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Abstract The oxygen excess nonstoichiometry of La;NiOy.
is measured as a function of temperature and oxygen partial
pressure (pO,) by coulometric titration method. A positive
deviation from the ideal dilution solution behavior is
exhibited, and the partial molar thermodynamic quantities of
La,NiQy4. s are calculated from the Gibbs—Helmholtz equa-
tion for regular solution by introducing the activity coefficient
of the charge carriers. The activity coefficient of holes is
successfully calculated by using the Joyce—Dixon approxi-
mation of the Fermi—Dirac integral. The effective mass of
holes (m;) is 1.27-1.29 times the rest mass (my), which
indicate the action of band-like conduction and allow the
effect of the small degree of polaron hopping to be ignored.
The activity coefficient of holes calculated against the oxygen
nonstoichiometry clearly illustrates the early positive devia-
tion of the activity coefficient of holes from unit, leading to
71 =14 at §=0.08, which is quite close to the literature value
of y.~10 at §~0.08. All the evaluated thermodynamic
quantities are in good agreement with the experimental
literature values.
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Introduction

Due to the relatively high oxygen ion conductivity, p-type
electronic conductivities, substantially high oxygen per-
meability, similar thermal expansion coefficient with
yttrium-stabilized zirconia (YSZ), and low chemical
expansion, undoped La;NiO4.;s has attracted significant
attention for use in electrochemical devices such as
cathodes of intermediate temperature solid oxide fuel cells,
oxygen separation membranes, and electrocatalysts [1—4].
Numerous experimental results have shown that the
dominant charge carriers are oxygen interstitials and
electron holes in the relatively high oxygen hyperstoichio-
metric undoped La,NiOy. 5 system [5—7]. Initially, the high
oxygen ion conductivity of La,NiO,.s has been elucidated
from its crystal structure, consisting of alternating layers of
rock salt LaO and perovskite LaNiO;, which helps excess
interstitial oxygen ions sitting at the center of the La
tetrahedron migrate easily through the a—b plane of rack
salt layer, while the contribution from the oxygen vacancies
in the perovskite layer is very low [8, 9]. However, recent
reports base on molecular dynamics calculation suggest an
oxygen interstitialcy mechanism rather than the simple
anion jumps between the interstitial positions [10—12].
Recently, an unusual positive deviation from the ideal
dilute solution behavior has been identified by the mono-
tonic increase of both oxygen excess nonstoichiometry and
isothermal equilibrium conductivity with decreasing power
to the oxygen activity in the N,/O, regime, and these
findings have been investigated for elucidating the electri-
cal properties of La,NiOy4.s [13—15]. Especially, both the
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delocalized electron model with metallic band conduction
and the small polaron model with localized electron
migration have been reported as major p-type electrical
conduction mechanisms [16, 17]. Furthermore, the ap, —
T — 6 diagrams were successfully described using a
statistical thermodynamic approach that related the strongly
non-ideal behavior to the coulombic repulsion of oxygen
interstitials and the interaction of holes localized on the B-
site cation [18]. On the other hand, a delocalized p-type
metallic electron model was suggested from the behavior of
the d,,,, electron in occupying a narrow oy, ,» band as an
itinerant electron [19]. Further analysis of the positive
deviation of electronic conductivity and thermoelectric
power with respect to oxygen partial pressure (pO,) in the
N,/O, regime was best fitted with a metallic conduction
model by introducing the activity coefficients of both
oxygen interstitials and holes, rather than the loss of charge
carrier concentrations [16].

In this work, therefore, we analyze the unusual positive
deviation of oxygen excess nonstoichiometry of La;NiOy4. 4
on the basis of the delocalized electron model and extract
its thermodynamic properties by both solving the Gibbs—
Helmholtz equation [16] and calculating the activity
coefficient of the charge carriers by using the Joyce—Dixon
approximation of the Fermi—Dirac integral from the
partition function in the quasi-free-particle approximation
with the regular solution model [15]. The extent of the
oxygen excess nonstoichiometry of La,NiOy4.y, i.€., d, is
measured by coulometric titration method as functions of
the temperature (1,073 <7/K<1,273) and pO, (—14<log
[pO,/atm] <—1). Finally, we compare the thermodynamic
quantities calculated from the two different methods with
the same delocalized p-type metallic band conduction
model.

