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ABSTRACT: A doping strategy aimed at improving n-type conductivity in perovskite (La, Sr, )Ga”Ti* _Ti)o, , D Tooee
oxides by enhancing bulk oxide ion mobility is proposed and discussed. To justify and or /‘\/{/'/”/ -

further assess this premise, the oxygen deficiency (0) and conductivity (0) of reduced _ ;| ! pa ° {ooss g
Lag 4Sr04Ga, Ti;—,O3—y/2—s (0 < x < 0.15) samples were studied as a function of Ga  § /f D/ g
doping (x). Both ¢ and o were found to increase significantly with Ga doping. After a g “or /f / ® ee ] g
typical reduction process carried out at 1000 °C in 5%H,/Ar the samples showed an 3wl |/ t . i i 0045§
increase in O from 0.035 to 0.060 with doping. The corresponding conductivity also 3 /// . )‘—f-—' g
increased with doping showing a maximum of ~50 S cm™ ' (measured at 880 °C in 5% ) ///47, t880°C) y 100 &
H,/Ar on ~62% dense pellet) for x = 0.0S. Conductivity data suggests Ga doping wl J ~O-3(en oxidation) | oo
promotes fast reduction and significantly improves the stability of the reduced phase in P T T T
oxidizing conditions. Although the studied compositions preserved their cubic crystal X (Ga)

structure throughout testing and showed no sign of degradation of the microstructure,
some Ga loss was shown to take place at low pO,. However, after a first redox cycle, no further change in Ga stoichiometry was
observed. Two mechanisms that account for the manner in which Ga is lost from the perovskite lattice are proposed and discussed.
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1. INTRODUCTION

Metal oxides with ABOj; stoichiometry and cubic structure are
generally known as perovskite oxides. In the regular perovskite
lattice the smaller B-site ions occupy the corners of a cube in
6-fold oxygen coordination forming BOg octahedra (Figure 1a).
The larger A-site ions are positioned in the center of the cube in
12-fold coordination. Because of the exceptional tolerance of the
perovskite structure to accommodate different cations and
defects, the perovskite family consists of a large number of
compounds and displays a wide variety of properties."

Among other properties exhibited by the perovskite structure
and currently under investigation, electronic and ionic conduc-
tion are of interest because of both scientific and application
potential. The development of materials with very high electronic
conductivity or with mixed electronic and ionic conduction
(MIEC) is of great interest for the advance of high temperature
electrochemical devices.

Generally, electronic conduction in perovskites occurs
through the B-site network when these sites are occupied by
cations capable of adopting multiple oxidation states (Ti*"/
Ti**, Nb>"/Nb*", Mn*"/Mn>", etc). Conduction most likely
occurs because of electron hopping from B D* cations to B""
cations via the oxygen bridges (similar to a double exchange
mechanism), as shown schematically in Figure 1b. The higher the
concentration, [Bg], and the mobility, u,-,of the charge carriers

(¢), the higher the conductivity, 0,

O = [B;a]'e'ﬂf (1)

Most of the strategies aimed at designing good electronic
conductors focused on increasing the concentration and/or the
mobility of the charge carriers. The mobility of the electrons
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depends mainly on the crystal structure (present ions, size, and
symmetry/distortion of the unit cell) and the microstructure of the
sample (usually the higher the number of grain boundaries, the
lower the conductivity). The generation of electrons is usually
promoted by appropriate doping and/or (more often) by exposing
the materials to a reducing environment which strips oxygen ions
from the structure and subsequently reduces B"" to B*" V.

A
2B, + O == 2B, + Vo +0 (2)

The process described by eq 2 usually occurs fast at the surface
of ceramics (at the solid—gas interface) and slower and slower as
the reduction proceeds into the bulk.” This happens essentially
because oxide ions need to travel through the bulk before being
oxidized at the surface by reacting with the gas phase. This is why
the reduction of this kind of material, carried out at typical testing
temperatures (~900 °C), was often reported to take tens of
hours, especially for samples with low porosity.> > Because the
transport of oxide ions through the bulk appears to be the
rate determining step in the reduction process, limiting the rate
and extent of the reduction, it is worth identifying the key factors
that influence it. A good image of how oxygen transport through
the perovskite lattice takes place can be acquired by looking at
oxide ion conduction in some perovskites, such as doped
lanthanum 6gallates, for which a large volume of literature data
is available.” '*
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Figure 1. (a) Unit cell of perovskite-type oxide together with some typical cations that occupy the A and B sites. (b) Schematic view of the electronic
conduction in perovskites. The oxygen lattice is omitted for clarity. (c) Schematic view of the oxide ion conduction in perovskites. Most of the oxygen

ions are omitted for clarity.

