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Abstract

Dispersed Eu3+ cations in an aqueous EuCl3 solution easily incorporate in pores in a hydrogenated porous AlO(OH).aH2O
boehmite powder. H2 gas in pores and OH� anions from energized boehmite with pores covert EuCl3 into Eu2O3 in pores as per the
reaction, 2 EuCl3+

3
2H2+3 OH�!Eu2O3+6 HCl, in a closed reactor at room temperature. This is a very efficient spontaneous

exothermic reaction which occurs with evolution of H2 gas and HCl vapour as per experimental conditions. The obtained
Eu3+:Al2O3 product consists of dispersed Eu2O3 nanoparticles (D�30 nm crystallite size) in an amorphous Al2O3 in a mesoporous
structure. On heating, Eu2O3 nanoparticles dissolve in high surface energy pores and result in a complete amorphous structure of

Eu3+: Al2O3 at �700 K. A controlled reconstructive nucleation and growth into g-Al2O3 nanoparticles in D�6.5 nm occurs from
the amorphous state at �1000 K. Several batches of the reaction, with Eu3+ contents up to 1.5 wt.%, have been carried out and all
of them have a complete dissolution of Eu3+ cations in Al2O3 at these temperatures. The results are analyzed in terms of X-ray
diffraction, microstructures, and IR spectra of samples prepared under different conditions. # 2002 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Doped Al2O3 with a small amount of Eu3+ cations,
of the order of 1 wt.% or so, forms an important mate-
rial for lasers, phosphors, optical sensors, and other
devices.1,2 Its optical characteristics depend on its
microstructure. An amorphous structure of dispersed
Eu3+ in an Al2O3 host promises activated optical prop-
erties with an improved quantum efficiency. Several
reports are available on doped Eu3+ in borate and other
oxide glasses.2�6 However, fabrication of Eu3+:Al2O3 in
an amorphous Eu3+ structure is not common. Conven-
tional methods of solid state reaction, glass melting, or
sol gel chemistry, often used to obtain an amorphous
ceramic structure,2�6 are not suitable to obtain it with-
out inducing a significant devitrification. The precursor
in these methods often involve a high processing

temperature at which its components either appear in
two independent crystalline phases or react together and
result in a compound in a complex structure of alumi-
nate, garnet, or others.1,7 Formation of an Eu3+:Al2O3

glass by melting and casting needs as high temperature
as �2300 K.8 It fails to retain its vitreous structure on
cooling through such a large temperature range to room
temperature or its glass transition temperature.

A solid state dissolution of Eu3+ cations in a porous
Al2O3 is explored as an alternative way of preparing a
doped Eu3+:Al2O3 sample at moderate temperature in
this article. This is a new method of its type. It permits
dissolution of otherwise even immiscible cations in the
high energy pores.9,10 There has been interest in study-
ing solid state amorphization SSA reactions.11 An
amorphous phase can be formed when a crystalline
solid is subjected to various types of disordering pro-
cesses. The reactions are governed by their thermo-
dynamics as well as kinetic factors.12 The excess Gibbs
free energy �G caused by reactions of crystallites at a
high energy surface acts as the driving force for the
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crystalline to amorphous state transformation. A
nucleation and growth from the amorphous state may
occur during the reaction. It results from the interplay
between the thermodynamic driving forces, reaction
kinetics, and the ease of nucleation of the competing
phase(s).

The nucleation of an amorphous phase often takes
place at defect sites in the lattice of the slow moving
species, and its growth is determined by diffusivity of
the fast moving species through the already-grown
interfaces. It involves an interesting phenomenon of its
asymmetric growth.13�15 The defects sites for the asym-
metric growth of the amorphous phase must have a
certain level of excess �G, for that SSA reaction could
not be observed either at single crystals or at low-angle
grain boundaries.11 The heat of formation and atomic
size mismatch are two important factors to determine
amorphous phase formation in a system.16

In this article, we report the results of incorporation
of Eu3+ cations in a mesoporous Al2O3 host and their
SSA reaction with the pores. The SSA reaction occurs
on annealing the specimen at moderate temperature as
650 K. The results are analyzed in terms of X-ray dif-
fraction, microstructures, and infrared spectra of repre-
sentative samples before and after annealing at elevated
temperatures. Excess �G in interface between pore wall
and particles, S1, and free surface of particles in pores,
S2, is used to model the SSA reaction.

2. Experimental details

2.1. Synthesis

The sample of dispersed Eu3+ cations (oxide) in
Al2O3 matrix is prepared by reaction of an aqueous
EuCl3.6H2O solution with a hydrogenated porous AlO
(OH).aH2O powder in a closed reactor at room tem-
perature. A freshly prepared AlO(OH).aH2O powder,
with an initial porosity � ¼ 90% and 10–50 nm average
pore diameter d, was used. It was obtained by an elec-
trochemical surface hydrolysis of Al-metal in a humid
air.17

On adding a solution of EuCl3.6H2O, in 0.1–0.01 M
concentration, to the porous AlO(OH).aH2O powder
dropwise while stirring the mixture, Eu3+ cations travel
to and occupy the pores. A reaction occurs with pores
and converts EuCl3 into Eu2O3. Hydrogenated pores
promote the reaction at room temperature. It is an
exothermic reaction which occurs with evolution of H2

gas and water/HCl vapour. Ultimately, a paste of dis-
persed Eu2O3 in the matrix of Al2O3, obtained by
decomposition of AlO(OH).aH2O on the reaction, is
formed. The obtained sample is washed with water and
then dried in air at �450 K. The dried powder has a
characteristic grayish white colour.

