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Single-phase zircon- and sheelite-type ZrGeO4 were selectively synthesized from the
reaction of a ZrOCl2 solution and GeO2 under mild hydrothermal conditions at 120-240 °C
by pH control of the solution via homogeneous generation of a hydroxide ion through the
decomposition of urea. New phase zircon-type ZrGeO4 octahedral-like particles that were
assemblies of small crystals (10-80 nm in size) were directly formed under acid conditions,
and the particle size was controlled (0.4-1.5 µm in size) by the absence or presence of urea
as well as hydrothermal treatment temperature. Scheelite-type ZrGeO4 particles (50-100
nm in size) that were a coagulation of nanometer-sized crystals were formed under moderate
neutral to acid conditions (6 g pH > 2) in the presence of urea. The zircon-type ZrGeO4 was
stable below 1160 °C in air and transformed to the scheelite-type structure at 1180 °C. The
dissociation of ZrGeO4 to tetragonal ZrO2 and GeO2 occurred by heat treatment under
conditions above 1350 °C for 5 h or 1450 °C for 1 h.

Introduction
Zirconium germanate with a composition of ZrGeO4

has been known to have a scheelite (CaWO4)-type
structure in which large Zr is eight-coordinated and
small Ge is in a tetrahedral site. MGeO4 germanates of
tetravalent elements (M ) Zr, Hf, Ce, Th) have the same
structure as scheelite. Actinide germanates, for instance
ThGeO4, also exhibit the scheelite-type structure and a
high-temperature form with zircon-type structure.1-5

The crystal structures of ZrGeO4,6,7 HfGeO4, and Th-
GeO4

8 have been determined by X-ray diffraction (XRD)
and infrared and Raman spectroscopic investigation.
MSiO4 silicates of tetravalent elements (M ) Zr, Hf, Th)
are well-known to show the zircon-type structure.1
ThSiO4 has two forms, the tetragonal ThSiO4 (thorite)
and the high-temperature monoclinic ThSiO4 (hutton-
ite). ZrSiO4 zircon is converted to the scheelite type, with
an 11% increase in density as compared with the
original zircon form at 900 °C under high pressure (120
kbar), and there is no change in the coordination of Zr,
Si, or O atoms in the zircon-scheelite transformation.9

In the ZrO2-GeO2 system, the scheelite structure
appears at two compositions as ZrGeO4 (c/a ratio 2.168)

and Zr3GeO8 (c/a ratio 2.216).6,7 ZrGeO4 single crystals
have been reported to be grown from several flux
systems.10,11 The scheelite-type ZrGeO4 activated with
Ti4+ yields blue luminescence when irradiated with
X-rays.12 The crystal structure of the scheelite-type
ZrGeO4 doped with Ti4+ was investigated by Raman
spectroscopy.12 The scheelite-type ZrGeO4 was also
crystallized by heat treatment at around 800 °C through
a sol-gel route in the ZrO2-GeO2(-H2O) system from
zirconium tetraisopropoxide and germanium tetraiso-
propoxide.13 In the ZrO2-GeO2 system, the existence
of only the scheelite-type tetragonal ZrGeO4 phase at
>45 mol % GeO2 has been shown by Raman spectro-
scopic investigation based on the solid-state reaction
between GeO2 and 2 mol % Y2O3-doped ZrO2 powder.14

There were no reports on the synthesis of zircon-type
ZrGeO4 as well as no crystal data (lattice parameters,
crystal morphology, etc.) of the zircon-type structure of
ZrGeO4. We have directly synthesized fine particles of
crystalline inorganic materials through soft solution
routes15-21 and reported on the hydrothermal synthesis,
XRD data, and morphology of the zircon-type ZrGeO4
particles and zircon-type solid solutions over the whole
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composition range in the ZrGeO4-ZrSiO4 system.22

In the present study, the effect of the solution pH on
the crystal structure of synthesized ZrGeO4 was inves-
tigated by controlling the pH using the homogeneous
generation of a hydroxide ion through decomposition of
urea. Synthesis conditions of the scheelite- and zircon-
type ZrGeO4 were clarified. Phase transformation from
the zircon- to scheelite-type structure and the decom-
position behavior of ZrGeO4 via heat treatment in air
were investigated.