Similar to the electronic conduction, available hopping sites
for the charge carrier, which in this case is 0>, are necessary for
oxide ion conduction to take place. When the concentration of
oxygen vacancies is high enough, oxide ion conduction can occur
through the crystal. Previous studies have shown that probably
the most important stage in this process is when the oxide ion
must move through the bottleneck defined by the triangle A-B-A
to reach the vacant site”'*'>"* (Figure 1c). The diffusion of the
oxide ion through the crystal can be synthetically expressed as
follows: "

Dor ~ [VO} e .e—(AHf + AHm + AHa)/(R.T) (3)

Equation 3 shows that diffusion is proportional to the con-
centration of mobile vacancies, [V ], and the square of the cell
parameter, a. Diffusion also depends on three main processes and
their associated thermal effects: formation (AHj), migration
(AH,,), and association (AH,) of vacancies. The way these
factors come into play can be better understood by studying
Figure 1c. When the oxide ion starts moving from its position it
will need to break the bond shared with one of the adjacent B
cations (the A—O bonds are generally very weak compared to
the B—O bonds). Moreover, when the bond breaks the corre-
sponding B cation will decrease its coordination number from 6
to S. Most of the B-site cations form strong bonds with oxygen
and strongly prefer 6-fold coordination; therefore, the energy
required for the formation of the vacancy, AH, is high. Some
cations, such as Mn, Co, Ga, and so forth, are known to be stable
in coordination numbers lower than 6 as well'> and have been
successfully employed in the desil%n of materials with good
electronic and ionic conduction.'®"” To reach the vacant site,
the oxide ion will have to migrate through the triangle described
by the two A-site cations and the B-site cation. Among the factors
that come into play during this stage, the most important are the
nature (electronic structure, size, etc.) of the A-site cations and
the distortions of the lattice which can prevent the oxide ion from
taking the simple path indicated in Figure 1 c. The most
important parameter controlling the migration of the oxide ion
is the degree of distortion from alattice exhibiting high symmetry
and little stress, in which the oxide ion was found to possess the

highest mobility for vacancy hopping.”'"'*> Usually the migra-
tion energy is smaller compared to the vacancy formation
energy.'® Other processes such as the association (trapping) of
oxygen vacancies with other oxygen vacancies and/or other
defects can impair diffusion.'®"""® Usually this results in the
mobile vacancy concentration being smaller than the stoichio-
metric one. Typical cases of such associations are oxygen vacancy
ordering or the association of the oxygen vacancy with A-site
dopants. When oxygen vacancy ordering occurs, ionic conduc-
tivity significantly diminishes,”® or the reduction rate of the
material is significantly affected;'? therefore, a random distribu-
tion of these vacancies throughout the crystal is to be desired.
When the A-site ion is partially substituted by another ion,
oxygen vacancy trapping can occur, mostly because of size
mismatch between the host and the substitution ion.'® Where
the size of the host and dopant are similar, for example, when
substituting Sr** (1.44 A) for La>" (1.36 A) in lanthanum
gallates, AH, has been calculated to be zero.'®

The aim of this work is to show that perovskite systems that rely
on eq 3 to achieve high electronic conductivity will benefit from
having a good oxide ion transport throughout the lattice. If oxygen
transport is high, the material could also exhibit some ionic
conduction and thus be potentially mixed ionic and electronic
conductors (MIECs). Therefore, generally speaking, the best
electronic conductors would be mixed electronic conductors.

In the light of the arguments described above we chose as
starting point a material that we investigated in our previous
study;” a cubic, A-site deficient titanate (Lay4Sro4TiO3) which
we showed to suffer from slow bulk reduction. We chose Ga as
B-site dopant for several reasons. First, Ga is well-known for its
coordination flexibility and the ability to increase the stability of
systems with high oxygen deficiency. Second, Ga>" has similar
radius to Ti** across various coordination numbers suggesting it
will be soluble in the titanate, as can be seen from Figure 2
where Shannon radii*® are plotted against coordination number.
Finally, by replacing Ti** with Ga>* some oxygen vacancies will be
created to compensate for this doping (Lag 4St0.4Ga,Ti;—O3—x/2),
which together with the vacancies generated during reduction could
support ionic conduction.
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Figure 2. Ionic radii vs coordination number for some cations that can
occupy the A and B site in a perovskite lattice. B-site cations have small
radius and small coordination number, while A-site cations have large
radius and high coordination number.”.

According to eq 2, Ga doping will primarily affect two easily
measurable properties: electronic conductivity and weight loss
(oxygen deficiency) on reduction. Therefore this study will make
use of these two parameters to assess the influence of Ga doping.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. The samples have been prepared by a
modified solid state route. High purity raw materials (La,O3, SrCOs3,
TiO,, Ga,03, and AL,O3) were dried, weighed, and mixed in the
corresponding ratios in a beaker with acetone. An ultrasonic probe
was then immersed into the beaker, and ultrasonic waves having
different amplitudes and frequencies were applied to break the agglom-
erates into a fine suspension. A small quantity (~0.1%) of dispersant
(KD1) was added to the suspension which was then stirred for 2 h. After
the acetone has been evaporated, the content of the beaker was
quantitatively transferred into a crucible and calcined at 1000 °C for
12 h. The calcined powder was then milled for 2.5 h in a planetary ball
mill. The resulting powder was pressed into dense pellets and fired for
12—14 h at 1400 °C. The sintered pellets were crushed and ball-milled
for 1.5—4 h (depending on the desired grain size). The fine, sintered
powder was mixed with spherical glassy carbon, pressed into pellets, and
fired slowly to 1390 °C. The initial ramp rate of the program was set at
2 °C/min until 1000 °C, to allow a slow burn-out of the carbon, and thus
create pores in the ceramic bodies. The samples were then heated with
5 °C/min to the sintering temperature, 1390 °C, and kept there for 6 h.
Porous pellets having a mass of around 1 g have been prepared this way
for weight loss measurements. Reduction has been carried out in tubular
furnaces under continuous 5%H,/Ar flow.