On heating, Eu2O3 particles dissolve in pores in Al2O3

and a completely amorphous structure of Eu3+: Al2O3

results at �700 K. A reconstructive nucleation and
growth of g-Al2O3 nanoparticles occurs from the amor-
phous state at temperature as small as 850 K. Several
batches of the reaction, with Eu3+ contents up to 1.5
wt.%, have been carried out in this way and all of them
have a complete Eu2O3 dissolution in the matrix at these
temperatures. Colour of the sample has changed from
grayish to whitish.

2.2. Measurements and analysis

The microstructure is studied with a scanning electron
microscope (SEM) of JEOL model-840 and a transmis-
sion electron microscope (TEM) of Hitachi H-600.
Phase analysis of the samples before and after the reaction
at selected temperatures is carried out with X-ray pow-
der diffraction. The diffraction has been recorded with
P. W. 1710 diffractometer using filtered CoK radiation
of wavelength l ¼ 0:17905 nm. The � has been esti-
mated by N2 gas isothermal sorption at liquid N2 tem-
perature using Quantachrome Autosorb-118 and by
difference in specific density of the sample from the
theoretical value. Thermal decomposition of Eu3+:AlO
(OH).aH2O and the chemisorption of adsorbed gases in
the porous Eu3+:Al2O3 powder were analyzed with
thermogravimetric analysis TG. A Perkin-Elmer ther-
mal analyzer was used to recorded the TG thermogram
by heating 10–20 mg sample (in argon atmosphere) over
300–1000 K at 20 K/min heating rate.

IR spectrum (400–4000 cm�1) is recorded of powder
compacted in form of a pellet in KBr matrix. The data is
collected with a Shimazuir 470 infrared spectro-
photometer. The reported frequencies are accurate to
�2 cm�1 in the case of sharp bands and �5 cm�1 or
even larger in the case of broad bands. Other details are
the same as reported earlier.19

3. Results and discussion

3.1. Reaction process

The hydrogenated porous AlO(OH).aH2O powder
behaves as a reducing agent. It coverts EuCl3 to Eu2O3

as soon as it is added and dispersed in the pores. The
reaction is exothermic as can be seen by 5–10 K increase
in average temperature of the mixture as per the
experimental conditions. The local temperature in the
reaction centres may be higher, i.e. as much as the B.P.
of water or even more, i.e. sufficient enough to cause in
situ decomposition of AlO(OH) into Al2O3. It occurs
with evolution of H2 gas and some water/HCl vapour.
The evolution of H2 gas can be observed by bubbling it
through water in a beaker. It burns with a flame if
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putting a burning stick and turns up colour of a blue
litmus paper to red.

The reaction with energized AlO(OH) in the pores,
which involve a high surface energy, can be expressed as
follows,

2 EuCl3 þ 6 AlO OHð Þ ! Eu2O3 þ 3 Al2O3 þ 6 HCl

ð1Þ

The H2 gas, which occupies the pores in the hydro-
genated powder, possibly exists in an ionized form at pore
surface. This promotes the reaction by raising the total
Gibb’s free energy G of the powder. A porous powder has a
lot of vacancy defects and those could be occupied by H+

cations. These high energy H+ cations form hydronium
ions [H3O]+ by reacting with internal H2O molecules in the
powder. The [H3O]+ ions have an activated reaction (1),

H2OþHþ ! H3O½ 

þ

2 EuCl3 þ 3 H3O½ 

þ
! Eu2O3 þ 6HClþ

3

2
H2 " ð2Þ

It is this hydrogen which releases along with HCl and
H2O vapour during the reaction. This is useful in con-
ducting an internal co-reduction or an ion exchange
reaction in a mesoporous composite with desirably
doped metal or metal cations in pores.

The product in reactions (1) and (2) results in a paste
of dispersed Eu2O3 in Al2O3 with residual HCl and H2O
byproducts. Part of the HCl dissolves part of the pre-
cursor by forming AlO(OH).aH2O+3 HCl!AlCl3+
(a+2) H2O, which goes to the solution as it is soluble in
water. In a controlled reaction with a limited EuCl3, as
in this example, the total amount of the HCl produced
is also small. Most of it is consumed in the above reac-
tion and hardly succeeds to dissolve a significant part of
the final product of Eu2O3 back to EuCl3, i.e.

Eu2O3 þ 6 HCl ! 2 EuCl3 þ 3 H2O ð3Þ

In case any EuCl3 forms in reaction (3) goes back to
the solution as the reactant. The byproduct Cl� ions
impurities are easily removed by washing in distilled
water. No impurities of them have been found by a
chemical test with AgNO3 in the sample recovered in
this way. On heating at �450 K, the H2O with traces of
HCl, if any, evaporates out leaving behind a dried
Eu3+:Al2O3 powder. The dried sample appears in a
grayish white characteristic colour.

