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Abstract. Partial electronic and ionic conductivities, crystal structure, thermal expansion and infrared absorption
spectra of the perovskite-type series, LaGa0.40Mg0.20M0.40O3−δ (M = Cr, Mn, Fe and Co), have been studied. The
rhombohedral distortion of the perovskite lattice decreases and the unit cell volume increases in the sequence Co <

Cr < Mn < Fe. The p-type electronic conduction increases with atomic number of the transition metal cation; the
activation energy varies in air from 15.9 to 32.1 kJ/mol. The oxygen ionic conductivity of the M-doped phases at
temperatures below 1200 K is significantly lower than that of LaGa(Mg)O3. The highest ionic conductivity was
found for the Fe- and Co-containing phases. The ion transference numbers of La(Ga,Mg,M)O3−δ at 970–1270 K
were determined to vary in a wide range, from 2 × 10−5 to 3 × 10−2. Thermal expansion coefficients, calculated
from the dilatometric data collected in the temperature range 300–1100 K, lie in the range (7.2–15.5) × 10−6 K−1.
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1. Introduction

The impetus to find materials with greater oxygen-
ion conductivity than the current solid oxide fuel cell
(SOFC) electrolyte of choice, yttria-stabilized zirco-
nia, has resulted in much recent research devoted to
a class of perovskite phases based on lanthanum gal-
late, LaGaO3 [1–9]. These phases are of interest, not
only for intermediate temperature electrolyte applica-
tions, but also as mixed ionic-electronic conductors for
use as oxygen-separation membranes and electrochem-
ical reactors for the partial oxidation of hydrocarbons
[5, 6]. High ionic conduction is achieved by doping the
perovskite (ABO3) with lower valence cations on the
A and/or B sites, including the substitution of La with
alkaline-earth cations (Sr, Ca, Ba) and Ga with bivalent
metal cations (Mg, Ni). One of the highest oxygen-ion
conductivities of any material occurs for the solid solu-
tion series (La,Sr)(Ga,Mg)O3−δ (LSGM). The stability
of the perovskite lattice permits a wide variety of sub-
stitutions with the effect that the electrochemical and

chemical properties can be tailored to a considerable
degree. For example, high levels of mixed conductivity
have been found in a large number of systems by dop-
ing the base LaGaO3 material with a host of transition
metal cations [5–11].

The present work continues our research [6, 9–15]
focusing on the transport and physicochemical prop-
erties of LaGa(Mg)O3−δ doped with large concentra-
tions of transition metals. This study is of importance
to the understanding of ionic and electronic transport
mechanisms in lanthanum gallates in the search for
improved mixed conductor materials and in determin-
ing the properties of likely reaction products between
doped LaGaO3 and oxide components of electrochem-
ical cells, e.g. LaMO3, M = Cr, Mn, Fe, Co [16, 17].
In addition, the substitution of expensive Ga with other
cations may lower production costs and suppress some
of the other disadvantages of LaGaO3-based materials,
including volatilization of Ga2O during high tempera-
ture sintering and reduction of Ga (III) cations at anode-
electrolyte interfaces [18–20]. In this work, particular
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attention has been paid to the effect of preparation route
on phase composition, structure and transport proper-
ties of La(Ga,Mg,M)O3−δ solid solutions.

2. Experimental

Solid-state synthesis of LaGa0.40Mg0.20M0.40O3−δ

(M = Cr, Mn, Fe, Co) and LaGa1−x Mgx O3−δ (x =
0.15 and 0.20) was performed using a standard ce-
ramic processing route. The compositions studied are
designated by abbreviations, listed in Table 1. Two
preparation techniques were employed for synthesis of
LaGa0.40Mg0.20M0.40O3−δ . The first, referred to here-
after as Method I, involved dissolving stoichiomet-
ric amounts of metal oxides, nitrates or acetates in
an aqueous solution of nitric acid with additions of
hydrogen peroxide, with subsequent drying and ther-
mal decomposition of the nitrate mixtures. The purity
of the starting materials was no less than 99.95% in
the case of oxides and 99.5% for the metal salts. In
the second synthesis route, Method II, stoichiometric
mixtures of the binary-metal oxides were firstly pre-
reacted at 1370 K and then ball-milled. Both prepara-
tion routes involved annealing of the resultant oxide
mixtures in a temperature range of 1520–1670 K for
30–40 h with multiple intermediate regrindings; the
powders were then pressed (350–500 MPa) into bars
(4 × 4 × 30 mm) and disks of various thicknesses (di-
ameter of 12 and 15 mm) before firing in air at 1800–
1870 K for 6–10 hours. The preparation procedure for
La(Ga,Mg)O3−δ involved synthesis by Method I and an
alternative synthesis technique employing the binary
oxide mixtures which were pre-reacted at 1370 K, then
pressed and sintered at 1870 K [15].

