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INTRODUCTION

In connection with the development of new
sources of light, e.g., light�emitting diodes (LED),
among which white LEDs are in the most demand [1],
technologies for manufacturing luminescent materials
that emit in the ultraviolet (UV) and blue regions of
the optical spectrum [1] are of great importance. To
produce a white LED, luminescent material that emits
in the ultraviolet and blue region of the spectrum is
covered by a powder of yellow luminophor. When the
LED is operating, blue radiation of the substrate
excites yellow emission of the luminophor powder,
and the mixed colors produce white light.

Corundum doped with Ce+3 ions is one of the
luminophors which radiate blue light [2]. A procedure
for the preparation of an yttrium–aluminum garnet
doped with cerium (Y3Al5O12:Ce) in an water fluid, a
luminophor with green�yellow emission, has been
suggested in [3]. The composition of these two lumi�
nophors can be used to craft a white LED.

A method for the preparation of fine crystalline
corundum doped with Ce3+ ions in an aqueous super�
critical fluid (ASCF) is reported in the present work.

High�temperature techniques for the synthesis of
doped corundum have been described in [4–6]. Ear�

lier, we developed a method of the synthesis of corun�
dum and some complex oxides doped with such ele�
ments as Cr, Mn, Co, and Eu [7–10]. This method has
been used in the present studies for the synthesis of
α�Al3O3:Ce. The aim of the work is to obtain fine crys�
talline corundum doped with cerium that exhibits
high�intensity UV and blue photoluminescence.

EXPERIMENTAL

Aluminum hydroxide, Al2O3 of the GD�00 brand
(Pikalevo Alumina Factory, assay 99.6%) and cerium
nitrate, Ce(NO3)3 ⋅ 6H2O (assay 99.99%) were used in
the synthesis of fine crystalline corundum. The con�
centration of cerium ions (Ce3+) in reaction media was
calculated in relation to the final product, aluminum
oxide.

An aqueous suspension of the reagent mixture was
placed in a 12–18 mL autoclave equipped with an
insert of stainless steel. The autoclave was heated to
415°C at a rate of about 3°C/min and kept at this tem�
perature for a certain time. The water fluid pressure at
415°C reached up 21.6–31.6 MPa depending on the
extent of occupancy of the autoclave free volume.

The phase composition of the synthesized products
and the coherent scattering domain size (CSDS) in
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the powder were investigated using a STOE�1P and
DRONE�3M X�ray diffractometer with Cu Kα�radia�
tion. The broadening of diffraction reflexes and their
shifts can be used both for the determination of the
sizes of nanocrystallites in the boehmite and corun�
dum crystals and for the evaluation of the degree of
defectiveness of the microcrystals. The latter charac�
teristic can be quantitatively expressed through the
value of CSZ [11–15]. Determination of the dimen�
sions of CSZ was performed using graphical analysis of
the diffraction line patterns with hkl indices which
corresponded to (1 2 0) for boehmite and (1 0 2) for
corundum.

The photoluminescence spectra were registered on
a SDL�2M spectrometer by excitation with 254 nm
light (a DRK�120 lamp in the glowing arc mode). To
record the luminescence excitation spectra, a DKsSh�
150 lamp was used. The dimensions and morphology
of the crystals were studied using a Cam Scan Series 2
and JSM�639OLA electron microscope. The size dis�
tribution of the corundum crystals was determined by
analysis of the SEM microphotographs using the
method of linear segments. The diffuse reflectance
spectra of the synthesized products were observed in
the region from 220 to 900 nm on a Specord M40 spec�
trophotometer using BaSO4 as a reference. Spectra of
complementary absorption were obtained by subtrac�
tion of the diffuse reflectance spectra of samples syn�
thesized at lower and higher concentrations of cerium.
Thermogravimetric analyses of the samples were car�
ried out in a dynamic mode in an argon atmosphere
(20 mL/min) by using a Netzsch STA 449C derivato�
graph combined with a Netzsch Aelos QMS 403C qua�
drupole mass spectrometer.