3.2. X-ray diffraction analysis

3.2.1. Incorporation of Eu3+ cations in pores
Incorporation of Eu3+ cations in pores in the porous

AlO(OH).aH2O powder can be analyzed from X-ray

diffraction of the specimen before and after charging by
the Eu3+ cations. For example, Fig. 1 compares x-ray
diffractograms of the samples obtained with different
amounts of (a) 0.5, (b) 1.0 and (c) 1.5 wt.% Eu3+. All
the three diffractograms have sharp peaks superposed
over a weak scattering background between 20 and 100�

at 2� scale. Integrated intensity in these peaks is
increasing in proportination to the Eu3+ contents. The
most intense peak (peak intensity Ip ¼ 100 units) of the
diffractogram appears at 0.3146 nm with the second
intense peak at 0.4111 nm, Ip ¼ 60 units, in Fig. 1a. The
Ip regularly increases in the second peak with an increase
in Eu3+ content so that it becomes a more or less the
same as in the most intense peak in Fig. 1c. Another peak
at 0.2711 nm has a similar result of its increasing Ip as a
function of Eu3+content. This indicates a functional
orientational ordering of Eu3+ cations in a crystal lattice
in pores. No such peaks appear from the Al2O3 matrix
confirming its amorphous structure. Amorphous Al2O3

permits Eu3+ ordering in pores by decreasing the total
G value.

The above X-ray diffractogram differs the diffraction
in EuCl3.6H2O in the P63/m hexagonal crystal struc-
ture.20 In that case, the most intense peak occurs in
(201) reflection at 0.2526 nm with the second and third
intense peaks in (211) and (101) reflections at 0.2084
and 0.3469 nm, respectively. The most intense peak in
the present case, e.g. in 0.5 wt.% Eu3+ sample, is at an
enhanced value of (201) peak by 1.25% at 0.3146 nm
while the second and third intense peaks appear at
0.4111 and 0.2060 nm, respectively. EuCl3.6H2O has no
peak around 0.3146 nm and only a weak peak at 0.2066
nm.20

The X-ray diffractogram in Fig. 1 is fairly matching
with the standard diffractogram of the C2/m monoclinic
Eu2O3 with lattice parameters a ¼ 1:4042 nm, b ¼ 0:3638
nm, c ¼ 0:8746 nm and � ¼ 100�70.21 On increasing the
Eu3+ content from 0.5 to 1.5 wt.%, the values of a, b and
c are regularly increased according to an enhanced lattice
volume V0 as much as 0.4%. The increase in V0 is indi-
cative of generation of a high energy interface of Eu3+

with Al2O3 on increasing its volume in pores. The high
energy interface causes a lattice strain which results in the
manifested V0 value. It supports a high energy amor-
phous structure of the Al2O3 matrix characterized by a
broad and weak diffraction halo at wavevector q ¼ 45
nm�1 in Fig. 2a. This diffraction halo is masked in
strong diffraction of crystalline Eu2O3 phase in Fig. 1.

3.2.2. Dissolution of Eu2O3 in pores on thermal
annealing

On heating, the high energy interface of Eu3+ with
Al2O3 in divided pores destabilizes crystalline structure
of Eu3+ by propagation of the high energy lattice strain.
As a result, Eu3+ crystallites dissolve in pores through
Al2O3 in intimate contact, forming a solid Eu3+:Al2O3
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solution. It occurs at expense of the excess �G or
volume �V by annihilation of pores. It passes through a
series of nonequilibrium high energy metastable states
of internal energy " far larger than in an ordered ther-
modynamic equilibrium state in a crystalline solid in
this series. As a result, the resulting solid solution passes
through an intermediate amorphous structure. A com-
plete amorphous structure, characterized by a broad
halo at q ¼ 45 nm�1, appears in the sample with 1.5 wt.%
Eu3+ on annealing at �700 K (Fig. 2a). A recrystalli-
zation from the amorphous state starts at as early tem-
perature as 850 K. Annealing at 1000 or 1100 K (Fig. 2b
or c) results in a crystalline phase of g-Al2O3 with lattice
parameter a ¼ 0:7890 nm, which is smaller in compar-
ison to the a ¼ 0:7924 bulk value,22 in O7

H–FD3M cubic
crystal structure. An average crystallite size D ¼ 6:5 nm
is calculated using bandwidths, �2�1=2, in the char-
acteristic peaks in the Debye–Scherrer relation23 in the
two samples. The Eu3+ dissolved in the amorphous
Al2O3 does not recrystallize at these temperatures.

