁf high temperatures‘is:
the dgcomposition of In203(c) to form Inzo(g). The existence 6f7
InZO(c) above 1085 K has been suggested by Klinedinst aﬁd Stevenson(s)

. / .
to expléin a discontinuity in the temperature dependence of the
measured oxygen activityvof a coeﬁistence electrode containing In(R)
and indium oxides formed by electroghemical titration. No such

discontinuity was found iﬁ'the present study for a coexistence

electrode containing In(L) and In203(c). It is possible, therefore,



14—

Table 4 Comparison of Enthalpy and Entropy
of Formation of In,0, from Second-"

273

Law Analyses

Angaﬁzoé,c,és's.ls) _Asg(lﬁzoyc,zes.ls)
kcalthm:ol_-1 calthmol"l Source
=222.53 _—78.01 This work 5
-217.63 -72.91 Schaefer(z)
~214.39 -70.2 Chatterji and Vest >
-221.6 =75.7 ‘Newns and Pélmqre(4)
- =217.5 -73.2 Klinedinst and Stevenson(s)
~219.5 -74.3 Bird et al.'®
-216.8 ~68.4 Stubbs et al.(®)
~221.27%0.4 - Holley et al.(l%) (calorimetric)
- -73.5%2.5

'Hart(ls)(selected)
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that In 0(c) is produced by the titration of oxygen lons into In(Q)
above 1085 K.

It is of interest'to calculate the partial pressure of In O(g)
‘that would exist in the In(f) + In 0(c) electrode if equilibrium

conditions prevailed For the reaction,
T l .
4/3 In(Q) + = In 03(c) 2 In 0(c) : (9)

. the Gibbs energy change is found by subtracting'%-AG?(In203,c,T),
'.obtained in this study, from that for In20(c) suggested by Klinedinst
(5)

The result is

AG(9) /keal, mol™ = 20,56 - 0.01891 (T/K) . 10y .
The Gibbs energy change for this reaction is zero at 1087 K.
Therefore above this temperature solid In,0 could form. The Gibbs

‘energy of vaporization of InzO by the reaction,

In20(c)‘= InZO(g) (11)

can now be found by combining the Gibbs energies of formation of

(5)

~ the two species. The result is

G(ll)/kcalthmolil = 32.0 - 1.8x107% (T/K) . (12)
Assuming ideal equilibrium conditions, the pressure of InzO(g) over

solid In,O0 is then givenvby

2

10810{P(In20)/atm} = 3.9 - 6774 (T/K)'l . (13)
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This equation gives a value of'2.6‘ Torr at 1100 K. |
If on the other hand, if In203(c) is present, the oxygen partial

pressure is found from the equilibrium reaction,

: In203(c) =21In(2) + 3/2 02(g) . o (14)
Then, the reaction
21 +L0. = 0@ L as
- 2 72 278 . x

is an additional source of In20 in the gas phase. .Combining the last

two reactions, one obtains
' 4 -1 '
log, o{p(0,)/atm} = 11.7 - 3.26x10" (T/K) ~ . (16)

4

loglofp(InZO)/atm} = 8.0 = 1.15810 (T/K)—} . 17)

These expressions also give a value of 3,0 Torr fof the pértial
preSsﬁre.of InZO(g) at 1100 K. Shchukarev et 81{,(9)

found the pressure of InZO(g) over a stoichiometric mixture of‘In(l) +
In203(c),to be 0.631 Torr at 1101 K . Shown in figure 3

are the pértial preSsgres of InZQ(g) established by a direct formatién
réaé;ion iﬂ the presence of In203(c) or by vaporization of InZO(c).
The mass spectrometer data is not sufficient for one to discern

which mechanism_is éontrolling, although the formation of InZO(c)
after vacuum sublimation of the In203(c) + In(2) mixturé has been
repprted.(g) | |

Also of importance to the present study is the equilibrium

pressure of In20(g) over In203(c) produced by reaction 11, and

In203(c) = In20(c) + Oz(g) . » (18)

Reaction 18 has a Gibbs energy change given by
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1 = 169.67 - 0.07254 (T/K) . G L) N

- 43(18.) /'kcalthmol_

'Cémﬁihing this reaction with the Gibbs energy of vaporization for
solid‘InzO onevban obtain an“efoession for the partial pressure -

of InZO(g), which 1is

1og1'0,{p(1n20)/acm}_ = 19.8—4.41x104(T/K)—1- loglo{p(oz)/atm}_ . (20)
) . . . ° L , . . o (22).
~ This expression is somewhat different from that given by Van Dillen

which has the form

v loglo{p(InZO)/atm} = 17.._7-—42,189(T_v/1()_l - loglo{p(oz)/atm} . v(21)

The‘f;rmation of In20(c) as a reaction productvduring In203(c)
decomposition is suggested by the’thermogfavimetry studies of de Wit(ll)
whg found a small (0.017-ugs-1) linear weilght loss of In203(c) bver
thé temperature range from 1173 to 1473 K. De Wit attributed this -
result fo'a'defect reaction involving either the fotmafion of oxygen
vacanciés or- indium intersti;ials in In203(c); however, rathe; than
to the formation of an In20(c) surface rgaction pgoduct. In our study
‘of the In(R) + In205(c) coexistence electrode, no discontinuitigs in
cell emf with temperature were observed, inispité of some,vapprizgtiqn
of In(R). Therefore, we conclude that IﬁZO(c) could be produéed by
2a rapid dissociative decomposition reaction f;om In203(c) above 1173 K,
but ﬁhat InZO(c) is not present in the In(R) + In203(c) coexistence

electrode. This conclusion also is supported by X-ray diffraction

analysis on.our coexistence electrodes following high-temperature studies.
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Finally, it is important to determine whether electronic conduction
in the solid electrolyte could have introduced an error in the cell emf.
Shown in figure 4 are the ionic~conduction domain limits for cSz, as

(23) and by Patterson et al.,(za)

determined by Schmalzreid along with

the Gibbs energy of formatibn of.the various oxides of indium plotted as

a function of temperature. . The Gibbs energy of formation of In£03(c)

is well,wi;hin the congervétive 1imit for the ionic-conduction domain, over
the»entixe temperature range used in the present sﬁudy. The exﬁefimental
data was tested for,evidénge of electronic'conduction by statistically
examining the second derivative of the cell emf as a_fﬁnction of temperafure.
The fesultiﬁg second derivative was found to be essen;ially zefd, indicéting

that the magnitude of the cell emf was not reduced by partial electroiyte

failure at the higher experimental temperatures.

Conclusion
The Gibbs energy of formation of 1n203 was readily measurablé qtilizing_'

a solid‘state_electrochemical'cell with a CO + CO, reference electrode.

2
The microcomputer automation of the study proved exceptionally beneficial
for autoﬁatic testiﬁg of thermodynamié equilibrium.and of the1reproduc—"
-1bility of the data. Thé resul;s of the study gave the most teﬁperature-
independent valueé of AH;(In203,c,298.15) of all the emf studies.qf tﬁe
inzog(c) formationvreéction,.énd,in close agreement‘with calérimetric daﬁa.

No evidence was found for the formation of In20(c) ovér.an In(l) +-In203(c)

coexistence electrodes.
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