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bstract

are earth silicates with apatite structure are being actively studied as an alternative electrolyte material for solid oxide fuel cells (SOFC) operating
n the intermediate temperature range. In this paper we report on the synthesis of La9.33+x/3AlxSi6−xO26+δ (with x = 0–1.5) and La9.83Fe1.5Si4.5O26

owders using a modified sol–gel process. The parameters involved in the process have been optimized for preparing phase pure, homogeneous and

anometer sized powders. The obtained powders were characterized using scanning electron microscopy, X-ray diffraction and thermal analysis.
ressureless sintering experiments were performed and pellets having relative densities greater than 96% could be obtained after 5 h dwelling in

he temperature range between 1500 and 1550 ◦C.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFC) belong to the class of fuel
ells that are generally known to operate at high temperatures
800–1000 ◦C). The high degradation rate and material cost
ncurred at temperatures in excess of 900 ◦C, however, make
uel cells operating at high temperature economically more
nfavourable.1 Lowering of the operating temperature neces-
itates the need for new electrolyte materials, which have the
equired oxygen ion conductivity at the operating temperature.

In recent years, rare earth silicates with apatite structure are
ctively studied as an alternative electrolyte material for SOFC
ue to their high oxygen ion conductivity in the intermediate
emperature. Preparation of these powders using conventional
olid-state syntheses were reported widely.2–5 Although suc-
essful in the preparation of high quality powders, the solid-state
eaction requires high temperature treatments to achieve single-
hase materials.6 As result of the high temperature treatments,

olid-state synthesised powders are relatively coarse (5–10 �m)
nd long sintering cycles at elevated temperatures are required
o densify them.7,8 Low temperature synthesis not only reduces

∗ Corresponding author. Tel.: +32 16 32 11 92; fax: +32 16 32 19 92.
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he cost involved in the processing but also helps in prob-
ems like volatilisation when volatile materials are involved in
he composition.9 Tao and Irvine were the first to report the
reparation of apatite type lanthanum silicates using the sol–gel
echnique.10 Following the report of Tao and Irvine,10 sol–gel
ynthesis and other low temperature synthesis of the undoped
anthanum silicates have been reported in literature.11–17 The
ne particle size that results due to the low temperatures
mployed in the synthesis helps in reducing the sintering tem-
erature required to obtain a material with closed porosity. The
ol–gel technique has been successful in reducing the sintering
nd dwell times in the case of undoped silicates.12

Abram and Takeda have shown that substituting Al3+ for Si4+

n the SiO4 tetrahedra of the oxyapatite structure increases its
onic conductivity.18,19 Doping with aluminium increases the
onductivity but sintering to full density requires high tempera-
ures and/or dwell times as compared to undoped silicates.20–25

o the best of our knowledge there has been only one report
n the attempts to process aluminium doped lanthanum sili-
ates, using both mechanical alloying and the Pechini method.20

mpurity formation and hindrance in the formation of the apatite

hase, due to a low reactivity even at temperatures up to 1200 ◦C,
owever, are reported for Pechini type process.20 The sintering
ehaviour of the doped apatite powders, as compared to their
ndoped variants, has not been evaluated so far.

mailto:Ezhil.jothinathan@mtm.kuleuven.be
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.003
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ig. 1. Outline of the process used in the preparation of doped and undoped
anthanum silicates.

In this paper we report on the synthesis of La9.83Al1.5−x

i4.5+xO26+δ labelled as LASO-0, LASO-1 and LASO-2, for
= 0, x = 0.5 and x = 1 respectively, and La9.83Fe1.5Si4.5O26+δ

LFSO), both using the modified sol–gel process. Undoped sili-
ate La9.33Si6O26 (LSO) was also synthesised by the same route
nd used as a reference powder composition. All five composi-
ions prepared are characterized and their sintering behaviours
ere evaluated. It is shown that, using the modified sol–gel
rocess, nanometer sized powders can successfully be prepared
hereby reducing their sintering temperature and making them
ppropriate electrolyte candidate materials for intermediate tem-
erature SOFC applications.

. Experimental procedure

.1. Powder preparation

Lanthanum nitrate hexa hydrate (99+%, Chempur), alu-
inium and iron nitrate nano hydrate (98+%, Chempur),

etraethyl orthosilane (98%, Acros Organics), citric acid (Analy-
is quality, Vel Chemicals) and ethylene glycol (Analysis quality,
el Chemicals) were used as the starting materials. In order to
void water absorption by the highly hygroscopic lanthanum
itrate crystals, a one molar solution of lanthanum nitrate is
repared using technical ethanol (∼97% ethanol, 3% ether and
races of water as supplied by Univar). The steps involved in the
owder preparation are explained below and are schematically
hown in Fig. 1.

