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A statistical thermodynamic approach to analyze defect thermodynamics in strongly nonideal solid solutions
was proposed and validated by a case study focused on the oxygen intercalation processes in mixed-conducting
LaGa0.65Mg0.15Ni0.20O3−� perovskite. The oxygen nonstoichiometry of Ni-doped lanthanum gallate, measured
by coulometric titration and thermogravimetric analysis at 923–1223 K in the oxygen partial pressure range
5�10−5 to 0.9 atm, indicates the coexistence of Ni2+, Ni3+, and Ni4+ oxidation states. The formation of
tetravalent nickel was also confirmed by the magnetic susceptibility data at 77–600 K, and by the analysis of
p-type electronic conductivity and Seebeck coefficient as function of the oxygen pressure at 1023–1223 K.
The oxygen thermodynamics and the partial ionic and hole conductivities are strongly affected by the point-
defect interactions, primarily the Coulombic repulsion between oxygen vacancies and/or electron holes and the
vacancy association with Mg2+ cations. These factors can be analyzed by introducing the defect interaction
energy in the concentration-dependent part of defect chemical potentials expressed by the discrete Fermi-Dirac
distribution, and taking into account the probabilities of local configurations calculated via binomial
distributions.
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I. INTRODUCTION

Mixed oxygen-ion and electron conducting �MIEC� mate-
rials are the focus of much interest for application in electro-
chemical devices, including oxygen sensors, solid oxide fuel
cells �SOFCs�, and dense ceramic membranes for oxygen
separation and conversion of light hydrocarbons. In particu-
lar, partial oxidation of methane �POM� to the so-called syn-
thesis gas �syngas�, a mixture of hydrogen and carbon mon-
oxide, may take place efficiently on the surface of MIEC
membranes integrating oxidation with controlled oxygen
separation in a single reactor.1–3 The simplicity of the system
implies significant savings in energy and capital compared
to the conventional syngas production method of steam re-
forming of methane. Commercialization of the membrane
reactors, however, requires achieving the often incompatible
aims of high oxygen permeation fluxes, chemical stability,
and moderate thermal and chemical induced expansion for
both oxidizing and reducing conditions. These require-
ments limit the applicability of numerous MIECs with high-
est oxygen permeability, such as perovskite-related
�Sr,La��Fe,Co�O3−� which exhibit thermodynamic and di-
mensional instability under high oxygen chemical potential
gradients.4,5

One promising group of membrane materials is the
perovskite-type systems based on lanthanum gallate.3,5–9 Un-
doped LaGaO3 is an insulator with the total conductivity as
low as 6�10−5 S�cm−1 at 1223 K in air.10 The substitution
of lanthanum with alkaline-earth metals �Ca, Sr, or Ba� or
gallium with divalent metal cations �such as Mg or Ni�
increases oxygen vacancy concentration and, consequently,
ion diffusivity.11–14 For LaGaO3 derivatives with predomi-
nant ionic transport, the highest level of conductivity

�0.13–0.17 S�cm−1 at 1073 K� is observed for
La1−xSrxGa1−yMgyO3−� �LSGM� solid solutions where x
=0.10–0.20 and y=0.15–0.20.11–13 The incorporation of
alkaline-earth metal cations with relatively large radii may
however decrease the membrane stability, particularly due to
interaction with gaseous species such as water vapor,15 and
to an enhanced volatilization of gallium oxide from the ce-
ramics bulk in hydrogen environment.16 The significant in-
crease in the electronic conduction can be achieved incorpo-
rating �10% transition metal cations in the gallium
sublattice.17–21 Electronic transport in La�Sr�Ga�Mg,M�O3−�

phases containing 15–40 % transition metal dopants occurs
via a small-polaron mechanism and increases in the sequence
M =Cr�Mn�Fe�Co�Ni.19–22 The ionic conductivity fol-
lows, in general, a similar trend with a maximum for
Ni-containing ceramics.6,8,20–22 Oxygen permeability of
LaGaO3-based mixed conductors is lower compared to
�Sr,La��Fe,Co�O3−� with highest ionic transport, but still
sufficient for membrane applications.5–8

Although information on the redox processes determining
stability and transport in heavily-doped gallate mixed con-
ductors is scarce, the available data indicate complex defect
formation mechanisms, particularly a significant role of the
Coulombic interaction between point defects.21,23 This makes
it necessary to consider the nearest neighborhood properties
and the probability of placing a defect in the vicinity of other
charged species as the factors influencing defect equilibria.
One statistical-thermodynamic model accounting for Cou-
lombic interactions and configurational entropy-related ex-
clusion effects was developed by Ling24–26 to describe the
redox behavior of CeO2- and LaCrO3-based phases. The lat-
ter approach showed, however, rather a limited adequacy,
especially in conditions where the deviations from stoichi-
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ometry are high.24–26 In the present work, the site-exclusion
concept is enhanced introducing the defect interaction
energy. In order to verify the model, the equilibrium
oxygen intercalation processes in perovskite-type
LaGa0.65Mg0.15Ni0.20O3−� are analyzed in the oxygen partial
pressure range 5�10−5 to 0.9 atm at 973–1223 K. This
composition was selected as a prototype LaGaO3-based
mixed conductor with dominant hole transport and substan-
tially high oxygen permeability,8,9,22 where no essential de-
localization of the p-type electronic charge carriers can be
expected due to the relatively low concentration of nickel
cations. The data on defect thermodynamics are further used
for the analysis of partial hole and oxygen-ion conductivities
as function of the oxygen chemical potential.

