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a b s t r a c t

Pure nanosized Al2(WO4)3 was synthesized according to different methods—solid state synthesis with
and without preliminary mechanical activation, co-precipitation and sol–gel method. Structure and mor-
phology of Al2(WO4)3 were determined by powder XRD diffraction and TEM analysis. It was found that
the co-precipitation method gives lowest in size, uniform particles (22 nm), distributed in very narrow
size region (10–40 nm), expanding more than four times during the thermal treatment. This product
eywords:
anostructured materials
ungstates
hemical synthesis
-ray diffraction
ransmission electron microscopy
hermal analysis

seems to be suitable as a starting material for Al2(WO4)3 transparent ceramics.
© 2010 Elsevier B.V. All rights reserved.
. Introduction

Aluminium tungstate is a representative of the class of the
e2(WO4)3 compounds, where Me = Y, Sc, In, Al, as well as the

are earth elements from Ho to Lu with orthorhombic structure
f the Sc2(WO4)3 type (space group Pnca) [1]. This class of com-
ounds possesses Al3+ ion conductivity [2–4] unusual low even
egative thermal expansion coefficient [5–7]. Me2(WO4)3 com-
ounds doped by Cr3+ are very perspective laser media for tunable

asers [8].
However, the production of single crystals as laser active media

rom these tungstates is related with a number of problems,
rst of all due to significant evaporation of WO3 in the case of
zochralski growth [9–12] or low growth velocity and anisotropy
13–15].

An effective approach to overcoming the crystal growth prob-
ems is to produce transparent ceramics, replacing the single
rystals. A number of research works on Nd:Y3Al5O12 ceramics
how that in this way it is possible to obtain optical materials

ith desired size and homogeneous composition and properties

16–19].
The technology of optical ceramics includes three main stages:

abrication of nanopowders; preparing of highly dense com-

∗ Corresponding author. Tel.: +359 2 979 2786; fax: +359 2 870 5024.
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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pacts and sintering of the compact to the non-porous ceramics
[20]. Many investigations show, that to fabricate transparent
ceramics ultrafine, monosized low-agglomerated nanopowders
with high sintering activity have to be preliminary obtained
[21–25].

In this communication we report data on the synthesis of nano-
sized Al2(WO4)3 by three methods: classical solid state reaction,
solid state reaction after mechanical activation, sol–gel and precip-
itation methods. A special attention was paid on the effect of the
synthesis procedure the powder size, shape, size distribution and
sintering activity of the obtained powders.

2. Conditions for synthesis and methods for
characterization

Three different methods were applied for producing
Al2(WO4)3—solid state synthesis, co-precipitation and sol–gel
(modified method of Pechini). Each of these methods was tested
under different conditions as described below.

2.1. Solid state synthesis
The initial reagents used in this synthesis were Al2O3 (p.a.) and
WO3 (p.a.). Two separate experimental series were carried out.
The reagents for the first series were homogenized in an agate
mortar with subsequent pelletization and thermal treatment with
different temperatures and duration. The second series included

dx.doi.org/10.1016/j.jallcom.2010.06.100
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ikosseva@svr.igic.bas.bg
dx.doi.org/10.1016/j.jallcom.2010.06.100
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Table 1
Thermal conditions and particle size of Al2(WO4)3 solid state synthesis.

N Temperature (◦C) Time of treatment (h) Phase—XRD analysis Medium size and morphology—TEM analysis Remarks

1 750 72 WO3

2 810 48 WO3

3 870 24 WO3 + Al2(WO4)3

4 930 16 Al2(WO4)3 plus small
amount of WO3

66 nm, almost spherical Pure Al2(WO4)3 after
second annealing
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tures. The minimum temperature for obtaining pure Al2(WO4)3 is
930 ◦C, for duration of 32 h.

Fig. 1 shows the X-ray diffraction patterns of the products after
solid state synthesis at 810, 930 and 1050 ◦C without preliminary
5 990 8 Pure Al2(WO4)3

6 1050 8 Pure Al2(WO4)3

lso solid state synthesis but the initial reagents were homoge-
ized in a ball mill with an agate container and agate balls. The
eight ratio between ball and reagent amount was 10:1. The
echanical activation was realized at 200 rpm in the course of
h or in two cycles of 6 h each. The next step was pelleted and

hermal treatment of the samples at different temperatures and
uration.

.2. Co-precipitation (CP)

Al2(WO4)3 was prepared by mixing of aqueous solutions of
l(NO3)3·9H2O (p.a.) and Na2WO4·2H2O (p.a.) (0.1 M). The pH of

he mixture thus obtained was 6.0. After stirring at room temper-
ture for 10 h, the precipitate was collected, washed with distilled
2O and dried at 80 ◦C for 5 h. This composition was further treated
t 400, 630 and 830 ◦C for 5 h.

