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bstract

Various compositions of perovskite-type titanates were synthesised by a chimie douce synthesis method with emphasis on low synthesis tempera-
ures. The cations were complexed by citric acid as chelating agent forming a homogeneous organic/inorganic network. The thermal decomposition
f this xerogel precursor was investigated by thermogravimetric analysis (TGA). Simultaneous thermal analysis with mass spectrometry (MS)
n combination with infrared spectroscopy (IR) allowed studying the precursor decomposition mechanism. The perovskite phase formation was
nvestigated by X-ray diffraction (XRD) and transmission electron microscopy (TEM). The citrate precursor was decomposed by two different

reparation methods to evaluate the influence on the morphology and size of perovskite-type particles. The perovskite-type titanates obtained
y thermal decomposition of precursors revealed well-defined mesoporous morphology. Ultrafine perovskite-type particles were also synthesized
nside micro-droplets in an aerosol process using ultrasonic spray combustion (USC). This alternative preparation enhanced the specific surface
rea particles by a factor 3 reaching 50–60 m2/g.
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. Introduction

Perovskite-type phases are well-known to offer attractive
hysical and chemical properties [1] such as colossal magneto-
esistance (CMR) [2], thermoelectricity [3,4] or catalytic activity
5].

Thermoelectric materials based on the perovskite-type struc-
ure reveal an increasing scientific interest in the last years [6].
erovskite-type materials exhibit attractive thermoelectric prop-
rties because of their interesting electronic structure. These
xides are appropriate thermoelectric materials for a large range
f temperature due to their chemical and thermal stability. The
hermoelectric activity is described by the so-called Figure of

erit, ZT (where Z = S2σ/κ, S is the Seebeck coefficient, σ and

are the electrical and thermal conductivities, respectively) [7].
arge Seebeck coefficients and high electrical conductivities
re observed for several perovskite-type manganate, titanate or
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obaltate phases [8–10]. A compromise between high power
actor (S2σ) and low thermal conduction is required to optimise
T. The thermal transport in a solid is dominated by the motions
f electrons and phonons [11]. The total thermal conductivity
s defined by the sum of the electronic (κe) and the lattice (κL)
ontributions. The electronic contribution is directly related to
he electrical conductivity by the Wiedemann–Franz law [12].
he lattice heat conduction can be reduced by phonon scattering
y different scattering mechanisms. A challenge is the lowering
f the lattice thermal conductivity by reducing the grain size of
he particles. Small grain size enhances the phonon scattering
ue to the grain boundary scattering [11]. Moreover, composi-
ion and morphology influence the electronic structure of the
erovskite-type phases. The flexible crystallographic structure
f the perovskite allows to tune the properties of the material.
uitable cationic substitutions of the same oxide matrix lead to
ole- or electron-type doping. Thus, an all oxide thermoelec-

ric generator can be realised combining p- and n-type oxide
emiconductors [13].

Transition metal oxides as ABO3 (A = Ln, Ca, Sr, Ba and
= Co, Mn, Ni) are also promising materials for catalytic

mailto:anke.weidenkaff@empa.ch
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(≥99.99%), CaO (≥97%) and TiO2 (≥99.99%). The mixture
was calcined at 1673 K for 48h including intermediate grindings.

For the chimie douce synthesis route, Ti metal powder (Alfa
ig. 1. Infrared spectra of (La,Ca)-Ti citrate precursors heat treated at different
emperatures.

rocesses (e.g. waste gas purification) [14]. The catalytic activ-
ty depends on the structure and composition of the selected

aterials where the valence states and the vacancies are playing
n important role. The morphology of the oxide particles
nfluences also the catalytic reactivity which can be enhanced
ith a larger exposed surface area. Thus, nanosized porous
orphologies can be appropriate for catalytic applications [15].
he morphology as well as the particle size can be controlled by

he synthesis process leading to the perovskite particles [16,17].
The present work shows the impact of different preparation

ethods for perovskite-type titanate phases based on the chimie
ouce synthesis route. A molecular network between citric acid
s chelating ligand and metals forms the citrate precursor solu-
ion [18,19]. A controlled bulk thermal decomposition of the
recursor leads to smaller particle size and therefore improved
eactivity. Pure perovskite phases with different compositions
re achieved at low synthesis temperature. Optimum synthesis
onditions have to be defined to obtain phase purity as well as the

esired morphology and composition. Systematic investigations
n the precursor have been performed to understand the decom-
osition mechanism and the microstructural properties. Ultrafine
erovskite particles were produced as well from citrate-complex

ig. 2. (a) TGA/DTA curves and (b) DTG curve (in synthetic air, 2 K/min) of
La,Ca)-Ti citrate precursor (predried at T = 423 K).