Physicochemical and structural characterization
of the reaction products was carried out by X-ray
diffraction (XRD), scanning electron microscopy
(SEM), emission spectroscopic analysis, infrared (IR)

Table 1. List of abbreviations.

Composition Abbreviation

LaGa0.40Mg0.20Cr0.40O3−δ LGM20Cr40

LaGa0.40Mg0.20Mn0.40O3−δ LGM20Mn40

LaGa0.40Mg0.20Fe0.40O3−δ LGM20Fe40

LaGa0.40Mg0.20Co0.40O3−δ LGM20Co40

LaGa0.85Mg0.15O3−δ LGM15

LaGa0.80Mg0.20O3−δ LGM20

absorption spectroscopy, thermal gravimetric and dif-
ferential thermal analysis (TGA/DTA), and dilatome-
try. Transport properties were studied using impedance
spectroscopy (IS), 4-probe DC conductivity measure-
ments, Faradaic efficiency measurements (FE), steady-
state oxygen permeability (OP) and the e.m.f. of
oxygen concentration cells (EMF). Details of exper-
imental procedures and equipment can be found in
[6, 9–15] and references therein.

The oxygen ionic transference numbers of sam-
ples measured by these different techniques (OP, FE,
EMF) are, within the limits of experimental error, sim-
ilar; comparative results of these experiments have
been published elsewhere [12, 14, 21]. In the case
of oxygen permeation measurements, the transfer-
ence number (to) was calculated according to the
equation:

to(1 − to) · σ = 16F2d

RT
· ∂ j

∂ln(p2/p1)

∣∣∣∣
p1→p2

(1)

where σ is the total conductivity, d is the membrane
thickness, j is the permeation flux density, and p1 and
p2 are the oxygen partial pressures at the membrane
permeate side and feed side, respectively. For all the
data presented here, the value of p2 was kept constant
(21 kPa). Equation (1) is only valid in the case where
the surface exchange kinetics is fast enough to have
negligible influence on the permeation flux. The de-
pendence of the flux on the membrane thickness was,
therefore, checked in order to determine the effect of the
surface exchange rate on oxygen permeability. It can
be seen in Fig. 1 that the oxygen permeability, J (O2),
is essentially independent of membrane thickness at
d ≥ 0.5 mm within the experimental error limits. Val-
ues of J (O2) were calculated as [10, 11]:

J (O2) = jd ·
[

ln

(
p2

p1

)]−1

(2)

Since J (O2) is proportional to j × d by definition, the
permeation fluxes are limited predominantly by the
bulk ambipolar conductivity and not the surface ex-
change rate; Eq. (1) is, thus, valid in this instance.
Faradaic efficiency measurements were performed un-
der negligible oxygen chemical potential gradient in
atmospheric air, as described in Ref. [14].
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Fig. 1. Dependence of specific oxygen permeability of LGM20Co40
membranes on oxygen partial pressure difference. Solid lines are for
visual guidance only.