2.2. Analysis Techniques. The crystal structure and phase purity
of the samples were analyzed using X-ray diffraction (XRD) performed
on either a STOE STADI Transmission Diffractometer (CuKo,
radiation) or a Philips PW 1710 Reflection Diffractometer (Cu Ko,
Ko, radiation). Silicon was used as internal standard in some of the runs.
The obtained XRD patterns were analyzed with the STOE Win XPOW
software to determine the crystal structure and the cell parameter.
Rietveld refinement (using FullProf software) was also carried out for
some samples. The microstructure of the samples was analyzed using a
JEOL JSM-5600 Scanning Electron Microscope (SEM). Energy

Dispersive X-ray (EDX) analysis was also employed in some of the
cases to confirm the stoichiometry of the samples. Thermo-gravimetric
analysis was performed using a Netzsch STA 449C instrument equipped
with Proteus thermal analysis software. The total conductivity of the
samples was measured using a DC, van der Pauw setup. To perform a
measurement, 4 small strips of gold mesh were attached to the periphery
of the sample using gold paste and fired at 850 °C for 1 h, to ensure the
consolidation of the contacts. The sample was then mounted on the
testing jig which is equipped with a thermocouple and a zirconia sensor
in the vicinity of the sample so that the temperature of the sample and
the oxygen partial pressure can be recorded. The jig was then inserted in
a controlled atmosphere furnace. Low oxygen partial pressure is
achieved by using a continuous flow of S%H,/Ar.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Microstructure. The crystal
structure and phase purity of the gallium doped titanates
(Lag4Sro4Ga, Ti;—,O3—,/,) has been analyzed using room tem-
perature powder XRD (Figure 3). All compositions up to x =
0.15 showed single phase, cubic (Pm3m) crystal structures. For
x = 0.15 very small peaks corresponding to unreacted Ga,O3 were
observed, suggesting the solubility limit of Ga in Lag 4Sr 4TiO5 is
between x = 0.10 and x = 0.15. The XRD patterns presented in
Figure 3 were refined using Rietveld analysis to confirm the
crystal structure and extract accurate cell parameters. The cell
parameters plotted in Figure 4 seem to follow Vegard’s law,
increasing linearly with Ga doping. The fact that the cell
parameters increase with doping was to be expected as we are
substituting the smaller Ti*™ (0.605 A) ion with the slightly
larger Ga*" (0.62 A) ion as well as introducing vacancies.

Previously we have shown that an empirical equation adapted
from fluorite systems”' can be used to predict the slope of the cell
parameter vs doping plot:>

a = ady+ Z xp+ (Are +0.002 - Az;.) (4)
k

Equation 4 shows that a linear correlation should be expected
between the cell parameter (a) and the mole fraction (x;) of the
cation k substituting the B-site host cation in a perovskite lattice.
The slope will depend on the difference in the ionic radius (Ary)
and charge (Az;) between the substituting cation k and the host
cation. In this case Ar = 0.015 and Az = —1, predicting a slope of
0.013, while the slope obtained from experimental data is 0.013
(see equation in Figure 4).

When sintered from calcined powder at 1400 °C all the
compositions (0 < x < 0.15) showed similar microstructure
with large grains and high relative density (>95%). In contrast,
when attempting to create pellets with controlled porosity to be
used for testing, Ga doping improved considerably the sinter-
ability of the samples (Figure S). The pellets were prepared by
mixing as-sintered powder (previously ball milled) with spherical
glassy carbon (20% by weight) in acetone, followed by the
evaporation of the acetone and uniaxial pressing. The pellets
containing carbon were fired as explained in the Experimental
Section, at 1390 °C, for 6 h. The relative density of the pellets after
firing is plotted against their Ga content in Figure S, and a typical
example of microstructure obtained by using this procedure is
given in Figure 6. As the doping level of Ga increases, the relative
density of the samples increases, the difference between the
undoped composition and the one with x = 0.15 being 16%.
Probably the enhanced sintering of the Ga doped samples
(notice that even as little as 3% Ga makes an important impact
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Figure 3. X-ray powder diffraction patterns recorded at room temperature in reflection mode for samples with different Ga content.
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Figure 4. Refined cell parameters vs Ga doping. The errors are smaller
than the points.

as well) is due to the introduction of vacancies in the oxygen
lattice, which together with the high A-site deficiency help ionic
diffusion. This behavior was taken into account when preparing
samples used in testing. The starting amount of pore former was
adjusted so that the resulted pellets had a relative density
between 60 and 65% over the compositional range.