II. DEFECT THERMODYNAMICS IN MODERATELY
DILUTED SYSTEMS

The point defect interactions lead to deviations from the
well-known relationship for the chemical potential of a point
defect, ��DfX

z �, derived from the partition sum27,28

��DfX
z � = �0�DfX

z � + ���DfX
z � = �0�DfX

z � + RT ln a�DfX
z �

= �0�DfX
z � + RT ln

�DfX
z �

�Dfmax� − �DfX
z �

, �1�

where �DfX
z � is the concentration of defects DfX

z in the X
sublattice, z is the charge, �Dfmax� is the concentration of
sites where these defects can be placed, a is the activity, �0

and �� are concentration-independent and concentration-
dependent parts of the chemical potential, respectively. Here-
after, all concentration-related terms are normalized to one
formula unit. In the simplest case, Eq. �1� can be modified by
expressing �Dfmax� as a function of the defect concentration
and/or selected external conditions, or by introducing the ex-
clusion coefficient ��� in the denominator

��DfX
z � = �0�DfX

z � + RT ln
�DfX

z �
��Dfmax� − �DfX

z �
. �2�

However, such corrections may only be adequate for rather
isolated defects in strongly diluted systems. For highly-
defective lattices, even when ordering of point defects does
not occur, the simple alteration of the number of states may
hardly describe deviations from the ideal solution model.

The starting hypothesis used in the present work was that
some particular defect configurations cannot be formed due
to strong Coulombic repulsion forces, as postulated earlier
by Ling.24–26 Another assumption was that the point-defect
energy may be altered due to the presence of other defects in
the neighborhood, thus splitting into several levels. The re-
lationship between the defect concentration and chemical po-
tential was described using the discrete Fermi-Dirac distribu-
tion

�DfX
z � = �

k=0

Nk N�DfX
z ,k�

exp� �Ek
0 + Ek� − ��DfX

z �
RT

� + qn

, �3�

where N�DfX
z ,k� is the number of states on the kth level, Ek

is the energy of this level given with respect to the ground
level Ek

0, and qn is a spin-determined constant �in the present
case qn=1�. The values of Ek can be calculated summing the
contributions from all surrounding species; Ek

0 is composition
independent for the given phase and, therefore, can be taken
equal to �0�DfX

z �. The discrete density of states is to be as-
sessed statistically, by analyzing the probability of different
configurations in the defect neighborhood for a fixed overall
composition of the lattice. If a lattice element NhY

n placed in
the same or another sublattice �Y� affects the chemical po-
tential of DfX

z species having the k-level energy, the corre-
sponding probability term is expressed via the binomial dis-
tribution

P�DfX
z ,NhY

n ,m� = �NYX

m
	� �NhY

n�
�Ymax�

	m�1 −
�NhY

n�
�Ymax�

	NYX−m

,

�4�

where NYX is the coordination number, n is the charge of NhY
n

species, m is their number in the neighborhood, � NYX

m
� is the

binomial coefficient, and �Ymax� is the number of Y sites per
unit formula. If the presence of NhY

n species near DfX
z is

improbable, Eq. �4� simplifies to

P�DfX
z ,NhY

n ,0� = �NYX

0
	� �NhY

n�
�Ymax�

	0�1 −
�NhY

n�
�Ymax�

	NYX

= �1 −
�NhY

n�
�Ymax�

	NYX

. �5�

As this exclusion effect should be symmetrical

P�NhY
n ,DfX

z ,0� = �1 −
�DfX

z �
�Xmax�

	NXY

. �6�

The total number of states for a kth level can be calculated as
the product of partial probabilities

N�DfX
z ,k� = �Dfmax� � 
 P�DfX

z , . . . , . . . � . �7�

Substituting Eq. �1� into Eq. �3�, the relationship between
the concentration and activity may be written as

�DfX
z � = �

k=0

Nk N�DfX
z ,k�

exp�Ek − RT ln a�DfX
z �

RT
� + 1

= a�DfX
z ��

k=0

Nk N�DfX
z ,k�

exp� Ek

RT
� + a�DfX

z �
, �8�

where the nominator of the right term is determined by Eq.
�7�. This equation was used to analyze the concentrations
of mobile defects �holes and oxygen vacancies� in
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LaGa0.65Mg0.15Ni0.20O3−� lattice as function of the oxygen
chemical potential.

III. EXPERIMENT

A. Synthesis and characterization

The powder of LaGa0.65Mg0.15Ni0.20O3−� was prepared
by the standard solid-state synthesis route from the sto-
ichiometric amounts of high-purity La2O3, Ga2O3,
Mg�NO3�2 ·6H2O, and Ni�NO3�2 ·6H2O. Prior to weighting,
lanthanum and gallium oxides were annealed in air at
1373 K for 3–4 h. After thermal decomposition of nitrates,
the solid state reaction was conducted at 1420 to 1620 K
during 50 h with multiple intermediate regrinding steps. The
powder was ball-milled and pressed at 250–300 MPa; dense
ceramic samples were sintered in air at 1798±5 K for 5 h.
Then the ceramics were polished, annealed in air at 1273 K
for 2 h and slowly furnace cooled in order to achieve equi-
librium with air at low temperatures. The powdered samples
used for x-ray diffraction �XRD� studies, thermogravimetric
analysis �TGA�, coulometric titration �CT� and measure-
ments of magnetic susceptibility �	�, were prepared by
grinding of dense ceramics.