3. Results and Discussion

3.1. Phase Composition

The XRD powder patterns of the prepared materi-
als indicated the formation of perovskite-type phase.
Phase purity for the samples prepared by Method
I was significantly better than that of the Method
II compositions. However, a few unidentified re-
flections whose intensity did not exceed 3–4% of
the most intense perovskite reflection were found
in the XRD patterns of the Method I compositions
(Fig. 2). The minor unidentified peaks found in all
the LaGa0.40Mg0.20M0.40O3−δ (M = Cr, Mn, Fe) sam-
ples were found at 2θ angles of 25.5–25.6◦ and 38.2–
38.3◦ (Cu Kα-radiation); very small reflections at 47.9–
48.3◦ and 53.7–54.1◦ were also observed in the case of
LGM20Cr40 and LGM20Fe40 prepared by Method I.
In contrast, the Method II preparation procedure re-
sulted in significantly greater amounts of La2O3 and
La4Ga2O9 for all compositions. Figure 3 shows the
XRD pattern of LaGa0.40Mg0.20Cr0.40O3−δ prepared by
Method II. LGM15 was single-phase when synthesised
from metal-salt precursors but contained MgO impu-
rity when prepared from the binary oxides, as reported
in detail elsewhere [15]. All attempts to synthesize

Fig. 2. Powder XRD patterns of the La(Ga,Mg,M)O3−δ phases
prepared by Method I.

phase-pure LGM20 were unsuccessful, with signifi-
cant amounts of MgO and MgGa2O4 being present;
this composition was not, therefore, subjected to de-
tailed study.

Fig. 3. The observed, calculated and difference powder XRD profiles
for LGM20Cr40 prepared by Method II. The marked reflections of
the impurity phases were excluded for the structure refinement.
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Table 2. Properties of La(Ga,Mg,M)O3−δ phases prepared by Method I.

Unit cell parameters Average thermal expansion coefficients

Abbreviation Structure a (nm) α,◦ T (K) α × 106, K−1

LGM20Cr40 Ra 0.5503 60.22 300–670 7.2 ± 0.2

670–1060 10.65 ± 0.05

LGM20Mn40 R 0.5512 60.20 300–540 7.8 ± 0.3

610–1100 10.2 ± 0.1

LGM20Fe40 R 0.5530 60.12 300–870 9.0 ± 0.1

870–1080 14.1 ± 0.4

LGM20Co40 R 0.5437 60.68 300–1100 15.5 ± 0.3

LGM15 R 0.5526 60.17 300–1100 10.1 ± 0.1

a“R” corresponds to the rhombohedrally distorted perovskite structure.

Synthesis from binary metal oxides appears to be
inappropriate for obtaining phase-pure heavily doped
LaGaO3-based phases. The formation of secondary
phases is most probably caused by volatilization of
Ga2O in the course of firing. The liquid-phase reac-
tants are more reactive so it is possible that formation
of perovskite at particle surfaces during solid-state syn-
thesis suppresses further volatilization of gallium oxide
whereas the reaction rate in the mixture obtained from
binary oxides is expected to be lower, which may lead
to larger losses of gallium. However, neither decreasing
the reaction temperature nor synthesis time resulted in
single-phase perovskite in this case.

3.2. Crystal Structure

Further inspection of the powder patterns of the
Method I compositions indicated that the main
perovskite-type phase is rhombohedrally distorted; the
unit cell parameters (a and α) are given in Table 2.
The a parameter and unit cell volume both increase in
the sequence M = Co < Cr < Mn < Fe with corre-
sponding increase in the B-site cation radius (the radii
of the trivalent transition metal cations with high-spin
configuration decrease in the order Fe = Mn > Cr >

Co [22]). Since Mn has a higher average oxidation state
in the B-site of the perovskite structure [23] and, there-
fore, smaller cation radius than iron [22], the smaller
unit cell volume of LGM20Mn40 in comparison with
LGM20Fe40 may be attributed to the change in the
dopant cation size. Distortion of the perovskite lattice,
expressed by the rhombohedral angle α, exhibit oppo-
site behavior, decreasing in the order Co > Cr > Mn >

Fe (Table 2).

For compositions synthesized by Method II, the unit
cell volume also increases in the sequence Cr < Mn <

Fe (Table 3). In this case, however, the structure was
identified as an orthorhombic GdFeO3-type perovskite.
The difference in symmetries among compositions syn-
thesised by different techniques is most probably asso-
ciated with the degree of volatilization of gallium oxide
and subsequent segregation of secondary phases. It is
known that the lattice symmetry of lanthanum gallates
depends strongly on cation composition. For example,
a transition from orthorhombic to rhombohedral sym-
metry was found by high-resolution neutron diffraction
for both LaGaO3 and La0.9Sr0.1Ga0.8Mg0.2O2.85 at tem-
peratures as low as about 523 K [24]. The rhombohedral
distortion in the Sr- and Mg-doped sample was smaller
than that of the undoped lanthanum gallate [24]. It is
clear, therefore, that small variations in the composition
may result in changes in lattice symmetry.

