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Abstract

Nanocrystalline lanthanum aluminate (LaAlO;, LAP) and Sr-substituted LAP ceramics were synthesized by sol-gel processes using
mixtures of inorganic salts of the respective elements. The metal ions, generated by dissolving metal nitrates or acetates in acetic acid and/or
water were complexed by 1,2-ethanediol to obtain the precursor for LAP. The XRD patterns of the LaAlO3 and La;_,Sr,AlO;_;s (x < 0.50)
ceramic sintered at 1000 °C were almost identical with the perovskite LAP composition. The phase transformations, composition and
microstructural features in the gels and polycrystalline samples were studied by thermal analysis (TG/DTA), powder X-ray diffraction
analysis (XRD), infrared spectroscopy (IR), scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX) and inductively
coupled argon plasma emission spectroscopy (ICP). The quality of the resulting products (homogeneity, crystallisation temperature, grain size
and grain size distribution, etc.) of the “chimie douce” synthetic route is discussed.
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1. Introduction

The development of innovative multi-functional
advanced materials should have a major impact in future
applications. Ceramics based on Ln,O3-Al,05 (Ln: lantha-
nide element) combination are promising materials for
optical, electronic and structural applications [1-8]. The
perovskite yttrium aluminate (YAlOs;, YAP) doped with
lanthanide element offers advantages of longer lifetimes and
higher, polarized cross sections with respect to most of other
oxide matrices [9], and is useful as host for solid-state lasers,
luminescence systems and window materials for a variety of
lamps [10]. LaAlO3 (LAP) and related materials are
currently being incorporated into automobile catalytic
converters [11]. LaAlO; is promising substrate for the
epitaxy of thin oxide films and has potential use as a buffer
layer for the epitaxial growth of various perovskite-type
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films such as a high temperature superconductors, ferro-
electrics and colossal magnetoresistance oxides [12,13].
Owing to such a wide and diverse application potential of
aluminate-based ceramics, new routes for the synthesis of
various pure and homogeneously doped orthoaluminates are
highly desirable.

The solid-state synthesis of different aluminates from
oxide powders usually requires extensive mechanical
mixing and lengthy heat treatments in the temperature
range of 1300-1600 °C [8,14]. These processing conditions,
however, do not allow a facile control over the micro-
structure, grain size and grain size distribution in the
resulting powders or monoliths. Several wet-chemical and/
or soft chemistry techniques, such as the polymerized
complex route [2], combustion synthesis [3], homogeneous
precipitation method [10], spray-drying preceramic proces-
sing [15], or base-catalyzed sol-gel process [16] have been
used to produce aluminate phases. Most of these methods
suffer from the complex and time-consuming procedures
(long refluxing times, gelation periods of several days, etc.)
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and/or mismatch in the solution behaviour of the consti-
tuents. As a consequence, gross inhomogeneities may be
present in the obtained ceramics, e.g. significant amounts of
impurity phases may form. The sol-gel methods based on
molecular precursors have a cutting edge over the other
solution routes because they allow chemical interactions
among the precursor species of the initial mixture favoring
the evolution of a homogeneous solid-state structure at the
atomic level [17].

The unique properties of most of the mixed-cation oxide
ceramics depend largely on impurities or dopants. Such
complex oxides with the perovskite structure also demon-
strate an impressive range of electrical, optical and magnetic
properties. These properties of perovskites can be tuned by
substituting cations at both sites. For instance, recently the
strong photoluminescence was obtained without luminance
temperature-degradation in the mixed alkaline earth sub-
stituted lanthanide aluminates or lanthanide doped alkaline
earth aluminates [14,16,18-21]. Strontium atoms can
substitute into the perovskite LnAlOj structure possibly
for the lanthanide cation [22].

In the context of doped materials, the incorporation of
homogeneously distributed nanosized secondary phases in a
host matrix, which can be realized by the molecular level
fabrication of new materials, is of significant interest. Over
the last few decades, the sol—gel techniques have been used
to prepare a variety of mixed-metal oxides [23-25]. In these
sol—gel processes, good quality of the oxide products was
achieved primarily because of the purity of the precursor
materials used and chemical homogeneity obtained from the
synthesis route. In this paper we present results of a
systematic study of sol-gel synthetic approach to pure
LaAlO; and Sr-substituted lanthanum aluminates
La;_,Sr,AlO;_; using glycolate intermediates. The results
illustrate the simplicity of the low-temperature method for
the preparation of this type of ceramics. The formation of
possible solid solutions in the investigated systems is
discussed as well.

