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Present research deals with exploration of the kinetics of chemical interaction between
yttrium or gadolinium oxide and vanadium (V) oxide. It was shown that in the tempera-
ture range up to 600°C the limiting stage of the orthovanadate synthesis is chemical
interaction, and in the temperature range from 600°C to 800°C the limiting stage is
diffusion of the starting oxide through the layer of the chemical interaction product.
Optimal mode of the solid-state synthesis of the yttrium or gadolinium orthovanadates
from the starting oxides was determined.

Keywords: rare earth orthovanadate, solid-state synthesis, transformation degree,
Cz-growth.

IIpencraBieHbl pe3yabTaThl MCCIAELOBAHUA KHUHETUKH XHMUUYECKOrO B3aUMOIEHCTBUA
MEKIY OKCUJAMU UTTPUA WAU ragoiauvumsa u okcumom Bauagusa (V). Iloxkasano, 4to B TeMIie-
parypuoMm uuTepsase mo 600°C mumurTHpyomei cragueill CHHTE3a OPTOBAHALATA ABJIACTCH
XUMHUYEeCKOe B3aMMO/elicTBUe, a B TeMmepaTtypHoM uHTepBaje or 600°C xo 800°C aumuTu-
pyouaa cragud — 970 AUPOY3us MCXOAHBIX OKCUJIOB Yepes CJIoN MpPOAYKTa XUMUYECKON
pearknuu. OmpesesieH ONTUMANLHBIN PE/KUM TBepAO(A3HOTO CUHTE3a OPTOBAHATATOB UTTPUS
U TaJoJUHUS.

Oco6muBocTi TBepmodasHOro CHHTE3y IINXTH OPTOBAHAMATIB iTpil0 Ta ragoJiHiro.
O.B.Borowuna, B.M.Baymep, AM.IIysan, O.I].Cidaeyvruil, A.B.I'epacumos.

Hagenmeno pesysnbTat pocaijyKeHHA KiHEeTMKHW XiMiuHOl B3aeMmopii MiK okcugamu iTpiro
abo ramoximio Ta orcumom BaHaxiro (V). Ilokasano, 110 y TeMIeparypHOMY iHTepBaJi IO
600°C mimiTyouoio cTaficlo CUHTE3y OPTOBAHAAATY € XiMiuHa B3a€MOJid, a Y TeMIepPaTypHO-
my imTepsaui Big 600°C go 800°C aximiryrooua cragia — ne audysid BUXigHMX OKCULIB Kpish
miap OpoaykKTy Ximiumoi peakiiii. BusHaueno onTuManbHUN pPeXXUM TBEPAO(PAZHOIO CHHTE3Y
oproBaHagaTiB iTpilo Ta ramoJiHiio.

1. Introduction terials since 60 of XX century. Doped

with different rare earth elements (e.g.

Yttrium orthovanadate (YVO,) and gad- Nd3*, Tm3*, Ho3*, Er¥* and Yb3*) YVO, and
olinium orthovanadate (GdVO,) are well- GdVOQ, are excellent polarizer and laser host
known and widely applied luminescent ma- materials [1-4]. YVO,4.Eu is the red-emitting
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phosphor used in cathode ray tubes and
color television [5, 6].

In few resent years the undoped rare
earth orthovanadates have been proposed as
scintillation materials with slow intrinsic
luminescence related to the emission of
VO,-complexes [7, 8]. Bulk single crystals
were obtained successfully by the Czochral-
ski technique (Cz), but some difficulties re-
vealed during the crystal growth process.
At first, at Cz-growth raw materials with
content of the impurity phases and traces of
the starting oxides less than 1 wt % in total
are desirable. At second, uncontrolled
evaporation of vanadium (V) oxide from the
melt as well as reduction of vanadium (V)
oxide to vanadium (III) oxide is inherent to
these compounds [8, 9]. Evaporation of va-
nadium (V) oxide from the melt associated
with the substantial difference of the melt-
ing points between vanadium (V) oxide and
yttrium or gadolinium orthovanadates:
680°C, 1800°C and 1810°C, respectively,
leads to the violation of melt stoichiometry.
Reduction of the vanadium (V) oxide causes
the appearance of optical imperfections —
scattering centers or impurity phases — in
the grown crystal due to formation of the
metavanadate (REVO3;) phase and the phases
depleted with oxygen (4RE;03V,0g or
5RE,03V,05) [10]. That is why in the case
of Cz-growth the rare earth orthovanadate
phase has to be obtained with content of the
impurity phases and traces of the starting
oxides less than 1 wt.% in total. For this
purpose solid-state synthesis with different
modifications or sol-gel method has been
usually used [11-14]. The present research
is focused on the solid-state synthesis of the
rare earth orthovanadates from the oxides
as starting compounds. The resultant equa-
tion of the chemical reaction can be pre-
sented as follows:

where RE = rare earth element. In litera-
ture we have found different modes of the
rare earth orthovanadates solid-state syn-
thesis ranging from calcination at 630°C for
92 h [11] to calcination at 1000-1200°C for
1-2 h [15]. It is worth to note that only one
among these works [12] is devoted to explo-
ration of kinetics of the chemical interac-
tion between the rare earth oxide and vana-
dium (V) oxide.

