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Peculiarities of phase formation in the self-flux of systems M’ZO—PZOE}—TiOZ—M”O M —
Rb, Rb/K, M — Cu, Zn) were investigated at different molar ratios M /P =0.5-1.3 and
fixed values Ti/lP = 0.3, Ti/M" = 1.0 in the temperature range of 1000-650°C. Influence of
the nature of alkali metal on interaction in multicomponent phosphate melts at molar
ratios (Rb+K)/P = 1.0, Ti/lP = 0.3, Ti/M' = 1.0 was found. Thus, the presence of potassium
in the melts promotes the formation of langbeinite-related complex phosphates at the
investigated ratios of components. The obtained phosphates were investigated by X-ray
powder diffraction, infrared spectroscopy and optical microscopy.
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Wccaemosanbl 3akoHOMepHOCTH ($)a3000pa3oBaHus B PACTBOPAX pPACIIaBAX CHCTEMbI
M’ZO—PZO —TiOZ—M”O (M — Rb, Rb/K, M!! — Cu, Zn) ¢ pasnuuHbIMH MOJIBHBIMHI COOTHOLLE-
HUAMU M’?P =0.5-1.3 u ¢urcuposanusiMu Ti/P = 0.3, Ti/M = 1.0 B remmeparyproM uH-
TepBasie 1000-650°C. VcraHoBIeHO BJAMAHKWE IPUPOLBI IIEJOYHOIO MeTaJJa Ha B3aUMOIEH-
CTBHE BO MHOIOKOMIIOHEHTHBIX I[eJOUYHOGOChATHRIX pacTBOpPax-paciiaBax, a HMMEHHO, B
paspese coorHomenuii komnounerroe (Rb+K)/P = 1.0, Ti/P = 0.3, Ti/M! = 1.0), upucyrcreue
KaJusa B paciiaBax ciocodcTsyer (OpMUPOBAHUIO JaHrOeiHnTOBBIX (ha3. CuHTE3upOBaHHEIE
docharel HCCIEIOBAaHBI C HCIIOJNL30BAHMEM METOIOB IIOPOINKOBOHW peHTrexHorpadhuu, UK u
ONTUYECKONl MHUKPOCKOIINH.

Bzaemogia y po3unH-po3MIaBax CHCTEM M’ZO—P205—Ti02—M”O (M- Rb, Rb/K, M'—Cu, Zn).
H.I0OCmpymuncora, M.O.Bondapenxo, 1.B3amoscvruil, AA.Babapux, M.C.Crobodanux.

Hocaipxeno sakoHoMipHOCTI (hasdodopMyBaHHSA Y POSUNH-POSILIABAX CUCTEMU M’ZO—P?Os—
TiOZ—M”O (M — Rb, Rb/K, M — Cu, Zn) sa sminzux MonbHux cuiBBigHomens MI/P =
0.5-1.3 Ta dixcopanux Ti/P = 0.3, TiIM! = 1.0 y remneparypromy imrTepsami 1000-650°C.
BeraHoBeHO BIJIWB TPUPOAUN JY:KHOTO MeTATY Ha B3aeMOJAil0 y 0araTOKOMIIOHEHTHUX JYiK-
"HodochaTHUX POBUUH-PO3IJIaABaAX, & caMe, Yy PpPo3pisl chiBBigHOUIEeHL KOMIIOHEHTIB
(Rb+K)/P = 1.0, Ti/lP = 0.3, TilM = 1.0), mpucytnicTs kazmio y posmiaBax cmpude (GopMmy-
BaHHIO JaHbelHiToBUX (as. CuHTesoBami QochaT oxapaKTepu30BaHO 3 BUKOPUCTAHHAM
MeTOiB mopomKoBol pentrenorpadii, I cnexkTpockonii Ta onTuyHol MiKkpockomii.

© 2015 — STC "Institute for Single Crystals”

1. Introduction

Complex phosphates of alkali and polyva-
lent metals attract huge attention due to
their important properties such as electri-
cal, optical, catalytic and other useful for
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practical using in various industries [1-3].
In this aspect the complex phosphates with
three-dimensional framework [M",(PO,);]
(M7 — polyvalent metal) NASICON-related
or langbeinite-related type [4-9] have per-
spective of using as superionic conductors
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or as resistant matrix for the storage of
radioactive waste, respectively [7-9]. The
latter explains the considerable amount of
scientific works devoted to synthesis and
investigation of such compounds.