2. Experimental

Lanthanum aluminate (LaAlOs; sample 1) and lantha-
num-strontium aluminate (Lag75Sr25A103_s; sample II;
Lao'Sosr0_50A103,5; Sample 111, Lao_255r0,75A103,5; Sample
IV) ceramic samples were synthesized by aqueous sol-gel
method. The gels were prepared using stoichiometric
amounts of analytical-grade La(NOj3)3;-6H,O, AI(NOs3);-
9H,0, and Sr(CH;COO), as starting materials. For the
preparation of unsubstituted samples by the sol-gel process,
lanthanum nitrate was first dissolved in CH;COOH (50 ml
0.2 M) at 60 °C. To this solution, aluminium nitrate in 50 ml
of distilled water was added and the resulting mixture was
stirred for 2 h at the same temperature. For the preparation of
Sr-substituted samples the appropriate amount of strontium
acetate dissolved in 50 ml of 0.2 M CH;COOH at 60 °C was

added and the resulting mixture was stirred for 1 h at the
same temperature. In a following step, 1,2-ethanediol (2 ml)
as complexing agent was added to the reaction solution.
After concentrating the solutions by a slow evaporation at
65 °C under stirring, the La(Sr)-Al-O acetate—nitrate—
glycolate sols turned into white translucent gels. The oven
dried (100 °C) gel powders were ground in an agate mortar
and preheated for 3 h at 800 °C in air. Since the gels are very
combustible, a slow heating rate (~3—4 °C min~") espe-
cially between 100 and 400 °C was found to be essential.
After an intermediate grinding in an agate mortar, the
powders were additionally sintered in air for 10h at
1000 °C.

The thermal decomposition processes of the precursor
gels were studied in air atmosphere by thermogravimetric
(TG) and differential thermal analyses (DTA) using a
Setaram TG-DSC12 apparatus at a heating rate
10 °C min~'. The infrared spectra were recorded on an
EQUINOX 55/S/NIR FTIR spectrometer (4000400 cm ™).
Samples were prepared as KBr pellets. Powder X-ray
diffraction measurements were performed at room tem-
perature on a Stoe-Cie Powder Diffraction System STADI P
and a Siemens D-500 diffractometer operating with a Cu Ka
radiation. Scanning electron microscopy (SEM) was used to
study the morphology of the gels before and after the heat
treatment. The SEM and energy dispersive X-ray (EDX)
analysis were performed under vacuum in the specimen
chamber of an EDX coupled scanning electron microscopes
CAM SCAN S4 and CAMECA SX 100. ICP spectrometer
Jobin Yvon 170 Ultrace (lateral observation, generator
40 MHz, output 1.0kW, plasma gas flow 121 min_l,
monochromator 1 m) was used for the determination of
metals in the synthesized samples. The measurements were
performed at the following lines: Al 309.271 and
396.152 nm; La 333.749 and 379.478 nm; Sr 407.771 and
421.552 nm.

3. Results and discussion
3.1. Synthesis of gels and calcined powders

In the recent years, the chemical synthesis routes have
attracted significant attention as the low-temperature
alternatives to the preparation method of multicomponent
ceramic materials. We report here on the synthesis method,
which is based on the in situ formation of metal complexes
with chelating acetate and glycolate ligands. Previously we
have demonstrated that the gelation time is a critical factor
determining the nature of gels and is of crucial importance
for the good properties of oxide materials [17]. A slow
evaporation of the solution initiates condensation reactions
resulting finally in resinous, transparent and homogeneous
gels. Thus the sols, i.e. homogeneous mixtures of complexed
metal ions, were heated to around 65 °C for several hours.
Subsequently, the gels are charred (300—400 °C), calcined
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Fig. 1. Scheme of the steps involved in the sol-gel process used for the
preparation of LaAlO; and La,;_,Sr,AlO;_s ceramics.

