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Synthesis of nanosized pure and Cr doped Sc, In (WO,), solid solutions
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Nanosized solid solutions with the formula Sc, ,  In Cr (WO,),, where x varies from 0 to 2 and y from 0.02 to 0.06
were synthesized for the first time by co-precipitation method. Phase and structural investigations were performed.
By X-Ray analysis it was established that only by strict maintenance of pH between 2.7 and 5.7 a pure, monophase
product can be obtained. It was found that at room temperature the solid solutions Sc, In (WO,), at x value equal to
0 and 0.5 are orthorhombic and for x value between 1.0 and 2.0 are monoclinic. The lattice parameters of the obtained
solid solutions were calculated. The conditions of thermal treatment of the amorphous precipitates were determined
by preliminary DTA and TG analyses. The average crystallite dimensions of the obtained solid solutions, calculated
from the X-ray data, are between 19 and 110 nm. The crystallite sizes depends on the ratio of Sc, In and Cr, and on

the temperature of thermal treatment.
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INTRODUCTION

Scandium tungstate Sc,(WO,), and indium tung-
state In,(WO,), belong to a class of compounds with
a general formula Me,(WO,),, where Me =Y, Sc,
In, Al or lanthanides with a small ionic radius — Ho,
Er, Tm, Yb, Lu. Normally, these compounds crys-
tallize in an orthorhombic structure, space group
Pnca [1]. As a result of phase transition, the struc-
ture transforms to monoclinic at lower tempera-
tures, with space group P2,/a. The phase transition
of In,(WO,), occurs at 258 °C [2], and of Sc,(WO,),
occurs at minus 263 °C [3].

The specificities of the orthorhombic structure,
Pnca space group, determine a number of interesting
properties and potential applications of the consid-
ered class of compounds. The orthorhombic modifi-
cation is built of MeO, octahedrons, connected with
WO, tetrahedrons in such a manner that they form
a layered structure with a large tunnel size, where
the Me*" ions are sufficiently mobile, i.e. the com-
pounds possess Me** ionic conductivity. The triva-
lent ionic conductivity of AI**, S¢**,Y?**, Er**and In*
in the corresponding tungstates is directly demon-
strated and described in reference literature [4—7].
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The increase of the lattice parameters by changes
in the chemical composition would result in the in-
crease of the ionic conductivity too. Similar behav-
iour has been already demonstrated in the system
AL(WO,); — Sc,(WO,); — Lu,(WO,), [8-10].

Some of the Me,(WO,), compounds possess
unusually low thermal expansion coefficients, in-
cluding zero and even negative ones, within a broad
temperature range [11-14]. For example, a zero
thermal expansion coefficient is reported for the
Al, (Sc, 4,In, ;(WO,), composition [15-17]

Another basic application of this class of com-
pounds is as laser media for tunable lasers. The
Me*" situated in octahedral coordination may be
easily substituted by a Cr** active ion, characterized
by a broad absorption cross section, as well as by
a broad emission, being incorporated in a structure
with weak or intermediate type crystal field [ 18-20].
Our previous investigations on optical and phonon
properties of nanocrystalline Cr doped AL(WO,),
and solid solutions of Al, Sc (WO,), revealed the
presence of two chromium sites in these structures,
one with intermediate type and another with weak
crystal field strength, respectively. [21, 22].

An important advantage of this class of com-
pounds is their aptitude to build their structure by
accumulation of different trivalent ions. This pro-
vides the possibility to tailor the thermal expansion
coefficient, ionic conductivity and laser emission to
a desired value by varying the chemical composi-
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tion of solid solutions within the mentioned struc-
tures.

For the solid solutions with composition Sc,
In (WO,),, pure or doped with chromium there is
no data in the reference literature. This refers to
both the methods for their production (as a rule us-
ing only the classical solid state synthesis) and the
already discussed properties, important for their ap-
plication.

This article presents the results of the synthesis of
nanosized Sc, In (WO,), solid solutions in the entire
concentration range (for x values from 0 to 2), as well
as the same solutions doped with 1 and 3 at.% Cr by
co-precipitation method.