A

F
(
a

ig. 3. TGA and MS signals (in synthetic air, 2 K/min) of (La,Ca)-Ti citrate
recursor (predried at T = 423 K). (a) MS plots—m/z 44: CO2 and m/z 18: H2O
nd (b) MS plots—m/z 28: CO, m/z 46: NO2 (enlarged).

ecomposition using the ultrasonic spray combustion (USC)
rocess.

. Experimental

The perovskite-type titanate phases La1−xCaxTiO3−δ

x = 0.3; 0.5; 0.7) were prepared by solid-state reactions and
y chimie douce synthesis routes. Either stepwise calcinations
bulk method) or a continuous combustion process (ultrasonic
pray combustion) were used to decompose the corresponding
itrate precursor prepared by chimie douce synthesis route. (All
hemicals were purchased from Merck unless otherwise noted.)

With solid-state reaction method, polycrystalline powders
ere obtained by mixing stoichiometric amounts of La2O3
esar, ≥99.99%) was dissolved as described by Camargo et

ig. 4. X-ray diffractograms of La0.5Ca0.5TiO3−δ prepared with different
CA/M) molar ratio and calcined at different temperatures and times. Reflections
re indexed based on orthorhombic structure (space group: Pnma).
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Fig. 5. X-ray diffractograms of La1−xCaxTiO3−δ (for x = 0.3; 0.5; and 0.7), pre-
pared with a (CA/M) molar ratio of (10/1) and calcined in air at T = 873 K for
12 h. Reflections are indexed with the orthorhombic structure. (*) Lattice param-
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ters determined for La0.3Ca0.7TiO3−δ compound (a = 0.546 nm; b = 0.7709 nm;
= 0.544 nm), based on the orthorhombic crystal structure (space group: Pnma).

l. [20] in an aqueous solution of H2O2 (30 wt% in water)
nd ammonia solution (25 wt% in water). After 5 h, a yellow
ransparent solution of peroxytitanate complexes was obtained.
he pH of the solution was adjusted to 4–5 using citric acid

C6H8O7, ≥99%). The required amounts of the other salts
La(NO3)3·6H2O (≥97%) and Ca(NO3)2·4H2O (≥98%)) were
dded to this solution. Finally additional citric acid was used as
helating agent to complex the different cations. The citric acid
as used in excess with different citric acid/metal cations molar

atio (CA/M = 3/1 or 10/1) in order to prevent precipitation. The
itrate precursor was homogenised and polymerised at 353 K
or 3 h under continuous stirring. No precipitation was observed

hich indicates the formation of water soluble polymeric com-
lex compounds.

For the bulk method, the precursor solutions were dried using
rotoevaporator (T = 343 K; p = 15 mbar) to promote the forma-

r
(
p
w

Fig. 6. (a and b) TEM micrograph pictures of
ig. 7. TEM micrograph picture of La0.5Ca0.5TiO3−δ calcined at T = 873 K. The
ing pattern is indexed according to the numbers of Table 2.

ion of a viscous gel. The initial thermal decomposition of the
recursors was carried out at 573 K for 4 h. The resulting amor-
hous xerogels were milled and calcined in ambient atmosphere.
few mg of the expanded xerogels were collected at 423 K to

etermine the thermal decomposition process.
Microdroplets of the same citrate precursor were heat treated

n an aerosol process using USC. The precursor solution (0.5 M)
as nebulized with a piezoelectric transducer at a frequency
f 1.7 MHz in a flow of air (5 L/min). The droplets of cit-

ate precursor were transported into a high temperature reactor
Tfurnace = 1023 K) to obtain perovskite particles. The fine oxide
articles were collected in a glass fibre filter heated at 423 K
ith an average production rate of 200 mg/h.