(800 °C) and annealed (1000 °C) to obtain the oxide
powders. A schematic diagram of the processing steps
involved in the sol-gel synthesis of the mixed-metal
La;_,Sr,AlO;_; aluminate ceramics is shown in Fig. 1.

3.2. Thermal analysis of precursor gels

The mechanism of the thermal decomposition in flowing
air of the dried La—Al-O and La(Sr)-Al-O gels was studied
by TG/DTA measurements. TG/DTA curves showed that in
all cases (sample I-sample IV) the thermal decomposition
proceeded in a similar way. TG/DTA profiles for two
representative samples are shown in Figs. 2 and 3.
Decomposition started below 120 °C with a loss of
crystallization water and/or water from the coordination
sphere of the metal complexes. In the temperature range of
120-550 °C the main decomposition occurs. The final
weight loss (~3.5-4.7%) on the TG curves of the gel
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Fig. 2. TG/DTA profiles of the La(Sr)-Al-O precursor gel in which 25% of
La was substituted by Sr.
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Fig. 3. TG/DTA profiles of the La(Sr)~Al-O precursor gel in which 75% of
La was substituted by Sr.

samples [-IV was observed in the temperature range 760—
890 °C. The thermal decomposition behaviour is associated
with endothermic and exothermic effects in the DTA curves.
The first decomposition step assignable to removal of
adsorbed and chemisorbed water is indicated by broad
endothermic peaks around 100 °C on the DTA curves.
Exothermic peaks from 170 to 490 °C in the DTA curves are
due to the pyrolysis processes occurring during further
heating of the gel samples. The final weight loss observed on
the TG curves is also accompanied by broad and weak
exothermic peaks. These peaks probably correspond to the
decomposition of the intermediate oxycarbonate La,0,CO3
to the oxide which occurs in the temperature range 600-
800 °C depending on the atmosphere used. According to the
thermal analysis data the final annealing temperature for the
preparation of La;_,Sr,AlO;_; ceramic oxides could vary
from 900 to 1000 °C.

3.3. Elemental analysis

To check the metal contents in the dried La(Sr)-Al-O gel
powders, the EDX method was applied. The average
La:Sr:Al metal ratios for the prepared samples were
calculated to be: 50(2):0:50(3) (sample I), 38(3):12(1):
50(3) (sample II), 25(2):25(2):50(4) (sample III) and
13(1):37(3):50(2) (sample IV), with standard deviations
of the distribution in parentheses. Thus, the syntheses
yielded homogeneous precursors with compositions near
to the desirable La:Sr:Al metal ratio 1:0:1, 0.75:0.25:1,
0.5:0.5:1, and 0.25:0.75:1 for the sample I to IV,
respectively. Thus, the homogeneous gels were achieved
by complexing metal ions with acetic acid and 1,2-
ethanediol before gelation, and no component segregation
or non-ideal stoichiometries, at the micrometer level, were
observed in all of the cases.

The average metal ratios in the sintered (1000 °C)
powders were also determined by the EDX analysis. These
results are presented in Table 1. The EDX analyses of the
different crystallites showed that the homogeneity of the
samples depends on the nominal composition. In the case of
a small amount of Sr (samples I and II) the metal



1126 M. Chroma et al./Ceramics International 31 (2005) 1123-1130

Table 1
Formulas of La,_,Sr,AlO; oxides calculated from EDX (n=5) and ICP
analysis data

Sample Method of analysis Major phase
I EDX Lag oAl O3
ICP LaggAl; ¢O3_«
11 EDX Lag7Sr93Al; 003
ICP Lag 65103Al1 003«
I EDX Lag 5Sto.6AlpoOs_ .
ICp Lag 4Srp.5Al; 003_
v EDX La0.25r140A10.8037x
ICP Lag 581 gAl; 03
stoichiometry (La(Sr):Al=1:1) consistent with the

La;_,Sr,AlO;_s phase. The analyses of these two samples
showed that La(Sr)-Al compositions approximated that of
the dried gels. However, with a higher Sr substitutional level
(samples IIT and IV) the syntheses yielded rather inhomo-
geneous products. EDX analyses in the SEM indicated that
in the samples synthesized with a large amount of
substituent, most of the particles were overstoichiometric
in Sr and this seemed to be coupled with a decrease in the Al
content. It is possible that the high Sr signals in the SEM
analyses are due to neighboring strontium-rich grains. The
observed lower amount of aluminium in the samples could
be due to the possible formation of volatile intermediates
during high-temperature treatment of the gels. However, the
results of determination of metal content in the samples by
ICP method (see Table 1) suggest that the calcination
process does not influence the composition of the end
products, i.e. the total amount of metals in the samples is
consistent with the starting composition. On the other hand,
the EDX results confirmed that various cations are
inhomogeneously mixed in the individual grains of samples
IIT and IV, and that there is considerable segregation of the
components.