EXPERIMENTAL

The nanosized powders from solid solutions with
a general formula Sc, In (WO,), for x value equal to
0, 0.5, 1.0, 1.5 and 2 were obtained by co-precipita-
tion method. In addition to the pure solid solutions,
two series of solid solutions doped by Cr** with the
same atomic ratio of Sc to In were also synthesized.
These series of Cr** doped solid solutions was with
general formula Sc,  In Cr(WO,); for values of
y=0.02 and 0.06. In other words, the obtained solid
solutions were with concentration of In 0, 25, 50,
75 and 100 at.% (100, 75, 50, 25 and 0 at.% Sc re-
spectively) and with concentration 0, 1 and 3 at.%
of Cr** with respect to the sum of Sc and In. Each of
the solid solutions was synthesized using two pre-
liminarily prepared separate aqueous solutions: first
solution of Na,WO, in 50 ml of distilled water using
Na,WO,.2H,0 (p.a.) as a reagent, and second solu-
tion of Sc(NO,),, In(NO,), and Cr(NO,), in 50 ml
of distilled water using Sc(NO,),.4H,0, In(NO,),.
3H,0 and Cr(NO,),.9H,0 (p.a.) as a reagents. The
quantity of the tungstates in the first solution and
the total amount of nitrates in the second one cor-
responded to the stoichiometric composition for the
progress of the co-precipitation reaction:

Mixing:

(2—-x—-y)Sc(NO3)3 + xIn(NO3)3+ yCr(NO3)3 + 3Na2WO4
— SCZ*X—ylnxCry(WO4)3 + 6NaNOs3

The two aqueous solutions were homogenized at
room temperature until full clarification. The pre-
pared solutions were mixed by simultaneous pour-
ing in a third glass vessel and the obtained white
substance was intensively mixed in the course of
1 hour. The solutions were adjusted to the desired pH
value by adding diluted nitric acid (1:3), (HNO, p.a.,
63.01 g/mol), or 1M sodium hydroxide (p.a.). The
precipitation process was in the course of 24 hours.
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The obtained precipitate was filtered, dried at 80 °C,
then ground in an agate mortar, washed with deion-
ised water and dried again. The amorphous precipi-
tates of the solid solution were thermally treated in
two single series: at 550 °C, 650 °C, 700 °C, 800 °C
for 1 hour and at 900 °C for 3 hours. After treatment
at 550 °C, 650 °C, 700 °C and 800 °C, the obtained
powders were used to determine the crystallite sizes
depending on the composition of the solid solutions
and the temperature of thermal treatment. The well
crystallized powders at 900 °C for 3 hours were
used to determine structure, cell parameters and lat-
tice volume depending on the composition of the
solutions.

Structural characterization was carried out by
powder X-ray diffraction (XRD) using a Bruker D8
Advance powder diffractometer with Cu Ka radia-
tion and SolX detector. XRD spectra were recorded
at room temperature. Data were collected in the 26
range from 10 to 80 deg with a step 0.04 deg and
1s/step counting time. XRD spectra were identified
using the Diffractplus EVA program. The obtained
data were used for determining of the solid solu-
tion lattice parameters. The mean crystallite size
and unit cell parameters were calculated from the
integral breadth of all peaks (Pawley fit) using the
TOPAS 3 program.3 — General profile and structure
analysis software for powder diffraction data, 2005,
Bruker AXS, Karlsruhe, Germany.

The thermal analysis was used for determination
of crystallization temperature of some solid solution
precipitate as well as for establishing of the phase
transition temperature. The investigations were
done by combined LABSYS™ EVO DTA/TG de-
vice of the SETARAM Company, France. The sam-
ples were investigated at a heating rate of 10°C/min
in Ar flow at a flow rate of 20 ml/min.

RESULTS AND DISCUSSION

Our earlier investigations on synthesizing nano-
sized Al,_In (WO,), [23] and Al,_ Sc (WO,), [24]
by the co-precipitation method proved that alumini-
um — scandium solid solutions can be obtained with-
out any special adjustment of the pH value of the
mixed solution. Pure Sc,(WO,), is obtained at pH
equal at 5.7. In contrast for Al,_In (WO,),, it was
necessary to adhere to a strict pH value of the solu-
tion. A pure In,(WO,), product was obtained only
for pH values between 2.7 and 2.9. A two-phase
product (In,(WO,), and In;WO,, or In,(WO,), and
WO,) was obtained for the other pH values [23].
Therefore it was logical to presume that for obtain-
ing pure Sc, In (WO,),solid solutions, it is neces-
sary to adjust intermediate pH values between 5.7
and 2.8, proportionally diminishing with increasing
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the concentration of indium in the solid solution. In
this way, in order to obtain solid solutions of Sc,_
In (WO,), with x equal to 0.5, 1.0, and 1.5, the
chosen pH values of the solutions were 4.97, 4.25
and 3.53 respectively. The solutions were adjusted
to the desired pH value by adding diluted nitric acid
or sodium hydroxide.