La0.7Ca0.3TiO3−δ calcined at T = 873 K.
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Table 1
Specific surface area and composition of La1−xCaxTiO3−δ synthesised by different synthesis routes

Materials Synthesis preparation
methods

Specific surface area
(m2/g)

Experimental
composition (%)a

La content Ca content

La0.7Ca0.3TiO3−δ Chimie douce synthesis route
decomposed by bulk method
(calcined at 873 K)

21 0.72 ± 0.01 0.28 ± 0.01
La0.5Ca0.5TiO3−δ 31 0.55 ± 0.01 0.45 ± 0.01
La0.3Ca0.7TiO3−δ 49 0.25 ± 0.02 0.75 ± 0.02

La1−xCaxTiO3−δ (for x = 0.3; 0.5; 0.7) Chimie douce synthesis using the
USC process (calcined at Tfurnace:
1023 K)

50–60 – –

La1−xCaxTiO3−δ (for x = 0.3; 0.5; 0.7) Solid-state reaction method (calcined 1–2 – –
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at 1673 K)

a The experimental composition is evaluated by EDS in situ in conventional T

The thermal decomposition of different precursors was stud-
ed using a Netzsch STA 409 CD thermobalance coupled to

mass spectrometer (MS). The Netzsch QMS 403 C Aëlos
ass spectrometer allows to identify gaseous reaction products

eleased during the decomposition. Simultaneously recorded
hermogravimetric (TG) and differential thermal analysis (DTA)
as carried out in reactive atmosphere (80% helium, purity: 5.5

nd 20% oxygen, purity: 2.5) or in inert atmosphere with a heat-
ng rate of 2 K/min between 300 K and 1273 K. The infrared
pectroscopy (IR) was performed using a Fourier transform-
nfrared spectrometer BIO RAD FTS 175C in the spectral range
etween ν = 3500 cm−1 and 500 cm−1. Phase purity and crystal
tructure of the products were identified by X-ray diffraction
XRD) with a PANanalytical X’pert diffractometer using Cu
� radiation. The surface area of the powders was measured
ith a Quantachrome 3000 by nitrogen adsorption using the
runauer, Emmet and Teller (BET) method. Prior to adsorption

he samples were degassed at 573 K. The morphology of the cal-
ined powders was studied with a scanning electron microscope
SEM) LEO JSM-6300F. The crystal structure of samples was
tudied by electron diffraction (ED) and high resolution TEM

HREM) imaging using a Philips CM30 transmission electron
icroscope (TEM). The composition was also analyzed locally

y energy dispersive X-ray spectroscopy (EDS) in the range of
0 nm.

c
A
e
T

able 2
xperimental measurements of dh k l from ring diffraction patterns of La0.5Ca0.5TiO3

o. h k l Pseudocubic h k l Orthorhombic

0 100 020, 101
1 110 200, 121, 002
2 111 220, 022
3 200 040, 202
4 210 222, 311
5 211 321, 240, 042
6 220 400, 242, 004
7 310 402, 161, 323, 204, 430, 412
8 222 440, 044, 432, 234
9 321 442, 244, 361,163
0 400 080, 404

o establish the correspondence, simulation of the diffraction was made by JEMS so
= 0.544 nm).
. Results and discussion

Perovskite-type titanate phases were synthesised by the
himie douce method. In this cationic complexation technique,
he decomposition of the reactive organic–inorganic network
esults in short diffusion pathways of the different cations [16].

The IR spectrum of the (La,Ca)Ti-citrate precursor at
= 423 K (Fig. 1) illustrates the organic structure related to

he metal complex. The bands at ν = 1700 cm−1, 1405 cm−1

nd 1295 cm−1 are ascribed to the carboxylic acid functions of
he free citric acid [21]. The broad band around ν = 3200 cm−1

an be attributed to the bonded hydroxide stretches [21].
bsorption bands of the carboxylate ions at ν = 1560 cm−1

nd 1410 cm−1 [22] are also observed. The metal-citrate com-
lexes are identified by the characteristic C–O stretch of the
-hydroxy group from the citric acid coordinated to the metal

on at ν = 1080 cm−1 [23]. The citric acid functional groups form
n organic–inorganic network with the cations as confirmed by
he IR data.