. The calculated amount, as dictated by the stoichiometry of

the apatite composition, of the one molar lanthanum nitrate
hexa hydrate solution is taken.

. In the case of doped silicates, the required amounts of
aluminium or iron nitrate crystals are added to the above

3

h
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solution. The mixture is mixed using a magnetic stirrer until
a clear solution is obtained. This step is not required in the
case of undoped silicates.

. Tetraethyl orthosilane (TEOS), the source of silicon is added
to the above mixture and stirred till the mixture forms a clear
solution again.

. Ethylene glycol (EG) and citric acid (CA) are added to
the above solution. EG and CA together are addressed as
gelling agents (GA). The ratio of the gelling agents (EG
(moles) + CA (moles) ratio 1:1) to the total number of metal
ion moles equals one (referred to as Rg in the text). The mix-
ture is continuously stirred and the temperature of the stirring
bath is increased to 50 ◦C. The mixture is magnetically stirred
at this temperature for 60 min.

. After 60 min the stirring is stopped and the temperature is
increased to 70 ◦C, while this temperature is maintained until
the clear solution transforms into a gel.

. Once the gel is formed, it is calcined in air at 900 ◦C for 8 h,
applying a heating and cooling rate of 20 ◦C/min down to
room temperature.

The time required for gelation varies with the yield required.
he gelation time is approximately 4 h for a powder yield of
0 g (100 g of gel on calcination yields 60 g of powder). Fig. 1
ummarizes the powder preparation process.

.2. Characterization studies

To determine the lowest possible calcination temperature, the
btained gels were analyzed using thermogravimetric analysis
TGA). All TGA measurements (DTA 1600 TA Instruments,
SA) were performed under flowing oxygen at a rate of
00 ml/min, up to a temperature of 1000 ◦C with an applied
eating rate of 5 ◦C/min. XRD analysis of the calcined pow-
ers was carried out on a Seifert-3003 equipment in order
o determine the phase purity and crystal structure. Measure-

ents were performed using Cu-K� radiation (40 kV to 40 mA)
ithin the 2θ range of 20–80◦ using a step size of 0.02◦ (2θ)

nd an acquisition time of 2 s. Microstructures of the pow-
er and sintered pellets were examined by scanning electron
icroscopy (SEM, XL30-FEG, Philips, Eindhoven), equipped
ith an energy dispersive analysis system (EDS, EDAX) for

ompositional analysis. Particle size measurements were done
fter de-agglomeration (powder suspension was subjected to
5 min magnetic stirring followed by 10 min of ultrasound treat-
ent before measurement) using the Mastersizer equipment

Malvern Instruments, UK) and dilatometry studies (NETZSCH
IL 402C, Germany) were carried out on cold pressed powder
ellets. The densities of the sintered samples were measured in
thanol using the Archimedes principle.

. Results and discussion
.1. Powder preparation

Powders that were prepared using the lanthanum nitrate hexa
ydrate (La(NO3)3·6H2O) salt in as received form, resulted in a
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ower lanthanum stoichiometry than desired in the composition.
his is attributed to the hygroscopic nature of the lanthanum salt,
hich inhibits its direct use in the preparation of the starting pow-
ers. The problem can be essentially overcome by dissolving the
anthanum nitrate crystals in a suitable solvent.

Three different solvents namely, (1) de-mineralised water, (2)
echnical ethanol and (3) absolute ethanol were used for dissolv-
ng the lanthanum nitrate salt. The influence of these solvents
n the phase composition and particle size will be discussed. In
ll cases a one molar solution of the lanthanum nitrate salt was
sed to prepare the powders. Inductive coupled plasma atomic
mission spectroscopy (ICP-AES) measurements were carried
ut on this solution in order to determine the exact amount of
anthanum. Based on the ICP-AES measurements, the required
mount of La salt solution, as dictated by the stoichiometry of the
nvisaged powder composition, was taken. Since the aluminium
nd iron nitrate salts did not exhibit any hygroscopic behaviour,
hese salts were directly added to the lanthanum nitrate solution.
ll powders were prepared according to the procedure described

n the flowchart shown in Fig. 1. Only, the LASO-0 composition,
aving the amount of gelling agents to metal ions fixed at one,
as investigated to study the influence of the three solvents.
When water was used as the solvent the prepared powders

ontained secondary phases, mainly La2O3 in addition to the
esired apatite phase. Fig. 2 shows the X-ray diffraction pattern
f the powder prepared with water as the solvent. It is proposed
hat, due to the immiscibility of the silicon alkoxide (TEOS) and
ater, the silicon source is not completely incorporated into the
el, so the stoichiometry of the gel differs from the envisaged one
nd lanthanum rich phases crystallise separately on calcination.

