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a b s t r a c t

Lanthanum strontium titanates based oxides, materials with perovskite-type crystal

structure, are good candidates for symmetrical fuel cell electrodes. They can become good

mixed conductors (electronic and ionic) and reach adequate electrocatalytic activity for

both oxygen reduction and fuel oxidation reactions if the right doping or structural

modification of the (La,Sr)TiO3 compound is performed. However, the crystallographic

information reported in the literature indicates a noticeable lack of reproducibility, since it

is strongly dependent on synthesis conditions. In this work, La0.4Sr0.6Ti1�yCoyO3þd

(0.0 � y � 0.5) synthesis by a low-temperature chemical route and its structural charac-

terization by X-ray powder diffraction and transmission electron microscopy are reported.

From Rietveld refinements results, charge compensation mechanisms are studied and

their correlation with synthesis parameters is discussed. We show that the creation of Sr

vacancies at the A-site of the perovskite-type structure is the main compensation mech-

anism and their concentration decreases with the incorporation of Co in the crystal

structure.

Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction materials is oriented to achieve high electronic and ionic
Fuel cells are electrochemical devices that convert chemical

energy directly into electrical energy with high efficiency and

low emission of pollutants. Hydrogen is normally used as the

fuel and oxygen as the oxidant. However, solid-oxide fuel cells

(SOFCs) are distinctive since they can operate with hydrocar-

bons as fuel, for instance methane, instead of hydrogen.

Nevertheless, the requirement of high operating temperature

(typically higher than 1073 K) implies great challenge for

materials compatibility and stability leading to high

manufacturing costs. The search for new cathode and anode
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conductivities (i.e. ‘mixed ionic-electronic conductors’,

MIECs), high electrocatalytic activity for oxygen reduction or

fuel oxidation reactions, chemical stability with electrolyte

and interconnection materials, thermal expansion coeffi-

cients compatible with that of the electrolyte, etc. In the case

of the anode, an additional requirement is high performance

with other fuels besides hydrogen (such as methane, natural

gas, biogas, etc.) [1,2].

A newmaterials search branch has emerged recently from

the Symmetrical Solid Oxide Fuel Cells (SSOFC) concept pub-

lished by Ruiz-Morales et al. [3,4] where the same material is
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used as anode and cathode simultaneously. This new

approach could solve two of the main SOFCs problems, sulfur

poisoning and carbon deposits when the cell is using hydro-

carbon as fuel, by simply inverting the gas flux. Besides, this

design should be less complicated than the conventional

SOFCs due to the smaller number of components.

LaxSr1�xTiO3 (LST) has been widely reported as a possible

SOFC anode material [2,5,6] and oxides based on this

compound are also between the few reported as a possible

electrode material for SSOFCs [7]. More generally, structural

characterizationof this compoundhas been reported in several

articles with the common agreement that LST oxides have

a cubic perovskite structure belonging to Pm3m space group for

x � 0.4. However, lattice parameter evolution with La content

(x) has been a major source of disagreement between all these

works. It has been reported a decrease [8], as well as a slight [9]

and even a strong [10] increment in the lattice parameter with

x. This lack of reproducibility on its structural characterization

was not explained until the correlation between structural

parameters, charge compensation mechanisms and synthesis

parameters was reported by Hashimoto et al. [11].

Proposed charge compensation mechanisms for LST are:

perovskite A-site vacancy creation (at low temperature

synthesis), perovskite B-site transition metal oxidation state

changes (at high temperature synthesis and reductive atmo-

spheres) or oxygen non-stoichiometry. A-site vacancies and

oxygen rich phases are related through a structural reordering

leading to a Ruddlesden-Popper phase [12] but evidences of

this change (SrO characteristic planes) are difficult to acquire

through conventional X-ray powder diffraction techniques

[8,11]. Equation (1a) presents the A-site compensation mech-

anismwhile the 1b is the charge compensation one. However,

the combination of 1a and 1b in Equation (2) reflects the

relationship of A-site vacancies and transition metal oxida-

tion state indicating that vacancies decrease when the

amount of B0
B increases.

