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Glycothermal synthesis of zirconia—rare earth oxide solid solutions
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The reactions of mixtures of zirconium alkoxide and cerium or yttrium acetate in 1,4-butanediol at 300 °C (glycothermal reaction)
yielded microcrystalline tetragonal zirconia—rare earth oxide solid solutions. The products maintained large surface areas even after
calcination at high temperatures. The surface area of the products with low rare earth contents strongly depended on the drying
conditions because of compaction at the drying stage, and the product dried by microwave irradiation had the highest surface area.
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1. Introduction

Zirconia exhibits interesting specific catalytic actions for
isomerization of olefins [1] and epoxides [2], dehydration
of alcohals [3,4], hydrogenation of olefins [5-7] and car-
boxylic acids [8], and so on [9,10]. Much attention is also
being devoted to the use of zirconia as a support material
for avariety of catalysts [11-13].

Specific surface area is one of the important factors for
catalysts and catalyst supports. Precipitation from solutions
of zirconium (or zirconyl) salts and hydrolysis of zirco-
nium alkoxides afford amorphous zirconia having a large
surface area (200-300 m? g—%) [14,15]. However, the ini-
tial surface area abruptly decreased at around 450°C due
to crystallization of the monoclinic and/or the metastable
tetragonal phase(s), and calcination at higher temperatures
(for example, at above 800°C) causes crystal growth of
the phase(s) remaining only few square meters per gram
of surface area. Because the decrease in the surface area
of a support during the reaction causes an enormous ef-
fect on the supported metal particles [16], improvement of
the thermal stability of the catalyst support is desired for
the practical use, and various methods for the synthesis
of zirconias having improved thermal stabilities have been
developed [17-22]. The effect of additives has also been
investigated and partial success has been achieved by the
addition of sulfate [23], potassium [24,25], or rare earth
ions [25-31].

In a series of our works on the use of organic mediain
inorganic synthesis [17,18,32-37], we reported that thermal
decomposition of zirconium alkoxides in organic solvents
yielded tetragona zirconia having a large surface area and
a fairly high thermal stability [17]. On the other hand, we
also reported that the reaction of two starting materials such
as akoxides, acetylacetonate, or acetate in 1,4-butanediol
(glycothermal reaction) affords crystalline binary oxides
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such as yttrium aluminum garnet [33], aluminum zinc ox-
ide (spinel structure) [34], and rare earth niobate (illumenite
structure) [35]. In the present work, we will report the for-
mation of large surface area zirconia—are earth oxide solid
solutions by the glycothermal reaction.

2. Experimental
2.1. Reaction

Zirconium n-propoxide (12.5 g, Mitsuwa) and a desired
amount of a rare earth (RE) acetate hydrate (Wako) with
the charged RE/Zr ratio of 3/100-1/2 were suspended in
130 ml of 1,4-butanediol (1,4-BG) in atest tube serving as
an autoclave liner, and the test tube was then set in a 300 ml
autoclave. An additional 30 ml of the glycol was added in
the gap between the test tube and the autoclave wall. The
autoclave was purged with nitrogen, heated to 300°C at
a rate of 25°Cmin~!, and held at that temperature for
2 h under the autogenous pressure of the glycol. After
the mixture had been cooled, the resulting powders were
washed repeatedly with methanol and air-dried. Calcination
of the product was conducted in a box furnace for 1 h.

2.2. Characterization

Powder X-ray diffraction (XRD) was measured on a Shi-
madzu XD-D1 diffractometer using Cu K« radiation and
a carbon monochromator. Crystallite size was calculated
from the half-height width of the 111 diffraction peak of
tetragonal zirconia using the Scherrer equation; the value
of the shape factor, K, was arbitrary taken to be 0.9. The
specific surface area was calculated using the BET single-
point method on the basis of nitrogen uptake measured at
78 K using a gas chromatograph. The products were dried
in situ at 300°C for 1 h to remove the adsorbed species
and, therefore, the reported surface areas of “the products”
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are actualy those of the samples that had suffered from
the thermal effect at that temperature. Simultaneous ther-
mogravimetric and differential thermal analyses (TGA and
DTA) were performed on a Shimadzu TG-50 thermal ana-
lyzer at a heating rate of 10°Cmin—tin a40 ml min—* flow
of dried air. Morphology of the products was observed on
a transmission electron microscope (TEM), Hitachi H-800,
operated at 200 kV.