The thermal decomposition of the (La,Ca)Ti-citrate xerogel
predried at T = 423 K) was performed for the whole series of

ompounds in the system La1−xCaxTiO3−δ (x = 0.3; 0.5; 0.7).
ll samples show similar decomposition behaviour. Four differ-

nt thermal steps occur below T = 793 K as represented by the
G/DTA and DTG profiles (Fig. 2(a and b)). The decomposition

-( (Fig. 7), La0.3Ca0.7TiO3−δ (Fig. 9) and the corresponding h k l

dh k l (nm) La0.5Ca0.5TiO3−δ dh k l (nm) La0.3Ca0.7TiO3−δ

– 0.390
0.27 0.273
0.22 0.220
0.19 0.191
0.17 0.17
0.15 0.154
0.14 0.136
0.12 0.119
0.11 0.110
– 0.101
– 0.095

ftware [30] (with orthorhombic structure, Pnma, a = 0.546 nm, b = 0.7709 nm,
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for 4 h at T = 673 K. The presence of this intermediate species
influences the formation of a pure perovskite phase.

The (La, Ca)Ti-citrate precursor was prepared with differ-
ent citric acid/metal cations molar ratio (CA/M). The perovskite
L. Bocher et al. / Thermoc

tarts above T = 423 K with a partial decomposition of the
rganic material leading to a weight loss of 18.6 wt%. During
his first step (at 423 K < T < 523 K), a release of H2O (m/z 18),
O (m/z 28), O2 (m/z 32), CO2 (m/z 44) and citric acid fragments
2H2O2

+ (m/z 58) is detected by mass spectrometry (Fig. 3(a
nd b)). The loss of CO2 can be attributed to the cracking of the
arboxylic acid function group of the citric acid. These gas emis-
ions result of the xerogel decomposition. On the IR spectrum
t T = 523 K, the disappearance of the different organic species
carboxylic acid function, bonded hydroxide, carboxylate ions
nd metal-citrate complex) confirms the decomposition process.
n the same temperature region, under inert atmosphere, citric
cid fragments, CO2 and H2O emissions are observed as well.
he CO2 emission under inert atmosphere allows us to conclude

hat CO2 is released due to the decomposition of the citric acid
nd not as a result of a combustion reaction.

During the second step (at 523 K < T < 658 K), the xero-
el network is modified as indicated by the IR spectra. The
bsorption bands of the organic fragments disappear com-
letely at T = 623 K. The loss of the metal–citrate complex band
ν = 1080 cm−1) results in the destruction of the chelating citrate
igands coordinated to the metal ions. The thermal decomposi-
ion causes a weight loss of 23.4 wt% which has a slower reaction
ate (from 0.15 wt%/min to 0.50 wt%/min) than the previous
tep (maximum of 0.75 wt%/min) as indicated by the DTG curve
Fig. 2(b)). Gas emissions of H2O and CO2 are recorded by mass
pectrometry (Fig. 3(a)). This molecular reorganisation includes
decomposition process leading to the destruction of the direct

phere coordinated to the metal ions.
A strong exothermic event occurs in the third temperature

egion (at 658 K < T < 793 K) leading to the largest weight loss
f 52.2 wt%. A release of H2O, NO2, CO and CO2 (Fig. 3(a
nd b)) is attributed to the destruction of the organic residue
nducing the exothermal reaction. No consumption of O2 is
etected by mass spectrometry during this step. However, a self-
xidation process can be involved to oxidise the precursor. The
eroxogroups formed during the dissolution of Ti metal are well
uitable to act as the oxidising agent. The presence of carbonate
ons CO3