La2O3 þ 2 SrxSr42 SrOþ 2 La�
Sr þ V00

Sr þOx
O (1a)

2 TixTi þOx
O42 Ti0Ti þ V��

O þ 1
2
O2ðgÞ (1b)

2La�
SrþV00

Srþ2TixTiþ2SrO42Ti0TiþV��
O þLa2O3þ2SrxSrþ

1
2
O2ðgÞ (2)

On the other hand, through several experimental tech-

niques a new explanation for La-doped Strontium Titanates

structure has been reported by Canales-Vázquez et al. [13].

They discarded the A-site vacancies formation or Ti reduction

mechanisms in favor of oxygen rich layered defects, based on

the discovery of the new family of layered La-doped Strontium

Titanates La4Srn�4TinO3nþ2. These ordered compounds were

obtained via solid state reaction using high temperatures

(up to 1873 K) and long time (up to 120 h) thermal treatments.

At SOFC cathode side, LaxSr1�xCoO3�d is a well studied

perovskite with excellent electrochemical properties that have

turned it into one of the most successful SOFC cathodes until

now [1]. Because SSOFC implicit design, its electrodes have to

fulfill both SOFC anode and cathode requirements in the same

material and, in this way, the substitution of Ti for Co in

(La,Sr)TiO3 is proposed in the present work. Oxygen ion
migration in SrBO3 compounds has been calculated by Li et al.

[14] using density-functional theory in the search of the best

element for SrTiO3 B-site doping. According to this work, the

lowest oxygen ionmigration energy corresponded to Sc, while

Co resulted the second best for a 3d transition metal doping

choice.

Previous reports on (La,Sr)(Ti,Co)O3 have been mostly

related with their magnetic properties on epitaxially grown

thin films [15,16] although some works have recently

appeared in the fuel cells area: a small cobalt substitution in

LST in order to obtain a good SOFC anode material was

proposed by Yoo et al. [17] and Li et al. [18], while a Ti-doped

SrCoO3 cathode was presented by Shen et al. [19].

A complete structural characterization of SOFC electrodes

is required for a comprehensive understanding of their elec-

trochemical properties. For example, electrode properties are

influenced by all charge compensation mechanism cited

before: perovskite A-site vacancies affects the chemical

compatibility with electrolyte and, together with oxygen

vacancies, also the ionic conductivity; structural distortions

(e.g. oxygen octahedral tilting) along with transition metal

valence state are key factors for electronic conductivity [20]. In

this work the synthesis of a new possible electrode material

for SSOFCs based on La0.4Sr0.6Ti1�yCoyO3þd (LSTC) with

0.0 � y � 0.5 oxides by a citrate chemical route and their

structural characterization through synchrotron X-ray

powder diffraction (XPD) is reported. Correlation between

structural parameters, charge compensation mechanism and

synthesis parameters is discussed.
2. Experimental

2.1. Synthesis

La0.4Sr0.6Ti1�yCoyO3þd (0.0 � y � 0.5) (LSTC) powders were

synthesized throughacitrate chemical routebasedonMaoetal.

[21] for BaTiO3 synthesis. Precursor solution (0.1 M)

was obtained by mixing stoichiometric amounts of tetrabutyl

orthotitanate (�97%, Fluka), SrCO3 (99%, Alfa Aesar),

Co(NO3)2$6H2O (98%, AlfaAesar), and La2O3 (99.99%,AlfaAesar).

First, 16% weight tetrabutyl orthotitanate was dissolved into

ethylene glycol (99.9%, J. T. Baker) and stirred for 5 min until

a clear solution was obtained. Then, 40% weight citric acid

anhydrous (99.5%, Biopack) was added, at room temperature

under continuous stirring, followed by deionizated water (15%

weight) to help dissolving citric acid and to promote tetrabutyl

orthotitanate hydrolysis reaction. Once the solution became

clear again, La2O3, cobalt nitrate and SrCO3 were incorporated

directly, with a small amount of nitric acid (68%, Merk).