Experimental

Undoped La,NiOy. s powders were prepared from the starting
materials of lanthanum acetate hydrate (CgHoLaOg4 H,O,
99.9%, Aldrich, USA) and nickel acetate tetrahydrate
((C,H30,),Ni1-4H,0, 99.9%, Aldrich, USA) by coprecipita-
tion method. Stoichiometric amounts of each component
were dissolved in distilled water and mixed together.
Subsequently, a small amount of ammonium hydroxide was
added to the system to adjust the pH to 10. The solution was
dried under stirring condition and calcined at 1,173 K for
10 h in air. The calcined powder was then planetary ball-
milled with stabilized zirconia balls six times for 0.5 h at
350 rpm, cold isostatically pressed at 150 MPa, and sintered
at 1,623 K for 10 h in air.

The obtained powders were characterized by X-ray
diffraction (D/MAX Ultima III, Rigaku, Japan) equipped
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with a Cu target X-ray tube at a scan rate of 1°/min between
scanning angles of 2theta (10° and 90°). The X-ray spectra
showed a single phase of orthorhombic La,NiOy. s struc-
ture, as shown in Fig. la. The primary particle size of the
calcined powders, d, was estimated from the X-ray line
width by the Scherrer formula, d=0.91/(31/2cosf, where A
is the X-ray wavelength, $1/2 the corrected width of the
main diffraction peak at half-height, and 6 the diffraction
angle. The d values of the powders were slightly less than
1 um, which was close to the value calculated from the
scanning electron micrograph (Shimadzu, SS-550) image of
powders shown in Fig. 1b.

Coulometric titration cells were constructed as schemat-
ically shown in Fig. 2. As a solid electrolyte (1 in the
figure), a disk of 8 mol% Y,0;-ZrO, solid solution (8
yttrium-stabilized zirconia), 12.5 mm diameterx1.0 mm
thick, was polished on both planar surfaces with assorted
diamond pastes of grit size down to 1 pm. As a gas
electrode (8 in the figure), a piece of Pt gauze (29809-3,
100 mesh, Aldrich), measuring 2.5x2.5 mm, was subse-
quently attached to each polished surface of the YSZ disk
with the aid of Pt paste (5542, unfluxed, Engelhard) by
firing overnight at about 1,273 K in air atmosphere. Two
alumina tubes (2 and 3 in the figure) served as a chamber to
transfer a La,NiQOy4, 5 specimen (7 in the figure) inside, and
the empty space between the alumina tubes and the alumina
cup (5 in the figure) was filled with silicate glass powder (6
in the figure) of composition 49 wt.% SiO,, 25 wt.% BaO,
16 wt.% B,0;, and 10 wt.% Al,O5. At elevated temper-
atures, the glass powder melted to provide a satisfactory
gas-tight seal [20, 21].

The oxygen nonstoichiometry (§) of La,NiOy.5 was
measured by a coulometric titration technique from a
titration cell with the configuration shown in Fig. 2,

Pt, ao, |La;NiOy | YSZ|ag!, Pt (1)

as detailed elsewhere. Briefly, a nonstoichiometric change,
A4, from a reference value §* at a starting oxygen activity
ao,to the value d at another equilibrium ao,is determined as

Ns=6-8 = — 2)

and the final equilibrium oxygen activity as

s 4FE
do, = an exp <ﬁ> (3)

Here, I denotes a constant current passed through the cell
for a prefixed time duration #, M the molar weight of
La,NiQOy- s, m, the initial mass of the specimen, E the open-
circuit voltage across the YSZ after the specimen has been
re-equilibrated, and ar&f the oxygen activity of the reference
gas flowing outside the titration cell. In the present
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Fig. 1 a Room temperature
X-ray diffraction patterns a
of La,NiQOy. s sintered at L
1,623 K in air and b scanning
electron micrograph of powders
of La;NiQOy. 5 calcined at

1,273 K in air

113

Intensity(A.U.)

Lattice type : Orthorhombic
Space group : 69 Fmmm

— La,NiO, measured XRD

experiments, N»/O, or CO/CO, mixtures were employed as
the reference gas to minimize the oxygen activity gradient
across the YSZ. The nonstoichiometry was measured down
to the oxygen activity where the system decomposes at
three different temperatures, 1,073, 1,173, and 1,273 K. For
the leak test, the pO, inside the cell was measured
according to time after the abrupt change of pO, outside
the cell while a constant pO, was maintained, as shown in
Fig. 3. The absolute value for the nonstoichiometry was
determined by gravimetric measurement of the overall mass
loss upon decomposition via the reaction

. R )
La;NiOg44s — LayO3 + Ni+ TOQ (g) (4)

as has been confirmed experimentally elsewhere [13, 15,
17, 22].