2− is identified from T = 773 K (Fig. 1) by IR data due to
he vibrations at ν = 1460 cm−1, 1060 cm−1 and 860 cm−1 [22]
nd highlights the presence of intermediate species. In presence
f CO2, the cation carbonization appears more favourable than
he direct oxidation [24]. The formation of intermediate species
ccurs probably due to a gas–solid reaction between the released
O2 and the precursor. In contrast, under inert atmosphere, the
TA signal shows a broad endothermic peak. The precursor
ndergoes a similar process of self-oxidation due to the presence
f peroxogroups. However, under inert atmosphere a reduction
eaction seems to be more favourable than the precursor oxi-
ation. The broad endothermic event results from overlapped
rocesses including the precursor reduction under inert atmo-
phere. Thus, a gradual reduction of the residual material takes
lace and is not completed at 1273 K.
Between T = 793 K and 1023 K further small weight losses
0.5 wt%) occur. During this last decomposition stage, no sig-
ificant CO2 emission is detected. Nevertheless weak reflections
f the perovskite phase can be observed by XRD after heating

F
a

a Acta 457 (2007) 11–19 15

t T = 873 K (Fig. 4). These perovskite reflections are mainly
verlapped by broad peaks resulting from the amorphous part.
he pure desired perovskite phase is identified by XRD after
nnealing at T = 973 K. The perovskite crystallinity improves
ith thermal treatment and the thermal stability is confirmed by

onstant weight up to T = 1273 K. The carbonate groups seem to
e stable until T = 823 K even after applying an isothermal step
ig. 8. (a) TEM pictures and (b) HREM images of La0.5Ca0.5TiO3−δ calcined
t T = 873 K.
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microstructure of the crystalline area (Fig. 8(b)) presents open
hexagonal channels with straight walls which are well-delimited
by {1 1 0} planes.
6 L. Bocher et al. / Thermoc

hase formation is achieved at T = 873 K when the CA/M molar
atio was set to 10/1, as shown on the XRD pattern (Fig. 4).
t the same calcination temperature, weak perovskite reflec-

ions are observed (as shows by the arrows) for the precursor
repared with a CA/M = 3/1. This compound is partly amor-
hous. The perovskite-type titanate phase is obtained as well at
igher heating temperature (at T = 973 K). The citric acid excess
upports the complete complexation of cations and an increase
f CA/M molar ratio affect directly the exothermal event. More
rganic material is thermally decomposed which provides higher
xothermic reaction energy and therefore leads to a rise of the
ocal temperature during the combustion. The crystallinity is
isibly improved during the phase formation due to the crystal
rowing enhancement.

Different compositions of La1−xCaxTiO3−δ (with x = 0.3;
.5; and 0.7) calcined at T = 873 K are described concerning
heir microstructure, phase formation and their correlations. The
RD patterns (Fig. 5) of the three compounds indicate different

rystalline character after heat treatment at 873 K. The cationic
omposition was evaluated by EDS in a TEM (Table 1).

The La-rich compound (La0.7Ca0.3TiO3−δ) is amorphous as
ndicated by the broad reflections in the XRD pattern (Fig. 5) and
he TEM micrographs (Fig. 6(a and b)). The diffraction pattern
nserted in Fig. 6(b) displays one ring created by the diffused
cattering. This ring is spread around d1 1 0 ∼ 0.27 nm that indi-
ates the sample is in the first stage of the perovskite crystal
rowth. The porous microstructure of the La-rich compound is
haracterized by tunnel-like shape channels at T = 873 K.

The inserted diffraction pattern (in Fig. 7) of the

a0.5Ca0.5TiO3−δ compound shows a combination of diffrac-

ion spots with discontinuous rings from the polycrystalline part
nd spread rings due to the diffuse scattering. The diffraction
attern (in Fig. 7) is indexed with the orthorhombic structure

ig. 9. TEM images of La0.3Ca0.7TiO3−δ calcined at T = 873 K. The inset
resents the diffraction pattern of the selected area which is indexed as
rthorhombic crystal structure (see Table 2).