3.4. Infrared spectra

IR analysis of synthesized samples is important both for
the control of the reaction process and of the properties of
materials obtained. A special attention was paid to the IR
spectra of the precursor gels. It is interesting to note that the
IR spectra of La(Sr)-Al-O acetate—nitrate—glycolate gels
are qualitatively the same regardless of strontium substitu-
tion level. A representative IR spectrum of the La—Al-O gel
is shown in Fig. 4. The spectrum shows the characteristic
absorption bands of vibrations in a number of functional
groups, such as CH,, CH;, NO3;~, CH-OH and -CO-OH
[26,27]. These absorption bands are summarized in Table 2.
The characteristic nitrate stretching frequencies at 1700—
1600 cm™' might be overlapped with the —CO-OH
stretching. However, the peaks due to the stretch vibrations
in NO;~ at 1410-1360 cm ! (strong bands) and 1270-
1245 cm™ ' (weak bands) [23,24] are evident. It is not
possible to state that only one compound was formed,

0.5
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0.24
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Fig. 4. IR spectrum of the La—Al-O precursor gel.

however, according to our IR results we suppose that the
three ligands (acetate, nitrate and 1,2-ethanediol) are in the
coordination sphere of the metals.

A broad absorption in the spectrum of the precursor gels
at around 3400 cm ™! also indicates the presence of adsorbed
water [17]. In the 820400 cm ! region of the IR spectrum,
the observed specific peaks at 818, 789, 729, 772, 678, 578
and 484 cm ™' may be attributed to the characteristic M—O
vibrations [27].

Fig. 5 shows the IR spectra of sintered La; _,Sr,AlO;_;
ceramics obtained at 1000 °C. The LaAlO; spectrum (see
Fig. 3a) displays only two frequencies at 660 and 435 cm ™"
which are typical for the M—O (possibly La—O and Al-O
stretching frequencies) vibrations for the perovskite
structure compounds [27]. The IR spectra of Sr-substituted
La,_,Sr,AlO;_;s samples, however, change with an increas-
ing Sr content, indicating the atomic-level reorganization.
The strong bands of 660 and 435 cm™' are replaced by
several bands already at 50% substitutional level of Sr,
which may be attributed to the stretching modes of different
polyhedra in the oxide materials. Thus, the results of IR
analysis indicate the formation of polyphasic crystalline
material when concentration of Sr x > 0.5. In Fig. 5, the
spectra of strontium substituted ceramic samples show that
new peaks appear at 1448 cm™' and in the region of 875—
850 cm ™. Moreover, the intensity of these peaks increases

Table 2
Characteristic absorption frequencies of the La—Al-O acetate—nitrate—gly-
colate gel in the 4000-800 cm ' range

Group Band (cm™}) Remarks

>CH, and —CHj 3000-2800 C-H stretching
1460-1420 C-H deformations

—-CH,-OH 3400-3200 Strong
1325-1270 Strong
1100-1000 Medium

-CO-OH 3500-3200 Strong
1720-1590 Strong
1360-1350 Strong

940-820 Medium

NO;~ 1700-1600 Strong
1410-1360 Strong
1270-1245 Weak
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Fig. 5. IR spectra of different La,_,Sr,AlO;_s aluminates synthesized at
1000 °C: ('d) LaAlO';, (b) La0_75Sr0_25A103,5, (C) La0_50Sr0_50AlO3,3 and (d)
Lag 25510.75A103 .