Inside (+)

Reference (-)

AU

Fig. 2 Schematic of the as-constructed titration cell: / YSZ
electrolyte, 2—4 alumina tubes, 5 impermeable alumina cup, 6 Pyrex
glass, 7 specimen, § reversible electrode

Results and discussion

The nonstoichiometric oxygen contents of La,NiOy4. s at
three different temperatures are shown in Fig. 4. The
continuous nature of the isothermal nonstoichiometry, i.e.,
0, indicated that our measurement was performed for the
single phase of La;NiOy4.s. Our nonstoichiometry, 9,
measured by coulometric titration was in good agreement
with the literature data and ranged from approximately 0 to
ca. 0.10. The § values increased with increasing tempera-
ture and with increasing ap, with ever decreasing power to
the oxygen activity. The relationship of log § vs. log ao,, as
shown in the small inset of Fig. 4, can be divided into two
regions. Below a02510“’ atm, the oxygen exponent at
isothermal condition, 0°ag,, shows m=1/6 as oxygen
activity decreases, which is expected from the equilibrium
defect diagram where oxygen interstitials and holes are
considered as dominant defect species with the ideal
solution model. Above ap, > 10° atm, the oxygen exponent
m decreases with increasing oxygen activity, suggesting the
positive deviation of the system [13, 15].

The partial molar thermodynamic quantities of La;NiOy. 5
may be calculated from the temperature dependence of

2
f.
i log (p'gz /atm)
i =-3.49 -> -0.59
o+
— -1F
£ I
oy 2F ,
o log (p; /atm)=-1.89
= o)
> S ’
2 L
4r ref
- log (p,, /atm)
51 2
L =-0.59->-3.49
_6 1 " 1 1
0 2000 4000 6000
Time /s

Fig. 3 Oxygen partial pressure (pO,) change of the titration cell
according to time during the leak test
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Fig. 4 Oxygen nonstoichiometry of § vs. oxygen activity of La;NiOy. s
at various temperatures. /nset, both axes in logarithmic scale with an
ideal slope of m=1/6. Solid lines are best fitted to hole degeneracy
considering the Joyce—Dixon approximation of the Fermi—Dirac
integral, and solid broken lines are best fitted to the Gibbs—Helmholtz
equation for regular solution

oxygen nonstoichiometry by solving the Gibbs—Helmholtz
equation. The molar Gibbs free energies for the mixing
of oxygen relative to gaseous oxygen at the standard
state, A@g, is often expressed as a chemical potential
difference:

1 RT

—M
AGq = Ho =5 Ho,(g) =~ Inao,

1 o 1 o
= (ho —Eh02> - T(SO _ESOZ> (5)

Fig. 5 Relationships between

where g denotes Lo in equilibrium with 1 bar oxygen. In
addition, ho — hg) is the partial molar enthalpy for the
mixing of oxygen and so — s, is the partial molar entropy
for the mixing of oxygen, which may be calculated from:

=M 1., 0 R

AHO _hO_EhOZ —m(i lnaoz> (6)
—M I, 0 (RT

ASO =S50 — ESO2 = ﬁ (7 ll’la()z) (7)

Both Ao — hg) and so — s may be obtained from the
slope of R/2:In ap, vs. 1/T plot and RT"In ap, vs. T plot
for selected d, as shown in Fig. 5. The values of the
partial molar enthalpy and of the partial molar entropy for
the mixing of oxygen are given in Fig. 6. The former
varied between —90 and —145 kJ mol ' over the excess
oxygen nonstoichiometry regime, which clearly demon-
strated the effect of composition in preventing a zero
excess partial molar enthalpy for the mixing of oxygen, as
in an ideal solution. The latter also varied depending on
the composition, further indicating that the excess entropy
was not zero, unlike in a regular solution. Therefore, the
activity coefficient should be considered in evaluating the
thermodynamic quantities.