3.2. Oxygen Deficiency. 3.2.1. A-Site Doping. Various mem-
bers of the solid solution SrTiO3;—La,,3TiO3 have been found to
possess properties suitable for applications such as solid oxide
fuel cells anodes™**” or radiation resistant materials.** Following
this interest, several structural characterization studies of the
La,Sr;—3,/,TiO5 system were published.m_26 It was found that
for 0 < x < 0.4 the structure is cubic, followed by a tetragonal
distortion for 0.4 < x =< 0.55, leading to an orthorhombic
structure for 0.55 < x < 0.67, for temperatures above 300 K.*°
Not only is x~0.4 the composition after which the cubic
structure converts to tetragonal but it also is the point after
which A-site vacancy ordering starts occurring.”**> This is

e La,Sr,GaTi_ O ]

X 3-x/2

Relative density, p (%)
g 8
LI
| I——

50 L 20wt% glassy carbon
3 fired at 1390°C(6h) :

0.00 0.03 0.06 0.09
x (Ga)

0.12 0.15

Figure 5. Relative density of pellets against Ga content. The pellets
contained the same amount of pore former (20% glassy carbon) and
were fired slowly to 1390 °C for 6 h. The real density was calculated by
geometry, and the theoretical density by using the corresponding cell
parameters.

probably because the concentration of A-site vacancies (x/2)
keeps increasing with x and reaches a critical concentration
somewhere close to x = 0.4, when the abundance of the vacancies
is too high and they start associating. For x > 0.40—0.45, the
vacancies are known to order in at least one dimension, forming a
layered structure with vacant sites concentrated in alternate
layers 252728

The oxygen deficiency for some of the members belonging to
this solid solution, measured on oxidation after a reduction
process at 1000 °C (20 h) is presented in Figure 7. The oxygen
deficiency increases gradually with doping, until x = 0.4, after
which it starts declining.

The fact that La doping significantly promotes reduction can
be explained in various ways. Most likely, the large number of
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Figure 6. SEM image of a Lag 4Sr¢ 4Gag 05Tl 9502.975 pellet with ~40%
porosity.
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Figure 7. Oxygen deficiency vs La doping measured on ~60% dense
pellets on oxidation after a reduction carried out at 1000 °C for 20 h.

Vi formed through doping reduces the number of intrinsic
Schottky defects, pushing eq S to the left and thus reducing
Vo . For a given pO,, eq 6 shifts left to oppose the change,
facilitating the removal of lattice oxygen by the reducing gas, and
the associated generation of free electrons.

AX 4+ 05 < A0 +V, + Vg ()

1 P .
EOZ+2€ +VO 900 (6)

Another possible explanation for the positive effect that La doping
has on the reduction of the material is related to the way oxide ions
travel through the bulk. As explained in the introduction, when
migrating, the oxide ion must pass through the triangle described by
the two As-site ions and the B-site ion (see Figure 1c). However, in
this case, a large number of A-sites are vacant and therefore the oxide
ion might not be required to pass through a triangle shaped
bottleneck. Obviously, at some point, when the number of the A-site
vacancies is too high, the presence of a large number of A-site
vacancies will inhibit the formation of oxygen vacancies rather than
promote their formation. This is because the perovskite structure will
not tolerate a high number of A-site and oxygen vacancies at the same
time. This is exactly what Figure 7 shows: after x ~ 04 the

0050 ——F—————7T——T T T T T 1

0.045 |- - ——1000°c|

- La,,Sr,,TiO,; —m—950°C | |
0.040 |- .
0035 [ 0 | n 0O ]

0.030 _— .
0.025 - -
0.020 _— —
0.015 _— —

0.010 -

Oxygen deficiency, s(at/uc)

0.005 E

0.000 -
TP U RPN U R I B SRR

.0(1) R(1) 0(2) R(2) O0@B) R() O@4) R(®4) 0(5).
Stage

Figure 8. Oxygen deficiency at different stages of redox cycling (O-after a
complete oxidation, R-after a complete reduction), carried out at two different
temperatures, 950 and 1000 °C. The errors are of the size of the points.

concentration of A-site vacancies is too high and they start ordering
such that they distort the structure and limit the number of achievable
oxygen vacancies on reduction.

All the tested compositions (with x < 0.4) were found to be
stable during redox cycling, showing that when exposed to the
same conditions the achievable oxygen deficiency is reversible.
For x = 0.4 the oxygen deficiency achieved at different stages of
the redox cycles carried out at 950 and 1000 °C is plotted in
Figure 8. An interesting fact that emerges when comparing
Figure 7 to Figure 8 is that the x = 0.25 composition reduced
at 1000 °C has the same oxygen deficiency as the x = 0.4
composition reduced at 950 °C. This is a good example of how
doping can effectively be used to lower the reduction tempera-
ture required to achieve desired properties.

3.2.2. B-Site Doping. To evaluate the effect that B-site doping
has on the oxygen loss, Lag 4Sr04Ga, Ti;—,O3—,/> pellets (60—65%
dense) were prepared and reduced at temperatures from 850 to
1000 °C, under 5%H,/Ar flow. The weight loss of the samples (on
reduction) is presented in Figure 9 together with the corresponding
oxygen deficiency plotted on the right-hand side axis.

