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A sol-gel method based on in situ generation of mixed-metal chelates by complexing metal
ions with ethane-1,2-diol in aqueous media has been elaborated to prepare lanthanide-ion
containing garnets, Gd3Al5O12 (GAG) and La3Al5O12 (LAG). XRD patterns of the powders
sintered at 1 000 °C revealed the formation of monophasic GAG. However, LAG does not
form under the same experimental conditions. The phase composition of the samples was
characterised by IR spectroscopy. Microstructural features of the polycrystalline garnets were
studied by SEM.
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Garnets, both natural and synthetic, form a wide range of compounds
which are closely related by their structure and chemical and physical prop-
erties. Garnets containing transition and rare-earth metals have many im-
portant technological applications such as magnetic and phosphorescent
materials employed in solid-state lasers and TV screens, computer memories
and in many devices such as microwave optical elements1–4.

Yttrium aluminium garnet (Y3Al5O12, YAG) with excellent structural and
optical properties is one of the most popular garnets. Since the discovery of
ruby laser, which is Cr-doped Al2O3, the search for new solid-state laser ma-
terials with diverse properties such as laser ability at new wavelengths,
broad tunability in to the near infrared (NIR) region and high efficiency,
has been an important task for material scientists. Rare-earth-doped YAG
oxides are also widely used in cathode-ray tubes (projection TV sets), field

Collect. Czech. Chem. Commun. 2007, Vol. 72, No. 3, pp. 321–333

Gd3Al5O12 and La3Al5O12 Garnets 321

© 2007 Institute of Organic Chemistry and Biochemistry
doi:10.1135/cccc20070321



emission, vacuum fluorescent and electroluminescent displays and as scin-
tillators in X-ray and positron emission tomographs5–9.

The phosphorescent host materials have proven to be of great impor-
tance as well. The matrix should have good chemical, mechanical, thermal
and optical characteristics and properties10,11. For example, the laser action
of transition and rare-earth metal ions has been demonstrated in a wide va-
riety of host crystals. Among them, several scandium- and gallium-based
materials were prepared12–16.

Physical properties of crystalline materials are well known to depend
strongly on the phase purity, narrow distribution of grain size and high
crystalline homogeneity. In the last few years, there has been a growing in-
terest in this field in developing new preparative techniques for
nanocrystalline garnet powders17–23. The sol-gel technology, due to its ap-
parent advantages of fine homogeneity, high reactivity of starting materi-
als, easier composition control, lower sintering temperature and lower
costs, is a most promising method for preparation of nanostructured YAG
ceramics24–26. The main aim of this study was to synthesise and characterise
lanthanide (Gd and La) substituted yttrium aluminium garnet (YAG) com-
pounds using an aqueous sol-gel processing route.

EXPERIMENTAL

Synthetic Procedure

In the aqueous sol-gel process, the following materials were used: Gd2O3 (99.99%, Aldrich),
La2O3 (99.99%, Merck), Al(NO3)3·9H2O (99.99%, Aldrich), acetic acid (98%, Lachema, Czech
Republic) and ethane-1,2-diol (99%, Merck).

Gd and La acetates were prepared by dissolving the corresponding oxides in 2 × 10–1 M

acetic acid (100 ml). Clear solutions were obtained after stirring at 60–65 °C for 10 h in
beakers covered with a watch-glass. Then, aqueous solution of aluminium nitrate (25 ml)
was added. The resulting mixture was stirred at 65 °C for 1 h, followed by dropwise addition
of ethane-1,2-diol (2 ml) upon vigorous stirring. The resulting sols were mixed at the same
temperature for another 1 h and then concentrated by slow solvent evaporation at 65 °C
until they turned into transparent gels. The gels were dried in an oven at 110 °C for 1 d.
The resulting gel powders were ground in an agate mortar and heated in air at 800 °C for
5 h by slow temperature elevation (~3–4 °C min–1). After grinding in an agate mortar, the
powders were further sintered in air at different high temperatures for 10 h. Longer duration
of annealing was used in the separate experiments.