The experimental techniques and equipment used for gen-
eral characterization were described elsewhere.20–23,29–31 The
room-temperature XRD analysis �Rigaku D/MAX-B diffrac-
tometer, Cu K
 radiation� showed formation of single
perovskite-type phase, Fig. 1�a�; the structure was identified

as rhombohedrally-distorted �space group R3̄c; unit cell pa-
rameters: aR=0.5466 nm, 
R=60.66°�. The density of ce-
ramics was 96.9±0.7% of theoretical density calculated from
the XRD data. The ceramic microstructure was characterized
by scanning electron microscopy combined with energy-

dispersive spectroscopic analysis �SEM/EDS, Hitachi-
4100S�. No traces of phase segregation at the grain bound-
aries were detected; the cation distribution along the grains
and grains boundaries was found uniform, within the limits
of experimental uncertainty of the EDS method. The mag-
netic susceptibility was studied at 77–600 K by the Faraday
method in magnetic fields of 7–10 kOe. The overall cation
composition was verified by inductively-coupled plasma
�ICP� spectroscopic analysis �Jobin Yvon, model JY 70 plus�.
The differential thermal analysis �DTA, Setaram LabSys
TG-DTA16 instrument� showed no thermal effects on heat-
ing up to 1273 K and subsequent cooling in air, thus
confirming thermodynamic stability of perovskite-type
LaGa0.65Mg0.15Ni0.20O3−� phase in the whole temperature
range studied in this work.

B. Measurements of electrical properties

The total electrical conductivity ��, 4-probe dc� and See-
beck coefficient �
� were studied as function of the oxygen
partial pressure, p�O2�, varying in the range from
10−20 to 0.4 atm at 1023–1223 K. The measurements were
performed simultaneously on two bar-shaped ceramic
samples placed in yttria-stabilized zirconia �YSZ� solid-
electrolyte cell comprising an electrochemical oxygen pump
and a sensor; the experimental technique was described
elsewhere.23,29 At the start of the experiment, the cell was
evacuated with a vacuum pump, filled with a mixture of O2
and CO2 �50:50�, and then hermetically sealed. In the course
of measurements, the oxygen partial pressure was varied by
the solid-electrolyte oxygen pump, continuously pumping
oxygen in or out of the cell, and controlled by the sensor. The
criteria for equilibration of a sample after a change in either
oxygen pressure or temperature included the relaxation rates
of the conductivity and Seebeck coefficient less than
0.05 % /min and 0.001 �V/ �K�min�, respectively.

The oxygen ionic conductivity ��O� in air was calculated
from the total conductivity and oxygen ion transference
numbers �tO�, determined by the faradaic efficiency �FE�
technique.30,31 The FE measurements were carried out at
1023–1223 in air under zero oxygen chemical potential gra-
dient across the sample.

C. Oxygen nonstoichiometry determination

The procedure of TGA �Setaram SetSys 16/18 instru-
ment� included heating up to 1223 K in a flow of dry air,
temperature cycling in the range 973–1223 K with a step of
50 K and equilibration at each temperature during 2 h, in
order to obtain equilibrium reference points at atmospheric
oxygen pressure. Then the apparatus was flushed with
argon, followed by reduction in flowing 10%H2-90%N2
mixture at 1173 K. The absolute values of oxygen nonsto-
ichiometry ��� in air were calculated with respect to the point
of LaGa0.65Mg0.15Ni0.20O2.825 decomposition where all
nickel cations are in a 2+ state, determined from the
weight relaxation curves �Fig. 2�. At this point,
LaGa0.65Mg0.15Ni0.20O2.825 powder was still single phase,
with a larger unit cell volume and a smaller rhombohedral

FIG. 1. XRD patterns of LaGa0.65Mg0.15Ni0.20O3−� equilibrated
with air �a� and reduced in 10%H2-90%N2 flow at 1173 K during
4.5 h �b� and 144 h �c�.
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distortion compared to the atmospheric oxygen pressure
�Fig. 1�b��. The reproducibility error of � values in air, esti-
mated in such a manner for three different samples, was
±0.001. Moreover, very similar values were obtained for
LaGa0.65Mg0.15Ni0.20O3−� powder prepared using alternative
synthesis route, namely the glycine-nitrate process.32 These
facts, and the relatively short transient times necessary to
achieve the state with �=0.175, make it possible to neglect
possible minor losses of gallium oxide at the initial stage of
reduction. Further reduction of LaGa0.65Mg0.15Ni0.20O2.825
leads to a continuous decrease in the powder weight �Fig. 3�
due to both nickel reduction into metal and gallium oxide
volatilization typical for LaGaO3-based materials in H2-con-

taining atmospheres.16,33,34 As the latter process is very slow,
the use of complete reduction to determine absolute oxygen
content in LaGa0.65Mg0.15Ni0.20O3−� was impossible. In fact,
no time-independent weight can be attained during more
than 100–150 h; the overall weight changes were much
higher than it might be expected for any oxidation state of
nickel if neglecting gallium oxide volatilization. XRD analy-
sis of the sample reduced during 140 h in 10%H2-90%N2
flow at 1173 K, showed that the perovskite solid solution is
still retained as a major phase, Fig. 1�c�.

The oxygen content variation with respect to a reference
point at atmospheric oxygen partial pressure were studied at
973–1223 K by two different CT techniques. The first
method is the isothermal titration using double electrochemi-
cal cells35 at oxygen pressures from 0.9 atm down to 5
�10−5. After each isothermal cycle, reversibility of the redox
processes and reproducibility of the results were checked by
pumping of oxygen into the cell and remeasuring 3–8 data
points. When the complete CT data array under oxidizing
conditions was collected, the sample was reduced gradually
pumping oxygen out the cell down to phase decomposition at
1223 K; the total change in the oxygen content between at-
mospheric p�O2� and the decomposition boundary was in a
good agreement with TGA data. For another CT technique,36

the measurements were performed in the so-called iso-� re-
gime, varying temperature with the step of 15–25 K and
pumping oxygen galvanostatically between temperature
cycles. The difference in � values obtained by two these CT
methods at a given temperature and oxygen pressure, was
lower than 0.003 �Fig. 4�.