3. Reaults and discussion

As reported previously, the glycothermal reaction of
zirconium akoxide alone yields tetragonal zirconia [17].
The XRD patterns of the products obtained by the reac-
tion of the mixture of zirconium alkoxide and yttrium ac-
etate are given in figure 1 (b)—(f). All the products exhib-
ited similar XRD patterns indicating that tetragonal (and/or
cubic) zirconia was formed for all the samples with the
Y/Zr ratio of 0-1/2. The glycothermal reaction of rare
earth acetate alone yielded two morphs of rare earth ac-
etate oxide (RE(OCOCH3)0), rare earth acetate dihydrox-
ide (RE(OCOCH3)(0OH),), or rare earth diacetate hydroxide
(Re(OCOCH3)2(0OH)) depending on the ionic size of the Re
element [35]. These phases can be easily detected because
each of them shows quite a strong diffraction peak at the
low-angle region. Absence of these phases in the present
product suggests that the zirconium species facilitated the
cleavage of the bond between the RE and acetate ions. As
shown in figure 1, the diffraction peaks gradually shifted
toward the low-angle side as the amount of rare earth ac-
etate in the starting mixture increased, suggesting that the
zirconia solid solutions were directly formed by the gly-
cothermal reaction.
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Figure 1. XRD patterns of the products obtained by the reaction of zir-

conium n-propoxide and yttrium acetate with the Y/Zr charged ratio of

3/100 (a) and (c), 0/100 (b), 6/200 (d), 12/100 (e), 25/100 (f) in ethylene
glycol (a) and 1,4-butanediol (b)—(f) — each at 300°C for 2 h.

Daniéleet al. [38] reported that the reaction of lanthanide
acetate with zirconium isopropoxide in toluene at the re-
flux temperature yielded heterometallic alkoxides having a
formula of RE>Zre(114-0)2(1ta-OAC)10(11-OPY')6(11-OPr')o,
which indicates that the bonds between Re and acetate ions
are not cleft at that temperature. However, it seems to
be reasonable to consider that similar heterometallic alkox-
ide, formed as an intermediate of the present reaction, con-
tributes to the direct formation of the solid solution.

The use of 1,4-BG was essential to obtain the zirconia
solid solution and the use of ethylene glycol in place of
1,4-BG resulted in formation of amorphous products (fig-
ure 1(a)). A similar medium effect was observed for the
synthesis of a variety of binary oxides by the glycothermal
method [32,33,37] and was explained by that the electron
withdrawing effect of the intramolecular hydroxyl group at
the (-position of the glycoxide formed by the reaction of
metal alkoxide and ethylene glycol retards the cleavage of
the C-O-M bond yielding the carbenium ion [32,37].

A number of papers have reported the synthesis of pow-
ders of the zirconia solid solution by various processes
such as the co-precipitation method [25,27-30], the alkox-
ide process [31], and the polymerized citrate-complex
method [39]. However, most of these processes require the
calcination step, where transformation of the amorphous
phase into the tetragonal phase takes place accompanying
the decrease in surface area. On the other hand, the tetrag-
onal solid solution was directly crystallized in the organic
media in the present method, and the product did not suffer
from the phase transformation.

The crystallite size and BET surface area of the present
product are summarized in table 1. All of the products
had relatively small crystallite sizes, which aligned in a
relatively narrow range, suggesting that the nucleation fre-
guency of the product is scarcely affected by the RE ions.
As expected from the small crystallite sizes, the products
with large Re contents had large surface areas, which were
much larger than those of the zirconia solid solutions pre-
pared by the co-precipitation method [25,27-30] or the
alkoxide process [31] (40-100 m?g~1). Transmission elec-
tron micrographs of the products (figure 2) showed that the
products were comprised of agglomerates of primary par-
ticles having diameters of 3.4-3.8 nm. Since this particle
size was quite close to the crystallite size determined by
the XRD line broadening technique, each primary particle
observed in TEM is a single crystal of the zirconia solid
solution. Note that TEM images of the products gave no
indication of the presence of the amorphous phases.