Structural refinement of the LGM20Cr40 ortho-
rhombic phase (Fig. 2, Table 4) was carried out by
the Rietveld method using the structural parameters
of LaGaO3 (S.G.: Pnma) as a starting model. The

Table 3. XRD data on La(Ga,Mg,M)O3−δ phases prepared by
Method II.

Unit cell parameters

Abbreviation Structure a (nm) b (nm) c (nm)

LGM20Cr40 Oa 0.5497 0.7781 0.5526

LGM20Mn40 O 0.5505 0.7795 0.5535

LGM20Fe40 O 0.5523 0.7815 0.5544

LGM15 O 0.5518 0.7839 0.5549

a“O” corresponds to the orthorhombically distorted perovskite
structure.
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Table 4. Structure refinement data for LaGa0.40Mg0.20Cr0.40O3−δ prepared by Method II.

Atom Position x/a y/b c/z B (Å3) Site

La 4c 0.0185(2) 0.25 −0.0033(5) 1.08(3) 1.0(−)

Ga/Cr/Mg 4b 0 0 0.5 0.67(4) 0.4/0.4/0.2(−)

O(1) 4c −0.005(1) 0.25 0.439(3) 0.4(1) 0.967(−)

O(2) 8d 0.256(7) 0.460(2) −0.267(3) 0.4(1) 1.933(−)

Selected bond lengths (in Å) Selected angles

La O(2) 3.12(2) × 2 O(1) Ga/Cr/Mg O(1) 180

La O(2) 2.85(1) × 2 O(1) Ga/Cr/Mg O(2) 92.3(6) × 2

La O(2) 2.59(1) × 2 O(1) Ga/Cr/Mg O(2) 91.1(6) × 2

La O(2) 2.49(1) × 2 O(1) Ga/Cr/Mg O(2) 88.9(6) × 2

La O(1) 3.08(2) O(1) Ga/Cr/Mg O(2) 87.7(6) × 2

La O(1) 2.90(2) O(2) Ga/Cr/Mg O(2) 180 × 2

La O(1) 2.64(2) O(2) Ga/Cr/Mg O(2) 92.1(6) × 2

La O(1) 2.45(2) O(2) Ga/Cr/Mg O(2) 87.9(6) × 2

Ga/Cr/Mg O(2) 2.09(1) × 2

Ga/Cr/Mg O(2) 1.86(1) × 2

Ga/Cr/Mg O(1) 1.97(4) × 2

S.G: Pnma; a = 5.4968(2), b = 7.7807(3), c = 5.5265(2) Å; RI = 6.69%, Rp = 9.66%, Rwp = 14.1%, Rexp = 17.35%.

background was interpolated linearly from a suitable
number of points and the profile was described by a
pseudo-Voigt profile-shape function and four asymme-
try parameters to describe peaks below 2θ = 40◦. The
range 25.8◦ ≤ 2θ ≤ 30.6◦ containing the principal re-
flections of La2O3 and La4Ga2O9 was omitted from
the refinement. No reflections were present at 2θ angles
low enough to indicate the formation of a perovskite su-
percell as a result of either B-cation or oxygen-vacancy
order. The Ga, Cr and Mg cations were, thus, disordered
over the B-cation site and given a common isothermal
temperature factor (B). Refinement of the oxygen-site
occupancies indicated that the oxygen-vacancy con-
centration was averaged over the O(1) and O(2) sites;
the O occupancies were held invariant in the final re-
finement in order to avoid correlation with the oxygen
thermal vibration factors.