Precursor solution was then dried at 423 K in order to

remove solvent excess and to promote polymerization until

a solid resin was formed. Then, temperature was increased up

to 573 K for charring this resin until an amorphous fine

powder was obtained. From this powder, two separated series

with different calcination temperature were then prepared:

a high temperature series at 1373 K in order to obtain narrow

peaks at XPD, and a low temperature series at 1123 K in order

to study a nanostructured powder more functional for its

application. For y ¼ 0.0 another sample (LSTcv) was prepared

http://dx.doi.org/10.1016/j.ijhydene.2012.09.052
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in which A-site vacancies were taken into account in order to

obtain the LaxSr1�3/2xTiO3 composition. Table 1 summarizes

the samples studied in this work and their nomenclature.
Fig. 1 e La0.4Sr0.6Ti1LyCoyO3Dd corresponding to 1373 K

series difractograms acquired with synchrotron radiation

(l [ 1.240232Å). All reflections belong to perovskite phase.

An increase is observed on background level for lower

cobalt content samples (see details in inset).
2.2. Characterization

LSTC structural characterization was performed by synchro-

tron XPD technique at the D10B-XPD beamline of the Brazilian

Synchrotron Light Laboratory (LNLS, Campinas, Brazil) with

a high-resolution configuration through a Ge(111) analyzer

crystal and l¼ 1.240232�A (1373 K samples) [22], and also by in-

house XPD using a Philips PW1730/10 conventional diffrac-

tometer with Cu-Ka radiation (1123 K samples). Space group

identification and Rietveld analysis [23] were carried out with

Fullprof Suite software [24].

TEM and HR-TEM images were obtained using a Philips CM

200 UT microscope equipped with a LaB6 filament operated at

200 keV and ultra-twin objective lens. The nominal resolution

was 0.2 nm for high resolution mode. Particles were diluted

in isopropanol, ultrasonicated for 5 min and deposited in

Cu/hollow Carbon TEM grids. Bright field (BF), dark field (DF)

and High Resolution (HR) imageswere digitally achieved using

a CCD camera; contrast and illumination were adjusted line-

arly afterwards using commercially available image treatment

programs.
3. Results and discussion

3.1. X-ray diffraction and structural parameters

La0.4Sr0.6Ti1�yCoyO3þd was successfully synthesized by

amodification of a reported synthesis for BaTiO3 [21]. Our XPD

analyses confirmed that the desired perovskite-type phase

was obtained at 1123 K, 300 K lower than the synthesis

temperature previously reported for a similar compound

(synthesized through Pechini method) by Dwivedi et al. [25].

Fig. 1 shows diffractograms collected at LNLS from

La0.4Sr0.6Ti1�yCoyO3þd samples with 0.0 � y � 0.5 synthesized
Table 1 e La0.4Sr0.6Ti1LyCoyO3Dd Rietveld refinements results a
prepared taking into account perovskite A-site vacancies.

Sample name Nominal composition Tsynthesis (K)

a

LST-1373 La0.4Sr0.6TiO3 1373 3

LSTC01-1373 La0.4Sr0.6Ti0.9Co0.1O3 1373 5.5

LSTC03-1373 La0.4Sr0.6Ti0.7Co0.3O3 1373 5.52

LSTC05-1373 La0.4Sr0.6Ti0.5Co0.5O3 1373 5.46

LSTcv-1373 La0.4Sr0.4TiO3 1373 3.89

LST-1123 La0.4Sr0.6TiO3 1123 3.8

LSTC01-1123 La0.4Sr0.6Ti0.9Co0.1O3 1123 5.5

LSTC02-1123 La0.4Sr0.6Ti0.8Co0.2O3 1123 5.5

LSTC03-1123 La0.4Sr0.6Ti0.7Co0.3O3 1123 5.5

LSTC04-1123 La0.4Sr0.6Ti0.6Co0.4O3 1123 5

LSTC05-1123 La0.4Sr0.6Ti0.5Co0.5O3 1123 5

Note: Large Rwp and Rp valuesmay be originated by (*) the increase on the

a large asymmetry (too large axial divergence), but refined result values
at 1373 K, while equivalent results were obtained from 1123 K

series, measured at our in-house diffractometer. The forma-

tion of the perovskite-type phase was confirmed for all

compositions. LST samples were successfully identified with

Pm3m cubic space group in agreement with previous works

[9,26]. On the contrary, a low intensity peak at 2q ¼ 30.5� (see

Fig. 2a) and a splitting on several peaks were observed on

Co-doped samples, indicating the loss of cubic symmetry and

leading to R3c rhombohedral space group previously analyzed

with DICVOL06 [27] and CHECKGROUP programs.