IV. RESULTS AND DISCUSSION

A. Nickel oxidation states

Figure 5 presents the oxygen partial pressure dependence
of the average nickel oxidation state in perovskite-type
LaGa0.65Mg0.15Ni0.20O3−�, calculated from the data on oxy-
gen nonstoichiometry �Fig. 4� using the crystal electroneu-

FIG. 2. Determination of the absolute oxygen nonstoichi-
ometry from the weight relaxation curves for three
LaGa0.65Mg0.15Ni0.20O3−� samples with different weight, at 1173 K.
The horizontal dashed line shows the phase decomposition bound-
ary where all nickel is divalent.

FIG. 3. Relative weight change upon reduction at 1173 K. The
sample was equilibrated in air for 2 h, kept in argon for 1 h, and
then reduced in 10%H2-90%N2 flow for 140 h. Dashed lines cor-
respond to the theoretical weight changes upon reduction into me-
tallic nickel and binary oxides, calculated assuming that there is no
gallium oxide volatilization and that all nickel cations in air are in
2+, 3+, or 4+ oxidation states.

FIG. 4. Reproducibility of the oxygen nonstoichiometry values
in LaGa0.65Mg0.15Ni0.20O3−�, obtained by two different CT
techniques.
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trality condition. These data show coexistence of Ni2+, Ni3+,
and Ni4+ states in the lattice. At oxygen partial pressures
close to 1 atm, the average oxidation state of Ni cations is
higher than 3+ even at 1173 K. Note that the formation of
tetravalent nickel is rather unusual for perovskite-related ni-
kelates, especially at elevated temperatures. Perovskite-type
LaNiO3−� is thermodynamically stable at p�O2��1 atm only
at temperatures below 1150–1200 K; at higher temperatures
this phase decomposes into La2NiO4+� and NiO.37 In the case
of LaNiO3-based solid solutions, the presence of Ni4+ was
only evidenced by structural and thermogravimetric studies
for acceptor-doped La0.9Sr0.1NiO3−� prepared at 1273 K un-
der the oxygen pressure of 200 atm.38 However, tetravalent
nickel forms in La2−xSrxNiO4−� �x�1.0� with perovskite-
related K2NiF4-type structure synthesized at p�O2�
=1 atm.39,40 It appears, therefore, that the stabilization of tet-
ravalent nickel in LaGa0.65Mg0.15Ni0.20O3−� lattice is
achieved due to a relatively diluted state of Ni ions sur-
rounded by the cations with stable valence and a substan-
tially high concentration of acceptor-type Mg2+.

At 77–500 K, LaGa0.65Mg0.15Ni0.20O3−� equilibrated at
atmospheric oxygen pressure exhibits a paramagnetic behav-
ior �Fig. 6�; the temperature dependence of magnetic suscep-
tibility can be adequately described by the Curie-Weiss law.
The effective magnetic moment ��eff

2 � of nickel ions, calcu-
lated from the fitting results, is equal to 1.67 �B

2 . Most likely,
the magnetic properties of LaGa0.65Mg0.15Ni0.20O3−� are de-
termined by a combination of low-spin Ni3+ ��2=3�B

2 � and
Ni4+ ��2=0�, as for deintercalated LixNi1−yCoyO2 sys-
tem.41,42 The obtained value of �eff

2 corresponds, hence, to
the fractions of Ni3+ and Ni4+ cations equal to 56 and 44 %,
respectively; this gives the average nickel oxidation state of
3.44+. The latter value is close to 3.54+, the average Ni
oxidation state in LaGa0.65Mg0.15Ni0.20O3−� equilibrated with
air at 298 K, as calculated from TGA results.

B. Oxygen nonstoichiometry

1. Oxygen intercalation processes

For the analysis of defect formation processes, the crystal
lattice of LaGa0.65Mg0.15Ni0.20O3−� was considered as de-
rived from ideal A3+B3+O3

2− perovskite, where the positively
charged point defects include oxygen vacancies �VO

•• in the
Kroger-Vink notation� and Ni4+ �NiB

• �; the negatively
charged defects are Mg2+ �MgB� � and Ni2+ �NiB� �. The experi-
mental data presented in this work show that at 973–1223 K,
the title composition exhibits a mixed p-type electronic and
oxygen-ionic conductivity. Respectively, the process of equi-
librium oxygen incorporation into the perovskite lattice may
be formulated in terms of chemical potentials of gaseous
oxygen, vacancies, and electron holes �h�

1
2��O2� + ��VO

••� = 2��h� , �9�

where ��VO
••� and ��h� are considered with respect to oxygen

ions and divalent nickel, respectively �see Eq. �2��.
The generation of electron holes due to oxygen intercala-

tion leads to the formation of Ni3+ �NiB
�� and Ni4+ states.

Each nickel ion was therefore assumed to form two energetic
levels for holes. The Ni3+ state corresponds to one localized
hole with a ground-level energy �Level 0�; the second level
�Level 1� is empty in this state. When both levels are filled,
Ni4+ is formed. The respective hole concentrations are de-
noted as �hL0� and �hL1�, correspondingly. For the total con-
centration of p-type electronic charge carriers

�h� = �hL0� + �hL1� = �NiB
�� + 2�NiB

• � , �10�

where the content of tetravalent nickel is related to oxygen
deficiency by the electroneutrality condition

�MgB� � + �NiB� � = �NiB
• � + 2�VO

••� . �11�

FIG. 5. Oxygen partial pressure dependence of the average oxi-
dation state of nickel cations in LaGa0.65Mg0.15Ni0.20O3−�, esti-
mated from the oxygen nonstoichiometry data.