Experimental Section

Reagent-grade germanium oxide (GeO2; High Purity Chemi-
cal Laboratory, Japan) and zirconium oxychloride (ZrOCl2‚
8H2O; Kishida Chemical, Japan) were used as the starting
materials. A given quantity (18 cm3) of a mixed solution of
germanium oxide and zirconium oxychloride with a cation (Ge
and Zr) concentration of 0.2 and 0.3 mol/dm3, with or without
the addition of 0.1-0.2 mol/dm3 urea [CO(NH2)2] was taken
into a 25 cm3 Teflon container held in a stainless steel vessel.
The vessel, after being tightly sealed, was heated at 100-240
°C for 10 h under rotation at 15 rpm. After hydrothermal
treatment, the precipitates were washed with distilled water
until the pH value of the rinsed water was 7.0, separated from
the solution by either centrifuging or ultrafiltration, and dried
in an oven at 60 °C. The powders thus prepared were heat
treated in an alumina crucible at a temperature ranging from
500 to 1600 °C for 1 h in air.

Phase identification of as-prepared and heat-treated pow-
ders was performed with powder X-ray diffractometry (XRD;
RINT-2000, Rigaku, Tokyo, Japan) using Cu KR radiation. The
crystallite size of zircon was estimated from line broadening
of the (200) diffraction peak according to the Scherrer equation:
DXRD ) Kλ/â cos θ, where θ is the Bragg angle of diffraction
lines, K is a shape factor (K ) 0.9 in this work), λ is the
wavelength of incident X-rays, and â is the corrected half-width
given by â2 ) âm

2 - âs
2, where âm is the measured half-width

and âs is the half-width of a standard sample with a known
crystallite size of larger than 200 nm. The lattice parameters
a0 and c0 of the zircon-type structure were measured using
silicon as the internal standard. The volume fraction of the
ZrO2 phase dissociated from the scheelite-type ZrGeO4 was
determined from integrated diffraction intensities (I) of cor-
responding lines being around 30° in 2θ by using the following
equation: ZrO2 phase (%) by dissociation ) [I of tetragonal
ZrO2 (111)/{I of scheelite ZrGeO4 (112) + I of tetragonal ZrO2

(111)}] × 100. The volume fraction of monoclinic ZrO2 trans-
formed from the tetragonal phase was determined from
integrated diffraction intensities of corresponding lines by
using the following equation: monoclinic ZrO2 (%) ) [{I of
monoclinic ZrO2 (111) + I of monoclinic ZrO2 (1,1,-1)}/{I of
tetragonal ZrO2 (111) + I of monoclinic ZrO2 (111) + I of
monoclinic ZrO2 (1,1,-1)}] × 100. Raman spectra were ob-
tained from a Raman spectrometer (NRS-1000, Nihon Bunko,
Tokyo, Japan) with the 532 nm line of a 10 mW green laser.
The morphology of the particles was examined using transmis-
sion electron microscopy (TEM; JEM-2010, JEOL, Tokyo,
Japan). Elemental analysis for the samples was done by
analysis using an inductively coupled plasma (ICP; ICP575II,
Nippon Jarrell-Ash, Japan) emission spectrometer.

Results and Discussion

Influence of the Solution pH on the Crystal
Structure of ZrGeO4. After the reaction of GeO2 and
a ZrOCl2 solution via hydrothermal treatment in a
vessel tightly sealed at a temperature above 100 °C, the
solution becomes more acidic than the starting ZrOCl2

solution by the formation of HCl through thermal
hydrolysis of ZrOCl2. The pH of the acid solution could
be well controlled by the homogeneous generation of a
hydroxide ion, i.e., by the decomposition of urea, through
the adjustment of the urea concentration under hydro-
thermal conditions.