The BO6 octahedra in the Cr- and Mg-containing
phase were found to be somewhat distorted in com-
parison to both LaGaO3 and La0.9Sr0.1Ga0.8Mg0.2O2.85

[25], with the B O bond length ranging from 0.186 to
0.209 nm. The average B O bond length, 0.197 nm,
is, however, similar to that of the parent phase, LGM15
[15]. In a similar study of Nb-doped LaGa(Mg)O3−δ

compositions, the BO6 octahedra were also very
irregular in the Nb-containing phases, although, in this

case, the degree of distortion was much greater [15].
The A-cation sites are also distorted in LGM20Cr40
(bond length ranges from 0.245 to 0.312 nm), the com-
mon orthorhombic distortion from the cubic isotype
arising when the A-cation is too small for its cubooc-
tahedral site.

3.3. Total Conductivity

Comparative analysis of the transport properties of
the materials prepared by the different techniques in-
dicated that the total electrical conductivity of sam-
ples with predominantly ionic conduction is signif-
icantly affected by the presence of impurity phases.
Conversely, in the case of primarily electronic conduc-
tors, the influence of impurity phases on the conduc-
tivity is minimal (Fig. 4). For instance, segregation of
MgO in LGM15 leads to both lower conductivity and
activation energy at temperatures above 770 K; litera-
ture data [3, 4] also indicates an increase in the activa-
tion energy for ionic transport when the magnesium
content is increased. In contrast, the total electrical
conductivity of LGM20Cr40 with predominant elec-
tronic transport (Fig. 5) is essentially independent of
preparation route (Fig. 4). A possible reason for this is
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Fig. 4. Temperature dependence of the total conductivity in air of
LaGaO3-based ceramics prepared by different techniques.

that the amount of low-conductivity phase, La2O3 and
La4Ga2O9, is significantly smaller than the percolation
limit for electronic transport and, hence, has a weak ef-
fect on the conductivity. Furthermore, the formation of
these phases results in a greater Cr and Mg concentra-
tion in the major perovskite phase, which may promote
higher electronic conduction (see, for example [26] and
references therein).

On inspection of the electrical properties of the end-
member LaGaO3- and LaMO3-based compounds, it is
expected that the electronic conductivity of the title
materials increases with increasing content and atomic
number of the transition metal cation (Fig. 6). Whereas
the ion transference number of LGM15 is close to
unity, the to values of LaGa0.40Mg0.20M0.40O3−δ do
not exceed 3 × 10−2 (Fig. 5). As the transition metal
dopant concentration exceeds the percolation limit
(30–35%), electronic conduction dominates and takes
place within a continuous network of M O M bonds.
The conductivity increases in the sequence Cr < Mn <

Fe < Co (Fig. 6), and reflects a transition from electron
transport via the p-type small polaron mechanism, as in

Fig. 5. Temperature dependence of the oxygen-ion transference
numbers of LaGaO3-based phases prepared by the Method I at oxy-
gen partial pressures close to atmospheric air. The measurement tech-
niquesemployed are the following: FE (LGM20Cr40, LGM20Mn40
and LGM20Fe40), OP (LGM20Co40), and EMF (LGM15).

Fig. 6. Temperature dependence of the total conductivity in air of
LaGaO3-based ceramics prepared by Method I.
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Table 5. Parameters of the Arrhenius model for the p-type electronic
conductivity of LaGaO3-based phases in air.

Abbreviation T (K) Ea (kJ/mol) ln(A0) (S/cm)

LGM20Cr40 560–1170 32.1 ± 0.3 9.34 ± 0.04

LGM20Mn40 300–1240 27.1 ± 0.3 11.15 ± 0.06

LGM20Fe40 300–980 25 ± 1 11.6 ± 0.2

LGM20Co40 430–1110 15.9 ± 0.2 11.73 ± 0.04

LGM15 873–1173 94 ± 8 12 ± 1

LaCrO3−δ , to pseudo-metallic behavior, characteristic
of LaCoO3−δ at high temperatures ([26, 27] and ref-
erences therein). The effective activation energy, Ea,
of the electronic conductivity, was calculated by the
standard Arrhenius model:

σ = A0

T
· exp

(
− Ea

RT

)
(3)

where A0 is the pre-exponential factor. The activation
energy decreases in the sequence Cr > Mn > Fe >

Co (Table 5), indicating a progressive delocalization of
the atomic orbitals and increasing bandwidth with in-
creasing atomic number. Correspondingly, the conduc-
tivity of Fe- and Co-doped phases becomes metallic-
like at temperatures above 1000–1100 K, whilst the
temperature dependence of the conductivity of Cr-
and Mn-containing perovskites is linear in Arrhenius
coordinates throughout the studied temperature range
(Fig. 6).