A comparison of X-ray diffractograms of (a) the pure
and doped samples with (b) 0.5, (c) 1.0, and (d) 1.5
wt.% Eu3+ in Fig. 3 envisages that the Eu3+ promotes
g-Al2O3 grain growth at 1100 K. The average values for
D and a obtained from �2�1/2 and dhkl (interplanar
spacing) in the characteristic diffraction peaks are given
in Table 1. As per the Eu3+ content, the D value varies

between 4.0 and 6.5 nm while the a value varies between
0.7915 and 0.7882 nm, with a maximal 0.7915 nm value
at D ¼ 4:0 nm in sample (b). A minimal a ¼ 0:7882 nm
value has been found at D ¼ 4:5 nm in sample (a),
which has no Eu3+ content. The a value varies in this
series governed by a combined effect of (i) quantum
confined size effect in small crystallites24�26 and (ii) the
lattice strain (leads to enhance the a value) induced by
formation of the Al2O3 solid solution with Eu3+ addi-
tives.

Owing to large size (radius r ¼ 0:1087 nm) as almost
twice the Al3+ (r ¼ 0:0530 nm) size,27 Eu3+ hardly
prefers partial substitution of Al3+ in Al2O3 crystal lat-
tice. In order to analyze it, we explored high resolution
X-ray diffractograms in g-Al2O3 lattice reflections. The
diffractograms obtained in (400) and (440) reflections
from annealed samples at 1100 K for 2 h are portrayed
in Figs. 4 and 5. (400) reflection, which appears at
0.1972 nm in virgin g-Al2O3 in Fig. 4a, is shifted a very
little at larger 0.1979 nm value on incorporating 0.5
wt.% Eu3+. A more pronounced shift in the peak posi-
tion occurs in (440) reflection. It occurs at 0.1392 nm in
virgin sample in Fig. 5a and shifts at 0.1400 nm along
with 20% decrease in the �2�1/2 value on the 0.5 wt.%
Eu3+ addition in Fig. 5b. An adverse effect on shift in
the diffractogram at lower dhkl value at 0.1394 or 0.1391
nm occurs at a larger 1.0 or 1.5 wt.% Eu3+ content in

Fig. 1. X-ray diffraction of Eu3+ doped mesoporous Al2O3 powders: (a) 0.5, (b) 1.0 and (c) 1.5 wt.% Eu3+. The Al2O3 matrix has an amorphous

structure. The samples have been dried at 450 K after washing the reacted powder in water.
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other samples in Fig. 5c or d. It reflects in a significant
decrease in the �2�1/2 value by 40 and 50%, respec-
tively, relative to the virgin sample value. The results
indicate a significant Eu3+ substitution on Al3+ sites in
(440) plane in g-Al2O3. As expected, the substitution
seems to saturate as early as at 0.5 wt.% Eu3+ addition
through this process.

3.3. Thermogravimetric analysis

Fig. 6 shows part of (a) TG thermogram and (b) its
derivative DTG obtained during heating the 1.5 wt.%
Eu3+:Al2O3 powder at 20 K/min heating rate. The
sample has been dried in air at �450 K after the pro-
cessing. According to these curves, the sample has a
huge mass loss of a total of 41% over 300–700 K. It
occurs in two distinct steps in the regions of AB and BC
as marked over the TG curve. This confirms indirectly a
huge � present in the sample in a mesoporous structure.
A similar TG desorption curve, with 21% mass loss,17,18

appears in Al2O3 powder without the doping.
A value of ��40% is determined by difference in the

experimental � ¼ 1:5 g/cm3 and theoretical � ¼ 2:5 g/
cm3 values of density of the sample. It is confirmed fur-
ther by measuring its capacity of N2 gas sorption by the
standard method. In this experiment, the sample was
first degassed at a reduced pressure �10�5 bar and then

N2 gas has been loaded to ambient pressure. Volume of
the adsorbed N2 gas is measured by isothermal deso-
rption at liquid N2 temperature. A cylindrical pore
shape has been assumed for the pore size distribution,
d ¼ 3�10 nm, as per the TEM microstructure discussed
below.

The two distinct TG desorption signals are more
clearly visualized with two distinct peaks at 390 and 515
K in the DTG curve (Fig. 6b). Both of them ascribe the
desorption of chemisorbed species in the sample. Those
are definitely due to the chemisorbed N2 and O2 (or CO2

) gases and moisture from the air. The open pores as
well as the large surfaces in the high energy nano-

Fig. 2. X-ray diffraction showing the effects of thermal annealing of 1.5 wt.% Eu3+:Al2O3 powder in air at (a) 700 K, (b) 1000 K, and (c) 1100 K for

2 h.

Table 1

The average crystallite size and lattice parameter for g-Al2O3 recrys-

tallized from the mesoporous Eu3+:Al2O3 powdersa

Eu3+ content (wt.%) Crystallite size

(mm)

Lattice parameter

(nm)

0.0 4.5 0.7882

0.5 4.0 0.7915

1.0 5.5 0.7896

1.5 6.5 0.7890

a Samples have been annealed at 1100 K for 2 h. A significantly

larger value of lattice parameter a ¼ 0:7924 appears in bulk g-Al2O3.
22
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particles arranged through the high energy pores act as
active centres to adsorb a plenty of such molecular spe-
cies in this example. The N2 and O2 (or CO2) molecules
occupying the pores release rather easily, primarily in
the first signal at 390 K, on heating over the early tem-
peratures. The other signal thus arises primarily in the
desorption of the residual gas molecules with H2O
molecules from the particle surfaces. These gases easily
adsorb in association with H2O molecules and exist at
high energy surfaces to a rather high temperature.