Nevertheless, Rietveld refinements using Pm3m space

group have been performed resulting in worse Goodness of Fit

(GOF) parameters. This result is opposed to the entry reported

for LSTC oxides at the International Centre for Data Diffrac-

tion (ICDD) database where a Pm3m space group is reported
nd goodness of fit parameters. LSTcv-1373 sample was

Lattice parameter Rp Rwp Re c2

(�A) c (�A)

.908 (2) 17.2 (*) 18.6 (*) 11.1 2.844

345 (8) 13.55616 (4) 9.98 12.5 10.2 1.480

119 (5) 13.4788 (2) 12.9 16.7 13.5 1.530

963 (4) 13.3766 (2) 18.8 (**) 24.9 (**) 15.5 2.590

089 (2) 13.4 16.3 13.6 1.430

991 (2) 9.93 12.4 9.19 1.822

310 (9) 13.544 (4) 7.93 9.52 6.02 2.495

276 (2) 13.5561 (7) 8.70 11.0 7.28 2.288

249 (6) 13.529 (3) 7.08 8.63 5.68 2.307

.495 (1) 13.459 (5) 7.05 8.75 5.65 2.397

.476 (1) 13.41362 (6) 7.45 9.36 6.23 2.256

background level and (**) a fault in the synchrotron line that produced

should not be affected by this problem.
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a

b

Fig. 2 e La0.4Sr0.6Ti1LyCoyO3Dd diffractograms details

corresponding to both samples series (sintered at 1123 and

1373 K) acquired using synchrotron radiation

(l [ 1.240232Å) with high resolution configuration and in-

house diffractometer with CuKa radiation (l [ 1.5418Å). a)

Rohmbohedral phase (113) reflection indicating Co-doped

samples cubic structure symmetry loss. b) Rhombohedral

phase (024) reflection position dependence with cobalt

content.

Fig. 3 e Rietveld refinement results on

La0.4Sr0.6Ti1LyCoyO3Dd with y [ 0.1 (1373 K sample XRD

data, l [ 1.240232Å). Rhombohedral distortion is detailed

in inset (intensity in log scale).

Fig. 4 e Lattice parameter as a function of cobalt content (y)

in La0.4Sr0.6Ti1LyCoyO3Dd calculated from Rietveld

refinements ( y [ 1.0 value obtained from ICDD database

PDF [28]). Error bars are the size of the symbols.
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but, in that work, only reflections with more than 10% of

relative intensity were taken into account [25].

Fig. 2b shows (024) rhombohedral phase reflection position

dependence with Co content while in Fig. 3 the Rietveld

refinement result from a particular sample (LSTC03-1373) is

displayed. A clear shift to higher angles is mainly observed for

y � 0.3 samples, related with a decrease in the lattice

parameter as will be discussed below.

LST samples exhibited an increase on the background

level, mainly observed in the range 20� � 2q � 26� (Fig. 1 inset),

which is independent of synthesis temperature. Explicitly,

several heat treatments, 1223/1223/1323 K for 6 h each, were

applied to the same sample and no change was observed on
background level (data not shown). A similar effect in the

background was observed even using another synthesis route

(based on acetic acid). This feature is responsible for the low

goodness of fit obtained in Rietveld refinements for LST

samples and may be attributed to the disorder caused by Sr

segregation, as explained in the Introduction section. The

existence of these disordered regions will be discussed in the

next section (TEM observations). It is worth mentioning that

this background level rapidly decreaseswith Co content and is

absent on sample prepared taking into account compensated

vacancies (LSTcv-1373).