The effect of the solution pH on the crystal phase of
the solid precipitates formed under hydrothermal condi-
tions at 240 °C for 10 h from the reaction of GeO2 and
a ZrOCl2 solution in the presence or absence of urea is
shown as the XRD patterns in Figure 1. As-prepared
samples from the aqueous solutions in the presence of
0.2 mol/dm3 urea showed very broad peaks, whose
diffraction angles corresponded to those of the scheelite-
type ZrGeO4. The solution pH after synthesis of the
scheelite-type ZrGeO4 was 6.0. Under the condition in
the presence of 0.18 mol/dm3 urea (solution pH ) 2.0),
precipitation of a very small amount of zircon-type
ZrGeO4 as well as the scheelite-type ZrGeO4 was
observed. The zircon-type ZrGeO4 and scheelite-type
ZrGeO4 coexisted in the precipitates obtained from the
solution (pH < 2.0) in the presence of 0.16 mol/dm3 urea,
while single-phase zircon-type ZrGeO4 was formed
under the condition of less than 0.1 mol/dm3 urea.

The X-ray powder pattern of the solid precipitate
formed from an aqueous acid solution in the absence of
urea showed relatively sharp peaks, which could be
perfectly indexed by the zircon-type tetragonal struc-
ture, having a ) 0.6694 and c ) 0.6266 nm, a c/a ratio
of 0.9360. The chemical composition of the single-phase
zircon-type ZrGeO4 formed from the solution in the
absence of urea, which was determined by the elemental
analysis using an ICP emission spectrometer, is shown
in Table 1. The synthesized zircon-type ZrGeO4 was
clarified to have an approximately stoichiometric com-
position. Investigation of the crystallization of amor-
phous gel over a wide composition range in the ZrO2-
GeO2(-H2O) system prepared through a sol-gel route
from zirconium tetraisopropoxide and germanium tet-
raisopropoxide showed that the gel with a stoichiometric
ZrGeO4 composition crystallized into the scheelite-type
ZrGeO4 at a temperature above 800 °C.13 Thermody-

(22) Hirano, M.; Morikawa, H.; Inagaki, M.; Toyada, M. J. Am.
Ceram. Soc. 2002, 85, 1915.

Figure 1. XRD patterns of ZrGeO4 precipitates obtained by
hydrothermal treatment at 240 °C for 10 h from the reaction
of a 0.2 mol/dm3 ZrOCl2 solution and 0.2 mol/dm3 GeO2 in the
presence of different concentrations of urea.
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namically stable phase of the ZrGeO4 compound is
tetragonal scheelite-type, and there was no finding of
reports on the direct formation of the zircon-type Zr-
GeO4 except for our study through the soft solutions
routes.22 The c/a ratio of the zircon-type ZrGeO4 was
larger than that of ZrSiO4 (0.9054). The zircon-type
ZrGeO4 is supposed to be a metastable phase and to be
synthesized under highly acidic conditions (pH < 2) in
the presence of less than 0.18 mol/dm3 urea. Thermo-
dynamically stable scheelite-type ZrGeO4 was formed
under milder pH conditions than those of the metastable
zircon-type. Thus, selective and direct synthesis of the
scheelite- and zircon-type ZrGeO4 was shown to be
possible under mild hydrothermal conditions by control-
ling the solution pH.

TEM photographs of the as-prepared powders are
presented in Figure 2. The as-prepared scheelite-type
ZrGeO4 (Figure 2c,d) was agglomerated particles of 50-
100 nm in size consisting of nanometer-sized (primary)
particles. The zircon-type ZrGeO4 (Figure 2a) prepared
under highly acidic conditions without urea appeared
to be larger micron-sized octahedral-shape particles, i.e.,
with secondary particles being assemblies of small
(primary) crystals. The (secondary) particle size of the
zircon-type ZrGeO4 was decreased via a decrease in the
solution acidity by the supply of hydroxide ions through
the decomposition of urea added in the starting solution
(Figure 2b).

The Raman spectra observed for both zircon- and
scheelite-type ZrGeO4 are shown in Figure 3. The
assignments of Raman bands of the zircon- and scheelite-
type ZrGeO4 are also indicated in Figure 3 based on the
data of the zircon- and scheelite-type structure reported
previously.6,12,23,24 ZrSiO4 zircon and the zircon-type
ZrGeO4 are confirmed isomorphic crystals, and the unit

(23) Syme, R. W. G.; Lockwood, D. J.; Kerr, H. J. J. Phys. C: Solid
State Phys. 1977, 10, 1335.