Characterisation

X-ray powder diffraction (XRD) measurements were performed with a Stoe STADI P
diffractometer, using CuKα1 radiation and nickel filters. Infrared spectra of samples in KBr
pellets were recorded with a Bruker Equinox 55/S/NIR FTIR spectrometer (resolution 1 cm–1).
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Morphological characterization of the samples was carried out on a Joel 820 scanning elec-
tron microscope. To avoid charging, samples were slightly coated with Au/Pd.

RESULTS AND DISCUSSION

X-ray Powder Diffraction Analysis

In the first part, the Gd-Al-O and La-Al-O precursor gels were calcined at
800 °C for 5 h and finally annealed at 1 000 °C for 10 h. The X-ray diffrac-
tion pattern of the Gd-Al-O precursor gel annealed at 1 000 °C is shown in
Fig. 1. The XRD results reveal that Gd-Al-O ceramics obtained at 1 000 °C
consists of two crystalline phases: gadolinium aluminium garnet
(Gd3Al5O12, GAG) and gadolinium aluminate perovskite (GdAlO3, GAP).
The XRD pattern is in a good agreement with the reference data for
Gd3Al5O12 (PDF [32-383]) and GdAlO3 (PDF [46-395]). In the case of the
La-Al-O system, however, different results were obtained. Figure 2 is the
X-ray diffraction pattern of the final La-Al-O ceramic sample annealed at
1 000 °C. The XRD pattern testifies to the formation of the perovskite lan-
thanum aluminate (LaAlO3, LAP) phase instead of LAG, which occurs at
this temperature. The obtained XRD pattern is in a good agreement with
the reference data for LaAlO3 (PDF [31-22]). It can be seen that the degree
of crystallinity of the ultimate LAP ceramics is very poor. No other crystal-
line phase was detected. Due to the poor crystallinity of the LAP phase, the

Collect. Czech. Chem. Commun. 2007, Vol. 72, No. 3, pp. 321–333

Gd3Al5O12 and La3Al5O12 Garnets 323

FIG. 1
XRD pattern of the ceramics obtained by calcination of the Gd-Al-O precursor gel at 1 000 °C for
10 h. The peaks denoted with � and × belong to Gd3Al5O12 and GdAlO3 phases, respectively



expected Al2O3 diffraction lines may be overlapped by the background
pattern of the final product. Eventually, the formed alumina phase is amor-
phous.

In order to prove whether higher calcination temperatures influence the
formation of GAG and LAG phases, the precursor gels were also annealed at
1 200 °C for 10 h. The obtained XRD pattern of the GAG ceramics annealed
at higher temperature is shown in Fig. 3. The main phase in this case is
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FIG. 3
XRD pattern of the Gd3Al5O12 ceramics obtained by calcination of the Gd-Al-O precursor gel
at 1 200 °C for 10 h. The peaks denoted with × belong to the minor GdAlO3 phase

FIG. 2
XRD pattern of the LaAlO3 ceramics obtained by calcination of the La-Al-O precursor gel at
1 000 °C for 10 h



Gd3Al5O12 and only a small amount (~8%) of the GdAlO3 is formed. On the
other hand, the XRD pattern of the La-Al-O gel precursor annealed at 1 200 °C
was almost identical to that presented in Fig 2. We can conclude that the
higher temperature did not promote the formation of the LAG phase.

After the preliminary experiments we decided to investigate the influence
of the annealing time and temperature on the formation of GAG and LAG
in more detail. The Gd-Al-O and La-Al-O precursor gels were calcined in
steps at 600, 700, 800, 900 and twice at 1 000 °C for 10 h. The gradual for-
mation of the Gd3Al5O12 phase is shown in Fig. 4. The formation of the
GAG phase starts already at ~800 °C. The phase purity of the polycrystalline
Gd3Al5O12 ceramics improved when the sample was annealed at 900 °C.
The XRD pattern of the ceramics annealed twice at 1 000 °C clearly shows
the formation of the single Gd3Al5O12 phase.