As expected, the weight loss increases with Ga doping,
indicating that oxygen diffusion in the bulk has been indeed
enhanced. However, when examining the calculated oxygen
deficiencies, it becomes difficult to believe that such high values
can be accommodated by a perovskite lattice that is already
highly A-site deficient. This suggests that there might be another
process that occurs with weight loss when reducing the samples,
besides oxygen loss. Because such a behavior was not observed in
the undoped composition (see for example Figure 8), this is
probably an effect associated with the presence of Ga. Indeed, by
looking at other Ga containing perovskites in the literature, we
find that Ga can be lost from an oxide lattice when exposed to
reducing conditions at high temperatures.*”*® Two different
processes that account for Ga loss have been found:*' ~**

Ga,05(s) + 2H,(g) — Ga,0O(g) 4+ 2H,0(g) (7)

Ga,03(s) + 2H,(g) — 2GaOH(g) + H,O(g)  (8)

It has been suggested that the most abundant species during
the volatilization of Ga based oxides is Ga,O in dry reducing
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Figure 9. Weight loss measured on 60—65% dense pellets during
reduction at various temperatures for 20 h, in 5%H,/Ar flow. The
corresponding oxygen deficiency is plotted on the right axis (assuming
all weight loss is due to oxygen loss).

conditions,®" and GaOH if water is present in the reducing gas.>>
However, these studies do not rely on direct observation of the
species but are rather anticipated from indirect methods and
thermodynamic calculations.

To find the true oxygen deficiency of the Ga doped samples in
reducing conditions and the magnitude of the Ga loss, a redox
cycle was performed at 1000 °C. During the first stage, the
reducing atmosphere will cause the removal of both oxygen and
Ga from the structure. In the second stage the materials will be
exposed to air, thus refilling the oxygen vacancies with oxide ions
and enabling the calculation of the true oxygen deficiency of the
samples. The amount of Ga that had been lost in the first stage
can then be calculated by difference. The oxygen deficiency of the
samples determined in this way after redox cycling at 950 and
1000 °C are plotted against initial Ga content in Figure 10 and
Figure 11, respectively. The number of starting and remaining Ga
ions per formula unit is listed in Table 1.

At both temperatures Ga doping greatly promotes oxygen loss
from the structure, as anticipated (Figure 10 and Figure 11).
However, Table 1 shows that the higher the initial Ga content,
the higher the magnitude of Ga loss. Surprisingly, this situation
changes during the second redox cycle when no further change in
Ga stoichiometry is observed (3rd column in Table 1) and the
oxygen deficiency of the samples slightly increases (A plot in
Figure 10 and Figure 11). In Figure 12 the changes in oxygen
stoichiometry with temperature and Ga doping can be compared.
Ga doping greatly improves the achievable oxygen deficiency,
espec1ally at higher temperatures Oxygen deficiency because of

i** being reduced to Ti>" is roughly 3 times higher at 1000 °C
than the one at 900 °C. It is interesting to note here the
effectiveness of Ga®* in making the titanate easier to reduce.
In Figure 13 the effect of doping Ga and Al on the B-site of
Lag 4Sro4TiO; can be compared in terms of achievable oxygen
deficiency. Al doping has an opposite effect on reduction
compared to Ga, probably because of the stronger bond with
O and high preference for 6-fold coordination. Figure 13 suggests
the following rank1n§ of B-site cations in terms of promoting
reduction: AP" < Ti*" < Ga>*.

Another implication of Ga doping and the subsequent en-
hanced reduction is the high number of the oxygen vacancies
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Figure 10. Oxygen deficiency vs Ga doping measured as weight gain on
oxidation, in various scenarios: after a first reduction (M), after a second
reduction (A), and after an annealing at 1300 followed by a reduction
(®). The samples used were 60—65% dense pellets. The reduction steps
were carried out in continuous 5%H,/Ar flow at 1000 for 20 h.
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Figure 11. Oxygen deficiency vs Ga doping measured as weight gain on
oxidation, in various scenarios: after a first reduction (M), after a second
reduction (A), and after an annealing at 1300 followed by a reduction
(®). The samples used were 60—65% dense pellets. The reduction steps
were carried out in continuous 5%H,/Ar flow at 950 °C for 20 h.

being created, which could support oxide ion conduction. It is
known that an oxygen deficiency of 0.150 atoms per formula unit
is enough to ensure a hlgh ionic conductivity of 0.1 S cm™ ' in
doped lanthanum gallates.” When reduced at 1000 °C, the
number of vacancies per formula unit varies in the range 0.035
< x/24 0 < 0.135 because 0 < x < 0.15and 0.035 < 6 < 0.060
(Figure 10). When reduced at 900 °C, however, these values are
smaller: 0.012 < x/2 + 0 < 0.080 (Figure 12), but nonetheless
very high compared to other perovskite oxides.