3.4. Ionic Transport

Ionic transport data for the LaGa0.40Mg0.20M0.40O3−δ

series in air are presented in Fig. 7 and Table 6. The acti-
vation energy for oxygen ionic conductivity, calculated
using Eq. (3), is similar for all compositions, varying

Table 6. Parameters of the Arrhenius model for the ionic conductivity
of LaGaO3-based phases in air.

Abbreviation T (K) Ea (kJ/mol) ln(A0) (S/cm)

LGM20Cr40 1023–1223 161 ± 10 19 ± 1

LGM20Mn40 1223–1273 134 11.6

LGM20Fe40 973–1223 135 ± 19 17 ± 2

LGM20Co40 1073–1223 163 ± 8 19.6 ± 0.9

LGM15 873–1173 72 ± 5 11.9 ± 0.6

Fig. 7. Temperature dependence of the partial oxygen ionic conduc-
tivity in air of LaGaO3-based ceramics prepared by the Method I.

in the range 134–163 kJ/mol. The ionic conductivity
changes in the sequence Mn < Cr < Co ≤ Fe. The
reason for the greater conductivity of Fe-doped gallate
in comparison with its Co-containing analogue is most
likely due to the smaller distortion of the crystal lattice
of the former, resulting in a more degenerate system
of conduction pathways. Further evidence of this is
provided by the fact that compositions with a more
distorted structure (LGM20Cr40 and LGM20Co40)
exhibit a slightly higher activation energy for ionic con-
duction (161–163 kJ/mol).

The oxygen conductivity of LGM20Cr40 is lower
than that for Fe- and Co-doped analogues due to the
higher Cr O bond strength; typically, the oxygen va-
cancy diffusion coefficients in doped LaCrO3−δ are
significantly smaller than in ferrites and cobaltites
(for example, [28]). Another factor that may ex-
plain the lower conductivity of the Cr-doped phase,
however, is its lower oxygen-vacancy concentration
in comparison with the Fe- and Co-containing per-
ovskites [23]. A less-well understood case is that of
the Mn-doped gallate with ionic conductivity lower
than LGM20Cr40 by about two orders of magnitude.
Again, the poor conductivity is most probably associ-
ated with a lower oxygen-vacancy concentration and a
higher strength of Mn O bonds. For instance, prelim-
inary TGA tests in hydrogen indicated that the oxygen
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content in LGM20Mn40 is close to stoichiometric.
A more precise determination of the oxygen nonstoi-
chiometry of this material is now in progress; these tests
are complicated, however, by the possible volatiliza-
tion of Ga2O in reducing conditions at temperatures
above 1370 K (at lower temperatures the reduction of
LGM20Mn40 is stagnated due to thermodynamic and
kinetic reasons).

A detailed analysis of the ionic conductivity of the
gallates heavily doped with transition metals has been
conducted previously [12, 21] and is not included here.
To summarise, the doped phases have significanlty
lower ionic conduction than the base material. This
may be due to ordering in the oxygen sublattice, result-
ing from either association of oxygen vacancies with
bivalent cations (Mg2+, M2+) or formation of stable
M4+–O–Mg2+ pairs where the tetravalent cations are
likely to inhibit anionic migration through Coulombic
attraction.

3.5. Thermal Expansion and IR Absorption

Average thermal expansion coefficients (TECs) of
the studied materials, calculated from dilatomet-
ric data collected in air, vary in the range (7.2–
15.5) × 10−6 K−1 (Table 2). Some anomalous data
with near zero expansion was observed in the dilato-
metric curves of LaGa0.40Mg0.20M0.40O3−δ (M = Cr,
Mn and Fe) around 800 K within a narrow tempera-
ture range of 15–25 K. At higher and lower temper-
atures, however, the thermal expansion exhibited the
expected linear behaviour. This anomolous event has
been observed previously for several LaGaO3-based
phases [29], where it was discussed in terms of phase
transitions.