When ethanol, either the technical or absolute grade, was
sed to dissolve the lanthanum salt, phase pure powders were
btained in both cases, as confirmed by the X-ray diffraction pat-

erns shown in Fig. 2. The alcohol acts as a homogenising agent
ince it is a mutual solvent for both the alkoxide and water, the
atter either chemically bound to the nitrate salts or present in the
echnical ethanol. With the presence of ethanol as homogenising

ig. 2. Influence of the various solvent on the phase purity of the prepared
owders. The presences of secondary phases (La2O3 indicated by open triangle)
n the LASO-0 powder, prepared with a water based La-nitrate solution, is shown
n the top XRD spectrum.
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ig. 3. Particle size distribution of the LASO-0 powder (as calcined) prepared
ith different ratio of gelling agents.

gent, the mixing of the alkoxide and water is improved so that
ydrolysis, the first reaction step during sol formation,26 is facil-
tated due to the miscibility of the alkoxide and water. However,
he obtained particle size was strongly influenced by the type
f ethanol that was used. In case technical ethanol, containing
vol% of ether in addition to water, was used, lower calcina-

ion temperatures were needed, resulting in the production of
owders with a smaller particle size.

The additional ether from the technical ethanol helps in the
ormation of a more porous structure, which facilitates the easier
emoval of organics during calcination.27,28 Hence most of the
rganics and nitrates are all removed at 900 ◦C. It is known that in
he absence of ether moieties a non-porous gel is formed, causing
he presence of a black residue after calcination at 900 ◦C, due
o entrapment of residual carbon.27 Increasing the calcination
emperature to 1000 ◦C helps in removing the trapped carbon but
t the same time results in the formation of harder agglomerates
ue to initial necking between the individual particles. Hence all
he powder compositions reported in this paper were prepared
s shown in the flow chart (Fig. 1).

.1.1. Influence of the ratio of gelling agents
The ratio of gelling agents (Rg) was varied from zero (no

elling agents) to a value of 4. Again, the LASO-0 composition
repared with technical ethanol was chosen to study the influ-
nce of the gelling agents. The procedure used for making the
els was the same as before (Fig. 1). It was observed that phase
ure compositions were formed irrespective of the Rg value.

When no gelling agents were used in the powder preparation,
ellation occurred after leaving the sol at 70 ◦C for 6 h. The gel
fter calcination at 900 ◦C was found to be phase pure. However,
he calcined powder was strongly agglomerated. When the Rg
alue was increased to a value of 1, the gel formed in less than

h when left at 70 ◦C. Calcination of the gel resulted in phase
ure powder which consisted of softer agglomerates. Increasing
he Rg value to 4 did not cause any considerable reduction in
he time required for gellation. The gels on calcination resulted
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Fig. 4. Secondary electron (SE) images of the LASO-0 powder prepared with (a) norm

Table 1
Influence of the ratio of gelling agent to metal ions (Rg) on the particle and
crystallite size of the prepared LASO-0 powders.

Rg Crystallite size (nm) Particle size (�m)

0 139.8 0.4, 8.8
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The chemical compositions of the prepared powders were
checked using the EDAX technique, coupled with the secondary
electron (SE) images. Comparing the particle size measure-
69.8 0.6
69.8 0.4, 12

n phase pure, but strongly agglomerated powder. Particle size
easurements were performed on each of the powder batches,

s shown in Fig. 3. Secondary electron images of the powders
ith different Rg values are shown in Fig. 4.
The crystallite size measurements are given in Table 1.

hough the crystallite size is the same in the case of Rg = 1 and
, the agglomerate size is larger as indicated by the particle size
easurements, hereby confirming the fact that the latter powder

onsisted of strong agglomerates after calcination. A. Campero
t al. state that a complex esterification reaction between EG
nd CA provides in situ water formation that can be used for
he hydrolysis of TEOS, the oxide network former.29 Since the
eaction is absent when Rg = 0, longer gelling times are to be
xpected for that composition, which has indeed been observed.

The key advantage of the present synthesis technique being
hat there is no need for pH control for all the reported composi-
ions and that no precipitation is observed. The time required for
elation can be reduced and overnight gelation times, as reported
n most sol–gel processes,19 are not required.