The loss of Ga during reduction is most likely due to the
incapacity of the perovskite lattice to accommodate such a high
number of vacancies on both A-site and O-site at the same time.
In oxidized form the Ga doped samples already possess some
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Table 1. Change in Ga Stoichiometry (x) after Various Redox
Cycles for Lag 4Sr9.4Ga,Ti;—,O3—x/2"

after annealing and

initial x; after 1st redox, x after 2nd redox, x 3rd redox, x
0.03 0.028 0.028 0.027
0.06 0.052 0.052 0.049
0.09 0.073 0.073 0.065
0.12 0.091 0.091 0.082
0.15 0.107 0.107 0.099

“ A redox cycle consists of a reduction step (1000 °C, 20 h) and an oxidation
step (1000 °C, 12 h). The annealing was carried out at 1300 °C (20 h).
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Figure 12. Change in oxygen deficiency 0 with x in Lag,Sro4Ga,-
Ti;—,O3—,/2—5 at various temperatures. 0 was calculated from the
oxygen uptake on oxidation after the pellets (60—65% dense) were pre-
reduced at (@) 900, (M) 950, and (A) 1000 °C, respectively.

oxygen vacancies, besides the large number of A-site vacancies
(Lag.4Sro.4Ga, Ti;—,O3_,/2; 0 < x <0.15). When exposed to
reducing conditions more oxygen vacancies are created:
Lag4Sr04Ga,Ti;—03—,/2—5 (0 < x <0.15, 0.035 < & < 0.06,
Figure 10). By exsolving some B-site cations (as oxides or
reduced oxides) from the perovskite lattice, the occupancy on
the A-site and on the O-site will increase, thus making the system
more stable.” This mechanism is supported by our previous work
in which we showed that the undoped composition can be forced
to grow submicrometer reduced TiO, crystals (Magneli phases)
on the main grains when subject to extreme reducing
conditions.” However, because the Ga based species that form
in reducing conditions are volatile (eq 7 and 8), no exsolutions
are observed on the grains (by means of SEM). The samples also
retained their crystal symmetry after Ga loss and no secondary
phase was observed by XRD. The proposed mechanism is in
good agreement with the fact that we observed the same values of
Ga stoichiometry when the redox cycle was performed either at
950 or 1000 °C and also explains well why Ga loss increases with
Ga doping. The higher the initial Ga content, the higher the
overall deficiency of the perovskite’s lattice and therefore the less
stable, making it more prone to exsolve B-site oxides.

However it is not easy to explain why even slightly doped
samples (3% Ga) exhibit some Ga loss. This might be due to the
fact that Ga based oxides are probably not stable enough as solids
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Figure 13. Oxygen deficiency O as a function of x in Lag 4Srg 4AL-
Ti;—,O3-r/2—s and Lag4Srg4Ga,Ti;—,O3_./5—5. The oxygen defi-
ciency was calculated using the oxygen uptake on oxidation of pellets
(60—65% dense) previously pre-reduced in S%H,/Ar at 1000 °C for
20 h.

at low pO, and high temperature, regardless of the oxide system
they are part of.>>** Therefore another mechanism accounting
for the observed Ga loss can be envisaged. It seems possible that the
Ga ions present on the surface will be lost in reducing conditions,
and the rate of their loss is controlled by their diffusion to the surface
through a (thin) Ga depleted perovskite layer.

To decide which mechanism of the two proposed above has
the most influence on Ga loss, several experiments were per-
formed. To see if Galoss is controlled by the Ga ions reaching the
surface of the grains, some of the samples that lost Ga were
annealed in air at 1300 °C for a long time (20 h). This annealing
step provides the system with sufficient energy to rearrange its
structure and thus for the Ga ions to repopulate the Ga-depleted
layer covering the grains. If this happens, we should be able to
record again Ga loss during reduction. Therefore, after this
annealing step the samples were reduced and oxidized again to
calculate their oxygen deficiency and remaining Ga stoichiome-
try. The results showing the oxygen deficiency of the samples are
plotted in Figure 10 (redox at 1000 °C) and Figure 11 (redox at
950 °C) while the corresponding Ga stoichiometry is listed in
Table 1.1t is obvious from these data that the annealing step had a
profound influence on the properties of the samples, triggering
again Ga loss during reduction, decreasing the achievable oxygen
deficiencies and thus suggesting that Ga loss is largely controlled
by Ga diffusion to the surface of the grains. To further test this
premise, a TGA analysis was performed on a fine powder with 5%
Ga (Figure 14). However, no clear evidence was found that an
increased specific surface area would increase Ga loss, as the
calculated change in stoichiometry from Lag 4Sro.4GagosTioos-
05y to Lag 4Sro4Gap 044 Tip.0505.5 was similar the one listed for
porous pellets in Table 1.

3.2.3. A and B-Site Doping. To decide if Ga loss on reduction
can be diminished by decreasing the A-site deficiency (as
suggested by the first proposed mechanism), samples with higher
A-site occupancy were doped with Ga and analyzed as previously
explained to find their changes in oxygen stoichiometry and Ga
loss on reduction. The Ga stoichiometry after Ga loss found for
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Figure 14. TGA analysis showing the weight variation with time of a
Lag 4S194Gag 05 Tip 9505975 sample during a redox cycle at 950 °C.
Reduction was carried out in flowing $%H2/Ar, while oxidation in
flowing air.