The average TEC values of the La(Ga,Mg,M)O3−δ

solid solutions were found to increase with increas-
ing atomic number of the transition metal. This may
be associated with increasing oxygen nonstoichiome-
try [23, 29]. One can also observe a correlation between
TEC and ionic conductivity (Table 2 and Fig. 7); ac-
cording to the phenomenological theory of ionic trans-
port in solids [30], higher ionic conductivity may be
ascribed to a lower energetic potential barrier for ion
hopping when the crystal lattice expands.

The IR absorption spectra of the La(Ga,Mg,M)O3−δ

family of phases (Fig. 8) are typical of perovskite-
type oxides [31, 32], and consist of stretch-
ing and bending vibration bands at 580–650 and

Fig. 8. IR absorption spectra at room temperature of La(Ga,
Mg,M)O3−δ phases prepared by Method I.

360–460 cm−1, respectively. The marked peaks
(Fig. 8) were collected with a threshold condition of
0.5% of the transmittance (the height of selected peaks,
defined as the smallest difference in height between a
peak and the base on either side, was set at no less
than 0.5% of the transmittance). The only exception
to this condition is for the peaks at approximate posi-
tions of 588 and 640 cm−1 marked in the LGM20Cr40
spectrum; these peaks are formed due to splitting of
the stretching vibration band. Due to peak overlap, a
precise determination of their wavenumber is difficult.
The IR absorption spectra of La(Ga,Mg,M)O3−δ cor-
respond to changes in crystal structure, as discussed
above. In particular, there is a strong correlation be-
tween the stretching mode and unit cell volume (Fig. 8,
Table 2). Phases with a large lattice distortion, for ex-
ample Cr- and Co-doped perovskites, show splitting of
the stretching vibration band as a result of differences
in B O bond length.

In summary, doping lanthanum gallate with high
concentrations of transition metal cations increases the
electronic conductivity to a considerable extent, but
lowers ionic transport. In order, therefore, to optimize
the performance of electrochemical cells employing
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LaGaO3-based solid electrolytes and LaMO3 elec-
trodes, considerable attention should be paid to
ensuring that interdiffusion of the two materials is sup-
pressed as much as possible. Similarly, to enhance the
performance of doped gallate-based phases both as
oxygen-separation membranes and electrolytes, a high
concentration of bivalent dopant should be present in
order to increase the ionic conductivity by increasing
the oxygen-vacancy concentration and lowering the av-
erage positive charge in the cation sublattice.

4. Conclusions

The perovskite-type family of phases, LaGa0.40Mg0.20-
M0.40O3−δ (M = Cr, Mn, Fe and Co), were prepared
by a standard ceramic synthesis technique. The crys-
tal structure, IR absorption spectra, thermal expansion,
and partial electronic and oxygen ionic conductivities
have been studied. Synthesis from binary metal ox-
ide precursors was found to result in the formation of
secondary phases, most probably due to volatilization
of gallium oxide. Preparation via a liquid phase, such
as dissolution of precursors in nitric acid with subse-
quent thermal decomposition of the nitrate mixture, is a
more successful route to obtaining phase-pure product.
The distortion of the perovskite lattice decreases and
the unit-cell volume increases in the sequence Co <

Cr < Mn < Fe. Thermal expansion coefficients of the
La(Ga,Mg,M)O3−δ series over the temperature range
300–1100 K, are in the range (7.2−15.5)×10−6 K−1.
p-type electronic conduction increases with atomic
number of the transition metal cation; the activation
energies for electronic conductivity in air vary from
15.9 to 32.1 kJ/mol. The ionic conductivity for all
title materials at temperatures below 1200 K is sig-
nificantly lower than that of Mg-doped LaGaO3. The
maximum oxygen ionic transport occurs for the Fe- and
Co-doped phases, whereas the ionic conductivity of the
Mn-containing phase in air was found to be extremely
low. The values of the activation energy for oxygen
ionic conductivity of the La(Ga,Mg,M)O3−δ series lie
in the range 134–163 kJ/mol.
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