The standard enthalpy and entropy for the mixing of
oxygen may further be calculated from the defect
equilibrium with the metallic band conduction model by
using the free electron gas approximation of Wagner [23].
The Fermi—Dirac distribution function was applied to
define the chemical potential of quasi-electron species in
metallic conductors because the concentration of the
electronic carrier is not less than the density of state at the
energy band [24, 25]. The electron density for two-
dimensional electronic conductors is analytically solved

a R/2Inap,and 1/7, and a Temp. /°C b Temp. /°C
(b) RT/2Inap,and 1/T 1000 900 800 800 900 1000 1100
20 B\B\E -20 - 5=0.07
i I 5=0.07 — - /
— 40t B\g\ﬂ 0.06 2 a0t / 0.06
CE) ' = 0.05
S [ 0.05 2 I 004
2 eof = -0} / '
=~ | 0.04 %iv _ 0.03
< 0.03 = /
= = oor 0.02
f‘ i 0.02 N s / '
& -100f C 100}
I 0.01 .. n 0.01
Aoob—— -120 ' L .
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1000/T / K
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Fig. 6 a Partial molar enthalpy a - b
and b partial molar entropy for | ol
the mixing of oxygen for 90k % L
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and the relationship between the chemical potential of hole,
My, and the hole concentration, p, is expressed by [26]:

NiflAfm M) B 1}

where gy, , Vi, and Ny are the chemical potential of the hole
in equilibrium with 1 bar oxygen, the molar volume of
La;NiOy4.4, and the density of state in the wvalence,
respectively. The external and internal equilibriums are

Uy = ‘uﬁ. + RT ln{exp< (8)

0.02 0.03 0.04

0 M- -
0.01 0.02 0.03 0.04 0.05 0.06 0.07
o

0.05 0.06 0.07

where V) represents the empty interstitial sites in the
lattice, [ ] the concentration of the structure element
therein (p=[%"]), and 3 the numerical conversion factor of
concentration from “number of lattice molecule” to
“number of unit volume” (B=Na/Vn; Na being the
Avogadro number).

Since the chemical potential of each structure element k
may be written in general as

k
given by: My = uy + RTln% +RTIny, (12)
k
%02 + V- =0, +2h (9)  the reaction constant and Gibbs free energy change for
reactions 9 and 10 may be written as [13]
X x K o0 AGS = —RTlni[Oﬂ —RT Inyqy
0y + V'==0, +V5 (10) 0= A2y Yo
> i
while keeping the electroneutrality as N
, —2RTIn exp( A h‘)—l} 13
p:Z[Oi]:2ﬁ6 (11) { Nva[ ] (13)
Fig. 7 Standard Gibbs free
energy of a the mixing of a Temp. /°C b Temp. /°C
oxygen and b of the Frenkel 800 850 900 950 1000
disorder for La;,NiOy. 4 -30 890 8?0 990 95?0 1O|00 T T T T T
198 -
40 -
5 90F . 5 196
o 3
< 60} <
194 |
70 k-

-80 ! ! ! !
1050 1100 1150 1200 1250 1300
Temp. /K

192 1 1 1 1
1050 1100 1150 1200 1250 1300
Temp. /K
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Table 1 Values of the best fitting parameters to Eqs. 21a and 21b

Temperature (K) AGy 4o (kI mol™) Ny (cm™3) AGige (kI mol™) b(x 10°) AHPy (kI mol ™) ASPyy (3 mol ™)
1,073 —68.19+2.10 2.51x10% 192.57 5.73 -211+7 -133+6
1,173 —55.96+0.33 2.84x10% 195.17 5.73 AH 4 (kI mol™) ASP 4 ( mol ™)
1,273 —41.52+0.89 3.30x10%° 198.17 5.73 162+1.4 —28+1

" . . .

"1 vee YouVve From Egs. 13-20, we obtain the relationship between §
AGY = fRTIanRTIngo (14-2)  and ag

[06] [V7] Y05 :
2 |0f] AGY — b[0f]] Na \
ag, = 2- 100 exp{ RT + 2Inq exp ZSNVVm 1
O/ 1[Ver] Yo:7ve

K?el:[ l][ O] i 0 (14—b) (213)

[06] V] 7oy

A regular solution approximation is applied to the
external reaction 9, and an ideal solution approximation is
applied to the internal reaction 10.

AHE = —RTInyq = b8 = b[O]] (15)

where b is a constant representing the interactions among
lattice ions and defects, which is independent of 7 and
0 [27].

Site balances are given by the equation

[Laf,] =2 (16)

06] + [V5] = 4 (17)

It has been reported that excess oxygen of La,NiOy s
occupies the interstitial position in the LaO rock—salt layer
having a relatively large free volume.