When one assumes that the product was composed of
spherical particles with a diameter of 4.0 nm, similar to
the crystallite size, the surface area of the product was cal-
culated to be 260 m?>g~. This value is in good agree-
ment with the observed surface areas of the products with
large RE contents, suggesting that each crystallite of these
products exposes its outer surface to the adsorbate mole-
cules.
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Table 1
Crystallite size and BET surface area of the tetragonal zirconia solid solution obtained by the
glycothermal method and of the samples prepared by cacination thereof.2

RE RE/Zr Product
As-synthesized Calcined at 500°C Calcined at 700°C
di® SgeT® d111® Seet® di® Seet®
(nm)  (m2g~Y) (nm) (m?g~1) (nm) (m?g~h
0/100 3.4 92 5.8 24 11.6 3.8
Y 6/100 31 82 4.9 48 - 25
12/100 4.0 215 4.9 151 7.1 92
25/100 4.0 262 4.8 214 5.8 128
50/100 3.8 232 5.0 217 7.7 131
Ce 3/100 4.0 187 52 103 8.7 42
6/100 4.1 151 53 103 8.2 45
12/100 4.1 202 50 123 7.1 81
25/100 34 201 - 143 - -

aProducts were obtained by the reaction of zirconium n-propoxide and rare earth acetate in

1,4-butanediol at 300°C for 2 h.
b Crystallite size of zirconia calculated from the (111) diffraction peak.
¢ BET surface area.

Figure 2. Transmission electron micrographs of the products obtained by
the glycothermal reaction of zirconium n-propoxide and rare earth acetate
a 300°C for 2 h: (a) Y/Zr = 3/100 and (b) Ce/Zr = 25/100.

On the other hand, the products with low RE contents
had relatively smaller surface areas. However, these values
had relatively poor reproducibility, and varied from lot to
lot. Since the increase in surface area with the increase in
the amount of RE ions suggested that surface energy of the
particles of the zirconia solid solution increases with the
decrease in RE content so that the product particles with
low RE/Zr ratios coagulated by the surface energy, a new
lot of the product (Y/Zr = 3/100), after thoroughly being
washed with methanol, was divided into four parts and each
part was dried by a different method. As summarized in
table 2, the surface area of the product varied by the dry-
ing conditions, whereas the crystallite size did not change
(3.0+£0.1 nm). Thisresult suggests that compaction of par-
ticles of the product, originally having had a large surface
area, took place during the drying stage owing to the surface

Table 2
BET surface area of the tetragonal zirconia—yttria solid solu-
tion (Y/Zr = 3/100) dried under various conditions.2

Drying conditions SBET
(m?g~1)
Washed with methanol and air-dried 124
Washed with acetone and air-dried 80
Washed with water and air-dried 110
Washed with methanol and dried 161

by microwave irradiation®

aSynthesis conditions: zirconium n-propoxide and yttrium
acetate in 1,4-butanediol at 300°C for 2 h.

b 2.45 GHz, 600 W microwave was used. Care was taken not
to explode the powders: after 1 min microwave irradiation,
the product was pulverized and cooled and this cycle was
continued five times.

tension of fluid between the particles. Under theses condi-
tions, large surface energy of the ultrafine particles created
tight agglomerates and the surface area around the point
of contact between two particles cannot be accessed by the
nitrogen molecules. Moreover, closed voids (voids where
nitrogen molecules are not accessible) among the particles
were possibly formed, resulting in a decrease in apparent
surface area. When the product was dried by microwave
irradiation, the fluid between the particles was rapidly evap-
orated, which avoided the compaction of particles, resulting
in the formation of the dried product with a large surface
area.

Thermal analyses of the products (figure 3) showed that
two weight decrease processes took place, at 70°C and at
around 350 °C. The former process was associated with en-
dothermic response in DTA and is attributed to the desorp-
tion of physisorbed species (water, methanol or 1,4-BG).
On the other hand, the latter process was highly exothermic
and is due to combustion of surface alkyl groups. Small
amounts of akyl (i.e., 4-hydroxybutyl) groups covalently
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Figure 3. Therma analyses of the zirconia-yttria solid solution (Y/Zr =
12/100) obtained by the glycothermal method: heating rate 10°Cmin—1
in a40 mimin—! flow of dried air; reference sample, a-aumina

LN

I SN

1 ! ] | | !