.2. Powder characterization studies
It is evident from the thermogravimetric analysis, summa-
ized in Fig. 5 and Table 2 that most of the organics and nitrates
sed in the preparation are removed at 900 ◦C and there is neg-
igible weight loss when the temperature is further increased to

able 2
ercentage weight loss between different temperature ranges during TGA mea-
urements (in oxygen up to a temperature of 1000 ◦C with an applied heating
ate of 5 ◦C/min) performed on different gels with the indicated compositions.

. no. Composition Weight change
(%) (800–900 ◦C)

Weight change (%)
(900–1000 ◦C)

LASO-0 0.3076 0.1250
LASO-1 0.3188 0.1178
LASO-2 0.3985 0.1043
LFSO 0.2892 0.1481
LSO 0.1875 0.0695

F
u
L

al amount (Rg = 1), (b) high amount (Rg = 4) and (c) no (Rg = 0) gelling agents.

000 ◦C. Most of the organics leave the gel in the temperature
ange between 80 and 200 ◦C. The decomposition tempera-
ure and evaporation temperature of most of the organics used
n the powder preparation lie in this temperature range. The
itrates remain decomposing slowly during the rest of the heat-
ng process. No two step calcination process, as suggested in
iterature,19 is needed as the powder obtained after calcination
t 900 ◦C is already crystalline and all organics were eliminated.

hen higher calcination temperatures are used, the particles
lready start necking resulting in hard agglomerates and grain
rowth. This counteracts the densification step in a later stage,
s will be described in Section 3.3.

Table 2 summarized the percentage weight loss that occurs in
he temperature range from 800 up to 1000 ◦C. The maximum
eight loss was less than 0.4 and 0.2% in the temperature range
etween 800–900 ◦C and 900–1000 ◦C, respectively. Hence, all
els were calcined at 900 ◦C for 8 h in order to obtain crystalline
ingle-phase apatite type electrolyte powders. The X-ray pow-
er diffraction patterns (Fig. 6) indicate all prepared powders
re crystalline, they all crystallise in the apatite phase and no
econdary phases are detected. The crystallite sizes of the pow-
ers were calculated using the Scherrer formula and the mean
rystallite size for the powders was approximately 70 nm.30
ig. 5. Thermogravimetric analysis (TGA—in oxygen flowing rate 100 ml/min
p to 1000 ◦C with a heating rate of 5 ◦C/min) curves for gels with LASO-0,
SO and LFSO compositions.
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Fig. 6. X-ray diffraction (using Cu-K� radiation (40 kV to 40 mA) with a 2θ
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ange of 20–80◦ using the step size of 0.02◦ and an acquisition time of 2 s) of
he investigated five compositions prepared by Pechini process after calcination
t 900 ◦C for 8 h.

ents, performed on the powders just after calcination using a
ight diffraction technique, with the crystallite sizes obtained by
-ray diffraction, it is clear that the calcined powders are highly

gglomerated, which is confirmed by the SE images shown in
ig. 7.

The calcined powders were ball milled in a multi-
irectional mixer to break up the agglomerates using zirconia
illing balls. Technical ethanol was used as the milling
edium. The ratio of milling balls to powder was main-

ained at 3:1. After 48 h of milling the particle size was
easured using the Mastersizer equipment and SE images
ere taken. Both revealed that the average agglomerate

ize had decreased significantly after the milling proce-
ure.

The evolution of the particle size as a function of the milling
ime is shown in Fig. 8. The SE images of all the powders pre-
ared after the milling process are shown in Fig. 9. It is clear

hat the crystallite size of the synthesised powders lies within
he nanometer (<100 nm) range, but that strong agglomeration
ccurs and that a milling step is essential to break up the agglom-
rates. The milling step will prove to be crucial for lowering the

ig. 7. Secondary electron image of LASO powder after calcination at 900 ◦C
or 8 h.
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ig. 8. Particle size distribution of LASO-0 powder as a function of milling
ime.

intering temperature required to process fully dense compacts,
s will be shown in the next paragraph.

.3. Sintering studies

Pellets made from the milled and sieved powder were sub-
ected to a dilatometer test to assess both the onset temperature
f densification and to study the densification behaviour. The
amples were heated up to 1600 ◦C at a rate of 3 ◦C/min in air.
he results are summarized in Fig. 10. It is clear from the graph

hat the onset of densification (>1400 ◦C) is substantially higher
hen the lanthanum silicate is doped with aluminium.
The primary advantages of sol–gel or modified sol–gel tech-

iques are the low temperature synthesis of a powder with
omogeneous composition after calcination and a very small
rystallite size that should enhance densification. The fine size of
he powder helps in reducing the sintering temperature required
o sinter it to full density. This helps in overcoming the sinter-
ng problem associated with aluminium-containing lanthanum
ilicates.