La,Sry—3,/,Ga,Ti;—, 03—/, wheny=0.25 or y = 0.20 was almost
identical to the one found for the same x, for y = 0.40 as listed in
Table 1. For y = 0.10 Ga loss decreased slightly but not by very
significant amounts. On the other hand, the decrease of A-site
deficiency caused an important decrease in the achievable oxygen
deficiency on reduction (Figure 15). The value of the A-site
deficiency affects the shape of the curves presented in Figure 15.
For y < 0.40, 0 does not increase continuously with Ga doping,
but shows a maximum, after which it decreases as Ga doping
increases. This might be understood in the following way. When
Ga is lost, a layer of Ga-depleted titanate having higher A-site
occupancy will cover the grains. This layer probably controls the
oxygen exchanged by the bulk of the sample which is responsible
for most of the oxygen deficiency observed. However, the higher
the A-site occupancy of this layer, the worse its oxygen transport
properties will be (Figure 7). This mechanism explains as well the
observed trend in oxygen deficiency after the annealing process
(Figure 10 and Figure 11), which clearly resembles the behavior
of samples with low A-site deficiency (Figure 15). It seems likely
that the sample with y = 0.40 has a sufficiently high starting A-site
deficiency that even after Ga loss and its corresponding decrease
of this deficiency will be able to promote a good oxygen
transport.

3.3. Total Conductivity. To study the effect of doping on
total conductivity, samples having 60—65% relative density were
prepared, pre-reduced at 1000 °C for 20 h in 5%H,/Ar flow, and
heated to 880 °C in S%H,/Ar. All the samples showed high
conductivity and a metallic type behavior after a semiconductor
to metallic transition around 100 °C (Figure 17). Conductivity as
a function of doping just after heating the samples to 880 °C and
after a dwell time of 12 h is presented in Figure 16. The decrease
of the conductivity is most likely due to the fact that the samples
were pre-reduced in dry S$%H,/Ar where pO, is lower than in the
testing jig, due mainly to lower humidity (during prereduction
p02~1072°atm, during testing p02~107]8atm compared at the
same temperature of ~900 °C). Thus, the samples will attempt
to re-equilibrate to the new pO,/pH,O conditions.

As anticipated from oxygen deficiency experiments, doping
improves conductivity significantly. The resemblance between
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Figure 15. Change in oxygen deficiency O as a function of x and y in
La,Sri—3,/2Ga,Ti;—xO3—x/2—s- The oxygen deficiency was calculated
using the oxygen uptake on oxidation of pellets (60—65% dense)
previously pre-reduced in 5%H,/Ar at 1000 °C for 20 h.
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Figure 16. Conductivity (0) as a function of composition (x) in
Lag 4S1r0.4Ga, Ti;—,O3—,/2—s measured on 60—65% dense pellets, pre-
viously reduced at 1000 °C (20 h) in $%H,/Ar. (O) shows the
conductivity just after the samples reached measuring temperature
(880 °C) and (M) shows the conductivity after 12 h at measuring
temperature.

the plots that show the influence of doping on 0 (Figure 10) and
o (Figure 16) is quite striking. This suggests that ¢ is indeed
proportional with 0, as 0 is proportional to the concentration of
free electrons (eq 2) and 0 is proportional with the concentration
of electrons (eq 1). However, unlike the ¢ vs doping trend which
increases continuously, the o vs doping shows a maximum, after
which a slow decrease in conductivity is observed. This must be
because with doping the number of B-site ions that are able to
reduce (Ti*") decreases. Therefore the percolation between Ti
ions decreases with Ga doping, thus decreasing the maximum
conductivity achievable. As the electronic conduction in lantha-
num gallates has been reported to be very small in reducing
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Figure 17. Conductivity as a function of temperature for a Lag 4Sr 4.
Ga,Ti;—,O3_,/2—5 with ~70% relative density. The sample was pre-
viously reduced at 1000 °C (20 h) in S%H,/Ar.

conditions,”® Ga reduction will not contribute positively to
conductivity. Not only does the conductivity increase with
doping, but the conductivity values are quite high for ceramics.
For example to achieve a conductivity of about 45 S cm™ ' with
the undoped sample, a reduction temperature of about 1250 °C
was necessary, while with only 6% Ga B-site doping this
conductivity can be achieved at the much lower temperature of
1000 °C, using the same gas as reducing agent (5%H,/Ar).

To see how oxidation affects the conductivity of the samples, a
redox cycle was performed. The results are plotted in Figure 18 as
conductivity against composition. In the first stage, the samples
having quasi-equilibrium conductivities marked with (M) in
Figure 16, were oxidized for 2 h in static air. The conductivities
of the samples at the end of this stage are plotted in Figure 18
with (O) symbols. It is interesting to note that while the undoped
composition reached a conductivity of about 10" S cm ™, the
conductivity of the samples with x > 0.10 did not go below 2 S
cm ', This suggests that the Ga doped samples are more
resistant to oxidation probably because of the effect that Ga
has of stabilizing the formed oxygen vacancies. However, this
effect might also be related to the way Ga loss takes place.
According to the second proposed mechanism, a Ga-depleted
layer will cover the grains. This layer might act as a barrier for
oxygen exchange, thus trapping the reduced states in the core of
the grains which in turn will sustain some electronic conduction
even in oxidizing conditions.