Evolution of the LSTC lattice parameter of the cubic

structure ( y ¼ 0.0) and pseudocubic equivalent ( y � 0.1) with

Co content is displayed in Fig. 4. Samples with Co

http://dx.doi.org/10.1016/j.ijhydene.2012.09.052
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Fig. 5 e Strontium occupation dependency with cobalt

content in La0.4Sr0.6Ti1LyCoyO3Dd compounds synthesized

at 1123 and 1373 K, calculated from Rietveld refinements.

a

b

Fig. 6 e Dependence of (a) structural distortion and (b) TM-

O distance with Co content for LSTC samples with

0.1 £ y £ 0.5. The rhombohedral distortion was followed

through TM e O e TM angle parameter obtained from

Rietveld refinements. (TM: Transition metal).
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concentration between 0.0 and 0.3 show a relatively stable

value, then it linearly decreases towards La0.4Sr0.6CoO3 value

[28] for y > 0.3. This variation corresponds to the position shift

of the (024) reflection followed in Fig. 2. No significant changes

are observed between samples synthesized at different

temperatures, but a notable difference is obtained between

LST-1373 and LSTcv-1373 samples.

Changes in the Ti oxidation state (from þ4 to þ3) are

possible if high temperature and a reducing atmosphere are

used during the synthesis [10]. Since none of these conditions

were employed in the presentwork, LST samples are expected

to be on the left side of Equation (2) and a structure with

cationic vacancies with general formula LaxSr1�3/2xTiO3 is

reached. Perovskite A-site vacancies concentrations were

calculated through Rietveld refinement by means of stron-

tium occupancy parameter. Sr concentration values near

theoretical 0.4 were obtained for LSTwith Lanthanum content

of x ¼ 0.4 supporting the model of perovskite A-site vacancy

creation as the system dominant charge compensation

mechanism. This result is in agreement with Hashimoto et al.

for low temperature synthesis andwith their theoretical value

for LST structures with cationic vacancies, as previously

stated. We are not considering the formation of some of the

layered perovskite family La4Srn�4TinO3nþ2 members reported

by Canales-Vázquez because of n value inconsistency: for

a sample with La:Sr ¼ 1:1 ratio corresponds n ¼ 8 while n ¼ 10

is the right value for La:Ti¼ 4:10. Furthermore, no evidences of

extra peaks corresponding to the reported n ¼ 8 and n ¼ 10

were observed in our high resolution XRD and no layered

defects were observed in our HRTEM images (see next

section). This difference could be explained due to different

synthesis routes, i.e. our samples were prepared at lower

temperature (1123e1373 K), while samples studied by

Canales-Vázquez et al. were prepared at temperatures over

1673 K favoring the ordered phases.

Substitution of Ti with Co was performed aiming to eval-

uate its effect over electric and electrocatalytic properties as

SSOFC electrode, which will be reported elsewhere. This

substitution add one term in charge compensation Equation

(2) corresponding to Co oxidation state change. When Co

proportion is increased, the charge compensationmechanism

is expected to change from ‘A-site vacancies creation’ to ‘B-

site transition metal oxidation state change’ because Co is

more susceptible than Ti to modify its oxidation state. Fig. 5

shows Sr concentration evolution with Co content. A

remarkable Sr increment between 0.0 � y � 0.3 is observed,

tending to the stoichiometric theoretical value of 0.6. The

main difference between both samples series (1123 and

1373 K) is that the stoichiometric value is actually reached

only by the high temperature series. This is due to the higher

energy available during the synthesis process, which allows

shifting to other compensation mechanisms even with lower

Co proportions.

The range with steady lattice parameter is coincident with

the range where A-site vacancies creation charge compensa-

tionmechanism is active and still dominant (Fig. 5), indicating

a correlation between them.

Fig. 6a shows the structure distortion level on Co-doped

samples through oxygen octahedra tilt angle (TM e O e TM

angle), where a clear shift from the ideal 180� is noted. A slight

http://dx.doi.org/10.1016/j.ijhydene.2012.09.052
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variation on 1123 K samples is observed, starting from 171.8�

( y ¼ 0.1) and ending at 173.2� ( y ¼ 0.5), having a distortion

maximum at y¼ 0.3 with 170.3�. On the other hand, a stronger

variation is observed on 1373 K samples, also having the

maximum distortion level on the corresponding y ¼ 0.3

sample with 164.5�.
It is expected that lower symmetry may result in poorer

transport properties. However, atomic distances and possible

oxygen diffusion paths may be taken into account to see

influence of the distortion in electronic or ionic properties.We

found that TM-O distance slightly increases for 0.1 � y � 0.3,

but clearly decreases for y > 0.3, which should improve the

electronic conductivity with Co doping (see Fig. 6b). On the
Fig. 7 e Bright field, high resolution TEM images and grain size

Prepared as La0.4Sr0.6TiO3 (LST-1373 sample, left) where regions

(LSTcv-1373 sample, right).
other hand, the ratio of the space that may be limiting the

oxygen diffusion tends to decrease for y > 0.3. This may result

in a compromise for the best doping level to improve the

electrochemical properties.