It is noteworthy the investigation of in-
fluence of the nature of alkali metal in mul-
ticomponent phosphate melts on formation
of the complex phosphates with designed
structure is very important especially for
development of materials with special prop-
erties.

Herein, the results of investigation of
phase formation regularities from self-flux
M’ZO—P205—Ti02—M”O (M — Rb, Rb/K, Ml
— Cu, Zn) (in the temperature range 1000—
650°C and the molar ratios M//P = 0.5-1.83,
Ti/lP = 0.3, Ti/M = 1.0) are presented. The
influence of the nature of alkali metals on
the crystal formation in multicomponent
phosphate melts was found. The obtained
compounds were investigated using IR spec-
troscopy, X-ray powder diffraction and opti-
cal microscopy.

2. Experimental

Peculiarities of the phase formation in the
self-flux of systems M,0-P,05~TiO,—MO
(M — Rb, Rb/K, M — Cu, Zn) were inves-
tigated at different molar ratios M//P =
0.5-1.3 and fixed values Ti/P = 0.3, Ti/M/ =
1.0 in temperature range of 1000-650°C.
Hte influence of the nature of alkaline met-
als on interaction in multicomponent potas-
sium-rubidium containing systems was de-
termined at different values Rb/K = 0.5, 1.0
or 2.0 and fixed Ti/P = 0.3, Ti/M/ = 1.0. All
initial = components  KPOsj, RbH,PO,,
Rb2C03, CUO, ZnO, T|02 and H3PO4 materi-
als were of analytical grade.

The experimental procedure included the
obtaining of homogeneous self-flux at
1000°C and their further gradual cooling to
800-500°C for crystallization of the com-
plex phosphates. The final temperature de-
pended on the initial ratio M//P in the melt.
The completeness of the dissolving of oxides
and beginning of the crystal formation were
controlled by observing the melts and peri-
odically sampling. The rapid quenching
small droplets of equilibrium liquid phase
were dissolved in water and in further in-
soluble residue were examined by optical
microscopy. At the final temperature of
crystallization the crystalline phases were
washed up by water.

The phase compositions of the obtained
samples were determined by X-ray diffrac-
tion (XRD). Diffractometer Shimadzu XRD-
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6000 with Cu Ko radiation (L= 1.5418 A)
was used. Data were collected over the 26
range 5-90°, with the step 0.02° and 1s of
exposure per step. Fourier-transformed in-
frared (FTIR) spectra were obtained using
Nicolet Nexus FTIR spectrometer (in the
range of 4000 and 400 cm ! wave numbers)
for the samples pressed into the pellets of
KBr. Elemental analysis of the prepared
phosphates was determined employing XRF
method using Elvax standard less light
spectrometer equipped with ED detector.

3. Results and discussion

At the first step the influence of the
nature of the alkali metals on dissolution of
the mixture TiO, + MO in phosphate melts
was investigated. It was found that the rate
of dissolution of the oxides mixture in ru-
bidium phosphate self-flux considerably de-
pends on the ratio Rb/P in the initial melt.
Thus, at Rb/P < 1.0 homogenization of the
melts was reached after 2 h at the tempera-
ture of 1000°C. At the same time the com-
plete dissolution of the oxides occurs simul-
taneously with melting the rubidium phos-
phate for ratios Rb/P>1.0. It should be
noted, that adding the small amounts of
potassium to the initial melts leads to de-
creasing of solubility capability of the
melts. Thus, in self-flux with Rb/K = 2.0
and (Rb+K)/P = 1.0 the dissolving of the
oxides needs heating at 1000°C during 1 h.
At Rb/K = 0.5 the time of homogenization
of the melts is increased to 2 h. Thus, this
result indicates about decreasing of the dis-
solving capability of rubidiumcontaining
phosphate melts relative to the mixture of
oxides TiO, + MO, in the case of potassium
presence.