(24) Hoskin, P. W. O.; Rodgers, K. A. Eur. J. Solid State Inorg.
Chem. 1996, 33, 1111.

Figure 2. TEM micrographs of ZrGeO4 precipitates [(a and b) zircon-type ZrGeO4; (c) scheelite-type ZrGeO4] obtained by
hydrothermal treatment at 240 °C for 10 h from the reaction of a 0.2 mol/dm3 ZrOCl2 solution and 0.2 mol/dm3 GeO2 (a) in the
absence of urea, (b) in the presence of 0.1 mol/dm3 urea, and (c) in the presence of 0.2 mol/dm3 urea; (d) magnified view of part
c.

Table 1. Elemental Analysis of Zircon-Type ZrGeO4
a

ZrO2 HfO2 GeO2

wt % 50.3 1.09 38.5
molar fracton (%) 52.2 0.7 47.1

a Sample: preparation by hydrothermal treatment at 240 °C
for 10 h from the reaction of a 0.2 mol/dm3 ZrOCl2 solution and
0.2 mol/dm3 GeO2 in the absence of urea.
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cell (tetragonal) contains four molecules. For zircon-type
ZrGeO4, we have no symmetry information and must
rely on frequency and intensity in the comparison with
ZrSiO4 zircon. The peak of the A1g band overlaps with
that of the B1g band at 870-920 cm-1 in the Raman
spectra of the zircon-type ZrGeO4. In the Raman spectra
of the scheelite-type ZrGeO4, the peak Eg overlaps with
that of Ag at 780-800 cm-1 and the peak Ag overlaps
with that of Bg at 380-400 cm-1, which were due to a
low-resolution broad Raman powder spectrum. The Eg-
(ν3) band23 of the zircon-type structure around 800 cm-1

in Figure 3 was much stronger in ZrGeO4 than that in
ZrSiO4, in which the Eg(ν3) band was hardly detected
in the ZrSiO4 zircon synthesized under the same hy-
drothermal conditions from ZrOCl2 and tetraethoxysi-
lane.22 The Raman spectra observed for the scheelite-
type ZrGeO4 agreed with the data reported.12

Influence of the Treatment Temperature on the
Crystallite Growth and Morphology of ZrGeO4.
The effect of the hydrothermal treatment temperature
on the crystallite growth of the zircon-type ZrGeO4 is
shown in XRD profiles (Figure 4). With increasing
treatment temperature, (200) and (112) diffraction lines
of the zircon-type ZrGeO4 gradually became sharp.

There was no trace of any other diffraction peaks,
besides that of zircon in the XRD patterns. From the
XRD results, it appears that the zircon-type ZrGeO4 is
directly precipitated from the reaction of GeO2 and a
ZrOCl2 solution at low temperature above 120 °C. The
change in the crystallite size of the zircon-type ZrGeO4

estimated from the XRD line broadening of the (200)
peak is shown in Figure 5. The crystallite size of the
zircon-type ZrGeO4 particles increased from 10 to 80 nm
with increasing treatment temperature from 120 to 240
°C.

The change in the secondary particle size and mor-
phology of the zircon-type ZrGeO4 formed at different
temperatures is shown in TEM photographs (Figure 6).
The synthesized zircon-type particles were relatively

Figure 3. Raman spectra of zircon- and scheelite-type ZrGeO4

after heat treatment at 900 °C for 1 h in air.

Figure 4. XRD patterns of zircon-type ZrGeO4 precipitates
obtained by hydrothermal treatment at different temperatures
for 10 h from the reaction of a 0.3 mol/dm3 ZrOCl2 solution
and 0.3 mol/dm3 GeO2.

Figure 5. Influence of the hydrothermal treatment temper-
ature on the crystallite size of zircon-type ZrGeO4 obtained
by hydrothermal treatment for 10 h from the reaction of a 0.3
mol/dm3 ZrOCl2 solution and 0.3 mol/dm3 GeO2.