.3. Sol–gel

The initial reagents were Al(OH)3 (p.a.) and H2WO4 (p.a.). Citric
cid was used as chelating agent and ethylene glycol—as estri-
cation agent. Al(OH)3 was dissolved in concentrated citric acid
ith a ratio between ions of 1:2. H2WO4 was dissolved in 25%
H3 and added to the Al(OH)3 solution with stirring. Then ethy-

ene glycol was added in the ratio 1:1 with respect to the citric
cid. The formed gel at 80 ◦C was dried in the course of 5 days
t 90 ◦C. The so obtained product was treated first for 30 min at
00 ◦C until brown powder-like mass was obtained and then the
emperature was raised to 600 ◦C at a rate of 150 ◦C/h. The light
rown powder obtained after the last thermal regime was treated at
ifferent temperatures and for different duration until Al2(WO4)3
as produced, as follows: 760 ◦C—72 h, 830 ◦C—12 h, 830 ◦C—36 h,

60 ◦C—12 h, 900 ◦C—2 h and 900 ◦C—6 h. The obtained product was
hite or light yellow powder according to the thermal conditions

f the last treatment.

.4. Characterization

Structural characterization was carried out by powder X-ray
iffraction (XRD) using a Bruker D8 Advance powder diffractometer
ith Cu K� radiation and SolX detector. XRD spectra were recorded

t room temperature. Data were collected in the 2� range from 10◦

o 80◦ with a step 0.04◦ and 1 s/step counting time. XRD spectra
ere identified using the Diffractplus EVA program.

The particle size and morphology were determined using a
EM JEOL 2100 at 200 kV. For this purpose specimens were pre-
ared by grinding the samples in agate mortar and dispersing them

n methanol by ultrasonic treatment for 6 min. A droplet of sus-

ension was dispersed on holey carbon films on Cu grids. The
article size was determined using Lince v2.4—Linear Intercept
rogram.

The thermal behaviour of some intermediate products was
nvestigated by combined LABSYSTM EVO DTA/TG device of
117 nm, slightly elongated

the SETARAM Company, France. The samples were investigated
at a heating rate of 10 ◦C/min in Ar flow at a flow rate of
20 ml/min.

3. Results and discussion

3.1. Solid state synthesis

The specific thermal conditions of synthesis, phase composi-
tions and mean particle sizes of Al2(WO4)3 are presented in Table 1.

As seen in the table, to produce a pure product, Al2(WO4)3,
a minimal time for thermal treatment at a given temperature is
required and naturally, this time is longer for the lower tempera-
Fig. 1. X-ray diffraction patterns of the products obtained by solid state synthesis
at different temperatures and times: (a) 810 ◦C for 48 h; (b) 930 ◦C for 16 h and (c)
1050 ◦C for 8 h.
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Fig. 2. TEM images of Al2(WO4)3 obtained by solid

echanical activation. The X-ray patterns for the two lower tem-
eratures show the presence of unreacted WO3.

The results of the solid state syntheses after preliminary
echanical activation are qualitatively the same. The difference

onsists in the fact that the minimum temperature for obtaining
ure Al2(WO4)3 is with about 100 ◦C lower.

Fig. 2 shows the TEМ images of products after solid state synthe-
is at 930 ◦C (a) and 1050 ◦C (b). The mean particle size dimension
f Al2(WO4)3 is 66 and 117 nm after treatment at 930 ◦C and at
050 ◦C respectively. The morphology changes from near spheri-
al to elongated. No visible difference is observed for the particles
reated at minimum temperatures with and without preliminary
echanical activation. There is also no difference in the growth
ate of the particles with increasing the temperature of synthe-
is.

Fig. 3 shows the size distribution after treatment at 930 ◦C
a) and 1050 ◦C (b). As can be seen, the particles are distributed

Fig. 3. Size distribution after solid state re
ynthesis: (a) 930 ◦C for 16 h and (b) 1050 ◦C for 8 h.

between 20 and 120 nm at the lower temperature and rise up to
60–150 nm at 1050 ◦C.

3.2. Co-precipitation

Fig. 4 presents the X-ray diffraction patterns of the products after
co-precipitation and subsequent thermal treatment in the course of
5 h at 80, 400, 630 and 830 ◦C. As seen in the figure, the products at
80 and 400 ◦C are amorphous, at 630 ◦C well crystallized Al2(WO4)3
is observed, and at 830 ◦C the product is well crystallized without
an amorphous phase.
The DTA analysis (Fig. 5) shows that the amorphous product
obtained at 80 ◦C contains about 10 wt% of weight loss, which
is released with a maximum at 200 ◦C. The crystallization of
Al2(WO4)3 is related with an sharp exothermal effect with a maxi-
mum at about 600 ◦C.

action at 930 ◦C (a) and 1050 ◦C (b).
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Fig. 4. X-ray diffraction patterns of the products obtained by co-precipitation after
5 h of final thermal treatment at different temperatures (a) 80 ◦C, (b) 400 ◦C, (c)
630 ◦C and (d) 830 ◦C.

Fig. 5. DTG-TG of a sample from co-precipitation after 5 h of thermal treatment at
80 ◦C.