RESULTS AND DISCUSSION

Conversion of hydrargillite into corundum in water
media that contains cerium ions, as well as in the pres�
ence of other ions [7, 8, 13], takes place with the inter�
mediate formation of boehmite (AlOOH). The full
conversion of hydrargillite into boehmite in hydro�
thermal conditions is achieved at temperatures above
200°C. Boehmite transforms into corundum with a
further increase in temperature to values that are
higher than the critical temperature (374°C). Kinetic
curves for the conversion of boehmite into corundum
in a supercritical fluid at 415°C and concentrations of
cerium ions in reaction media equal to 0.02 and
0.25 wt % are shown in Fig. 1. The starting points of
the kinetic curves correspond to a temperature of
415°C and an ASCF pressure of 29.6 MPa. An induc�
tion period of 5 hours precedes the formation of
corundum crystals, over which only boehmite is
detected. As shown in Fig. 1, when the concentration
of cerium ions in reaction media increases from 0.02
to 0.25 wt %, the time for the full conversion of boeh�
mite into corundum increases correspondingly from
11 to 13.5 hours. The same figure depicts the lineariza�

tion of the kinetic curves in coordinates that corre�
spond to the equation

ln[–ln(1 – α)] = kt + c, (1)

where α is the degree of conversion of boehmite into
corundum and k is the rate constant for the nucleation
[13], which describes transformation by the solid�
phase mechanism. Nucleation and growth of the
corundum crystals take place in the solid phase due to
an increase in the crystal lattice mobility under condi�
tions of a quasiequilibrium hydroxylation–dehydrox�
ylation process of boehmite in the ASCF atmosphere
[7, 13]. The inclination angle of the linearized kinetic
dependence (Fig. 1) determines the rate constant for
the nucleation of corundum (1) [13]. Powder X�ray
diffraction and thermogravimetric analyses (Fig. 2)
showed that, within the interval of the induction
period which precedes the formation of corundum,
the boehmite structure is preserved and the water con�
tent is reduced with an increase in the time of exposure
of boehmite in ASCF. The derivatograms of boehmite
that was doped with cerium and obtained by heating
the reaction system until attaining the isothermic level
at 415°C are shown in Fig. 3. Figure 3 also shows the
flux densities of water and carbon dioxide that are
evolved with the heating of the boehmite sample,
which are registered using mass�spectrometric tech�
niques. The derivatogram shows a pronounced endot�
hermic effect in the temperature interval from 450 to
600°C, with a maximum at 558°C. The main release of
water from the boehmite structure with the formation
of weakly structured aluminum oxide takes place in
this temperature range. The weight loss due to the lib�
eration of water from the structure of boehmite is con�

Fig. 1. Kinetic curves of the formation of corundum at
415°C and a SCAF pressure of 29.6 MPa. The contents of
cerium ions in the reaction media are 0.02 wt % (1) and
0.25 wt % (2). Linearization of the kinetic dependences
(1 ' and 2 ').
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firmed by the mass�spectrometric detection of a beam
with a mass number of m/z = 18 (H2O) (Fig. 3). The
decrease in the weight of boehmite in the 200–400°C
interval with an ill�defined maximum at 343°C is
caused by the desorption of water located on the sur�

face of well�dispersed particles in the intercrystallite
boundaries [16] and water that is coordinated by alu�
minum in the d(020)�interlayer space [17]. As found in
the present work, boehmite treated with an water fluid
contains water in amounts substantially higher than
the stoichiometric ratio (Fig. 2). After exposure of
boehmite for 4 h at 415°C and an water fluid pressure
of  = 29.6 MPa, the amount of water yielded in
the 200–400°C interval decreased by more than two
times, and the total amount of water fell from 15.31 to
14.54%, i.e., to a value less than the stoichiometric
content (15.0157%). With further exposure in the
ASCF media, reorganization of the boehmite struc�
ture into the corundum structure starts. Both the heat
effect and the temperature of thermal decomposition
during the thermogravimetric analysis of boehmite
increase with an increase in the duration of the induc�
tion period.