/1

(O] + [vi] =2 (18)
The charge neutrality is given by
2(08] = 1] +2[Ve) (19)

The degree of oxygen nonstoichiometry, J, is given by

§=1[0{] - [Vg] (20)

Table 2 Best estimates for the quantum concentration of the
density of state in the valence (NVy) for the holes together with the
e\;aluated ratio of the effective mass of holes to the rest mass,
my /my

Temperature (K) Ny (cm ) [12] my¥/myg [12]

v —(6K; — 6+ Ki8) + \/ (6Ki — 6+ Kid)® + 8Ki(1 — K;)(4 +6)
[O‘] = 2(1 7Kd01)
f

(21b)

The solid lines in Fig. 4 are best fitted to Eqgs. 21a and
21b with the fitting parameters, AGY, AGYy, b, and Ny. The
extracted standard partial molar Gibbs free energy for the
mixing of oxygen and the formation Gibbs free energy of
Frenkel disorder are shown in Fig. 7. The slope and
intercept of the solid line in Fig. 7 yielded the standard partial
molar enthalpy for the mixing of oxygen and entropy, AH
(-211+7 kI mol ") and ASY (—133+61] mol "), respectively.
Their numerical values are summarized in Table 1. The best
fitted Ny values were around (2.5~3.3)x10%° eV cm >,
which is consistent with the literature data. The positive
value of the formation Gibbs free energy of Frenkel disorder
indicates the absence of any interstitial oxygen formation by
intrinsic reaction in La,NiOy. .

The partial thermodynamic quantities of La,NiO,4. s may
also be interpreted by hole degeneracy using the Joyce—
Dixon approximation of the Fermi—Dirac integral [28]. The
effective density of states of the valence band is given by
considering the internal degeneracy as [29]

s\ 32
Ny — 2 <2ﬂmhkT>

S (22)

Table 3 The oxidation reaction equilibrium constant K, together
with the standard reaction free energy, as evaluated, and compared
with literature values

Temperature (K) Koy AGS, (k)

This work  [12]  [10] [I3]

1,073 247x10%° 2.24x10%° 1.28+0.15 1.20+0.05
1,173 2.79%10%°  2.75%10%°  1.27+0.06 1.27+0.10
1,273 321x10%°  3.24x10%° 1.29+0.04 1.30+0.08

1,073 2,740+2.32 -71+0.01 52 -5 —88
1,173 534+1.39 —61+0.03 36 8 —87
1,273 142+1.19  —52+40.09 24 22 —86
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Fig. 8 Activity coefficient of a b
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where m; denotes the effective mass of holes. The
equilibrium constant for the external reaction, Eq. 9, may
be written as

x [O/il} P \2
AGY (ror w5 e %)
Ky = — 0) = (AL \ 23
¢ exp( RT ) 1/2, x [Vix] ( )
Po,7i n,

The activity coefficients, 7, become proportional to an
increasing positive power of the concentration, especially
when k/N;>0.1, where k is the defect species and Ny the
density of state of species k. For particles of atomic mass,
the density of states exceeds 10** ¢cm™® at ordinary
temperatures (in case of La,NiOyys, N;= 10*2 ¢m™?
around 1,073 K [17]), which is many orders of magnitude
larger than that for particles with free electron mass and
thus larger than the maximum accessible concentration
for atomic particles. Therefore, the much faster increase
in p-with increasing oxygen excess may be ascribed to

1 m 1073K
T om A 1173K
g ° ® 1273K
O - -H - oo mmcm o
I )
AS,
: o iR,
= 3 A
"'.'I> 2r : .A.
w-} |
= | A o
-3+ | mA
' A
L nd,
al AL
: n
]

0.00 0.02 0.04 0.06 0.08 0.10
o

Fig. 9 Fermi energy relative to the valence band edge vs. oxygen
excess of LayNiOy, s at different temperatures

log [p,, /atm]

the positive deviation of the activity coefficient of the
hole. One may expect yor ~ 1 ~ Yvgs but yp >1 in
Eq. 23, as consistent with the Gibbs—Helmholtz equation
for a regular solution.

The activity coefficient of holes has been described from
Eq. 12 as [30]

Er — Ey
kT

(24)

where Er and Evy are the Fermi energy and the energy at the
upper edge of the valence band, respectively. The activity
coefficient of holes due to the Joyce—Dixon approximation
can be obtained with the Fermi—Dirac integral [28, 29]

1 3 3 2
P P (3B (Y,
Ny 16 9 Ny

Inye =n—In-—=—
Th n M8

(25)

Temp./ °C
900

800 1000

/kJ mol™

o
Ox

AG

-75 L L L L
1050 1100 1150 1200 1250

Temp./ K

1300

Fig. 10 Standard reaction free energy of oxygen vs. temperature of
LazNiO4+5
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Table 4 Values of the best estimates of standard partial molar
enthalpy and entropy for the mixing of oxygen for La;,NiOy. 5