FIG. 6. Magnetic susceptibility of LaGa0.65Mg0.15Ni0.20O3−�

equilibrated with atmospheric oxygen at low temperatures. Inset
illustrates the linear dependence of reciprocal magnetic susceptibil-
ity on temperature.
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In this case, the discrete Fermi-Dirac distribution �Eq. �8��
is expressed as

�hL0� =
a�h��Ni��
1 + a�h�

, �12�

�hL1� =
a�h��hL0�Papp

exp�
Ehh

RT
	 + a�h�

, �13�

Papp = �6

0
	� �VO

••�
3

	0�1 −
�VO

••�
3

	6

= �1 −
�VO

••�
3

	6

, �14�

where 
Ehh is the energy difference between Levels 0 and 1,
�Ni�� is the total number of nickel cations per unit formula,
and Papp is the probability of complete occupancy of the
oxygen octahedron near a given Ni cation �Fig. 7�a�� when
no oxygen vacancy in the nearest neighborhood prevents the
localization of two holes due to Coulombic repulsion. In the
course of preliminary analysis of the p�O2�-T-� diagram of
LaGa0.65Mg0.15Ni0.20O3−�, all models neglecting the effect of
neighboring oxygen sites were found inadequate. The atom-
istic computer simulation studies43 corroborate that, contrary
to trivalent B-site cations, the presence of oxygen vacancies
near a tetravalent cation in the perovskite lattice is strongly
energetically unfavorable. Equations �12�–�14� reflect this
limitation, showing that Ni2+ and Ni3+ are the only states
existing in incomplete nickel-oxygen octahedra.

Another important factor affecting the defect equilibria in
LaGaO3-based perovskites relates to the association of oxy-
gen vacancies and divalent cations, evidenced by numerous
experimental data and atomistic modeling.11–13,21,44–47 From
the energetic point of view, this type of clustering
should decrease the vacancy energy. In the case of

LaGa0.65Mg0.15Ni0.20O3−�, all A sites are occupied by lantha-
num; no cation ordering was revealed by the XRD analysis.
The vacancy energy may hence split, in principle, into three
discrete levels formed when zero, one, or two divalent B-site
cations are present in the nearest neighborhood �Fig. 7�b��.
On the other hand, Coulombic repulsion forces between
positively charged vacancies make it necessary to exclude all
configurations with nearest-neighboring vacant sites.43 This
situation can be described as

�VO
••� = a�VO

••�PVapp�
k=0

2
P��k,B2+�

exp� k
EVB

RT
	 + a�VO

••�
, �15�

where 
EVB is the difference between the energy levels, and
PVapp is a probability term reflecting the site-exclusion ef-
fects near the vacancies and Ni4+ cations

PVapp = ��VO
••� + �OO

��� · �1 −
�VO

••�
3

	NVV

�1 − �NiB
• ��2.

�16�

The value NVV corresponds to the number of vacancy-
neighboring oxygen sites where no other vacancies may ex-
ist; P��k ,B2+� is the probability of absence of B2+ cations,
decreasing the oxygen-vacancy energy, in the neighborhood
of a given oxygen site

P��k,B2+� = �2

k
	�B2+�2−k�1 − �B2+��k. �17�

In the course of calculations, several versions of NVV and
�B2+� were examined. For NVV, these included 8 �first
oxygen-coordination sphere, Fig. 7�b��, 10 �all oxygen sites
of two nearest B-O octahedra�, 12 �nearest neighborhood and
4 sites closest across the O-A-O bonds�, and 14 �all listed
positions�. For the divalent B-site cations, all possible pair
and ternary clusters involving Mg2+ and Ni2+ were tested.
The models with NVV=10 and �B2+�= �MgB� � were found
most adequate. The latter result seems quite reasonable as all
Ni2+ are involved in the electron-hole exchange processes,
which are much faster than the vacancy migration. The same
conclusion was also drawn when analyzing the partial hole
conductivity and Seebeck coefficient, as discussed below. At-
tempts to modify Eqs. �12�–�14� in order to account for Ni2+

blocking due to cluster formation resulted in statistically de-
generated models.

2. p„O2…-�-T diagram and defect concentrations

The model for fitting of the experimental data on oxygen
nonstoichiometry was formulated on the basis of Eq. �9�

��O2�
RT

= −
�2
Hex − hO2

0 � − T�2
Sex − sO2

0 �

RT

− 2 ln a�VO
••� + 4 ln a�h� , �18�

where the chemical potential, standard enthalpy �hO2

0 � and
standard entropy �sO2

0 � of gaseous molecular oxygen are de-
fined by IUPAC data,48 the thermodynamic parameters gov-

FIG. 7. Structural elements critically affecting the formation of
Ni4+ cations �a� and oxygen vacancies �b�.
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erning the oxygen intercalation reaction �
Hex and 
Sex�
comprise the concentration-independent part of chemical po-
tentials of oxygen vacancies and holes, and the activities of
these defects are expressed by Eqs. �10�–�17�. Fitting was
performed using the nonlinear regression analysis proce-
dure49 with ��O2� /RT as a dependent variable; the indepen-
dent variables included � and T.