with increasing amount of strontium. The exact origin of this
peak is not very clear. It is known, that typical carbonate
vibrations are ~1470-1390 cm™' (triply degenerated
stretching mode) and ~880-850 cm ™' (doubly degenerated
stretching mode) [26]. So, the bands at 1448, 875 and
851 cm ™! could be assigned to the metal carbonates formed
as intermediates during high-temperature treatments. It is
well known that aluminium carbonate (Al,(COs);) decom-
poses relatively at low temperatures (~500 °C) [28].
Therefore, the carbonate peaks in the IR spectra of doped
La;_,Sr,AlO3 ceramic samples could be attributable to
strontium carbonate (SrCOs3) and/or lanthanum oxycarbo-
nate (La,0O,CO3;). Because the intensity of 1448 cm ! peak
is relatively weak, it is likely that very little carbonate
formed. However, the IR spectrum of undoped LaAlOj
sample calcined at 1000 °C does not feature any character-
istic carbonate bands.

3.5. Powder X-ray diffraction studies

The XRD patterns of the La—Al-O and La(Sr)-Al-O
acetate—nitrate—glycolate gels were recorded in the region of
20 =20-70°. The diffraction patterns of the obtained
powders were broad due to the amorphous character of
the synthesized systems. Again, all XRD patterns were
qualitatively the same regardless of strontium substitutional

Relative intensity

20 30 40 50 60 70
20

Fig. 6. X-ray diffraction pattern of the La(Sr)—Al-O precursor gel in which
50% of La was substituted by Sr.

level. The XRD pattern of the La(Sr)-Al-O dried gel in
which 50% of La was substituted by Sr is presented in Fig. 6.
In cases when the conditions of the sol-gel process are not
optimized, a partial crystallization of the starting metal salts
may occur. However, no peaks due to the crystallisation of
metal salts or of any undesired or contaminating phase could
be identified (see Fig. 6). These data show the individuality
of the synthesized precursors. The powders remain
amorphous to X-rays for calcination temperatures of up
to 800 °C. The patterns for the products obtained at 800 °C
only indicated an unidentified amorphous humps between
26 = 30-40° and 260 = 55-65°. According to XRD analysis,
syntheses performed at 900 °C yields crystalline samples
having huge amount of different phases.

The XRD patterns of the La(Sr)-Al-O precursor powders
calcined and sintered at 1000 °C are shown in Fig. 7.
According to the XRD analysis, fully crystallized single-
phase oxide LaAlO; with well pronounced perovskite

Relative intensity
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N S

10 20 30 40 50 60 70

Fig. 7. X-ray diffraction patterns of the La;_,Sr,AlO;_; ceramic samples
synthesized at 1000 °C: (a) LaAlOs, (b) Lag75Srg,5A103 5, (c)
Lag 50519 50A103_s and (d) Lag 2551 75A105_5. The peaks other than those
of the perovskite LAP phase are marked: SrsAl,Og (*); Sr3AlO¢ (x);
SrLaAlO, (0); and unidentified phases (?).
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crystal structure has formed (see Fig. 7a) (JCPDS file 31-22).
The XRD pattern of the sample II (material with 25% of
strontium) is presented in Fig. 7b. The XRD data confirm
Lag 75S19,5A103_, to be the main crystalline component.
However, the formation of minor amount of impurity phase
was also detected. The diffraction line at 35.5° 26 could be
attributed to the SrsAl,Og phase. Fig. 7c shows the X-ray
diffraction pattern of the Lags0Srgs50AlO;_5 ceramic
sample. The diffraction lines assignable to the perovskite
crystal structure at 27.5, 39.2, 48.5, 56.0 and 63.5 26 are well
pronounced in the diffractogram. However, the formation of
the impurity phases such as Sr;Al,Oq, SrsAl,Og and
SrLaAlO, is also evident. With further increasing the Sr
content, the formation of perovskite aluminate seems to be
problematic. The impurity Sr3Al,O¢ phase was already the
dominating component during the synthesis of
Lag 5519 75A105_s ceramics (Fig. 7d). The main X-ray
diffraction results are consistent with the crystallization
process observed by the IR measurements. In contrast, the
XRD powder patterns show no evidence for the formation of
crystalline carbonate species. Moreover, these observations
are thoroughly supported by the scanning electron micro-
scopy studies (see later). The broad peaks in the resulting
powder patterns and poor intensities suggest that a
considerable amount of the material is either amorphous
or nanocrystalline [28].