Figure 6. TEM micrographs of zircon-type ZrGeO4 particles
obtained by hydrothermal treatment at (a) 120 °C, (b) 150 °C,
(c) 180 °C, and (d) 200 °C for 10 h from the reaction of a 0.3
mol/dm3 ZrOCl2 solution and 0.3 mol/dm3 GeO2.
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regular in size. Yield of the zircon-type ZrGeO4 in-
creased with increasing treatment temperature at a
temperature range of less than 180 °C. It is clearly
observed that the secondary particle size increases with
increasing treatment temperature. The particle size
observed by TEM did not agree with the crystallite size
determined by the XRD line broadening. The individual
particles were not single crystals but polycrystals
consisting of small crystallites. The zircon-type ZrGeO4
particles synthesized at 240 °C were octahedral in shape
and appeared to be compressed in one direction,22 while
the morphology of the zircon-type ZrGeO4 particles grew
insufficiently such that those obtained at 120 °C (Figure
6a) appeared to be red blood cell like, which was similar
to ZrSiO4 zircon hydrothermally synthesized at 150-
20025 and 240 °C.22 Kido and Komarneni suggested that
the hydrothermal ZrSiO4 zircon particles were as-
semblies of small crystals with the same crystallo-
graphic orientation.25 Valero et al. showed that hydro-
thermal ZrSiO4 zircon particles prepared in a fluoride
medium were porous and characterized by a very
peculiar morphology in the form of ellipsoidal layered
agglomerates [layers with the main face (200)].26 They
explained that the surface heterogeneity in polymeric
species of zirconium could be the starting point for the
growth of another layer with a different orientation,
leading finally to formation of the ellipsoidal agglomer-
ates. The red blood cell like ZrGeO4 particles formed at
low temperature apparently grow in size and change
in shape to the octahedral morphology with increasing
hydrothermal treatment temperature, as shown in
Figures 2a and 6. Because the crystallite size and
secondary particle size (agglomerate size) of the zircon-
type ZrGeO4 were much larger than those of ZrSiO4
zircon formed under the same hydrothermal condition,
i.e., 240 °C for 10 h,22 the growth rate for the ZrGeO4
crystallite was suggested to be much higher than that
for the ZrSiO4 zircon crystallite. With increasing hy-
drothermal treatment temperature, the zircon-type Zr-
GeO4 with the morphology like that of red blood cells
(Figure 6a) is considered to have gradually changed to
dense octahedral agglomerates via crystallite growth
according to the solution and precipitation mechanism.

HCl formed in the aqueous solution through thermal
hydrolysis of ZrOCl2 is supposed to lead to an increase
the solubility of GeO2. The principal species in Zr(IV)
aqueous solutions, i.e., [Zr4(OH)8]8+, which has a square-
planar structure,27 is the tetramer [Zr(OH)2‚4H2O]4

8+.28

The four water molecules are part of the coordination
sphere of Zr. In solution, hydrolysis occurs by split out
of protons from the water to reduce the charge on the
tetramer and increase the acidity of the solution. The
exact form of the species depends on the pH. At higher
pH, the tetramer is certainly in equilibrium with more
highly polymerized species.28 Those species of Zr(IV) and
Ge(IV), i.e., Ge(OH)4, may react to produce polymeric
species under hydrothermal conditions. When the con-
centration of the polymeric species reaches a supersatu-
ration level, nuclei for zirconium germanate are gener-

ated, and their primary particles are formed by their
crystal growth. It was confirmed that metastable zircon-
type ZrGeO4 was crystallized under highly acidic condi-
tions (pH < 2) as compared with thermodynamically
stable scheelite-type ZrGeO4 formed under milder acid
conditions (6 g pH > 2). The clue as to why different
phases form at different pH values must lie in the state
of the species in solution at the higher and lower pH
levels of preparation.