The p�O2�-�-T diagrams of LaGa0.65Mg0.15Ni0.20O3−�, de-
termined in the isothermal and isoconcentration regimes, are
shown in Figs. 8 and 9, respectively; the solid lines represent
fitting results. The regression parameters, including the rela-
tive errors and adjusted correlation coefficients, are listed in
Table I. The formalism developed in this work provides ad-
equate description of the oxygen content variations. For the
p�O2�-�-T diagrams obtained by two different CT methods,
the calculated thermodynamic parameters are very similar,
although the use of iso-� measurement regime results in
slightly larger errors. One should also mention that more
than 25 alternative models were tested in the course of com-
parative fitting of the experimental data, including various
expressions for chemical potentials of the point defects, site
exclusion, and the simplest models derived from the ideal
and regular solid solution approximations.24,27,28 The model
consisting of Eqs. �10�–�18� was found most adequate.

Figure 10 presents the calculated concentrations of Ni2+,

Ni3+, and Ni4+ as a function of oxygen nonstoichiometry and
temperature. As expected from average oxidation state cal-
culated by the electroneutrality condition, the concentration
of trivalent nickel exhibits a maximum at ��0.08. Increas-
ing temperature at a constant oxygen deficiency results in
lower Ni3+ content, reflecting an increasing role of nickel
disproportionation. Under most oxidizing conditions when
oxygen deficiency is relatively small ��=0.04–0.05�, the
concentrations of tri- and tetravalent Ni cations are quite
close to each other.

The distribution of oxygen vacancies �Fig. 11� shows a
dominant role of the first and zero energy levels, which cor-
respond to the situations when one and two Mg2+ cations are
present in the vacancy nearest neighborhood, respectively.
This finding is in excellent agreement with experimental and
computational data on the behavior of Mg-substituted
LaGaO3.13,21,46,47 Due to thermal excitation, increasing tem-
perature leads to a higher population of the second level
related to the vacancies surrounded by two trivalent cations.
While the concentration of stable ternary MgB� -VO

••-MgB� clus-
ters is essentially independent of oxygen nonstoichiometry,
the occupancy of the first and second energy levels decreases
with increasing Ni4+ concentration; the latter trend is most
pronounced for non-associated vacancies �Level 2�.

TABLE I. Parameters of the regression model Eq. �18� for the p�O2�-�-T diagram.

Thermodynamic quantities and their errors
�95% confidence� Parameters

�
Hex−
1

2
hO2

0 �,
kJ�mol−1

�
Sex−
1

2
sO2

0 �,
J�mol−1�K−1


Ehh

kJ�mol−1

EVB,

kJ�mol−1

Adjusted
correlation
coefficient

Relative
error,

%

Iso-T diagram 133.0±0.8 statistically
insignificant

14.0±0.5 52.5±0.5 0.9994 0.7

Iso-� diagram 132±2 9.6±1.3 48.6±1.5 0.999 1.2

FIG. 8. The p�O2�-�-T diagram of LaGa0.65Mg0.15Ni0.20O3−�,
measured in the isothermal regime. Solid lines correspond to the
fitting results.

FIG. 9. The p�O2�-�-T diagram obtained in the iso-nonstoi-
chiometry regime. Solid lines correspond to the fitting results.
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C. Ionic and electronic transport

1. Transport properties vs oxygen pressure and nonstoichiometry

The total conductivity of LaGa0.65Mg0.15Ni0.20O3−� in air
is predominantly electronic; the oxygen-ion transference
number determined by faradaic efficiency technique is 4.3
�10−2 at 1223 K and decreases to 1.6�10−3 at 973 K. Un-
der oxidizing conditions, the conductivity decreases with de-
creasing p�O2�, Fig. 12. In combination with the faradaic
efficiency data and positive sign of the Seebeck coefficient,
such a behavior unambiguously indicates prevailing contri-
bution of the p-type electronic transport. At oxygen partial
pressures lower than 10−14–10−9 atm, the p�O2� dependence
of the total conductivity becomes weak, with a slight de-
crease when the oxygen chemical potential decreases. Very
similar tendency is observed for the oxygen content varia-
tions in LaGa0.65Mg0.15Ni0.20O3−� �upper inset in Fig. 12�. On
a reduction the oxygen content tends asymptotically to
2.825, the stoichiometric value corresponding to 2+ oxida-
tion state of all nickel cations; the oxygen ionic transport is
expected to dominate in these conditions. No evidence of
n-type electronic conduction was observed. The Seebeck co-
efficient passes through the minimum in reducing atmo-
spheres, confirming the change in the conductivity regime
from dominant p-type electronic to ionic. The slope of the 

vs ln p�O2� dependencies at oxygen chemical potentials be-
low the minima is close to −R /4F, the value typical for pure
oxygen-ionic conductors.50

Figure 13 shows the temperature dependence of hole mo-
bility �uh� calculated using the definition27,51

�p = e�h� · uh
NUC

VUC
, �19�

where the hole concentration is determined from oxygen
nonstoichiometry by the electroneutrality condition, the val-
ues of partial p-type electronic conductivity ��p� are ex-
tracted from the faradaic efficiency and total conductivity
data as explained below, NUC is the number of formula units
per unit cell, and VUC is the unit cell volume. The mobility
has a temperature-activated character, thus confirming that
possible delocalization effects can be neglected. Due to rela-
tively isolated state of nickel cations surrounded mainly by
Ga3+ and Mg2+, the values of uh are low, typical for a small-
polaron mechanism.27,52 Oxygen intercalation in the perov-
skite structure increases the mobility, which can be attributed
to the lattice contraction and to increasing concentration of
Ni-O-Ni bonds governing hole transport. The latter factors
may also contribute to the observed decrease in the hole
mobility activation energy �inset in Fig. 13�. At the same
time, the apparent activation energy values are rather high
for a simple small-polaron hopping, suggesting the relevance
of the site-exclusion effects.