3.6. Scanning electron microscopy

The typical scanning electron micrographs of La(Sr)-Al—
O gels display amorphous particles forming ~20-50 pm
sized highly porous cloud-like agglomerates, and no faceted
grains were observed in all of the cases. A representative
SEM photograph of the precursor gel (sample II) is shown in
Fig. 8. This observed morphology was qualitatively the same
in different gels regardless of their chemical composition.

Fig. 8. Scanning electron micrograph of the La(Sr)-Al-O precursor gel in
which 25% of La was substituted by Sr. Magnification 300x.

Fig. 9. Scanning electron micrographs of LaAlO; ceramics at two magni-
fications: (a) 250x and (b) 1500x.

The SEM images of the calcined LaAlO; sample exhibit
clustered grains made up of several tiny crystallites with a
defined microstructure (Fig. 9). Some individual particles
seem to be nano-sized plate-like crystals and they are
partially fused to form hard agglomerates (see Fig. 9b). It
can be also seen from Fig. 9 that the LAP solids are
composed of grains with no regular size, i.e. the SEM
images revealed agglomerated grains of different size
ranging from ~500 nm to 25 pm. The particle size does not
change and no progressive change in morphology was
observed with strontium substitution. Fig. 10 shows the
surface  features of the Lag;5Srg,5A105_s and
Lag 50Srg.50A10;5_s powders calcined at 1000 °C. From
these SEM images it is evident that the La; ,Sr,AlOz s
powders are also composed of plate-like crystallites having a
quite different size and the tendency to form agglomerates.

Fig. 11 shows the SEM micrographs (back scattered
electron (BSE) images) of synthesized La;_,Sr,AlO3_s
powders. As seen, in the backscattered electron mode the
light or dark regions cannot be identified for the LaAlO3
sample (Fig. 11a). The similar situation is observed for the
Lag 75510.25A103_5 and Lag 50519 50AlO5_s samples, whose
BSE micrographs are presented in Fig. 11b and c,
respectively. However, the appearance of a small number
of dark spots within the gray matrix is evident. Since the
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Fig. 11. Scanning electron micrographs of La; ,Sr,AlO;_s aluminates synthesized at 1000 °C ((a) LaAlO3, (b) Lag 75S1025A103_s, (c) Lag 5010 50A103_s and

(d) Lag»5Srg 75A105_s) in back scattered electron mode.

brightness of the specimen in BSE is homogeneous over the
entire measured area, the most of the material is finely
divided, i.e. the distribution of its chemical elements is
highly uniform. Fig. 11d shows the distribution of white,
gray and black regions through the whole picture confirming
the formation of multiphasic materials during the synthesis
of high-level strontium substituted Lag,5Sr)75A105_g
ceramics.

4. Conclusions

From the present study it might be concluded that
homogeneous gels in the La(Sr)-Al-O system were
prepared by the complexation of metal ions with 1,2-
ethanediol followed by a controlled hydrolysis in aqueous
media. The obtained gels have been used for the low-
temperature synthesis of nano-scale lanthanum aluminate
(LAP, LaAlO3) and strontium substituted lanthanum
aluminate (La;_,Sr,AlO;3_s) ceramics. The present study

demonstrates the versatility of the solution method to yield a
monophasic LAP sample at low sintering temperature
(1000 °C) when compared to the temperature required for
the solid-sate synthesis (>1400-1600 °C). Moreover, the
proposed sol-gel method of preparation of LAP in aqueous
media is inexpensive and thus appropriate for the large-scale
production of such type ceramics. Also, the Sr-substituted
LAP ceramics have been successfully obtained by this
method. To our knowledge, La;_,Sr,AlO;_ s (x < 0.50)
solid solutions with the perovskite structure were prepared
by a soft sol-gel chemistry approach for the first time.
Ultrafine particles of different crystallite dimensions (from
~500 nm to 25 pm) can be formed in 10h at 1000 °C.
Recent studies have shown that highly transparent aluminate
ceramics with optical transmittance comparable to single
crystal could be obtained from the compacts of polycrystal-
line materials. In the view of the above results and the
increasing importance of the nanomaterials, the nanocrystal-
line LAP and Sr-substituted LAP phases show a consider-
able application potential.
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