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Yttrium aluminum garnet, Y3Al5O12, �YAG� monoliths with well-defined macropores have been prepared from

ionic precursors using the sol–gel method accompanied by phase separation. The addition of propylene oxide to

the starting solution controls the gelation, while the addition of poly�ethylene oxide� induces the phase separa-

tion. Polymerization-induced phase separation and gelation concur by an appropriate selection of the starting

composition, which allows the production of bicontinuous macroporous nanocomposite gels in large dimensions

��10�10�10 mm3�. During heat treatment at 800�C, the monolithic nanocomposite gels crystallize into YAG

without the formation of any intermediate phases or the precipitation of impurity phases, indicating higher

homogeneity of cation distribution in the dried gels. The macroporous YAG network was maintained even after

heat treatment at 1000�C for 10 h. �Received September 23, 2007; Accepted November 15, 2007�
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1. Introduction

The sol–gel-derived porous materials have been utilized in

an extended application such as catalyst, sensors, separation

media, optical and electronic devices and so forth, because the

versatility of sol–gel processing provides a means of controll-

ing the shape, morphology and textual properties of the final

material. Among some synthetic strategies, the sol–gel process

accompanied by phase separation has been adopted to fabri-

cate a variety of oxide systems with controlled porous struc-

tures. It has been well established for alkoxy-derived pure

silica and silica-based sol–gel systems in which polymeriza-

tion-induced phase separation and concurrent sol–gel transi-

tion produce monolithic materials with well-defined macro-

porous structures.1�,2� Recently, pure titania and zirconia

monoliths with well-defined macropores have been also syn-

thesized via the phase separation route using the metal

alkoxides as precursors.3�,4�

On the other hand, recent advance of the metal-salt-derived

gel-forming process assisted by the ring-opening reaction of an

organic epoxide offers us new opportunities for the structural

control of non-silica and silicate systems because of no need

for highly reactive metal alkoxides.5� In the alkoxide-free

sol-gel process, epoxides are utilized as the acid scavenger to

raise the solution pH gradually, which drives the hydrolysis

and condensation of hydrated metal species. Very recently,

we have successfully prepared macroporous pure alumina

monoliths by combining the phase separation route with the

metal-salt-derived sol–gel process.6�

Extending the synthetic procedure of macroporous pure

alumina, this paper demonstrates a trial of producing macro-

porous structures in non-silicate, mixed metal oxide systems.

Since the metal-salt-derived sol–gel process has also proven

useful in designing the precursor gels of highly homogeneous

binary oxides,7� if combined with the phase-separation route,

the formation of well-defined macropores would be possible

even in mixed oxide systems. In this study, an Y-Al mixed

metal oxide system is chosen as a representative because the

difference of the reactivity between Y3� and Al3� in aqueous

and�or ethanolic solution is relatively small. We show that

Y–Al–O precursor gel monoliths with well-defined macro-

pores can be prepared by the metal-salt-derived sol–gel process

accompanied by phase separation and that the gel skeletons

are converted into nanocrystalline YAG by heat treatment at

temperature above 800�C without spoiling the macroporous

morphology. Various synthetic approaches including templat-

ing techniques have been used to fabricate porous mixed

metal oxides, but most of the porous materials were dried to

powders.8�–13� Using the present technique, large-dimension,

mixed metal oxide monoliths with controlled porous struc-

tures can be prepared via a spontaneous chemical process

without the aid of any template agents, which enables us to

control the material shape as well as the porous morphology.

Several benefits are expected to arise from the ease, repro-

ducibility and versatility of the present process.

2. Experimental procedure

2.1 Synthesis

Gel samples were obtained via the sol–gel route using

metal salts of YCl3�6H2O �Aldrich, 99.99�� and AlCl3�6H2O

�Aldrich, 99�� as the inorganic components, and a mixture

of distilled water �H2O� and ethanol �EtOH, Kishida Rea-

gents Chemicals, 99.5�� as the solvent. Propylene oxide

�PO, Aldrich, 	99�� was added to initiate gelation, and

poly�ethylene oxide� �PEO, Aldrich� having viscosity average

molecular weight �Mv� of 1,000,000 was utilized as the poly-

mer to induce the phase separation. All reagents were used as

received.