The size of the coherent scattering zone (CSZ) of
boehmite increases during the induction period (Fig. 4),
which indicates a reduction in the defectiveness of its
structure with the time of its treatment in a supercriti�
cal water fluid. This is also indicated by the decrease in
the parameters of the elementary unit cell of boehmite
during the induction period (Table 1). A similar CSZ
dependence on the time of the reaction process is also
observed for the obtained corundum, since the average
size of the coherent scattering zone in corundum
increases from 58 to 80 nm after 8 h of hydrothermal

PH2O

Fig. 3. Derivatogramm of boehmite synthesized at 415°C,  = 29.6 MPa, and C(Ce3+) = 0.25 wt % at the start of an induction
period (t = 0 h).

PH2O

Fig. 2. Changes in the water content of boehmite in the
induction period of its transformation to corundum: (1)
corresponds to the total content, (2) to the content of the
structural water, and (3) to the stoichiometric content of
water in boehmite, (4) illustrates an increase in the tem�
perature of decomposition of boehmite upon heating dur�
ing thermogravimetric analysis. Synthesis conditions:
Tsynth = 415°C,  = 29.6 MPa, C(Ce3+) = 0.25 wt %,
and the synthesis time is 0–4 h.
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treatment at micron�level sizes of the formed crystals
(Fig. 4).

During the induction period, morphological
changes in boehmite take place and nuclei of corun�
dum crystals appear. SEM images of the starting
hydrargillite particles, the aggregates of the obtained
boehmite, and the emerging crystals of corundum are
shown in Fig. 5. The characteristic morphology of the
hydrargillite spherullites (Fig. 5, a and b) persists in the
initial steps of the formation of boehmite (Fig. 5, c and
d). At the end of the induction period, the first corundum
crystals appear against the background of numerous
micron�level crystals of boehmite (Fig. 5, d, e). The for�
mation of the first corundum crystals goes through ori�
ented cocrystallization of boehmite (Fig. 5, d) with a
synchronized structural rearrangement. In the mean�
time, the corundum crystals grow and their habits
change (Fig. 5, d, e). At the end of the transformation
of boehmite into corundum, a powder of well�faceted
monocrystals of corundum (Fig. 5, f) with sizes from
10 to 100 μm is obtained. The mean size of the crystals
increases with an increase in the ASCF pressure and
the growth of the ion content in the reaction media
(Tables 2 and 3).

The increase in the average dimension of the
corundum crystals with an increase in the ASCF pres�
sure (Table 2) indicates a change in the ratio between
the nucleation and growth rates of the corundum crys�
tals. The corundum crystals grow to the detriment of
the smaller particles of boehmite, which transform
and merge with the surface of the larger corundum
crystals (Fig. 5).

The inclusion of cerium ions in the synthesized
boehmite and corundum is revealed in the diffuse reflec�
tance (DR) spectra of the samples (Fig. 6); specifically,
boehmite generates the band at 309 nm (Fig. 6, a, inset)
and corundum the band at 330 nm (Fig. 6, b, inset).
This fact allows one to conclude that the doping of the
aluminooxide substrate takes place at the stage of the
formation of boehmite from hydrargillite. Cerium ions
that are present in the reaction media take part in the
reorganization of the crystal lattice of hydrargillite

with the formation of boehmite in the process of
reversible dehydroxylation. The doped boehmite
forms corundum doped with cerium ions. The absorp�
tion bands in the DR spectra of the doped boehmite
and corundum have complicated patterns, with cer�
tain components more distinguishable for the doped
corundum. At least three bands of light absorption can
be discriminated in the DR spectra of the doped
corundum: the two which are associated with Ce3+ are
revealed near 330 and 549 nm, and the other, which
has to be assigned to F+�centers (charged vacancies of
the oxygen ions) of the corundum structure, is
revealed near 236 nm (Fig. 6, b). Analogous bands
have been observed with the doping of corundum with
manganese ions [13].

The differential spectrum between the DR spectra for
the doped and non�doped corundum (Fig. 6, b, inset)
more clearly reveals the additional absorption band at

Fig. 4. Kinetic curve of the formation of corundum from
boehmite (1) and the changes in the CSZ size of boehmite
(2) and corundum (3) at 415°C, SCAF pressure of
29.6 MPa, and 0.02 wt % content of cerium ions in reac�
tion media.