The different behavior on oxidation between the undoped and
slightly doped samples on one hand and the samples with higher
Ga content on the other hand can be seen better in Figure 19
where Log(0) as a function of time is plotted. The 2% Ga doped
sample tends to oxidize fast, much like the undoped sample. The
behavior of the sample with 5% Ga resembles more to the 10%
doped one which appears to form a stable plateau of conductivity
that will not go below 1 S cm™ ' readily. For the second stage of
the redox cycle the samples were reduced using a continuous flow
of 5%H,/Ar. The conductivity values reached after 1 h and 24 h
of reduction are plotted against composition in Figure 18, and
conductivity against time for some selected samples is plotted in
Figure 20. The final conductivity of the samples is in good
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Figure 18. Conductivity (0) as a function of composition (x) for
Lag4Sr94Ga, Ti;—,O3—,/,—s samples with 60—65% relative density, at
different stages of a redox cycle at 880 °C. The initial conductivity is
given in Figure 16 (M). The conductivity after 2 h of oxidation is marked
with (O). The samples were then reduced, and the conductivity after 1 h
(@) and 24 h (@) is plotted.
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Figure 19. Log(0) as a function of time for selected Ga-doped
compositions, on oxidation (part of the experiment presented in
Figure 18).

agreement with the values anticipated from oxygen deficiency
(Figure 12). Because the oxygen deficiency of the series is
roughly 3 times lower when reduced at 900 compared to when
reduced at 1000, the conductivity is expected to differ by this
factor as well (according to eq 1). Indeed, if we divide the
conductivity values presented in Figure 16 () by 3 we get
conductivity values close to the ones presented in Figure 18 (@®).

It is apparent from Figure 18 that the samples achieve most of
their final conductivity just after 1 h of reduction. This might be
due to a combined effect of doping and microstructure. Because
the microstructure is very porous (35—40% porosity) the
contact surface between the reducing gas and the solid phase is
very high; therefore, a larger fraction of the material will reduce
faster. However, because of the large number of the grain
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Figure 20. Conductivity as a function of time on reduction of selected
Ga-doped samples (part of the experiment presented in Figure 18).
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Figure 21. Conductivity as a function of time on reduction of
Lag 4S10.4Gag 05 Ti0.9502.975.6 pellets in various scenarios, compared to
the undoped composition, Lag 4Sro4TiO3.s. (2) the oxidized form of the
undoped composition with ~60% relative density; (b) the oxidized form
of Lag4Sro4GagosTio.0sOs.975.0 with ~60% relative density; (c) the
oxidized form of Lag4Sro4GagosTioosO2975.0 with ~70% relative
density; (d) a briefly oxidized (1 h) Lag 4Sro4Gag.0sTio.0502.975—s with
~70% relative density.

boundaries that exists in a ceramic with high porosity, the final
conductivity achieved will not be rather low. This behavior is
better illustrated in Figure 21 where the evolution of conductivity
with time has been recorded during the reduction of Lag 4Srq 4
Gag 95Ti.950,.975 samples.

The conductivity of the samples with about ~60% relative
density (Lag4Sro4Tio0sO3 and Lag 4Srg 4Gag osTip.0502.975) fol-
low the same trend showing a fast and significant increase within
1—2 h of reduction. On the contrary, the sample with ~70%
relative density (Lag4Sro4GagsTio0s02.975) shows a very slow
increase in conductivity with time, but will eventually reach a
conductivity that is almost double the conductivity of the sample
having 60% density.

4. CONCLUSIONS

The study was undertaken to design perovskites exhibiting
high n-type conductivity. Our doping strategy was aimed at
increasing the bulk mobility and stability of the oxygen vacancies
to allow a higher rate and extent of the reduction in these
materials, which in turn will increase the concentration of charge
carriers. The validity of this approach was evaluated by measuring
the conductivity and oxygen deficiency on reduction as a func-
tion of Ga doping in Lag 4819 4Ga,Ti;—O3—y/2—s (0 < x < 0.15).

Both oxygen deficiency and conductivity greatly improve with
Ga doping. For example, after a typical reduction process carried
out at 1000 °C in 5%H,/Ar, we found 0 to increase from 0.035 to
0.060 when Ga stoichiometry was varied from x = 0 to x = 0.15.
The corresponding conductivity values also increase with doping
and show a maximum conductivity of 50 S cm™ ', measured at
880 °C in 5%H,/Ar on a ~62% dense pellet. To the best of our
knowledge the conductivity values that we measured in this system
are the highest ever reported for strontium titanate based materials
equilibrated at fuel conditions, especially considering the high
porosity we deliberately induced in our samples. For example, when
subject to the same reducing conditions as used in this study
(1000 °C, 5%H,/Ar), (Sr,Y)TiO; materials show a conductivity
of only ~10 S/cm” " measured at 810 °C,> while (La,Ca)Cry,.
Tip O3 dense samples show a conductivity below 10 S cm L3¢

The high concentration of oxygen vacancies achieved at low
pO,, together with the vacancies generated by doping (0.03S <
x/2 + 0 < 0.135) suggests that these compounds might exhibit
some ionic conduction and therefore might be mixed ionic and
electronic conductors. Ga doping also promotes a fast reduction
of the samples and significantly increases the stability of the
reduced phase in oxidizing conditions, at high temperatures, as
suggested by conductivity data.

Although the materials were found to preserve their cubic
structure and microstructure throughout testing at various
temperatures and oxygen partial pressures, some Ga loss was
observed during reduction. However, after a first redox is
performed, no further change in Ga stoichiometry is observed,
and the properties of the materials slightly improve. Two possible
explanations were suggested and discussed to account for the way
Ga is lost from the perovskite lattice in reducing conditions.
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