Well crystallized samples of Sc, In(WO,),
were obtained after thermal treatment of the pre-
cipitates at 900 °C for 3 h. (t. 1). The X-ray pat-
tern of the products for values of x equal to 2.0, 1.5
and 1.0 corresponds exactly to the reference litera-
ture data for the monoclinic symmetry with space
group P2 /a and x values equal to 0.5 and O corre-
spond to the orthorhombic symmetry (space group
Pnca) [2, 3]. As pointed out in the literature data for
In,(WO,),, the two structures are close to each other
and in the X-ray pattern of monoclinic symmetry
two additional peaks at 20 = 23.6 and 25.7 are ob-
served. These peaks are marked by asterisk on the
Figure 1b. There are not any additional peaks of im-
purities in the obtained solid solutions. The missing
peaks of an admixture phase in the X-ray patterns
and the shift of peaks at higher values 2@ with the
increasing of the In content is a proof that pure sol-
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id solution compounds were obtained in the entire
range from Sc,(WO,), to In,(WO,),. The calculated
lattice parameters of the pure Sc, In (WO,), and Cr
doped Sc,  In Cr (WO,), (6-9) solid solutions are
shown in Table 1.

As can be seen from Table 1, lattice parameters
and cell volume of the solutions with orthorhombic
symmetry slightly increase (solid solutions number
1,2 and 6,7) with addition of indium. These results
are expected due to the small difference in ionic ra-
dii of scandium (0.745 A) and indium (0.8 A). On
the other hand due to a big difference between the
ionic radii of scandium (indium) and chromium
(0.615 A) ions, a clear tendency of lattice param-
eters decreasing was observed with the addition of
Cr*" in the orthorhombic (1, 2 and 6, 7) and mono-
clinic structure (3+5 and 8+10). The observed slight
non — regular lattice parameters deviation of the of
solid solutions with monoclinic symmetry is prob-
ably a result of the different sites Cr**ions (scan-
dium or indium sites) could occupy into the solid
solutions.

The aim of the second series of thermal treat-
ment of the precipitates was to obtain nanosized
powders from these solid solutions. The amorphous
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Fig. 1. a) X-ray patterns of non-doped Sc, In (WO,), (x = 0+2) precipitates obtained at different pH value and thermally treated at
900 °C for 3 h; b) The same X-ray pattern (narrow scale) with marked picks (*) corresponding to the monoclinic symmetry with

space group P2 /a in the case of x =1, 1.5 and 2.
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Table 1. Cell parameters a, b, ¢, beta and cell volume, V of non-doped Sc, In (WO,), (1-5) and of doped Sc¢, , In Cr(WO,), (6-9)

solid solutions

No  Solid solution composition a[A] b[A] c[A] beta (°) V [A%] Symmetry
1 Sc,(WO,), 9.677 13.325 9.586 90 1236.1 Pnca
2 Sc, In, (WO,), 9.688 13.328 9.594 90 12383 Pnca
3 Sc,In,(WO,), 16.355 9.637 19.038 125.38 2446.51 P2 /a
4 Sc,<In, (WO,), 16.357 9.634 19.021 12532 2445.52 P2/a
5 In,(WO,), 16.375 9.638 19.039 12531 2452.15 P2 /a
6 Sc,(WO,),: 3%Cr 9.676 13.324 9.584 90 1235.6 Pnca
7 Sc, .In, (WO,),: 3%Cr 9.681 13317 9.585 90 1235.7 Pnca
8 Sc,In,(WO,),: 3%Cr 16.361 9.632 19.050 125.45 2445.74 P2 /a
9 Scysln, (WO,),: 3%Cr 16.341 9.622 19.010 12536 2437.65 P2 /a
10 In,(WO,);: 3%Cr 16.350 9.627 19.010 125.31 2441.56 P2 /a

precipitates of the Cr**doped Sc, ,In (WO,), solid
solutions were subjected to DTA analysis to deter-
mine the temperature of phase crystallization. The
results are shown on Fig. 2.