Fig. 6. TEM images of Al2(WO4)3 obtained by co-precipitation and thermal treatment at different temperatures: (a) 80 ◦C, (b) 630 ◦C and (c) 830 ◦C. Bright field micrograph
of Al2(WO4)3 particle after treatment at 630 ◦C (d) and SEAD of the particle along [1 1 2] orientation (e).
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Fig. 7. Size distribution of the particles obtained by co-precipi

The TEM images of the products, treated at 80, 630 and 830 ◦C,
re shown in Fig. 6 (a–c). The spherical particles at 80 ◦C with
ean size of 19 nm almost preserve their sizes and shape at 630 ◦C

22 nm). A quick particle growth is observed at 830 ◦C to 82 nm,

ith a slightly trend for elongation in one direction.

The mean crystallite sizes were estimated using the integral
readth of the picks profile according to the Sherrer equation. The
hole powder pattern Pawley fit method was employed using

ig. 8. X-ray diffraction patterns of the samples obtained by sol–gel method treated
t different temperature and different heating time: (a) at 760 ◦C for 72 h, (b) at
30 ◦C for 36 h, (c) at 860 ◦C for 12 h, (d) at 900 ◦C for 2 h and (e) at 900 ◦C for 6 h.
method after 5 h treatment at 80 ◦C (a), 630 ◦C (b) and 830 ◦C.

Topas 3 program (Bruker AXS, TOPAS V3; General profile and
structure analysis software for powder diffraction data, User’s
manual, Bruker AXS, Karlsruhe, Germany 2005). For the particles
dimensions were received 35.6 and 88.8 nm for 630 and 830 ◦C
respectively.

Fig. 7 shows the size distribution of the particles. The important
result is, that the particles are distributed in a narrow region from
10 to 40 nm for 80 and 630 ◦C. This means that particle dimensions
remains intact after the crystallization of amorphous Al2(WO4)3 at
630 ◦C. A significant particle growth takes place when Al2(WO4)3
is heated at 830 ◦C: the particle sizes are distribution from 30 to
140 nm. It is important that the particle growth slightly affects the
isometric particle shape, irrespective of the anisotropic structure
of Al2(WO4)3.

3.3. Sol–gel (modified method of Pechini)

The X-ray patterns of Al2(WO4)3 obtained from the sol–gel
method and heated at 760 ◦C (for 72 h), 830 ◦C (for 36 h),
860 ◦C (for 12 h) and 900 ◦C (for 2 and 6 h) are shown in
Fig. 8.

As one can see, a pure Al2(WO4)3 phase is obtained at temper-
atures above 830 ◦C. At lower temperatures and shorter heating
times another phase is also detected in the product and its quan-
tity decreases with increasing of the temperature. The composition
of this phase has not been established at this stage of research. It
seems that this phase is formed even at lower temperatures and
it is related with the presence of carbon in the polymeric resin.
The ground for such a hypothesis is the fact that the longer treat-
ment of the products at low temperatures hampers additionally the
subsequent purification (removal) of this phase. Furthermore, the
thermal treatment of the polymeric resin in an oxygen flow instead
in an air leads to the formation of a pure Al2(WO4)3 product as early
as at 630 ◦C.

The TEM images of the end Al2(WO4)3 products obtained by
means of the sol–gel method and finally treated at 630 ◦C in air
and at 830 ◦C are shown in Fig. 9. The impressive difference in
the size and shape of the particles of pure Al2(WO4)3 is obvious.
The treatment at 630 ◦C results in slightly elongated shapes with
medium size of 33 nm, while the particles treated at 830 ◦C are with
elongated form and medium size of 103 nm. According to the Sher-
rer equation for the particles dimensions were received 119.4 and

248.0 nm for 630 and 830 ◦C respectively.

Fig. 10 shows that the particles are distributed in region
between 10 and 60 nm for 630 ◦C and grow up to 60–150 nm at
830 ◦C.



448 V. Nikolov et al. / Journal of Alloys and Compounds 505 (2010) 443–449

Fig. 9. TEM images of Al2(WO4)3 obtained by the modified method of Pechini after thermal treatment at (a) 630 ◦C for 36 h; (b) 830 ◦C for 5 h.
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Fig. 10. Size distribution of the particles obtained by sol–gel

. Conclusions

The investigations carried out show the possibility of producing
ure Al2(WO4)3 according to the three methods—solid state syn-
hesis, co-precipitation and sol–gel. In spite of this the final results
bout particle size, morphology, size distribution and the reactivity
particle growth during the thermal treatment) are very different.
o-precipitation method gives lowest in size, uniform particles, dis-
ributed in very narrow size region. In addition these particles grow
uickly, expanding more than four times during the thermal treat-
ent. In the opposite, the solid state process gives bigger particles,

istributed in a wide region, growing very slowly. Sol–gel method
s in the middle position from this point of view.

From the viewpoint of producing optically transparent ceram-
cs, the most suitable product for further sintering seems to be the
l2(WO4)3 produced by co-precipitation. The small size of the par-
icles, their shape and trend to faster growth with temperature rise,
resume the possibility of strong crystallization and densification
f the ceramics until transparency is reached. The conditions for
roducing such ceramics will be the object of further investiga-
ions.

[

d after treatment at (a) 630 ◦C for 36 h and (b) 830 ◦C for 5 h.
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