2. Partial conductivities

The total conductivity of LaGa0.65Mg0.15Ni0.20O3−� �Fig.
12� was analyzed as a sum of the p-type electronic and
oxygen-ionic ��ion� contributions, both p�O2� dependent

FIG. 10. Calculated concentrations of Ni2+, Ni3+, and Ni4+ states
in LaGa0.65Mg0.15Ni0.20O3−� vs oxygen deficiency.

FIG. 11. Oxygen-vacancy distribution between the energy levels
as function of the oxygen nonstoichiometry �A–C� and Ni4+ content
�D–F�.
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� = �ion + �p. �20�

At atmospheric oxygen pressure, these contributions were
separated by the faradaic efficiency measurements; the re-
sults were then combined with � vs p�O2� and � vs p�O2�
dependencies for fitting. The models for the partial ionic and
hole conductivities were based on the random-walk
theory13,27,51,52 and extended to account for defect interac-
tions.

For the perovskite lattices where all oxygen sites are en-
ergetically equivalent, the random-walk theory predicts13,27

�ion =
B0l2�2F�2�O

RT
�1 −

�VO
••�

3
	 �VO

••�
3

cO exp�−
Eion

RT
	 ,

�21�

where l is the distance between two nearest-neighbor sites,
�O is the ion-jump attempt frequency, cO is the site density,
and B0 is a constant comprising geometrical factors and en-
tropic terms. The effective activation energy for ionic trans-
port, Eion, is a sum of the vacancy-migration and association
enthalpies.13 In the case of LaGa0.65Mg0.15Ni0.20O3−�, the
concentration of oxygen vacancies is significantly lower than
that of oxygen ions, �VO

••� /3�1 �Fig. 8�. Also, under reduc-
ing and moderately oxidizing conditions, the fraction of va-
cant sites between two trivalent cations is low and cannot be
considered as the transport-determining factor �Fig. 11�; the
number of vacancies trapped between two divalent cations is
essentially independent of the oxygen chemical potential and
temperature. The relationship between ionic conductivity and
vacancy concentration can therefore be formulated as

�ion =
A0

T
PVjump exp�−

Eion

RT
	 �22�

with the probability term

PVjump = �11

1
	 �VO

••�
3

�1 −
�VO

••�
3

	NVV

, �23�

where A0 is constant comprising a vacancy-blocking factor.
As for Eq. �16�, the latter equation accounts for the vacancy
repulsion. However, the site-exclusion effect near Ni4+ was
found statistically insignificant and, thus, is neglected. Such
difference in behavior may be associated with several fac-
tors, primarily energetic. First of all, the electrostatic attrac-
tion forces between Ni4+ and neighboring O2− may impede
an anion jump towards a vacancy. This phenomenon would
be reflected by an increase in the activation energy and a
slight decrease in the mobile ions concentration. The latter
factor may hardly be distinguished statistically from the
ionic conductivity data, since the concentration of tetravalent
nickel at elevated temperatures is much lower compared to
the total oxygen content �Fig. 10�. In contrast, preliminary
analysis of the �ion= f�� ,T� dependencies showed a clear in-
crease in the activation energy with increasing oxygen con-
tent, probably contributed also by the long-range Coulombic
repulsion between positively charged VO

•• and NiB
• . Hence,

Eq. �22� was further modified by introducing one extra factor
in the exponential term

�ion =
A0

T
PVjump exp�−

Eion

RT
−

�NiB
• �

�Ni��
ENi

RT
	 , �24�

where �NiB
• � / �Ni�� is the fraction of Ni4+ cations, and ENi is

the additive energy associated with these Coulombic interac-
tions.

FIG. 12. Oxygen partial pressure dependence of the total con-
ductivity of LaGa0.65Mg0.15Ni0.20O3−�. The insets illustrate varia-
tions of the oxygen content �3-�� and Seebeck coefficient �
� vs
oxygen partial pressure at 1223 K. Solid lines are for visual guid-
ance only.

FIG. 13. Temperature dependence of the hole mobility in
LaGa0.65Mg0.15Ni0.20O3−� at fixed oxygen nonstoichiometry. The in-
set shows variations of the hole mobility activation energy vs oxy-
gen deficiency.
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The partial p-type electronic conductivity via a hopping
mechanism can be described using a similar formalism27,51,52

�p = AhPhjump exp�−
Eh

RT
	 , �25�

where Ah and Eh are the preexponential factor and activation
energy, respectively. The hole-jump probability �Phjump�
comprises three terms

Phjump = PV � �PL0 + PL1� , �26�

where PL0 and PL1 correspond to the jumps from the lower
and higher energy levels �Levels 0 and 1�, respectively

PL0 = �NiB
����NiB

�� + �NiB� ��exp�−

Ehh

RT
	 , �27�

PL1 = �NiB
• ���NiB

�� + �NiB� �� . �28�

The activation energy increment, 
Ehh, is equal to the hole-
hole interaction energy calculated from the thermodynamic
data �Table I�. As oxygen vacancies break the Ni-O-Ni bonds
and may also increase energetic barrier due to distortions of
the nickel-oxygen polyhedra, the corresponding site-
exclusion effects are taken into account by introducing third
probability term

PV = �11

0
	� �VO

••�
3

	0�1 −
�VO

••�
3

	11

= �1 −
�VO

••�
3

	11

. �29�

Equations �10�, �11�, �20�, and �24�–�29� form a regres-
sion model to describe the total, oxygen-ionic and p-type
electronic conductivities of LaGa0.65Mg0.15Ni0.20O3−�. The
fitting results are in good agreement with experimental data
�Fig. 14�, thus confirming validity of the formalism de-
scribed above. The regression parameters are listed in Table