Green powder compacts with a diameter and height of 10 mm
ere uniaxially pressed from the different synthesised powder
atches applying a pressure of 75 MPa. The obtained pellets
ere subsequently cold isostatically pressed (CIP) at 300 MPa.
he relative green densities of the pellets after CIP were in

he 38–42% range and were subsequently sintered in a resis-
ively heated furnace (Nabertherm, Germany) in air within the
400–1550 ◦C temperature range, while fixing the dwell time at
he sintering temperature at 5 h. The obtained relative densities
s function of sintering temperature and oxyapatite composition
re represented in Fig. 11.

Relative density values greater than 96% were obtained after
h at 1550 ◦C for the LASO-0, LASO-1 and LASO-2 grades
nd after 5 h at 1500 ◦C for the LFSO and LSO grades. Fig. 12
hows representative SE micrographs of all the sintered samples
fter thermal etching at 1300 ◦C for 60 min in air.
The shrinkage curves, shown in Fig. 10, indicate that the
emperature required for the onset of densification is greater for
owders doped with aluminium (decreasing with decreasing alu-
inium content) and least for the undoped lanthanum silicate.
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case of the undoped lanthanum silicate, the sintering tempera-
ture and time are lower in comparison to solid-state synthesised
powders and powders prepared using alternative low tempera-
ig. 9. Representative secondary electron images of all the prepared starting po
a) LASO-0, (b) LSO, (c) LFSO and (d) LASO-1.

n the case of undoped lanthanum silicates (LSO) the relative
ensity values are greater than 90% at 1400 ◦C and increasing
he sintering temperature results in microstructural coarsen-
ng and appearance of intergranular porosity (Fig. 12d). The
hrinkage curves indicate clearly that, as the aluminium content
ncreases, the temperature needed for sintering becomes higher.
s reported in literature,8 doping of iron has helped in reducing

he sintering temperature of apatite type lanthanum silicates.
The sintering temperature and time reported in the present

ork is substantially lower than those reported in the litera-

ure. Sintering temperature ≥1600 ◦C with dwell times greater
han 5 h have been reported19–21,23,31 for solid-state synthesised
ASO-0, LFSO and LSO powders. While, sol–gel prepared

ig. 10. Dilatometer curves (up to 1600 ◦C with a heating rate of 3 ◦C/min) for
ll powder composition.

F
o
r
a

s with different compositions, as prepared using the modified sol–gel process:

SO15 composition required sintering temperatures greater than
600 ◦C for achieving density value close to 85%. The reduc-
ion in the particle size and the low calcination temperatures
sed aid in reducing the sintering temperature and time. In the
ig. 11. Relative density evolution of pressureless sintered pellets as function
f the sintering temperature and time for all the investigated composition (theo-
etical density of aluminium, iron and undoped apatites were taken as 5.45, 5.55
nd 5.33 g/cm3 respectively).
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ig. 12. Representative secondary electron images of pressureless sintered oxy
b) LASO-1 (c) LASO-2 ((a), (b) and (c) 1550 ◦C—5 h) (d) LSO and (e) LFSO

ure methods.7,8,10,12,15,17 The obtained density value for this
omposition, however, is lower when compared with the work
f Ceı̌leı̌rier et al.,12 who obtained compacts of undoped lan-
hanum silicate with a relative density of 92% after pressureless
intering at 1400 ◦C for 2 h, after using an intermediate attritor
illing step.

. Conclusions
Nano-crystalline rare earth oxyapatite powders of vary-
ng composition and dopant contents have been synthesised
sing a modified sol gel process. Single-phase nanostructured
lectrolyte powders were successfully synthesised using this

s
d
t
s

e materials, as prepared from the different powder compositions: (a) LASO-0
nd (e) 1500 ◦C—5 h).

ow temperature, fast and user-friendly processing technique.
hermogravimetric analyses have shown that all organics are

emoved at 900 ◦C and hence no two step calcination is required.
t the end of the single step calcination loosely aggregated,
hase pure crystalline oxide nanopowders were obtained. It is
bserved that the nature of the solvents and the amount of gelling
gents used, have a significant influence on the crystallite and
gglomerate size of the final powders. The sintering behaviour
f all the powders has been investigated and it is observed that

ubstituting silicon with aluminium or iron delays the onset of
ensification and that the effect becomes more pronounced as
he aluminium content increases. The reduced particle size of the
tarting powders, resulting from the optimized powder synthesis
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onditions, helps in reducing the sintering temperature required
o produce fully dense electrolyte materials that are essential for
OFC applications.
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