3.4. Microstructure

SEM micrographs for the 1.5 wt.% Eu3+:Al2O3 sam-
ple are compared in Fig. 7. The micrograph (a),
obtained from as dried powder at 450 K, indicates
shining particles of Eu2O3 (confirmed by in situ electron
microprobe analysis) dispersed in thin layers of amor-
phous Al2O3 in 50 nm or still smaller thickness. Average
size in small particles is of the order of 100 nm and most
of them are in a near spherical shape. This is in an order
of larger D value as per �2�1/2 in the X-ray diffraction
peaks (Fig. 1). This means that most of the Eu2O3 par-
ticles visible at this scale are clusters of smaller crystal-
lites. The clusters are as big as a few micrometers and
appear in bright intense irregular shapes embedded in
Al2O3 layers.

Fig. 3. X-ray diffraction showing the effects of (a) 0.0, (b) 0.5, (c) 1.0, and (d) 1.5 wt.% Eu3+ addition in Eu3+:Al2O3 powders by annealing in air at

1100 K for 2 h.

Fig. 4. High resolution X-ray diffractograms in (400) reflection of g-

Al2O3 after dissolving (a) 0.0, (b) 0.5, (c) 1.0, and (d) 1.5 wt.% Eu3+ in

Eu3+:Al2O3 at 1100 K. The Eu3+ cations are adding a significant peak

broadening at 0.5 wt.% Eu3+ in (b).
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As mentioned above, the Eu2O3 particles locally dis-
solve in the high energy amorphous Al2O3 layers subject
to heating at 650 K or larger. It results in a peculiar

honeycomb type interconnected structure in micrograph
(Fig. 7b) for the sample annealed at 1100 K for 2 h. The
interconnected structure easily extends over a dimension
as large as 250 mm. We tried to have a resolved structure
at a higher magnification, but the sample, unfortu-
nately, gets deformed by charging and moves under the
electron beam. The charged sample, so called ‘‘moving
alumina’’, has a modified microstructure as reproduced

Fig. 5. High resolution X-ray diffractograms in (440) reflection of g-

Al2O3 after dissolving (a) 0.0, (b) 0.5, (c) 1.0, and (d) 1.5 wt.% Eu3+ in

Eu3+:Al2O3 at 1100 K. A significant band narrowing and peak shift at

lower 2�-values reappears above 0.5 wt.% Eu3+ addition.

Fig. 6. (a) TG and (b) DTG thermograms for 1.5 wt.% Eu3+:Al2O3

mesoporous powder (dried at 450 K after the reaction) at a heating

rate of 20 K/min.

Fig. 7. Scanning electron micrographs of 1.5 wt.% Eu3+: Al2O3

powder; (a) dried at 450 K and (b) or (c) annealed at 1100 K for 2 h.

Micrographs (b) and (c) are taken at two different magnifications.
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in Fig. 7c. The heating with electron beam causes a dis-
ordered Al2O3 structure. As a result, it is thinned itself
in further thin layers as in the virgin sample in Fig. 7a.
The thin layers extend over a refined and reorganized 2–
10 mm dimension in a thickness of the order of 50 nm or
smaller.

The distribution of Eu2O3 crystallites and mesopores
that lie at a smaller scale can be studied with their TEM.
For example, Fig. 8 compares TEM micrographs for the
1.5 wt.% Eu3+:Al2O3 powder before (a) or (b) and after

annealing (c) at 700 K for 2 h. Micrographs (a) and (b)
are portrayed at two different magnifications to com-
pare the resolved features. Small particles (dark con-
trast), D ¼ 2�5 nm, which are distributed through pores
(white contrast), d ¼ 2�5 nm, in a specific manner are
due to the self-arranged parent Al2O3 in a mesoporous
structure. Larger pores are derived by combination of

Fig. 9. The electron diffraction corresponding to TEM in Fig. 8(b) for

the mesoporous 1.5 wt.% Eu3+:Al2O3 powder dried at 450 K.

Fig. 10. (a) TEM micrograph and (b) the corresponding electron dif-

fraction for the mesoporous 1.5 wt.% Eu3+:Al2O3 powder after

annealing at 1100 K for 2 h.

Fig. 8. TEM micrographs for the mesoporous 1.5 wt.% Eu3+:Al2O3

powder; (a) or (b) dried at 450 K and (c) annealed at 700 K for 2 h.

Micrographs (a) and (b) are taken at two different magnifications.
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the small ones. The deep dark contrasts represent Eu2O3

crystallites in relatively bigger sizes. In micrograph (a),
their size varies from 10 to 40 nm. This is consistent
with the average D ¼ 30 nm value determined from
�2�1/2 values. Possibly, extremely small crystallites,
D4 20 nm, are not in a significant number to impart an
effective D or �2�1/2 value. The electron diffraction
(Fig. 9) has three rings at 0.317, 0.195 and 0.159 nm
interatomic distances in (111), (610) and (613) reflec-
tions in agreement with the values at 0.317, 0.196 and
0.158 nm in the X-ray diffraction in Fig. 1c.