This work [12] [10] [13]
AHC, kI -152 ~199 ~150 -213
AS°, ] -79 -138 -135 ~126

By substituting Eq. 25 into Eq. 23 with the second-order
term approximation, the modified isotherm relationship
between nonstoichiometry and ap, can be obtained as

e (G5 Ge)

s (2p5\° 1
+lnm (]\f\/) :thOX —|—§lnaoz

(26)

The broken solid lines in Fig. 4 are the best fitted to
Eq. 26 with the fitting parameters, K., and Ny, with x>
values (0.01-0.31 depending on temperatures) as a measure
of fitting accuracy. The best-estimated values are listed in
Tables 2 and 3, respectively.

The density of states of the valence band varied from
2.5x10%° to 3.2x10%° em™ depending on temperature,
which is in excellent agreement with the values calculated
from the Gibbs—Helmholtz equation for the regular solution.
From Eq. 22, the effective mass of holes, m;, may by
calculated to be 1.27-1.29 times the rest mass, m, which
indicates the action of band-like conduction and allows the
effect of the small degree of polaron hopping to be ignoring.
Now, from the Eq. 25, the activity coefficient of holes may
be calculated against the oxygen nonstoichiometry or
oxygen activity. Figure 8 clearly illustrates the early positive
deviation of the activity coefficient of holes from unit,
leading to y,.~14 at §=0.08 which is quite close to the
literature values (y,- =10 at §=0.08).

Fig. 11 Relative partial molar

The Fermi energy was also successfully calculated from
Eq. 24, relative to the upper edge of the valence band against
an oxygen nonstoichiometry. As shown in Fig. 9, the Fermi
energy was already submerged below the valence band edge
with an oxygen excess nonstoichiometry of §=~0.01, suggest-
ing the strong possibility of band conduction.

Figure 10 shows the standard reaction free energy of the
reaction in Eq. 9 vs. temperature, and the results were best
fitted as

AGY, = — (160 £ 11) +(85+9) x 107°T (27)

in the temperature range investigated. From the slope and
intercept of the solid line in Fig. 10, the standard reaction
enthalpy and entropy of reaction Eq. 9 were calculated, as
listed in Table 4, and found to be in reasonable agreement
with the values calculated by the Gibbs—Helmbholtz equation.

The partial molar enthalpy and the partial molar entropy
for the mixing of oxygen can be calculated from Eq. 26
using Eq. 5, respectively, as [15]

v [9(AGY/T)
5= (%5,

= AHS +3RT + 6RT

() (]

(29)
M [0AGy\ s (2p5)?
ASO—< 8T ) 7AS0X—Rlnm(N—V> +3R
1 288 3 V3 /285
”%N—v*“(ﬁﬁ)(zv—v”
(30)

From Egs. 29 and 30, the excess partial molar
enthalpy and entropy for the mixing of oxygen were

enthalpy (a) and entropy (b) for
the mixing of oxygen against 80 L
oxygen nonstoichiometry
5
E ‘ ]
-
x 60f °
o5 s
E ot
T—I'o .‘2.'
5 40r G
A
u

o
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calculated and are represented in Fig. 11 as a function of
the oxygen nonstoichiometry §. The positive values of
AHS (= AHY — AHS) from 3RT to 90 kJ mol™" as &
was increased from 0 to 0.09 supported the positive
deviation of system and appear to be in good agreement
with literature data.

Conclusion

The oxygen excess nonstoichiometry of La;NiO4.s was
measured as a function of temperature and pO, by
coulometric titration method. A positive deviation from
the ideal dilution solution behavior was exhibited, and the
partial molar thermodynamic quantities of La;NiOy4. 5 were
calculated from the Gibbs—Helmholtz equation for regular
solution by introducing the activity coefficient of the charge
carriers. The activity coefficient of holes was successfully
calculated by using the Joyce—Dixon approximation of the
Fermi—Dirac integral.

The effective mass of holes, m;, was 1.27-1.29 times
the rest mass, my, which indicated the action of band-like
conduction and allowed the effect of the small degree of
polaron hopping to be ignored. The activity coefficient of
holes calculated against the oxygen nonstoichiometry
clearly illustrated the early positive deviation of the
activity coefficient of holes from unity, leading to y;. =~ 14
at 6~0.08, which is quite close to the literature value of
Yhe =10 at 6~0.08. All the evaluated thermodynamic
quantities were in good agreement with the experimental
literature values.
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