The gels were prepared with the cation ratio of Y�Al
3�5

so that stoichiometric Y3Al5O12 could be formed upon heating

at elevated temperature. The detail of gel preparation is as

follows. First, 1.19 g YCl3�6H2O and 1.58 g of AlCl3�6H2O,

together with a given amount of PEO in the range of 0.02 to

0.09 g, were dissolved in a mixture of 4.0 g of H2O and 2.37 g

of EtOH. Then, 1.51 g of PO was added to the transparent

solution under ambient conditions �25�C�. After stirring for

1 min, the resultant homogeneous solution was transferred

into a glass tube. The tube was sealed and kept at 40�C for

gelation. After gelation, the wet gel was aged for 24 h and

evaporation-dried at 40�C. Some of the dried gels were heat-

treated at temperatures between 700 and 1000�C for 10 h in
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Fig. 1. SEM photographs of dried gels prepared with varied PEO

content: �a� 0.02 g, �b� 0.04 g, and �c� 0.09 g of PEO. �d� FE-SEM

photograph of dried gel prepared with 0.04 g of PEO.
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air.

2.2 Characterization

Morphology of dried and heat-treated gels was observed by

a scanning electron microscope �SEM; JSM–6060, JEOL,

Pt–Pd coating� equipped with an energy-dispersive X-ray

�EDX� spectrometer. X-ray diffraction �XRD� analysis with

Cu Ka radiation �l
0.154 nm� �RINT-Ultima III, Rigaku

Corp.� was performed in order to identify the crystalline

phases precipitated. The measurements were carried out for

the powder specimens prepared by grinding macroporous

monoliths.

3. Results and discussion

The starting solutions were initially homogeneous and

transparent. As time elapsed, the phase separation and the

gelation proceeded spontaneously in a closed and static

condition at a constant temperature �40�C�. The gels prepared

from the solution containing PO formed quite quickly �gela-

tion time is ca. 15 min�, although gelation did not take

place in the solution without PO. As reported by Gash and

co-workers,6�,14� gelation of metal salts solution is induced

by using epoxides as gelation initiators. Epoxides act as an

irreversible proton scavenger, and cause the solution pH to

increase gradually throughout the solution.6� The slow and

uniform pH rise drives the hydrolysis and condensation of

hydrated metal cations to form the monolithic gel. On the

other hand, the addition of PEO to the starting solution did

not have such a significant effect on the gelation time but

instead induced the formation of phase-separated structures.

When the PEO content was small, white and translucent gels

were obtained. As the PEO content was increased, the gels

became opaque white. Figure 1 shows the SEM images of

dried gels prepared with 0.02, 0.04, and 0.09 g of PEO. The

gel morphology depends significantly on the PEO content. As

the PEO content is increased, the gel morphology in the

micrometer range changes from nonporous �Fig. 1�a��,

through bicontinuous structure �Fig. 1�b��, to particle

aggregates �Fig. 1�c��. The variation of gel morphology with

PEO content is mainly determined by the change in phase-

separation tendency as mentioned below.