A fairly sharp reorganized d � 10 nm size distribution
(Fig. 8c) appears in unoccupied pores on dissolving the
Eu2O3 crystallites in an amorphous 1.5 wt.%
Eu3+:Al2O3 structure at 700 K. Recrystallization from
the latter at 1100 K results in refined g-Al2O3 crystallites
in Fig. 10a with the same D � 6:5 nm value as deter-
mined from �2�1/2 values (Fig. 3d). The electron dif-
fraction (Fig. 10b) has three rings at 0.239, 0.140 and
0.115 nm interatomic distances in (311), (440) and (444)
g-Al2O3 reflections, respectively. They compare well the
values at 0.238, 0.139 and 0.114 nm in the X-ray dif-
fraction within the experimental errors.

3.5. IR spectrum

Fig. 11 compares IR spectra of (a) the porous
AlO(OH).aH2O and (b) 0.5, (c) 0.5, and (d) 1.5 wt.%
Eu3+ doped Al2O3. Spectrum (b) is from the as dried
sample at 450 K while that of (c) or (d) is measured after
the annealing at 1100 K. The bands appear in three
distinct (i) 400–1250 cm�1, (ii) 1300–1800 cm�1, and (iii)
2500–4000 cm�1 groups. As expected, their positions as
well relative intensities vary with Eu3+ additions in
spectra (b)–(d) if compared to those in spectrum (a).
Some of the characteristic bands of (a) have disappeared
and several new bands have developed in these spectra
as follows.

Two strong bands, which appear at 976 and 1022
cm�1 in AlO(OH).aH2O, no longer appear in other
samples. Both of them are assigned to Al¼O stretching
vibration in AlO(OH) as it exists in two conformers in
amorphous state.28 Three conformers exist in nanocrys-
tals with three Al¼O stretching bands in a more or less
the same intensity at 980, 1025 and 1075 cm�1.28 Only
one Al¼O stretching band appears in bulk crystals at
1067 cm�1.28,29

A new group of three bands at 955, 1080 and 1220
cm�1 has developed in sample (b) in well known 4f–4f
electronic transitions of Eu3+ (4f6) from the ground
state 7F0 to the second excited 7F2 multiplet state.19,30

7F0!
7F2 transition has a group of a maximum five

bands as per the J ¼ 2 value of 7F2 state. The ground
state 7F0, J ¼ 0, is nondegenerate. The first bandgroup
occurs in 7F0!

7F1 transition in this series around 300
cm�1. This is not included in the region studied here.

Other bandgroups appear at 1640 and 2500 to 4000
cm�1 in this sample in prominent band components in
the 7F0!

7F3 and 7F0!
7F4 transitions, respectively.

These bands are overlapping with O–H bending and
stretching vibrations in trace of H2O in the sample. In
water, they appear in a single band at 1640 cm�1 and a
group of two or three bands at 3100–3600 cm�1.19

According to it, porous Eu3+:Al2O3 powder behaves to
be highly susceptible to H2O adsorption. It has a sig-
nificant H2O adsorbed in ambient atmosphere.

The expected resolved band features are obscured in
900–1300 cm�1 (7F0!

7F2 transition) bandgroup by
mixing with the nearby Al2O3 group vibrations over
400–900 cm�1 on dissolving the Eu3+ cations in the
Al2O3 matrix at 1100 K in sample (c) or (d). A strong
vibronic coupling occurs between the Al2O3 vibration
levels and the 7F2 electronic levels and that obscures the
features in the pure 7F0!

7F2 electronic transition. As
the Eu3+ (Eu2O3) dissolved in the matrix has no longer
a crystalline structure, its discrete 7F2 levels are broa-
dened and merged into a broad unresolved group by
mixing with the vibronic levels as per the observed
spectrum. A strong band at �820 cm�1 in these samples
appears as a result of the vibronic mixing. It belongs to

Fig. 11. IR spectra of (a) AlO(OH).aH2O and (b) 0.5, (c) 0.5, and (d)

1.5 wt.% Eu3+:Al2O3 powders. Spectrum (b) is obtained from as dried

powder at 450 K while (c) or (d) is obtained after annealing the sample

at 1100 K for 2 h.
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one of the components in the 7F0!
7F2 electronic tran-

sition.
A rather resolved bandgroup of pure electronic bands

occurs in the 7F0!
7F3 transition over 1300–1800 cm�1

in samples (c) and (d). It consists of three distinct bands
at 1535, 1650 and 1730 cm�1 in sample (c) while of four
bands at 1410, 1520, 1630 and 1720 cm�1 in sample (d).
A minor variation in number and average positions in
the resolved bands is likely in difference in Eu3+ con-
tents in the two samples. The content of Eu3+cations
determines their macroscopic interactions with the
Al2O3 matrix on their dissolution in the Eu3+:Al2O3

solid solution. Other details of band positions, relative
intensities, and assignments of all the observed bands in
the various samples are given in Table 2.