This research is aimed to explore kinetics
of the chemical interaction between the rare
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earth oxide, in particular, yttrium or gad-
olinium oxide, and vanadium (V) oxide to
determine optimal mode to run the solid-
state synthesis of yttrium and gadolinium
orthovanadates from the starting oxides. As
a result the sintered raw material for Cz-
growth with content of the impurity phases
and traces less than 1 wt % in total has to
be obtained.

2. Experimental

2.1. Sample preparation

Y,0;, Gd,0O3 (Stanford Materials Co,
USA) and V5,05 (ReaChim, Russia) with pu-
rity not worse than 4N were used as start-
ing materials. The starting oxides were pre-
annealed to remove absorbed moisture and
CO, at 1100°C and 500°C for rare earth
oxides and vanadium oxide, respectively,
weighted in composition with molar ratio of
compounds RE,O05:V,05 = 1:1, where RE =
Y or Gd, and afterwards mixed in agate
mortar with absolute ethanol (C,H5OH).
Ethanol was added in the value approxi-
mately 10 % of the total volume of the
mixture. Mixing was kept on until complete
evaporation of ethanol from the mixture.
The mixtures were pressed into pellets of
10 mm dia., then the pellets were calcined
in air at temperatures from 400°C up to
800°C during 8 hours.

2.2. XRD analysis of the samples

XRD studies of yttrium and gadolinium
orthovanadate samples were carried out
using an automated powder Siemens D 500
diffractometer (the Bragg-Brentano geome-
try, 20 range 5° to 125°, step-scanning
mode, A20 = 0.02°, counting time of
10 sec). Rietveld analysis [16] of the sam-
ples was performed with FullProf&Win-
PLOTR program package [17] using the
crystal structure data given in [18-20].

3. Results and discussion

Content of the orthovanadate phase and
starting oxides in the samples, cell parame-
ters and transformation degree of the rare
earth oxides in the orthovanadates samples
after calcination at different temperatures
are presented in Table. The interesting re-
sult was observed with the gadolinium or-
thovanadate samples after solid-state syn-
thesis: slight content of the vanadium oxide
in the lower oxidation state (V30;) were de-
tected. Consequently, vanadium was re-
duced while interaction between gadolinium
oxide and vanadium (V) oxide is carried out,
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Table. Content of the orthovanadate phase and starting oxides in samples, cell parameters and

transformation degree

Sample | Calcination Phase Content, | Transformation Cell parameters
tempirgture, mol % degree a, A c, A v, A3
GdvO, 400 GdvO, 34.73 - 7.2054(8) 6.3485(1) 329.61(8)
Gd,04 35.79 0.3266
V30, 8.39 -
V5,0, 21.09 -
GdvO, 500 GdvO, 43.36 - 7.2078(4) 6.3482(4) 329.81(3)
Gd,04 24.04 0.4742
V30, 6.69 -
V,0¢ 25.91 -
GdvO, 600 GdvO, 86.37 - 7.2098(1) 6.3471(1) | 329.935(8)
Gd,04 4.40 0.9075
V30, 9.23 -
GdvO, 700 GdvO, 92.06 - 7.2109(1) 6.3468(1) | 330.025(7)
Gd,04 2.43 0.9499
V30, 5.53 -
GdVO, 800 GdVO, 100 1 7.2110(1) 6.3467(1) |330.025(7)
YVO, 400 YVO, 3.13 - 7.1116(12) | 6.2816(24) | 817.27(25)
Y,0, 48.50 0.0313
V.0, 48.37 -
YVO, 500 YVO, 25.68 - 7.1132(2) 6.2902(3) | 318.27(25)
Y,0, 39.73 0.2443
V.0, 34.59 -
YVO, 600 YVO, 90.86 -
Y,04 4.81 0.9042
V,0¢ 4.33 -
YVO, 700 YVO, 97.48 - 7.1171(1) 6.2881(1) | 318.525(4)
Y,04 1.08 0.9793
V.0, 1.49 -
YVO, 800 YVO, 99.29 - 7.1174(1) 6.2882(1) | 318.553(4)
Y50, 0.71 0.9858

and in this red-ox reaction the gadolinium-
containing compound is an oxidant. But, ac-
cording to the values of the standard poten-
tial of electrode reaction for gadolinium and
yttrium, yttrium with standard potential
Y/Y3* equal to —2.872 V possesses higher oxi-
dation ability than gadolinium with standard
potential Gd/Gd3* equal to —2.397 V. This
contradiction between the experimental re-
sults and values of the standard potential of
the electrode reaction requires additional
analysis and discussion, which in out of
scope of the present paper.