On the DTA curves a strong exothermic effects
in the temperature range 536+555 °C were observed.
These effects indicate the beginning of the crystal-
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Fig. 2. Thermal behavior of the 3% Cr** doped Sc, . In (WO,),
(x = 0+2) amorphous precipitates.

94

lization processes in the precipitates. It can be seen
that due to the more complex chemical composition
of intermediate solid solutions (Sc,,In, (WO,),,
Sc,In,(WO,), and Sc, ;In;(WO,);) their initial tem-
perature of crystallization is higher than that of
Sc,(WO,), and In(WO,),. The endothermic effects
at 100+200 °C is related to H,O release. The parallel
TG and gas analyses proved that the weight losses
are about 5%. The observed exothermic peaks de-
fined the choice of the temperature of thermal treat-
ment for crystallization of solid solutions.

Our previous investigations on obtaining na-
nosized particles from Al,_Sc (WO,); [24] and
Al,_In(WO,), [23] proved that the main factor
determining the growth of the particles is the tem-
perature. We have also established that maintaining
the same temperature for more than 1 hour has al-
most no impact on the particles growing. Therefore,
the precipitates of non-doped and Cr** doped
Sc, In (WO,), solid solutions were thermally treat-
ed at 550, 650, 700, 800 °C and 900 °C in the course
of 1 h. As an example, Fig. 3 shows the XRD data
of 3% Cr’* doped Sc, In(WO,), solid solutions
obtained at above mentioned temperatures for 1 h.
As can be seen, after treatment at 550 °C the prod-
ucts contain negligible amorphous part, while after
treatment at 650, 700, 800 and 900 °C the products
are well crystallized. The increasing trend of peak
tightening with the increasing the temperature of
thermal treatment indicates the increase in average
crystallites size. The average crystallite dimensions
calculated from the X-ray data of the obtained solid
solutions are presented in Table 2.

The average crystallite dimensions of the ob-
tained solid solutions, calculated from the X-ray
data, are between 19 and 110 nm, except for
Sc,(WO,), (Table 2). The influence of the tem-
perature is weak and even at 900 °C, the average
crystallites size reach only 110 nm. Higher in-
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Fig. 3. X-ray powder diffraction patterns of the 3% Cr** doped precipitates, treated at different temperatures for 1 h: a)

Sc, In, (WO,),; b) Sc,In,(WO,),; ¢) Sc, ;In, (WO,),

dium content leads to decrease of crystallites size.
The chromium influence depends on the tempera-
ture of thermal treatment. The thermal treatment
of Sc, , InCr/(WO,); solid solutions at 550, 650,
700 and 800 °C leads to a decrease of the crystal-
lites sizes, while at 900 °C results in increasing the
sizes. This result clearly showed that the velocity
of phase nucleation in the temperature range 550+
900 °C is significantly higher than the speed of nu-
clei growth and indium and chromium enhance this
effect. These results are in good agreement with our
previous investigation on tungstate solid solutions
from the same class of compounds with a general
formula Me,(WO,), [23-25]. An exception is Cr*
doped Sc,(WO,), with highest crystallites size —

250 nm at 550 °C, where the velocity of nuclei
growth is very high. Due to this, thermal treatment
at higher temperature of this sample was not per-
formed. In our earlier investigation, we have estab-
lished that the combination of high concentrations
of S¢* and Cr*" leads to a strong growth of the crys-
tallite size, (up to the order of 200 nm) [24].