3.6. Thermodynamics of Eu3+ dissolution in pores

The porous Eu3+:Al2O3 powder involves interface
between pore wall and particles S1 and free surface of
the particles within pores S2. That determines a peculiar

microstructure of an enhanced Gibb’s free energy GT of
the sample before incorporating the Eu3+ cations. In a
simple case, GT can be expressed in terms of S1 and S2

as follows,

GT ¼ GV þ S1�1þS2�2 ð4Þ

where GV is the equilibrium value of Gibb’s free energy
of the sample and �1 and �2 are the energy densities in
S1 and S2, respectively, at given experimental conditions
at ambient temperature and pressure. This excess energy
(or volume as can be obtained through first and second
laws of thermodynamics) acts as a driving force to dis-
solve Eu3+ particles in pores on heating the sample. It
occurs at expense of excess �GA ¼ �GT ��GA (or
excess volume �VA) over the equilibrium GA value in
amorphous structure of the sample. Obviously, larger
the value of �GA faster is the dissolution of Eu3+ par-
ticles in pores at reaction temperature. This qualitatively
explains why porous Eu3+:Al2O3 powder amorphizes at
as early temperature as 650 K and recrystallizes into g-
Al2O3 at 850 K (1050 K or higher in undoped powder).

The average value of S1 in sample of volume V can be
obtained from average size and volume fraction � of
pores. Assuming their spherical shape of radius r, it can
be expressed as

S1¼4�r2N1 ð5Þ

The sample contains N1 ¼ �N pores and N2 particles
with N ¼ N1 þ N2. In order to compute N1, let us
assume the same size and morphology for the particles
and the pores. In this approximation, one can write
N ¼ V � 4

3� r3. Substituting this value in Eq. (5), we get
a simple working relation

S1 ¼
3�V

r
ð6Þ

Now, let us consider incorporation of particles of size
r0 4 r in each of the pores. This would add an excess
surface area of 3�Vr02=r3 in Eq. (6), i.e. it becomes

S1
3�V

r

r02

r2

� �
ð7Þ

Similar to Eqs. (5) and (6), substituting N2 ¼

1 ��ð ÞN in S2 ¼ 4�r2N2, we get

S2 ¼
3V 1 ��ð Þ

r
ð8Þ

A combination of Eqs. (7) and (8) yields the total
surface energy in a doped porous material

Table 2

Characteristic vibrational or electronic bands observed (in cm�1) in IR

spectra of AlO(OH).aH2O precursor and Eu3+ doped mesoporous

Al2O3 powders

AlO(OH).aH2O
a Eu3+:Al2O3

a Assignments

a b c

3515 (vs) O–H stretching

2990 (vw) AlO(OH)/H2O

3460 (vs) 3420 (vs) 3435 (vs) O–H stretching,

H2O

2910 (s) 2920 (ms) 7F0!
7F4

(Eu3+)

1635 (w) Al–O stretching

1510 (w) AlO(OH) network

1420 (w) structure

1730 (vw) 1720 (vw)

1640 (s) 1650 (w) 1630 (w)

1535 (w) 1520 (vw) 7F0!
7F3 (Eu3+)

1410 (vw)

1022 (vs) Al¼O stretching

976 (vs) AlO(OH)

1220 (w)

1080 (ms) 7F0!
7F2 (Eu3+)

955 (ms)

820 (s) 820 (s)

760 (vs)

665 (vs) AlO(OH) group

vibrations

565(vs)

740 (s) 740 (s) 740 (s)

630 (s) 625 (s) 625 (s) Al2O3 group

vibrations

515 (s) 540 (s)

a The samples, having 0.5, 0.5, and 1.5 wt.% Eu3+, were annealed

at (a) 450, (b) 1100 and (c) 1100 K, respectively. Relative band inten-

sities are given in the parentheses; vs: very strong, s: strong, ms: med-

ium strong, w: weak and vw : very weak.
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� ¼
3�V

r
1 þ

r02

r2

� �
�1 þ

3V 1 ��ð Þ

r

� �
�2 ð9Þ

Assuming �1 ¼ �2 ¼ �, it simplifies to

� ¼
3V

r
1 þ

�r02

r2

� �
� ð10Þ

An observed � ¼ 0:4 value, in the Eu3+:Al2O3 sam-
ple, contributes as much as 37% value of � ¼ 1:15 GJ/
m3 at r ¼ 2:5 nm and r0 ¼ 2:4 nm. � ¼ 1:15 GJ/m3 has
been estimated using the experimental � ¼ 0:70 J/m2

value.31 This much excess energy is sufficient enough to
maintain a solid in its amorphous state or to induce its
phase transformation from an ordered solid to liquid or
an amorphous state. As expected, the present value of �
comes to be larger than a change in G-value by
�Gv=0.74 GJ/m3 in nucleation and growth of a stable
Al2O3 particle from its liquid state. Note that a nucleus
of a solid particle can grow as a stable phase if and only
if the total change in G-value dominates over its surface
energy. Otherwise, it dissolves in the high energy liquid
or amorphous state as in this example of porous
Eu3+:Al2O3. The result demonstrates the fact that pores
with a high surface and/or interface energy in a meso-
porous solid play a crucial role to determine its struc-
ture at a given temperature.