Phase Transformation and Decomposition of
ZrGeO4. The phase stability of the zircon-type ZrGeO4

has been confirmed by heating to 900 °C in air.22 The
phase stability above 900 °C has been investigated in
the present study. Figure 7 shows XRD patterns for the
zircon-type ZrGeO4 heat-treated in air at different
temperatures. The as-prepared zircon-type ZrGeO4 was
certified to exist stable up to the temperature of 1160
°C in air. The lattice parameters of the zircon-type
ZrGeO4 after heat treatment at 900 °C in air were a0 )
0.6685 and c0 ) 0.6260 nm. The lattice parameters for
the as-prepared zircon-type ZrGeO4 were a little larger
compared to those after heat treatment. The reason for
this difference may be ascribed to a very small amount
of residual OH remaining in the structure of the zircon-
type ZrGeO4 hydrothermally prepared. The zircon-type
ZrGeO4 transformed to the scheelite-type structure at
1180 °C. It is presumed that the decomposition from the
scheelite-type ZrGeO4 to tetragonal ZrO2 and melted
GeO2 was done in a portion of the scheelite-type ZrGeO4

by heat treatment at 1500 °C, as shown in Figure 7,
and the melted GeO2 forms an amorphous phase via
cooling. Only monoclinic ZrO2 was detected for the
sample after heat treatment at 1600 °C for 1 h.

Based on the XRD data, the decomposition behavior
of the scheelite-type ZrGeO4 that was transformed from
the zircon-type structure is shown in Figure 8. The
decomposition of ZrGeO4 seriously depended on a period
of heat treatment. The dissociation originated at 1425
°C and concluded at 1525 °C in the case of a heat-
treatment period of 1 h. The dissociation occurred at a

(25) Kido, H.; Komarneni, S. Trans. Mater. Res. Soc. Jpn. 1990, 1,
358.

(26) Valero, R.; Durand, B.; Guth, J.-L. J. Sol-Gel Sci. Technol.
1998, 13, 119.

(27) Muha, G. M.; Vaughan, P. A. J. Chem. Phys. 1960, 33, 194.
(28) Clearfield, A.; Vaughan, P. A. Acta Crystallogr. 1956, 9, 555.

Figure 7. XRD patterns of as-prepared zircon-type ZrGeO4

and the samples after heat treatment at different tempera-
tures for 1 h.
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lower temperature than that of ZrSiO4 zircon29 by more
than 250 °C.

In Figure 9, the monoclinic ZrO2 fraction that was
transformed from the tetragonal ZrO2 produced by
dissociation from ZrGeO4 is plotted as a function of the
treatment temperature. The existence of a tetragonal
phase of ZrO2 solid solutions that contain GeO2 has been
reported, and the solubility limit of GeO2 determined
from the ZrO2-GeO2 binary system has been shown to
be 8 mol %,30 which is higher than the solubility limit
()3-4 mol %) of GeO2 into 2 mol % Y2O3-doped ZrO2
(2Y-TZP).14 ZrO2, which is formed by dissociation of
ZrGeO4 at relatively low temperature such as 1350-
1500 °C, may make solid solutions with a small amount
of GeO2, and by this means the metastable tetragonal
ZrO2 phase, it is thought to be able to exist. An increase
in the particle size of the tetragonal ZrO2 is supposed
to have occurred by high-temperature heat treatment

above 1540 °C, which is likely to have led to the phase
transformation from the tetragonal to monoclinic struc-
ture in the process of cooling.

Summary
Zircon- and scheelite-type ZrGeO4 were synthesized

by controlling the solution pH using the homogeneous
generation of a hydroxide ion through the decomposition
of urea. Metastable zircon-type ZrGeO4 was crystallized
under highly acidic conditions as compared with the
scheelite-type ZrGeO4 formed under milder acid condi-
tions. ZrGeO4 with the zircon-type structure was stable
up to the temperature of 1160 °C in air. The phase
transformation from the zircon- to scheelite-type struc-
ture occurred at 1180 °C, and the decomposition from
the scheelite-type ZrGeO4 to tetragonal ZrO2 and GeO2
originated by heat treatment above 1350 °C for 5 h.
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Figure 8. Dissociation of ZrO2 caused by decomposition of
ZrGeO4 via heat treatment at different temperatures for 1 or
5 h.

Figure 9. Monoclinic phase fraction transformed from tet-
ragonal ZrO2 that was dissociated from ZrGeO4 by heat
treatment at different temperatures for 1 h.
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