The results of the phase analysis for syn-
thesized phosphates showed that composi-
tion of the obtained phosphates depends on
the molar ratio M//P in the initial melts and
the nature of the alkali metals (Table).
Thus, for the rubidiumcontaining phosphate
melts in the P,Og-rich region (Rb/P < 1.0)
only double rubidium and titanium phos-
phate RDbTi,(PO,); was obtained. The latter
compound belongs to rhombohedral crystal
system (sp.gr. R3c) and calculated lattice pa-
rameters: a = 8.239(2) and c= 23.563(3) A
are close to the corresponding data from
JSPDS (#00-082-2264) and the literature
[10]. It was found that at Rb/P = 0.5, a
considerable amount of amorphous compo-
nent and the initial titanium oxide are as
impurities (Table, Fig. 1). The halo in the
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Table. Phase composition of obtained phosphates in the systems RbZO—P205—Ti02—M”O and

(Rb/K),0-P,05~TiO,~M'0 (M —
AT = 1000-650°C

Cu, Zn) Ti/P ) = 0.80, Ti/M'"=1.0 and (Rb+K)/P = 1.0,

Rb,0-P,0.-TiO,~M"0

(Rb/K),0-P,05-TiO,~M"O (Rb+K)/P = 1.0

1.3 Glass

Rb/Kmor)

RB/P mor) Phase composition
0.50 RbTiy(PO,);:M'+TiO,+ amorphic 0.5
component
0.85 RbTiy(PO,)5:M/+TiO,
1.0 RbSTi3O(P207)(po4)3:M// 1.0

1.2 | Rb,Ti;O(P,0,)(PO,);:CuRbZNPO, | 2.0

Phase composition
(RB/K)Tin(PO,)g:M! < (RBIK), 0, Ti, M (PO,),

Glass
(Rb/K)Tin(PO,) ;M > (RbIK), 5, Ti, M (PO,),

region 20 = 20—-35° on the diffraction pat-
tern of the obtained sample (Rb/P = 0.5)
confirms the presence of amorphous compo-
nent in its composition (Fig. 1). The nature
of this amorphous component is caused by
the presence of over cooled pieces of phos-
phate glass insoluble in water, which can be
observed using an optical microscope.

Increase of the molar ratio Rb/P to 0.85
in the initial melt almost no influence on
the composition of the crystal phase, but
significantly reduces the amount of starting
TiO, in the obtained samples and disappearance
of the amorphous component (see Table).

Formation of the crystals of the plate
form and colorless for Zn or light blue for
Cu was recorded during cooling self-flux
with Rb/P =1.0 up to 830°C (Fig. 2). For-
mation of the mixed anionic phosphates
or Zn (<5 at.%) were established using pow-
der X-ray diffraction data (Fig. 1) and en-
ergy-dispersive X-ray fluorescence method
at analysis of the individual crystals. The
results of the crystal structure studies of
phosphate Rb;Ti;O(P,0,)(PO4); were early
shown in [11]. Its three-dimensional frame-
work built up from isolated TiOg-polyhedra,
[Ti;Oq4]-dimers, phosphate and pyrophos-
phate groups. Rubidium cations are located in
the channels of the framework and are sur-
rounded by eight oxygen atoms.

The presence of P,0,-group in obtained
Rb;TisO(PO,4)3(P,0;) was confirmed using
IR spectroscopy method (Fig. 3). The bands
in the frequency region 800-650 cm~! cor-
respond to symmetric vibrations of the
P-O-P (v,). The complex view of spectrum
in the region of 1220-900 cm! is due to
the overlap of symmetric (v,) and asymmet-
rie (v,,) vibrations of POz and PO,-tetrahe-
dra in P,O;-group.
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Fig. 1. XRD patterns for prepared crystalline
phases: (a) RbTi,(PO,);:Zn (stroke 2), TiO,
(stroke 1) and (b) Rb;Ti;O(P,0,)(PO,)5:Cu.

The main peculiarity of multicomponent
melts with molar ratios Rb/P > 1.0 is its
high dissolving capability to the both —
mixture of polyvalent metal oxides and
complex phosphates that are formed in this
region. This fact explains the relatively low
temperatures of the crystal formation about
650—-500°C in such melts. Thus, the start of
crystallization in the melts with wvalue
Rb/P = 1.2 is observed below 650°C.

In the Cu-containing melt with Rb/P =
1.2, as that at Rb/P = 1.0, the light blue
crystals of mixed anionic phosphate
Rb;TisO(P,07)(PO4); doped by Cu were ob-
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MTix(POs)s

2 Mo TioxCU(PO4)s

Fig. 2. Microphotographies of single crystals of prepared phosphates: Rb;Ti;O(P,0,)(PO,);:Cu (a),
RbZnPO, (b) and mixture of MTi,(PO,); + M, Ti, ,Cu (PO,), (c).

tained. In the case of Zn-containing melt
the colorless rods-like crystals below 630°C
were observed (Fig. 2). According to powder
X-ray diffraction the formation of orthor-
hombic double rubidium and zinc phosphate
RbZnPO, was established. Its calculated lat-
tice parameters (a = 8.960 (6), b = 8.856
(6), ¢ = 5.408 (7) A) are close to the corre-
sponding data from JSPDS (#00-022-1271).
The IR spectrum of the synthesized
RbZnPO, is shown in Fig. 8. The bands in
the frequency region of 1150-900 cm™!
(symmetric v, and asymmetric v,, vibration
of PO, tetrahedron) and 650-520 cm™! (de-
formation vibrations of the P-0) confirm
the presence in its structure of isolated PO,
tetrahedra.