On heating, Eu3+ particles occupying the pores in as
received powder react with pore wall and dissolve in
Al2O3 matrix at expense of interface between pore wall
and particles S1. The release of excess energy �G over
the equilibrium value Ge in this process can be expressed
assuming growth of relative size �r ¼ r0 � r of particles
in pores of initial size r0 with an empirical relation,

�G ¼ �Gmexp � 	
�r

r0

� �n

; with �r5 0; ð11Þ

where 	 is a correlation constant which correlates �G
with pore annihilation and n is an exponent. The value
of n depends upon � and other parameters. It gives an
optimal value of �G ¼ �Gm at �r ¼ 0. Actually, it is
the temperature which drives �r according to the sam-
ple. It is, therefore, logical to express Eq. (11) in terms
of temperature, i.e.

�G ¼ �Gmexp � 	0 �T

T0

� �n

; with �T5 0; ð12Þ

where �T ¼ T � T0, with T0 the initial temperature of
the sample at r ¼ r0.

As portrayed in Fig. 12, Eq. (11) represents a mono-
tonically decreasing value of �G as function of �r=r0,
with arbitrary values of 	 ¼ 1 and n ¼ 2, approaching
to a constant G0 value at r ¼ r0 (2.5 nm). A value of

G0 ¼ 0:15�Gm , assuming 40% excess energy (as per
� � 0:4) in the forms of S1 and S2 stored in the sample
over the equilibrium bulk value. The obtained curve is
well reproduced (solid points) by Eq. (12) with T0 ¼ 295
K and 	0 ¼ 0:8	 (with the same values in the other
parameters) so that a stable G0 value appears at Te ¼

650 K as per the experimental result of dissolution of
Eu3+ particles in pores in an amorphous structure. In
fact, in a realistic case, the process gets suppressed kine-
matically by diminished kinetics of involved species as r
approaches its equilibrium value re. This could reflect in
an extended Ts value in a complete transformation as
observed at 700 K in the present experiments.

4. Conclusions

Dispersed Eu3+ cations in an aqueous EuCl3 solution
easily incorporate into the pores on adding in an ener-
gized host of hydrogenated mesoporous amorphous
AlO(OH).aH2O powder (initial porosity � is as much
as 90% with 10–50 nm average pore diameter17) in a
closed reactor. The host, which behaves as a reducing
agent, converts EuCl3 to Eu2O3 as per the reaction, 2
EuCl3+6 AlO(OH)!Eu2O3+3 Al2O3+6HCl. The H2

gas possibly exists in ionized form at pore surface. The
sample has a lot of vacancy defects and part of those
may be occupied by H+ cations, or the [H3O]+ after a
reaction with internal H2O molecules at pores. The
[H3O]+ ions have an activated 2 EuCl3+3 [H3O]+!

Eu2O3+6HCl+ 3
2H2" reaction. This is an efficient

spontaneous exothermic reaction which occurs with

Fig. 12. A model release of excess Gibb’s free energy �G in porous

Eu3+:Al2O3 powder as a function of relative particle size �r/r0 in

pores. The curve (solid line) is well reproduced (solid points on the

curve) assuming annihilation of pores on heating the sample as a

function of temperature as per the model.
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evolution of H2 gas and HCl vapour as per the experi-
mental conditions.

X-ray diffraction of obtained powder, after washing
with water and then drying at 450 K, demonstrates for-
mation of an Eu3+:Al2O3 solid solution with an amor-
phous structure of Al2O3. The sample has a value of
� � 40%, determined by difference of its experimental
density � ¼ 1:5 g/cm3 from the theoretical � ¼ 2:5 g/cm3

value and by isothermal sorption of N2 gas at 77 K.
Eu3+(Eu2O3) as such exists in C2/m monoclinic crystal
structure (average crystallite size D � 30 nm) in a ther-
modynamic equilibrium with amorphous Al2O3. Inter-
face between pore wall and particles S1 and free surface
of the particles within pores S2 determine a high energy
thermodynamic state " of the system far above its equi-
librium bulk value "0.

If heating the specimen, the excess Gibb’s free energy
�G in the excess �" ¼ "� "e over the equilibrium value
Ge leads to dissolve Eu2O3 particles in high S1 energy pores
and results in a complete amorphous Eu3+:Al2O3 struc-
ture at � 700 K. A controlled reconstructive nucleation
and growth occurs in g-Al2O3 nanoparticles from the
amorphous state in a controlled refined microstructure,
with an average D � 5 nm size of crystallites, at as early
temperature as 850 K. The D value hardly improves to
6.5 nm on raising the temperature as high as 1100 K.
The Eu3+ content is varied up to 1.5 wt.% and the
sample is annealed at selected temperatures up to 1100
K in point of view of having a suitable product for
applications as lasers, phosphors, and optical and gas
sensors. The results are analyzed and modeled in terms
of excess �G stored in S1 and S2 interfaces and surfaces
in porous Eu3+:Al2O3 powder.
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