20 30 40 50 6
20/deg 0 70

Figure 4. XRD patterns of the calcined product obtained by the gly-

cotherma reaction of zirconium n-propoxide and yttrium acetate: (a) un-

modified zirconia calcined a 700°C, (b) zirconia—ceria solid solution

(Ce/Zr = 6/100) calcined at 700°C, (c) and (d) zirconia-yttria solid so-
lution calcined at 700 and 1300 °C, respectively.

bonded to the surface oxygen atoms of the particles are al-
ways detected in the product obtained by the glycothermal
method [32,33,35,37].

Figure 4 shows XRD patterns of the samples obtained
by calcination of the products. When the Re content in the
product was small, the product partly transformed into the
monaclinic phase, but the products with large RE contents
maintained the tetragonal (and/or cubic) phase (table 3). In
any cases, no other phases were detected. With the in-
crease in the calcination temperature, the diffraction peaks

Table 3
Phases detected in the glycothermal products and samples obtained by
calcination thereof .2

Re RE/Zr As-synthesized Samples calcined at
700°C 1100°C 1300°C
0/100 T M M M
Y 3/100 T T - M
6/100 T T T -
12/100 T T T -
25/100 T T T -
50/100 T - - -
Ce 3/100 T T M -
6/100 T T M -
12/100 T T T -
25/100 T T T -

2 Products were obtained by the reaction of zirconium n-propoxide and
rare earth acetate in 1,4-butanediol at 300°C for 2 h. T — tetragonal or
cubic phase, M — monoclinic phase.
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Figure 5. Surface area of zirconia samples calcined at various tempera-

tures: (o) and (e) zirconia-yttria solid solutions with Y/Zr ratios 25/100

and 50/100, respectively, (L) potassium-modified zirconia reported by

Chuah et a. [24], curved line, general tendency for the decrease of sur-

face area of unmodified zirconia prepared by various methods, which was
summarized by Cimino et a. [15].

became progressively sharp, the crystallite size being en-
larged. In accordance with this result, the BET surface area
(see table 1) of the calcined products gradually decreased.
However, the products maintained relatively large surface
areas even after calcination at higher temperatures and the
surface area increased with the increase in the amount of
RE ions. In figure 5, the surface area of the product is
plotted against the calcination temperature. For compar-
ison, the surface area of potassium-modified zirconia re-
ported by Chuah et al. [24] is also plotted, and a genera
tendency for the decrease of surface area of unmodified
zirconia with the calcination temperature, summarized by
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Cimino et a. [15], isalso shown in the figure. Although the
potassium-modified zirconiahad larger surface areathan the
present product when calcined at lower temperatures, the
surface area of the former sample was reported to decrease
abruptly by calcination at >900°C, and the product with
Y/Zr = 1/2 had larger surface area than the potassium-
modified zirconia after calcination at >900°C.

In conclusion, the thermal decomposition of mixtures
of zirconium akoxide and rare earth acetate in 1,4-BG at
300°C yielded a zirconia—rare earth oxide solid solution
with 4 nm crystallite size, which showed a high thermal
stability and seems to have potential use as catalyst or cat-
alyst support.

Acknowledgement

The present work was supported by a Grant-in-Aid for
Scientific Research on Priority Areas, “New Development
of Rare Earth Complexes’ and “Dynamics of Fast lons
in Solids and Its Evolution for Solid State lonics’, Nos.
08220240 and 09215221, from The Ministry of Education,
Science, Sports and Culture, Japan.

References

[1] Y. Nakano, T. lizuka, H. Hattori and K. Tanabe, J. Catal. 57 (1979) 1.

[2] K. Arata, K. Kato and K. Tanabe, Bull. Chem. Soc. Jpn. 49 (1976)
563.

[3] T. Yamaguchi, H. Sasaki and K. Tanabe, Chem. Lett. (1973) 1017.

[4] B.H. Davis and P. Ganesan, Ind. Eng. Chem. Prod. Res. Dev. 18
(1979) 191.

[5] Y. Nakano, T. Yamaguchi and K. Tanabe, J. Catal. 80 (1983) 307.

[6] R. Bird, C. Kemball and H.F. Leach, J. Chem. Soc. Faraday Trans.
| 83 (1987) 3069.

[7] T. Yamaguchi and JW. Hightower, J. Am. Chem. Soc. 99 (1977)
4201.