The phase separation tendency is related to the miscibility of

a polymeric system, which can be estimated by the Flory-

Huggins formulation.15�–17� The Gibbs free energy change of

mixing, DG, can be described as follows;

DG�RT �
q1

P1

ln q1
q2

P2

ln q2xq1q2� �1�

where x is the interaction parameter, qi and Pi are the volume

fraction and the degree of polymerization of component

i �i
1 or 2�, respectively, R is the gas constant, and T is the

temperature. The former two terms in parenthesis represent

the entropic contribution, and the last term the enthalpic

contribution. As we previously reported for the metal-salt-

derived Al2O3 sol–gel system in the presence of PEO, entropy

loss contributes essentially to DG, which causes the phase

separation.5� Namely, either P1 or P2 in Eq. �1� becomes large

as a result of the homogeneous condensation reaction of Al2O3

oligomers due to the uniform increase in solution pH, which

makes DG large. In the present Y–Al–O system, aluminum

hydroxide species are first formed at the early stage of the

reaction, because aluminum hydroxide is less soluble than

yttrium hydroxide in the acidic condition.18� In the following

increase of solution pH, yttrium hydroxide species are precipi-

tated preferentially onto the interfaces of aluminum hydroxide

embryo and solution because of the local proton deficiency as

in the case of co-precipitation method. The fine incorporation

of yttrium hydroxide into the polymeric aluminum hydroxide

is a key reaction, although further evidences are required. As

reaction proceeds, the yttrium-incorporated aluminum species

phase-separate due to the entropy loss during polymerization

reaction. Since the addition of PEO to the starting solution

reduces the compatibility between polymeric yttrium-incorpo-

rated aluminum species and PEO dissolved in the fluid phase

composed mainly of solvent mixtures, the phase-separation

tendency becomes strong with increasing PEO content. When

the PEO content is small, phase separation does not occur

effectively until gelation, and hence, transparent gels with

nanometer-sized pores, i.e, nonporous gels in the micrometer

range, are obtained �see Fig. 1�a��. On the contrary, when

the PEO content is too large, phase-separation tendency

enhances significantly, which results in the fragmentation of

the phase occupying a smaller volume fraction. In the present

case, the minor phase is the gel phase, so that the sea-island

structure, in which the fragmented gel phase is dispersed in the

sea of fluid phase, is fixed by the gelation to form the spherical

particle aggregates �Fig. 1�c��. Nearly concurrent phase sepa-

ration and gelation produce the bicontinuous monolithic

structure �Fig. 1�b��, in which each of the gel phase and the

fluid phase is three-dimensionally interconnected on the length

scale of micrometers. After evaporation drying, the fluid

phase composed mainly of solvent mixture turns into continu-

ous macropores, and the gel phase becomes skeletons. Using

this technique, one can obtain monolithic dried gel in large

dimensions �10�10�10 mm�. �see the inset of Fig. 1�b�,

where a circular cylinder with 10-mm diameter and 10-mm

height is displayed�.

Figure 1�d� corresponds to the FE-SEM image of the dried

gel shown in Fig. 1�b�. No precipitates or aggregates are

observed for the gel skeleton, indicating the high homogeneity

of resultant gels. Elemental analysis shown in Fig. 2 also

revealed no segregation of Y and Al, i.e., uniform distribution

of Y3� and Al3�, in the gel skeleton.

Variation of XRD pattern with heat-treatment temperature

is depicted in Fig. 3. The measurements were performed for

the samples prepared with 0.04 g of PEO. For the dried gel,

three broad diffraction peaks are observed at 2u
10, 24, and

40��Fig. 2�a��, although the crystal structure can not be
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Fig. 2. Elemental mapping of the macroporous gel synthesized with

0.04 g of PEO: �a� SEM image, �b� aluminum map, and �c� yttrium

map.

Fig. 3. Variation of XRD pattern with heat-treatment temperature.

The measurements were carried out for the samples prepared with

0.04 g of PEO. Open circles represent the diffraction peaks ascribed to

Y3Al5O12 �YAG�.

Fig. 4. XRD pattern of the precipitates prepared from 1.19 g of

YCl3�6H2O, 0.04 g of PEO, 4.0 g of H2O, 2.37 g of EtOH, and 1.51 g

of PO. The inset is the SEM image of the product, showing needle-like

precipitates.