3.2. TEM observations

To investigate the origin of the background signal observed in

XPD patterns, transmission electronmicroscope (TEM) images

were acquired from LST-1373 and LSTcv-1373 samples. Bright

field images of both powders are shown at Fig. 7a and d,

respectively. Grain sizeswere calculated as the particle largest

dimension and the corresponding histograms are shown in
distribution from y [ 0.0 samples synthesized at 1373 K.

with atomic ordering loss is remarked and as La0.4Sr0.4TiO3

http://dx.doi.org/10.1016/j.ijhydene.2012.09.052
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Fig. 7c and f (50 < N < 100 particles). Although both groups

were synthesized at the same temperature, particles synthe-

sized without taking into account in the stoichiometric

calculation the A-vacancy site compensation mechanism

model (LST-1373) present smaller crystallite sizes than those

where the stoichiometry was calculated according to it

(LSTcv-1373). The latter group show in addition a wider

histogram of sizes and it was possible to identify even some

very large (w200 nm) well crystallized grains.

Besides, TEM images in high resolution mode (HR-TEM)

demonstrate that this group presents perfectly ordered crys-

tals, with well defined atomic planes continuing until the

grain border (Fig. 7d), while the notably smaller LST-1373

particles show a combination of well and poor crystallized

zones (Fig. 7a and b). As an example, the disruption of some

atomic planes inside an individual grain was marked in

Fig. 7b: regions within the circles show no particular atomic

ordering. This local crystallinity loss is observed, although not

in all the particles, in many of them, homogeneously

distributed in the whole sample. No additional features,

which would correspond to independent amorphous phases,

were recognized in our observations. Thus, the mentioned

ordering loss seems to be the only cause of the amorphous

background signal observed in the XPD analysis of this

sample and may be attributed to the disorder caused by Sr

segregation.
4. Conclusions

Perovskite-type La0.4Sr0.6Ti1�yCoyO3þd oxides with 0.0� y� 0.5

(LSTC), interesting candidates for symmetrical fuel cell elec-

trodes, were synthesized by a low-temperature chemical

route decreasing the phase formation temperature in, at least,

300 K compared to previous works reported in the literature.

The as-synthesized LSTC powders were characterized by

X-ray powder diffraction and Rietveld method refinement,

showing cubic Pm3m space group for y ¼ 0.0 and rhombohe-

dral R3c one for 0.1 � y � 0.5.

Perovskite A-site vacancies creation was verified as the

dominant charge compensation mechanism in LST samples,

in agreement with a previous study on a low temperature

synthesis route [8,11].

A decrease in the A-site vacancies concentration was

observed with the incorporation of Co in the structure, which

can be correlated to lattice parameter evolution with Co

content. Therefore, the presence of Co, which can be more

easily reduced than Ti, precludes the formation of A-site

vacancies, even at low synthesis temperature. Correspond-

ingly, the cubic (or pseudocubic) lattice parameter remains

stable while this mechanism is still active ( y � 0.3) and line-

arly decreases following a Vegard’s law behavior for higher Co

proportions.

No significant differences on lattice parameters were

found comparing samples synthesized at 1123 and 1373 K.

Although same dependence in perovskite A-site vacancies

concentration and structural distortion level were observed

between both sample series, the charge compensation

mechanism shift was favored and the structural distortion

level was increased in higher synthesis temperature series.
The increase of the background level observed for dif-

fractograms corresponding to samples with y � 0.3 could be

related to the differences on grain internal ordering clearly

observed on HRTEM images. Grain internal disorder and the

greatest background increasewere observed on y¼ 0.0 sample

prepared without compensated vacancies (LSTcv-1373), while

these features were absent on LST sample prepared with

compensated vacancies.
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