II. Notice that the calculated Eion value is very close to the
activation energies for oxygen-ionic transport in the Ni-free
LSGM materials with similar content of acceptor-type
cations.11,13

3. Seebeck coefficient

The Seebeck coefficient of a mixed ionic-electronic con-
ductor comprises the contributions of all charge carriers,
multiplied by the corresponding transference numbers.53,54 In
case of LaGa0.65Mg0.15Ni0.20O3−�


 = tO
O + �1 − tO�
p �30�

with 
O and 
p being the partial thermopower of oxygen
ions and holes, respectively. If equilibrium with gas phase is
achieved and Soret effects are negligible, the partial ionic
thermopower may be formulated as50,54


O = −
R

4F
ln p�O2� +

1

4F
�sO2

0 − 2�S̄O2− +
qO2−

T
	� ,

�31�

where SO2

0 is the standard molar entropy of gaseous oxygen,
S̄O2− is the partial molar entropy of mobile oxygen ions, and
qO2− is the heat transported by these ions. Analogously, the
partial hole thermopower is expressed via the partial molar
entropy and transported heat of the p-type electronic charge

carriers �S̄h and qh, respectively�51,52,55


p =
R

F
�S̄h +

qh

RT
	

=
R

F
ln� �Ni��!

�hL0�!��Ni�� − �hL0��!
·

�hL0�!
�hL1�!��hL0� − �hL1��!	

+
qh

FT
. �32�

Using Stirling’s approximation, one can obtain


p =
R

F
�ln

�Ni�� − �hL0�
�hL1�

+
qh

RT
	 . �33�

The latter term, which can be estimated from the temperature
dependence of the partial thermopower at fixed charge-
carrier concentration, is very low and typically can be
neglected.52 For the holes occupying zero energy level, the
number of states may, in principle, deviate from �Ni�� due to
an additional site-exclusion effect resulting from the forma-
tion of defect clusters involving Ni2+ and oxygen vacancies.

TABLE II. Parameters of the regression models for partial con-
ductivities. Note: Radj is the adjusted correlation coefficient.

Oxygen-ion conductivity, Eq. �24� Hole conductivity, Eq. �25�

A0, S�K�cm−1 �1.4±0.5��106 Ah, S�cm−1 �2.4±0.2��103

Eion, kJ/mol 89±1 Eh, kJ/mol 24.3±0.8

ENi, kJ/mol 29.6±0.9

Radj 0.9998 Radj 0.996

FIG. 14. Dependence of the total and partial oxygen-ionic con-
ductivities on oxygen content at 1023–1223 K �the experimental
data are given with the step of 50 K�. Solid and dashed lines cor-
respond to fitting results �see text�.
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In order to verify negligible role of such clustering, Eq. �33�
was rewritten


p =
R

F
ln

�B�� − �hL0�
�hL1�

. �34�

The model comprising Eqs. �30�, �31�, and �34� were used
for fitting the 
−ln�p�O2�� dependencies �Fig. 15�, with
�S̄O2− +

qO2−

T
� and �B�� as the regression parameters. Since

ionic contribution to the total conductivity under oxidizing
conditions is relatively low �Fig. 14�, the partial molar en-
tropy of oxygen ions was considered constant; the variations

in S̄O2− cannot be distinguished statistically. Despite this sim-
plification, the fitting results shown as solid lines in Fig. 15
are in excellent agreement with experimental data. The esti-
mated number of states, �B��, is 0.21±0.02 at 1023–1223 K.
Within the limits of experimental uncertainty, these values
are equal to the number of nickel cations per
LaGa0.65Mg0.15Ni0.20O3−� unit formula, thus providing an ad-
ditional proof to the statistical-thermodynamic model pre-
sented in this work.

V. CONCLUSIONS

The p�O2�-�-T diagram of perovskite-type
LaGa0.65Mg0.15Ni0.20O3−� was determined at 923–1223 K in
the oxygen partial pressure range 5�10−5 to 0.9 atm by cou-
lometric titration and thermogravimetry. The oxygen nonsto-
ichiometry values indicate the coexistence of Ni2+, Ni3+, and
Ni4+ oxidation states, which is probably associated with a
strong dilution of nickel ions surrounded by the constant-
valence cations including acceptor-type Mg2+. The presence
of Ni4+ was confirmed by the magnetic susceptibility mea-
surements and by the analysis of oxygen intercalation pro-
cesses, p-type electronic conductivity and Seebeck coeffi-
cient at 1023–1223 K. The defect thermodynamics and
transport in Ni-substituted lanthanum gallate are strongly af-
fected by point-defect interactions, in particular the Coulom-
bic repulsion between oxygen vacancies and/or electron
holes and the vacancy association with Mg2+ cations. These
factors were analyzed using a statistical thermodynamic ap-
proach, introducing the point-defect interaction energy in the
concentration-dependent part of defect chemical potentials
and accounting for the site-exclusion effects. The relation-
ships between defect concentrations and chemical potentials
were expressed by the discrete Fermi-Dirac distribution,
where the corresponding number of states is determined by
the configurational probabilities assessed via binomial distri-
butions. Although further studies are necessary to identify
exact state of p-type electronic charge carriers, the high-
temperature defect formation processes can be adequately
described assuming that each nickel cation may provide one
or two energetic levels for the hole location, depending on
the occupancy of nearest-neighboring oxygen sites. The level
of oxygen-vacancy mobility is significantly influenced by
site exclusion near positively charged vacancies and by the
height of energetic barrier for ion jumps, which increases
with increasing average Ni oxidation state.
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