Further increasing of the ratio Rb/P to
1.3 in the initial melts leads to their solidi-
fication under 550°C (Table 1).

Investigation of crystallization in the
systems (Rb/K)ZO—P205—Ti02—M”O Ml
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Cu, Zn) showed that the phase composition
of products depends on molar ratio Rb/K in
the initial melts (Table). Thus, cooling of
the self-flux with Rb/K = 2.0 to tempera-
ture 850°C caused to formation of the plate-
like crystals, which have blue color in the
case of Cu. Formation of similar crystals
was found in the rubidium-containing melts
with molar ratio Rb/P < 1. Further cooling
of the melts to 750°C leads to increase of
these crystals size and to formation of the
new crystals of tetrahedral form. According
to phase analysis of the mixture of phos-
phates: M/Ti,(PO4); (rhombohedral system,
sp.gr. R3¢) and M’1+2xTi2_XM”X(PO4)3 langbe-
inite-related (cubic system, sp.gr. P2;3)
were obtained. This result indicates that the
presence of potassium in multicomponent
rubidium- containing melts caused the shift
of region of the phosphate formation
M’Tiz(PO4)3 from acidic (Rb/P < 1) to meta-
phosphate ((Rb+K)/P = 1.0). This result in-
dicates about influence of alkaline metals

Functional materials, 22, 2, 2015
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Fig. 3. FTIR-spectra of obtained phosphates:
RbTi,(PO,)5:Zn (curve 1), RbsTisO(P,0,)(PO,)5:Cu
(curve 2) and RbZnPO, (curve 3).

nature on interaction in the phosphate
melts. In the case of equal quantity of po-
tassium and rubidium in the melts (Rb/K =
1.0) the solidification of the self-fluxes
without crystal formation were observed
below 650°C. Further increasing of potas-
sium content in the melts to value Rb/K =
0.5 caused the formation of the mixture of
crystalhne phases M’TIZ(PO4) (sp.gr. R3c)
and M 1+2XT|2—X (PO4)3 (Sp gr. P2 3)

The results of investigation of phase for-
mation in the self-flux systems K,0-P,0g5—
TiO,— ~M'O (M!!' — Cu, Zn) are presented in
[12, 13]. The conditions of formation of
NASICON related phosphates KTiy(POy)s,

T|2 _x PO4)3, langbe]:mte K2T|1 5M 05(PO4)3

KTIOPO4 have been established [12, 13].
The fields of formation of different type of
potassium or rubidium-containing phos-
phate are closed. However, formation of the
langbeinite-type phosphate for potassium
and mixed anionic phosphate doped by Cu
or Zn for rubidium is the main difference
between investigated and published systems
[12, 18]. Obtained results indicate that the
presence of potassium in the self-flux
caused formation of the langbeinite-related
phosphates (for investigated molar ratios
Ti/lP = 0.3, Ti/M'=1.0). The formation of
the langbeinite-related complex phosphate
in potassium-rubidiumcontaining self-flux
additionally confirms this conclusion.
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4. Conclusions

The results of investigation of peculiari-
ties of phase formation in the self-flux sys-
tems MZO P205—T|02—M”O (M — Rb, Rb/K,
M/ — Cu, Zn) (the temperature range 1000—
650°C and molar ratios M//P =0.5-1.3,
Ti/lP = 0.3, Ti/M' =1.0) showed the influ-
ence of alkaline metals nature on composi-
tion of obtained complex phosphates. In the
case of rubidium-containing self-flux the
formation of NASICON-type phosphate and
mixed anionic phosphate
were established. The langbeinite-related
phosphate was prepared in the mixed potas-
sium-rubidium containing systems that indi-
cates about prevail influence of potassium
on interaction in multicomponents phos-
phate melts. The obtained results can be
used to create of the new functional materi-
als on the basis of composites that contain
phosphates with different structure and
properties.
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