The transformation degree was deter-
mined for yttrium or gadolinium oxides and
was calculated according to formulae (2)
due to the chemical stability of these com-
pounds in the temperature range under
study :

O(i = Ni/Ni,starting (2)

where o; is transformation degree, N; is

amount of i-component that reacts and com-
poses the product of the reaction, mol;
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N; starting 18 starting amount of i-compo-
nent, mol.

It is worth to note that with increasing
of the orthovanadate phase content in the
samples the cell parameters tend towards
those determined for the orthovanadates
previously: a = 7.123 A, c=6.29 A for
YVO, and a=7.211A, ¢=6.350 A for
GdVOQ, [20]. As one can see, with increasing
of the temperature from 400°C to 600°C
content of the orthovanadate phase substan-
tially increases and reaches 90 wt % . Note
the steepest increase of the orthovanadate
phase content as temperature is raised from
500°C to 600°C. Such behavior can be ex-
plained as follows: when the synthesis tem-
perature is approached to the melting tem-
perature of vanadium (V) oxide (680°C), the
reaction substantially accelerates. From one
hand, it is due to more efficient transfer of
the starting components to the surface of
the chemical interaction. From the other
hand, significant enhancement of the con-
tact surface between the components takes
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place. With the following increase of the
temperature from 600°C to 800°C content of
the orthovanadate phase rises further by
about 10 wt % (up to 100 wt %). Also with
increasing of the synthesis temperature the
transformation degree of the rare earth
oxide tends to 1. Dependences of the trans-
formation degree of the rare earth oxides
on synthesis temperature are depicted in
Fig. 1.

For better understanding of kinetics of
the interaction between rare earth oxides
and vanadium oxide another parameter —

completeness degree of the reaction — was
evaluated with the following formulae:
xX= (Ni/ - Ni,starting)/Bi’ (3)

where % is completeness degree of the reac-
tion; N; is amount of i-component in the
mixture of starting compound at the time T,
mol; N; giqrting 18 starting amount of i-com-
ponent, mol; P; is stoichiometric coefficient
for i-component in equation of the chemical
reaction. In other words, the difference N/
= N starting 10 (3) is equal to N; in (2), and
completeness degree of the reaction and
transformation degree of the compound are
interdependent as the follows:

o; = Bi ' X/Ni,starting . (4)

For rare earth oxides in the chemical re-
action equation (1) it gives:

o = X/Ni,starting . (5)

Equation for the completeness degree cal-
culation (3) can be written in the next man-
ner:

;' - Ni starting =X - B;- (6)
Let us designate N, — N; g4r4ing 88 AN,
then
AN; =% - B; (0
or
dN; =B, - dy. (8)

If to divide the both parts of equation (8)
by Vdr:

dN,/Vdr = p; - dy/Vdr, 9)

left part defines the expense rate of i-compo-
nent, R;, while dy/Vdt determines the rate of
chemical interaction, r;. We can write down
the following equation demonstrating connec-
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Fig. Dependence of the transformation degree
of yttrium and gadolinium oxides on synthe-
sis temperature.

tion between rate of the chemical interac-
tion and expense rate of i-component:

Ry =P 1 (10)

As was stated above, r; = %, hence we can
presume that r; = o;. In other words, sub-
stantial rise of the rare earth oxide trans-
formation degree defines an increase of the
chemical interaction rate. In Fig. substan-
tial increase of the transformation degree at
400°C — 600°C and weak rise of the transfor-
mation degree at 600°C — 800°C is observed.
Thus, we can suppose that at 400°C — 600°C
the limiting stage of the solid-state synthesis
is the chemical interaction between the start-
ing compounds. At 600°C — 800°C the limit-
ing stage of the solid-state synthesis is dif-
fusion of the starting oxide through a layer
of the chemical interaction product. This
statement can be interpreted as the follows:
at temperatures of the solid-state synthesis
below 600°C the rate of the chemical reac-
tion is very low and the chemical interaction
proceeds very slowly. The higher tempera-
tures are necessary to carry out the solid-
state synthesis. Also it is worth to note that
our experimental results demonstrate sub-
stantial differences with the previously pub-
lished results: in [12] it was shown that the
interaction between yttrium or gadolinium
oxide and vanadium (V) oxide is completed
(i.e. transformation degree of the yttrium or
gadolinium oxide equals 1) after the calcina-
tion at 700° — 900°C for 5 min.

According to our experimental results,
the calcination at 800°C for 8 h is the opti-
mal mode for the solid-state synthesis of
yttrium or gadolinium orthovanadates from
the starting oxides.
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4. Conclusions

Peculiarities of the solid-state synthesis
of yttrium and gadolinium orthovanadates
from starting oxides were explored. It was
shown that in the temperature range up to
600°C the limiting stage of the or-
thovanadate synthesis is chemical interac-
tion, and at 600°—800°C the limiting stage
is diffusion of the starting oxide through
the layer of the chemical interaction prod-
uct. It was determined that calcination of
the starting oxides mixture at 800°C for
8 h is the optimal mode for the solid-state
synthesis of yttrium or gadolinium or-
thovanadates from the starting oxides.
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