CONCLUSIONS

Nanosized solid solutions from Sc, In (WO,),
and Sc, In Cr(WO,), are synthesized for the first
time by co-precipitation method. The obtained solid
solutions possess orthorhombic symmetry for value

Table 2. Crystallites size dimension [nm] of Sc, ,In(WO,) (1-5) and Sc, , In Cr(WO,), (6-10) solid solution at different x and
y =0.06 (3% Cr*) after thermal treatment at 550, 650, 750, 800 °C and 900 °C

No  Solid solution composition 550 °C 650 °C 700 °C 800 °C 900 °C
1 Sc,(WO,), 65 nm 78 nm 86 nm 90 nm 110 nm
2 Sc,In,(WO,), 30 nm 46 nm 57 nm 77 nm 90 nm
3 Sc,In(WO,), 30 nm 40 nm 50 nm 71 nm 89 nm
4 Scyn, (WO,), 29 nm 38 nm 45 nm 71 nm 88 nm
5  In,(WO,)), 27 nm 37 nm 41 nm 55 nm 77 nm
6 Sc(WO,);: 3 at% Cr** 250 nm
7 Sc,In (WO,);: 3 at% Cr** 28 nm 45 nm 55nm 80 nm 110 nm
8  Sc,In(WO,);: 3 at% Cr** 25 nm 38 nm 43 nm 70 nm 110 nm
9 Scysn, (WO,);: 3 at% Cr** 24 nm 36 nm 40 nm 68 nm 98 nm
10 In(WO,);: 3 at% Cr** 19 nm 30 nm 38 nm 55 nm 85 nm

95



A. Yordanova et al.: Synthesis of nanosized pure and Cr doped Sc, In (WO,), solid solutions

of x = 0 and 0.5 and monoclinic one for value of
x greater than 1. Considering the results from the
analyses, advantages of co-precipitation method
is obvious. It gives the opportunity to obtain na-
nosized solid solutions in the temperature range
550+800 °C. The crystallites size depends on the ra-
tio of S¢*, In** and Cr**, and on the temperature of
thermal treatment and are between 19 and 110 nm.
The synthesized solid solutions give opportunity
for systematic analyses of properties important for
their application, defined by the difference of the
two structures.
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CUHTE3 HA HAHOPA3ZMEPHU YNCTH U IOTUPAHU C Cr TBBPJIU PA3TBOPH
C OBIIIA ®OPMVIJIA Sc, In_(WO,),

A. C. Vopnanosa', P. C. Mopmanosa', B. C. Hukoos',
. . Kocesa!, I1. T. LIBeTkoB!

! Huemumym no obwa u neopeanuyuna xumusi, bvieaperka axademus na nayxume, ya. ,, Axao. I'. Bonueg*,
on. 11, 1113 Coghus, bvreapus

IToctbruna okromBpu, 2016 r.; npuera nexemspu, 2016 .
(Pestome)

3a bpBH BT Os1Xa CMHTE3UPAHH, HAHOPA3MEPHH TBBP/IM PasTBopH ¢ 00ma popmymna Sc, , In Cr (WO,), 3a cToii-
HocTH Ha X = 0+2 m y 0,02 u 0,06, Mo MeToJa Ha XMMUYHOTO ChyTasBaHe. bsixa npoBeseHH (a30BU U CTPYKTYPHHU
nacneBanus. Upes peHTreHoda3oB aHaau3 Oelle yCTaHOBEHO, Y€ CaMo Upe3 CTPUKTHO NoAabpikane Ha pH mexny 2,7
u 5,7 morar z1a ce nosry4at MoHoda3Hu npoayktu. Ha craiina Temrieparypa, TBbpUTE pa3TBOPH ca ¢ OPTOPOMONIHA
cumeTpus 3a croifHocTr Ha X = 0 u 0,5 1 ¢ MOHOKJIMHHA 3a cToiHOCTH Haf 1,0. bsAxa mpecMeTHaTH mapamMeTpuTe Ha
eJIEMEHTapHaTa KJIeTKa Ha BCUUKU TBBPIU paztBopu. Upes JATA 0Osxa onpenenieHn ycaoBUsITa HA TEPMUYHO TPETH-
pane Ha amop¢HuTe yTaiiku. CpeHUTe pa3Mepu Ha KPUCTAJIUTUTE OsiXa W3UYMCICHH OT PEHTTCHOTPAMHTE U Ca ChC
ctoitHocTH Mexay 19 n 110 nm. Bemre yctaHoBeHO, ye pa3MepbT Ha KPUCTAIUTUTE 3aBUCH OT TeMIlepaTypara Ha
TEPMUYHO TPETHPAHE U OT CHOTHOIICHUETO MEXAY CKaHIUHM U MHIUH.
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