Table 1. Unit cell parameters of boehmite at different times of synthesis

Time of synthesis, h

Difference 
in parameters, Å0 4

Parameter, Å Error Parameter, Å Error

a 2.87069 0.00024 2.87025 0.00036 0.00044

b 12.23214 0.0018 12.22756 0.0024 0.00458

c 3.69728 0.00032 3.69660 0.00044 0.00068
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330 nm, which is caused by cerium ions in the structure
of the doped corundum.

The dependence of a Kubelka–Moon function,

F(R) = (1 – R)2/2R, (2)

where R is the diffuse reflectance [18, 19], on the con�
tent of cerium ions in the structure of the doped
corundum for its absorption band at 330 nm is shown
in Fig. 7.

A Kubelka–Moon function with consistent outer
conditions (grain size, wavelength, and temperature)
is proportional to the molar concentration of the ion
that absorbs light in a sample. The linearity of the F(R)
function suggests the homogeneous incorporation of
cerium ions into the structure of corundum, samples

of which have been synthesized for a wide range of
cerium ion concentrations in reaction media (Fig. 7).

The analogous spectral patterns of corundum and
boehmite that are doped with cerium in the case of
both emission and excitation luminescence (Figs. 8
and 9) indicate the uniformity of their spectrally active
centers. Since both corundum and boehmite doped
with cerium have a wide band in the interval from 230
to 450 nm, the luminescence of samples was excited by
254 nm light. Cerium ions undergo a transition to the
Ce3+(5d)�excited state upon irradiation by this light.
An intense band with the characteristic doublets at 314
and 333 nm is observed in the luminescence spectrum
of boehmite (Fig. 8, a), which is usually assigned to a
5d–4f electron transition of the excited Ce3+ ions [20,
21]. The intense band with a maximum near 351 nm in
the luminescence spectrum of corundum doped with
cerium is related to that transition as well (Fig. 8, b).
The luminescence band near 420 nm is usually
ascribed to the F�centers [22–24]. There are also nar�
row emission bands from contaminants of Mn4+ and
Cr3+ ions in the red region of the luminescence spec�
trum of corundum.

The change in the luminescence intensity of boeh�
mite and corundum during their formation in a reac�
tion media containing 0.02% of cerium is shown in
Fig. 9. During the induction period, the band intensity
of the Ce3+ luminescence in boehmite with a maxi�
mum at 332 nm decreases. Maximal quenching of
luminescence is observed after the treatment of boeh�
mite in a SCAF for 5–6 hrs. Over this time, the dehy�
droxylation of boehmite takes place. The increase in
the luminescence intensity of cerium ions after the end
of the induction period is caused by the formation of

Fig. 5. Microphotographs of particles of hydrargillite (a and b), aggregates of boehmite (c), particles of boehmite with the inclu�
sion of corundum nuclei (d), growing corundum crystals (e), and the final corundum crystals (f). Synthesis conditions: temper�
ature of 415°C, SCAF pressure of 29.6 MPa, and cerium content in reaction media of 0.25 wt %. 
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Table 2. Dependence of the size of the corundum crystal
(d) on the SCAF pressure (0.02 wt % content of cerium
ions, 415°C, synthesis time of 21 h)