Figure 5 shows the XRD pattern of monophasic Gd3Al5O12, the values of
2θ ranging between 10 and 130°. All indexed lines have been assigned to
the pure polycrystalline Gd3Al5O12 phase. The characteristic lines are (in °):
2θ = 17.88 (78.38%), 20.69 (49.21%), 27.49 (55.67%), 29.44 (45.81%), 33.01
(100%), 36.27 (43.14%), 40.73 (45.05%), 42.12 (31.42%), 46.13 (42.80%),
51.07 (29.51%), 52.25 (35.20%), 54.55 (39.36%), 55.7 (31.8%), 56.8
(37.11%), 60.06 (28.78%), 61.12 (29.13%), 71.24 (30.66%), 86.42 (28.40%).

The same experiment was performed with the La-Al-O precursor gel.
Figure 6 reveals again that no La3Al5O12 phase appears at temperatures up
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FIG. 4
XRD patterns of the Gd3Al5O12 ceramic samples annealed at different temperatures (in °C): a
600, 10 h; b 800, 10 h; c 900, 10 h; d 1 000, 10 h; e 1 000, 20 h



to 1 000 °C, independent of the increased annealing time. Instead of the
LAG phase, pure lanthanum aluminate perovskite was obtained at 900 °C.

Infrared Spectroscopy

IR spectroscopy was used as additional tool for the structural characterisa-
tion of the precursor gels and ceramic materials obtained by the aqueous
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FIG. 6
XRD patterns of the La-Al-O precursor gel samples annealed at different temperatures (in °C): a
600, 10 h; b 800, 10 h; c 900, 10 h; d 1 000, 10 h; e 1 000, 20 h

FIG. 5
XRD pattern of the Gd3Al5O12 ceramic sample annealed at 1 000 °C for 20 h



sol-gel method. The IR spectrum of the Gd-Al-O precursor gel is shown in
Fig. 7. The two broad bands in the region 1 650–1 370 cm–1 can be assigned
to vibrations of NO3

–, CH2OH and COOH groups27. Crystallisation water in
the precursor gel absorbs at 3 438 cm–1. Another broad absorption band due
to M–O vibrations28 occurs at lower wavenumbers (950–450 cm–1).

The IR spectrum of the La-Al-O precursor gel (Fig. 8) is very similar to
that of the Gd-Al-O gel, suggesting the same functional groups are present
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FIG. 8
IR spectrum of the La-Al-O precursor gel dried at 110 °C for 1 d

FIG. 7
IR spectrum of the Gd-Al-O precursor gel dried at 110 °C for 1 d



in both samples. The recorded IR spectra permit to conclude that both
Gd-Al-O and La-Al-O gels were of high quality and the proposed sol-gel pre-
parative technique is highly reproducible.

The ceramic materials obtained after the calcinations of the Gd-Al-O and
La-Al-O gels were also characterised by IR spectroscopy. The IR spectra of
the La3Al5O12 and Gd3Al5O12 samples obtained after annealing at 1 000 °C
for 20 h are shown in Figs 9 and 10, respectively. The La-Al-O ceramics
shows several intense broad bands. Strong absorption bands arising from
O–H stretching and bending vibrations of water due to the exposure of the
sample to atmosphere occur at 3 438 and 1 640 cm–1, respectively. Impor-
tantly, in the 1 300–400 cm–1 fingerprint region, two sharp bands were
present at 664 and 435 cm–1, which are typical metal–oxygen absorptions
for the perovskite-type compounds28–30.

The IR spectrum of the Gd-Al-O sample annealed at 1 000 °C (Fig. 10)
shows that the envelope of two broad absorption bands in the region
800–400 cm–1 in preceding Fig. 9 is well resolved into several narrow ab-
sorption bands. According to the literature data, this pattern corresponds to
the metal–oxygen vibrations in the tetrahedral garnet structure31–33. There-
fore, the IR results support the conclusions made on grounds of the XRD
measurements.
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FIG. 9
IR spectrum of the La-Al-O gel sample annealed twice at 1 000 °C for 10 h