Fig. 5. SEM image of the gel prepared with 0.04 g of PEO and then

heat-treated at 1000�C for 10 h.
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exactly identified due to the poor crystallinity. As we reported

previously, gels amorphous to X-ray were obtained from

PO and AlCl3�6H2O in H2O�EtOH solution.5� On the other

hand, as shown in Fig. 4, the addition of PO to YCl3�6H2O

in H2O�EtOH solution resulted in the formation of white

needle-like precipitates ascribed to hydrated chloride-hydro-

xide precipitates with a general formula of Y2�OH�6�mClm�

nH2O, where m and n normally equal to one.19� The observa-

tion that clear diffraction peaks ascribed to yttrium hydroxide

are absent in the present Y–Al–O system indicates that yttrium

hydroxide species are finely embedded into the polymeric

aluminum hydroxide, suggesting that the segregation of yttri-

um hydroxide is significantly suppressed by coexistence with

Al3� species in the starting solution. The broad diffraction

peaks disappear at 300�C, and halo pattern is observed up to

700�C �Fig. 3�b��. Following heat treatment at temperature

as low as 800�C �Fig. 3�c��, the diffraction peaks ascribed to

YAG �JCPDS 33–0040� appear without the formation of any

intermediate phases or the precipitation of impurity phases.

Above 800�C, continued refinement of peak shapes and inten-

sities is observed. The crystallite size estimated by Scherrer's

equation using the �420� diffraction line is approximately 19.8

and 29.6 nm for samples heat-treated at 800 and 1000�C,

respectively. Even after the heat treatment at 1000�C for 10 h,

macroporous structure is maintained, as shown in Fig. 5.

Namely, the bicontinuous macroporous network comprised

of a single phase of YAG can be obtained by heating at tem-

peratures above 800�C. According to thermogravimetry and
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differential thermal analysis �not shown�, the oxidation of

residual organic components or the formation of Y–O–Al

bonds through condensation and elimination of H2O took

place at temperatures below 900�C, while the removal of chlo-

rine was observed at temperatures above 900�C. Thus, the

chlorine impurity in macroporous YAG monoliths can be

minimized by heat treatment above 900�C.

The synthesis of polycrystalline YAG using the convention-

al solid-state reaction usually requires heat treatment at

1600�C or so to obtain the single phase of YAG.20� In contrast,

co-precipitation approaches to synthesizing YAG nanoparti-

cles using the metal salts have been shown to allow the trans-

formation into YAG during heat treatment at temperatures

below 1000�C in air.18�,21�–23� For example, Wang et al.18� pre-

pared Y–Al–O nanoparticulate gels from nitrate salts and am-

monia solution, and observed the precipitation of YAG after

subsequent heat treatment at 800�C. Li et al.22� reported that

YAG nanoparticles can be obtained for the specimens pre-

pared by using nitrate salts and ammonium hydrogen car-

bonate as starting materials, followed by heat treatment at

900�C. Obviously, the onset temperature of crystallization for

the specimens derived from the present method is comparable

to or lower than that for the specimens prepared via the

co-precipitation method, which is again indicative of the

uniform distribution of Y3� and Al3� ions at the stage of

precursor gels.

4. Conclusions

YAG monoliths with well-defined macropores were pre-

pared from the aqueous and ethanolic solution of yttrium and

aluminum chlorides in the presence of PO and PEO using the

sol–gel method accompanied by phase separation. Macro-

porous Y–Al–O nanocomposite precursor gels are formed by

concurrent phase separation and sol-gel transition and can be

transformed into nanocrystalline YAG by heat treatment at

temperature as low as 800�C. The crystallization of YAG takes

place without the formation of any intermediate phases or the

precipitation of impurity phases, indicating high cation

homogeneity of dried gels. Remarkably, the YAG monoliths

are observed to maintain the macroporous morphology

even after the heat treatment at 1000�C for 10 h. The integra-

tion of porous structures into robust monoliths would be

beneficial, especially for the areas where processing or appli-

cation dictates some structural form with moderate mechani-

cal strength.
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