SCAF pressure, MPa d ± 0.1 µm

21.6 34.9

24.4 35.1

26.4 41.1

29.6 47.7

31.6 54.3
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the doped corundum. The luminescence spectrum of
the samples after the conversion of boehmite into
corundum acquires the typical appearance (Fig. 8, b).
The maximum of the luminescence band shifts to the
red side of the spectrum (350 nm) in conjunction with
the formation of corundum and the changing environ�
ment of cerium ions in the aluminooxide matrix (Fig. 9).
A redshift of the luminescence band is also observed
for samples of corundum obtained at a higher content
of cerium in reaction media (Fig. 10). The maximum
of the luminescence band shifts from 337 to 373 nm
with an increase in the concentration of cerium in
reaction media from 0.001 to 0.05 wt % (Fig. 10,
Curve 1). The maximal luminescence intensity corre�
sponds to a cerium concentration in reaction media
equal to 0.005 wt % (Fig. 10, Curve 2). The shift of the
maximum of the luminescence band of corundum
occurs within the interval of cerium content in reac�
tion media from 0.001 to 0.05 wt % (Fig. 10). The red�
shift of the luminescence band at 320 nm in the DR
spectrum of corundum (Fig. 12, absorption spectra, a,
b, and c, and the differential spectra in the inset) also
corresponds to this area. An increase in the concentra�
tion of cerium in reaction media and, consequently, in
the structure of corundum also gives rise to an increase
in the intensity of the luminescence band at 320 nm
and its broadening. The synthesis of corundum and
the incorporation of cerium ions in its structure in the
media of a supercritical fluid are accompanied by the
formation of charged anion vacancies (F�centers,
band near 238 nm). Judging by the DR spectral pat�
terns, the multiplicity of the states of a cerium ion in
corundum is expanded by the emergence of the
absorption bands near 290, 361, and 403 nm (inset in
Fig. 11), when the content of cerium ions is increased
within the 0.05–0.09 wt % interval, as well as near

549 nm at the 0.25% content of cerium ions (Fig. 6, b,
inset).

The uniformity of the excitation spectra of Ce3+

ions in boehmite and corundum (inset in Fig. 8, a and
b) and the presence of the luminescence peak at
421 nm in both cases allow one to presume that pho�
tons of the excitation light are absorbed by the charged
oxygen vacancies (in a form of the F�centers), and the
excitation energy is transferred to Ce3+ ions with the
subsequent luminescence. It has been demonstrated
earlier [25] that doping with rare earth ions during the
synthesis of oxides in a SCAF leads to a high content
of vacancies in the oxygen sublattice. The specifics of
the synthesis of corundum in a SCAF allow one to pre�
sume that the anion vacancies can also react with the
remaining hydroxyl groups. The luminescence inten�
sity of the synthesized samples of corundum, which
depends on the SCAF pressure at the 21.6–31.6 MPa

Fig. 6. Diffuse reflectance spectra of boehmite (a) and corundum (b) for both pure and cerium�ion�doped, (a) (1) corresponds
to the nondoped boehmite (synthesis time of 1 h), (2) to the doped boehmite (synthesis time of 1 h); (b) (3) corresponds to the
nondoped corundum (synthesis time of 23 h), (4) to the doped corundum (synthesis time of 16.5 h). The synthesis temperature
is 415°C, C(Ce3+) = 0.25 wt %, and  = 29.6 MPa. The supplementary absorption spectra are given in the insets. The method
for determination of the band intensity (R) for the Kubelka–Moon function is given in the b inset.

PH2O

Table 3. Dependence of the size of the corundum crystal (d)
on the content of Ce ions in reaction media. The conditions
of synthesis are as follows:  = 29.6 MPa, T = 415°C,
synthesis time of 21 h)

Content of Ce3+ ions 
in reaction media, %

Mean size of crystals,
 d ± 0.1 µm

0.01 31.7

0.05 32.2

0.07 33.4

0.09 36.3

0.25 49.2
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interval, is presented in Table 4. Increases in the SCAF
pressure and, as a consequence, in the content of
hydroxyls in corundum lead to an increase in the lumi�
nescence intensity. Thus, the luminescent properties
of both boehmite and corundum depend on the pres�
ence of hydroxyl groups in the structure. The anneal�
ing of corundum doped with cerium in a vacuum at
1800°C for 1 h leads to the removal of hydroxyl groups
from the structure of corundum and causes the
quenching of the luminescent bands of cerium ions
(Fig. 9, Spectra 1 and 2). The dehydroxylation of
corundum synthesized in a SCAF with annealing is
accompanied by the formation of oxygen vacancies
and the growth in the intensity of the 436 nm band of
the F�centers (Fig. 12, Spectra 2 and 3). It should be

noted that annealing in air for 1 h at 1400°C leads to
the full quenching of the luminescence band of the
Ce3+ ions (Fig. 12, Spectrum 3); this could be caused
by the destruction of the luminescence centers and the
oxidation of cerium ions to the Ce4+ state. In this case,
an increase in the luminescence intensity of the F�
centers (λ is the same observed).