SEM Measurements

The scanning electron microscopy (SEM) proved to be a valuable technique
for morphological characterisation of ceramic samples. Figure 11 shows a
SEM image of the Gd-Al-O sample annealed at 1 000 °C. While some of the
particles appear to reach the nanometer size, many of them are close to or
even exceed micrometer dimensions. This observation suggests that the
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FIG. 11
SEM micrograph of the Gd3Al5O12 ceramics synthesised at 1 000 °C

FIG. 10
IR spectrum of the Gd-Al-O gel sample annealed twice at 1 000 °C for 10 h. It corresponds to
Gd3Al5O12



GAG crystallites obtained at 1 000 °C are not sufficiently homogeneous,
having different shape and wide particle size distribution. Despite the irre-
gular morphology of the garnet particles, it can also be observed that many
large particles are packed with extremely fine powders.

Figure 12 shows the SEM image of the La-Al-O sample annealed at 1 000 °C.
The ceramic material consists of irregularly shaped particles with pro-
nounced agglomeration. It is apparent that micrograin networks are
formed, keeping a glassy-like outline with no internal porosity. This feature
indicates a good connectivity between the grains, which is characteristic for
ceramic–ceramic composite materials34–36.

From the above results we can conclude that the La3Al5O12 phase has not
formed by heat treatment of the precursor gel powders. The solid state reac-
tion expressed by Eq. (1) does not proceed in the temperature region
600–1 200 °C.

3 La2O3 + 5 Al2O3 → 2 La3Al5O12 (1)

Instead, the final ceramic product consists of other crystalline phases:

3 La2O3 + 5 Al2O3 → 6 LaAlO3 + 2 Al2O3 . (2)

Alternatively, the formation of the composite material is described by the
following reaction:
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FIG. 12
SEM micrograph of the ceramics formed from the La-Al-O precursor gel annealed at 1 000 °C



3 La2O3 + 5 Al2O3 → 2 LaAlO3 + 2 La2O3 + 4 Al2O3 . (3)

“Phase metathesis” reactions (Eqs (4) and (5)) may also occur:

La3Al5O12 3 LaAlO3 + Al2O3 (4)

La3Al5O12 LaAlO3 + La2O3 + 2 Al2O3 . (5)

Therefore, heat treatment of the La-Al-O precursor gel powders at 1 000 °C
leads to the formation of 3LaAlO3:Al2O3 or LaAlO3:La2O3:2Al2O3 mixtures
(aluminium and lanthanum oxides, possibly amorphous) instead of the sin-
gle La3Al5O12 garnet phase.

CONCLUSIONS

The homogeneous Gd-Al-O precursor gels obtained by complexation of
metal ions with ethane-1,2-diol in an aqueous medium were used for the
low-temperature synthesis of single-phase gadolinium aluminium garnet
(Gd3Al5O12, GAG). The present study demonstrates the versatility of the so-
lution method to yield a monophasic GAG sample at lower sintering tem-
peratures (900–1 000 °C) when compared with the temperature required for
the solid-state synthesis (>1 600 °C). Although several wet chemical tech-
niques were employed for obtaining Gd3Al5O12, the coexistence of other
phases like GdAlO3 and Gd2Al4O9 was invariably observed below 1 000 °C.
In the successful synthesis of the crystalline GAG phase, 900 °C was
performed at the lowest reported temperature for the crystallisation of
this material. However, the heat treatment of La-Al-O precursor gel pow-
ders at the same temperature leads to the formation 3LaAlO3:Al2O3 or
LaAlO3:La2O3:2Al2O3 mixtures instead of the single La3Al5O12 garnet phase.
On the other hand, we have demonstrated for the first time the low-
temperature sol-gel synthesis of a microscaled ceramic composite consisting
of lanthanum aluminate perovskite (LaAlO3, LAP) and metal oxides (Al2O3
and La2O3). Some of the advantages of the proposed sol-gel synthesis
method, such as low sintering temperature (1 000 °C) of the LaAlO3–M2O3
(M = Al, La) ceramic composite, excellent homogeneity and stoichiometry
control, the high phase purity are also demonstrated in the present study.
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Moreover, the proposed aqueous sol-gel method is inexpensive and thus
appropriate for the large-scale production of new ceramic materials.
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