F
L
(
s

a Acta 457 (2007) 11–19

space group: Pnma) [25,26] (Table 2). The XRD pattern of
he La0.5Ca0.5TiO3−δ sample also presents reflections of the
erovskite structure with broad peaks resulting from the amor-
hous part. Theses studies confirm that the La0.5Ca0.5TiO3−δ

ompound exhibits amorphous regions mixed with crystalline
omains. The microstructure of the amorphous zone is formed
y round-shaped channels as shown in Fig. 8(a). In contrast, the
ig. 10. (a) TEM image of the microstructure and (b) HRTEM image of
a0.3Ca0.7TiO3.5−δ calcined at T = 873 K. The diffraction patterns inserted in

a and b) are indexed either as (a) pseudocubic or as (b) orthorhombic crystal
tructure.
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thermal decomposition of the citrate precursor (Fig. 12). Tiny
pores between agglomerates particles are formed due to the gas
evolution released during the bulk thermal decomposition. The
ig. 11. HREM images of the La0.3Ca0.7TiO3−δ calcined at T = 873 K (inset:
atterns of overlapped grains oriented on the [−1 1 1] zone axis).

The Ca-rich sample (La0.3Ca0.7TiO3−δ) is crystalline as
hown by the XRD pattern and the TEM data. On the diffraction
attern (Fig. 9), defined rings are formed by diffraction spots. No
iffuse scattering is observed. The ring pattern can be indexed
ith the orthorhombic structure (space group: Pnma) [25,26]

Table 2). The h k l can be indexed as pseudocubic or orthorhom-
ic crystal structure. The detailed microstructure (Fig. 10(a))
resents open channels limited by straight {1 1 0} planes. The
RTEM image (Fig. 10(b)) exhibits the crystalline domains

n the Ca-rich compound. The diffraction patterns inserted in
ig. 10(a and b) are indexed as (a) pseudocubic or (b) orthorhom-
ic structure. The extra spots indicated by an arrow on the
attern (figure (b)) confirm the orthorhombic character of the
ompound. The HREM images (Fig. 11) show in detail the
hannel delimited by {1 1 0} planes. The fast Fourier transfor-
ation (FFT) of the micrograph contains mainly two overlapped

iffraction patterns of different grains with zone axis [−1 1 1]
otating of a few degrees to each other. HREM images with

larger magnification allows to see in detail the zone axis
−1 1 1] of the structured perovskite walls. The crystalline meso-
orous structure will be tested as catalytic materials in future
xperiments.

The cationic composition in the perovskite-type titanate
hases influences the phase formation and the specific surface
rea as well (Table 1). Higher calcium content allows obtaining
rystalline phases at lower calcination temperature. After cal-
ination at T = 873 K, the perovskite-titanate particles present
ifferent crystal growth stages depending on the cationic com-
osition. The microstructure of the crystalline perovskite-type
itanate phases is formed by hexagonal channels of 13–20 nm
iameter. The BET isotherms (not shown here) present a hys-
eresis which is typical for porous materials. The N2 isotherm

s of type IV and accompanied by a type H1 hysteresis loop,
ccording the IUPAC classification [27]. The pore size dis-
ribution function is calculated assuming the BJH model and
onfirms the porous structure found by electron microscopy. A

F
t

ourier transformation (FFT) of the HREM image which exhibits diffraction

ore radius of 16 nm is revealed with a deviation of less than
nm. The channel-like structures reveal a relatively large surface
rea and porosity of the oxide. This morphology presents a good
xposed surface area which favours the gas exchange in catalytic
rocesses. The presence of the well-defined channels creates a
esoporous morphology which enlarges the exposed surface

rea compared to the amorphous tunnel-like shape compounds.
igher specific area is achieved with crystalline perovskite-type
aterial due to the specific hexagonal-like shape morphology.
he partly or completely amorphous compounds have to be cal-
ined at higher temperatures to favour the crystallisation and
herefore promote a defined mesoporous structure as well. Fine
gglomerated and partly-sintered particles are obtained by bulk
ig. 12. SEM micrograph picture of La0.3Ca0.7TiO3−δ perovskite particles syn-
hesised by bulk thermal treatment at T = 1273 K.
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also applied to enhance the thermoelectric properties by decreas-
ig. 13. (a and b) TEM images of La0.1Ca0.9TiO3−δ perovskite spheres achieved
y USC (at Tfurnace = 1173 K). The inset in (b) presents an HRTEM image
howing the lattice fringes of the perovskite grains.

artly agglomerated powders show a homogeneous and uniform
rain size distribution. A sintering effect supports the growth of
he agglomerated particles at higher calcination temperatures.