The negative effect of the high�temperature heat�
ing on the luminescence intensity, as well as the influ�
ence of cerium ions on the rate of formation of corun�
dum, allow one to conclude that cerium ions react
with hydroxyl groups in the aluminooxygen matrix
and form with them a complex that also includes the
F�centers. With high�temperature heating, the
removal of the remaining hydroxyl groups from the
structure of the doped corundum takes place, and the
spectroscopic active center is destroyed with the for�
mation of the F�centers and the cerium ions with a
changed charge. The authors of [26–28] have also
determined the effect of anion vacancies on the lumi�
nescent properties of ion actuators in solid lumino�
phors.

It should be noted that the spectrum of the optical
emission of the synthesized α�Al2O3:Ce3+ (Fig. 8, b),
which comprises the two broad bands near 350 and
420 nm, corresponds to the excitation spectrum of
garnet, Y3Al5O12:Ce3+, which exhibits luminescence
in the yellow interval (450–650 nm) with a maximum
at 528 nm and is synthesized in similar conditions [3].
Hence, the emission of Al2O3:Ce3+ can be used for the
excitation of the green�yellow luminescence of
Y3Al5O12:Ce3+. In addition, the combination of the
blue and yellow radiation creates a color gamma that
is close to white light.

Upon the treatment of hydrargillite in a SCAF in
the presence of cerium ions, the synthesis of corun�
dum proceeds with the intermediary formation of
doped boehmite. The doping of boehmite with cerium

Fig. 7. Dependence of the Kubelka–Moon function for
the absorbance band of cerium ions in corundum at
330 nm on the cerium content in reaction media. Condi�
tions of corundum synthesis: synthesis temperature of
415°C and SCAF pressure of 29.6 MPa.
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takes place in the stage of the transformation of
hydrargillite into boehmite with the incorporation of
cerium ions from the reaction media to its structure,
due to the mobility of the crystal lattice in the condi�
tions of a hydroxylation–dehydroxylation quasiequi�
librium process. Upon the formation of corundum
from boehmite doped by this method, the Ce3+ ions
are homogeneously distributed in the volume of the
formed corundum crystals. The Ce3+ ions incorpo�
rated in the structure of both corundum and boehmite

exhibit intense luminescence in the UV and blue
region. The maximal intensity of the luminescence of
cerium ions is observed in corundum synthesized at
the 0.005 wt % content of cerium in reaction media.
An increase in the SCAF pressure during the synthesis
increases the luminescence intensity. It has been con�
cluded that an emission center on the basis of cerium
ions includes oxygen vacancies in a form of F�centers
and hydroxyl groups which stabilize the cerium ion
state in the form of Ce3+ ions. The synthesized corun�

Fig. 9. Dependence of the luminescence band intensity of
the Ce3+ ions (1) and the composition of the formed
corundum (2) on the reaction time. C(Ce3+) = 0.02 wt %,

 = 29.6 MPa, and Tsynth = 415°C. The arrows indi�
cate the band maxima in the luminescence spectra.
PH2O

Fig. 10. Dependence of the wavelength (1) and the inten�
sity (2) of a luminescence maximum of the doped corun�
dum on the cerium content in reaction media. Conditions
of synthesis:  = 29.6 MPa, Tsynth = 415°C, and time
of synthesis 20–25 h.
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Fig. 12. Effect of annealing doped corundum on its lumi�
nescence intensity, where 1 corresponds to the lumines�
cence spectrum of corundum doped with 0.02 wt % of
cerium before annealing, 2 to the spectrum after 1 h of
annealing in a vacuum at 1800°C, and 3 to the spectrum
after 1 h of annealing in air at 1400°C.
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dum can be used together with the yttrium–aluminum
garnet, which is a luminophor with green�yellow
emission, in the manufacture of white LEDs.
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Table 4. Dependence of the luminescence intensity of
corundum on the SCAF pressure for the band at 351 nm
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SCAF pressure, MPa
Intensity of the 351 nm 
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21.6 253
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26.4 803

29.6 890

31.6 1541