[8] T.Yokoyama, T. Setoyama, N. Fujita, M. Nakgjima, T. Maki and K.
Fujii, Appl. Catal. 88 (1992) 149.

[9] B.-Q. Xu, T. Yamaguchi and K. Tanabe, Appl. Catal. 64 (1990) 41.

[10] Z. Feng, W.S. Postula, C. Erkey, C.V. Philip, A. Akgerman and R.G.

Anthony, J. Catal. 148 (1994) 84.

(11
[12]
[13]
(14

[19]
[16]
[17]
(18]
[19]
[20]

[21]
(22

(23]
[24)
[29]
[26]
[27]
[28]
[29]
(30
(31
[32
[33]
(34
[39]
[36]
[37
[38]

[39]

T. lizuka, Y. Tanaka and K. Tanabe, J. Catal. 76 (1982) 1.

Y. Amenomiya, Appl. Catdl. 30 (1987) 57.

H. Fujii, N. Mizuno and M. Misono, Chem. Lett. (1987) 2147.
PD.L. Mercera, J.G. van Ommen, E.B.M. Doesburg, A.J. Burggraaf
and JR.H. Ross, Appl. Catal. 57 (1990) 127.

A. Cimino, D. Cordischi, S. De Rossi, G. Ferraris, D. Gazzoli, V.
Indovina, G. Mindlli, M. Occhiuzzi and M. Vdigi, J. Cata. 127
(1991) 744.

B. Beguin, E. Garbowski and M. Primet, J. Catal. 127 (1991) 595.
M. Inoue, H. Kominami and T. Inui, Appl. Catal. A 97 (1993) L25.
M. Inoue, H. Kominami and T. Inui, Appl. Catal. A 121 (1995) L1.
G.K. Chuah, S. Jaenicke, S.A. Cheong and K.S. Chan, Appl. Catal.
A 145 (1996) 267.

Q. Sun, Y. Zhang, J. Deng, S. Chen and D. Wo, Appl. Catal. A 152
(1997) L165.

M.J. Hudson and J.A. Knowles, J. Mater. Chem. 6 (1996) 89.

U. Ciedla, S. Schacht, G.D. Stucky, K.K. Unger and F. Schith,
Angew. Chem. Int. Ed. Eng. 35 (1996) 541.

M.S. Scurrell, Appl. Catal. 34 (1987) 109.

G.K. Chuah and S. Jaenicke, Appl. Catal. A 163 (1997) 261.

Y. Sun and PA. Sermon, J. Mater. Chem. 6 (1996) 1019.

P. Turlier, JA. Damon, G.A. Martin and P. Vergnon, Appl. Catal.
29 (1987) 305.

PD.L. Mercera, J.G. van Ommen, E.B.M. Doesburg, A.J. Burggraaf
and JR.H. Ross, Appl. Catal. 78 (1991) 79.

C.-K. Loong, JW. Richardson, Jr. and M. Ozawa, J. Catd. 157
(1995) 636.

R.G. Silver, C.J. Hou and J.G. Ekerdt, J. Catal. 118 (1989) 400.
M. Ozawa and M. Kimura, J. Less=Common Met. 171 (1991) 195.
B. Fegly, Jr., P White and H.K. Bowen, Am. Ceram. Soc. Bull. 64
(1985) 1115.

M. Inoue, H. Kominami and T. Inui, J. Chem. Soc. Dalton Trans.
(1991) 3331.

M. Inoug, H. Otsu, H. Kominami and T. Inui, J. Alloys Compd. 226
(1995) 146.

M. Inoue, H. Otsu, H. Kominami and T. Inui, Nippon Kagaku Kaishi
(1991) 1036.

H. Kominami, M. Inoue and T. Inui, Catal. Today 16 (1993) 309.
M. Inoue, T. Nishikawa and T. Inui, J. Mater. Sci. 33 (1998) 5835.
M. Inoue, T. Nishikawa, H. Otsu, H. Kominami and T. Inui, J. Am.
Ceram. Soc. 81 (1998) 1173.

S. Danide, L.G. Hubert-Pfalzgraf, J.-C. Daran and B.A. Toscano,
Polyhedron 12 (1993) 2091.

M. Yashima, K. Ohtake, M. Kakihana and M. Yoshimura, J. Am.
Ceram. Soc. 77 (1994) 2773.