As an alternative synthesis method the citrate precursor can
e decomposed using a continuous USC process [28,29]. This
pray combustion concept allows to produce one agglomerate
f crystallites per droplet of the misted precursor solution in
he carrier gas stream. The droplets are transferred into a quartz
ube heated at 1173 K. The decomposition of the organic matter
nitiates an exothermic combustion to form oxide particles. Indi-
idual perovskite spheres are formed by USC process as shown

n Fig. 13(a). The low resolution TEM image reveals the contrast
hange from the border to the centre of each sphere. A bright
rea is observed in the sphere centre where transmitted electrons

i
b
w
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ould be more scattered if the spheres were dense. This feature
hows the evidence of a hollow structure. Fig. 13(b) represents
igher magnification of the sphere where small rectangle-like
hape crystallites of 15–30 nm length can be observed. In the
nset (Fig. 13(b)) the high resolution TEM image presents lattice
ringes of the perovskite crystallites.

The USC process leads to smaller perovskite-type titanate
articles compared to the particles achieved by bulk thermal
ecomposition. Well-defined rectangular crystallites which form
ollow spheres are obtained by USC method while the bulk ther-
al decomposition leads to channel-like crystalline structure.
ll synthesis routes lead to white perovskite particles. Different
article sizes are obtained depending on the synthesis method.
erovskite-type titanate particles prepared by solid state reaction
eveal a specific surface area of 1 m2/g while the chimie douce
ynthesis route, using the USC process, leads to particles with
0 m2/g specific surface area. The chimie douce synthesis route
llows to achieve at lower synthesis temperature smaller parti-
les compared to the conventional solid state reaction method
Table 1). Previous studies on the thermoelectric activities of
erovskite-type cobaltates produced by chimie douce synthesis
oute have shown that the thermal conductivity can be reduced
o values lower than 1 W/mK [18].

. Conclusion

The chimie douce synthesis methods lead to smaller per-
vskite particles by decreasing significantly synthesis time and
emperature compared to the conventional ceramic route.

The citrate precursor decomposition reveals a stepwise mech-
nism. The loss of the excess organic matter is followed at
igher temperature by a reorganisation of the organic–inorganic
etwork. This molecular rearrangement includes an organic
ecomposition process leading to the destruction of the direct
phere coordinated to the metal ions. The destruction of the
rganic residue at higher temperature induces an exothermic
eaction. In CO2 atmosphere, the cationic environment under-
oes a carbonisation leading to an intermediate compound
elonging to the carbonate or oxycarbonate family. The interme-
iate species are decomposed at higher temperature to form the
erovskite-type phases. The cationic composition of the mixed
xide (La1−xCaxTiO3−δ) influences the crystallisation process.
igher calcium content favours the formation of crystalline

hannel-like structure. The citrate thermal decomposition can
e also directly correlated to the perovskite phase formation and
he crystalline fraction.

Highly crystalline perovskite particles, synthesised by bulk
hermal decomposition of the citrate precursor, reveal hexagonal
hannel-like morphology. The well-defined crystalline channels
reate mesopores (13–20 nm diameter) which lead to a larger
urface area. The fine porous perovskite particles are evalu-
ted as potential materials for catalytic applications. The specific
orous morphology of the perovskite-type titanate phases can be
ng the lattice thermal conduction. The presence of open spaces
etween the crystallites can reduce the motions of phonons
hich control the lattice thermal conductivity.
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The production of larger quantities of powder is possible by
he continuous USC process while the bulk thermal decomposi-
ion is a restricted batch method. The USC process, which avoids
he particle agglomeration, enhances the specific surface area by
factor 3 compared to the bulk thermal decomposition. Sintered
ltrafine perovskite particles achieved by the USC process form
ollow sphere shape. The bulk thermal decomposition leads to a
esoporous morphology where the crystalline perovskite grains

reate defined channels. Different particle size as well as mor-
hology can be fine-tuned by suitable decomposition processes.
nowledge on precursor thermal decomposition allows good

ontrol in tailoring the desired morphology of the perovskite
hases.
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