Functional Materials 21, No.3 (2014) © 2014 — STC "Institute for Single Crystals”

Study on lithium dihydrogen phosphate
crystal growth conditions
in nonstoichiometric solutions

A.N.Iurchenko, A.P.I{'oronov, G.N.Babenko,
M.A.Stumbra“, V.M.Puzikov

Institute for Single Crystals, STC "Institute for Single Crystals”National
Academy of Sciences of Ukraine, 60 Lenin Ave., 61001 Kharkiv, Ukraine
"0.Usikov Institute for Radiophysics and Electronics,

National Academy of Sciences of Ukraine,

12 Proskura Str., 61085 Kharkiv, Ukraine

Received March 27, 2014

Based on analysis of lithium dihydrogen phosphate (LDP) solubility dependence on
solution stoichiometry alteration, solvent evaporation rate impact on solution supersatura-
tion change is evaluated. It is revealed that at constant crystal growth rate relative
solution supersaturation linearly depends on water evaporation rate. LDP nonstoichiomet-
ric saturated solution (20 % HzPO, excess) stability boundary conditions are determined.
Water evaporation rate is 0.5 % /24 h and supersaturation (o) is 0.6 % /24 h, respec-
tively. LDP nonstoichiometric solutions density and viscosity are measured.

Ha ocmoBanum anaamsa 3aBUCHUMOCTH pacTBopumocTH auruxpodochara autus (LDP) c
UBMEHEeHNEeM CTeXMOMETPUU PACTBOPA OIEHEHO BINAHMNE CKOPOCTH HUCIAPEHUS PACTBOPUTENS
HA UBMEHEHWe IepechilleHud B pacrBope. IlokasaHo, YTO IPU IIOCTOAHHON CKOPOCTH POCTa
KPHCTAJLIa OTHOCUTEJILHOE II€PECHIIeHNEe B PACTBOPE JUHENHO 3aBUCUT OT CKOPOCTH KCIape-
HUs BoAbl us pacrsopa. OupejgeneHbl IPAHUYHBIE YCIOBUA CTAOMIBHOCTH HECTEXHOMETPUYec-
KOTO HACHINeHHOro pacTBopa LDP (us6siTox 20 % /24 h H3PO,). CooTercTRyIOMmME CKOpOC-
™1 ucnapesusa 0.5 % H,O B cytkm u mepechimienne 6 = 0.6 %. M3MepeHE! IJIOTHOCTL U
BSIBKOCTL HecTexmomerpuduecKkux pactsopos LDP.

BuBueHHS YMOR BHPOIIYBAHHA MOHOKpPHCTAJIB aurigpodocdary mitiro i3 Hecrexiomer-
pudHUuX po3unHiB. A.M.IOpuenxo, O.I1.Boponos, I'M.Ba6enrxo, M.O.Cmymbpa, B.M.I1y3sixos.
Ha ocHoBi amanisy sajesxHoCTi posumuHOcTi JiTi#t gurigpodochary (LDP) si sminoo
cTexiomeTpii posuuHy, OI[iHeHO BIJIMB NIBUAKOCTI BUNAPOBYBAHHA PO3YUHHWKA HA 3MiHY
nepecuuenHsa y posumni. [lokasano, njo npum nocTifinifi mBUAKOCTI pocTy Kpucrana BigHOCHE
nepecuueHHs y pPo3unHi JiHifIHO 3aJe€KUTH Bifi MIBUIKOCTI BUIAPOBYBAHHS BOAU 3 PO3UUHY.
Busmaueno rpanvwuHi yMOBM cTaliIbHOCTI HecTexXioMeTpMuHOTO HacuuyeHoro posuuny LDP
(20 % magmumox /24 h HiPO,). Bigmosigui mrBuakocti sunmaposysaua 0.5 % H,0O sa go6y ta
nepecuuenusa 6 = 0.6 % . Bumipsino rycruny Ta B’askicts HecTexiomerpuynux posumuis LDP.

1. Introduction R = P, As) have been investigated in detail
[1, 2]. At the same time, lithium dihydro-

During recent decades, the .conditions for gen phosphate LiH,PO, (LDP) differs from
the growth of KDP type single crystals other crystals of this type by its erystalline
(MX5RO,4, where M = K, Rb, Cs, NH,; X = H; structure and crystallization conditions
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[8—5]. LDP crystals belong to the orthorhom-
bic crystal system, the symmetry class PnaZJ,
with the lattice parameters a = 6.241 A,
b ="7.643 A, ¢ = 6.870 A, Z = 4 and possess
piezoelectric properties [6].

Analysis of the phase diagram of the sys-
tem Li,O-P,O5-H,0 and of the processes of
LDP crystal growth shows that the crystal-
lization conditions of LDP essentially differ
from those of KDP and ADP [4]. Solubility
of LiH,PO, at 0°C is 55.8 mass. %, at tem-
peratures higher than 20°C the crystals ac-
quire incongruent solubility, i.e. LiH,PO, is
present in solution along with LizPO, which
is present both in solution and sediment [7].

Incongruent solubility is caused by equi-
librium shift in the process of dissolution
towards the formation of LizPO, at tempera-
tures above 20°C. According to Le
Chatelier’s principle, such shift may be
reached by rise of the solution acidity,
caused by addition of excessive amounts of
H3PO,4. This results in the formation of
nonstoichiometric LiH,PO, solution.

Actually, according to the literature
data, LDP single crystals were grown from
the solutions either by the solvent evapora-
tion [3, 7] or the temperature lowering [5]
method. Thereat, the solution contained an
excess of H3PO, on the level of 30 mass. %.

In the present work we investigated the
conditions for the growth of LDP single
crystals by the method of solvent evapora-
tion from nonstoichiometric LiH,PO, solu-
tions, estimated the influence of the evapo-
ration rate on the supersaturation created
in the solution. The influence of the concen-
tration of orthophosphoric acid in the
mother solution on the physicochemical pa-
rameters of nonstoichiometric LiH,PO, solu-
tions was studied, too.

2. Experimental

LiH,PO, salt was prepared from high-pu-
rity Li,CO3 and 85 % orthophosphoric acid.
The obtained powder was filtered and dried.
Then there were prepared saturated non-
stoichiometric LiH,PO, water solutions con-
taining excess of orthophosphoric acid with
20, 40, 50, 60, 75 and 85 mass % concen-
trations of H3PO4. The temperature depend-
ences of LiH,PO, solubility and the solubil-
ity isotherms were determined by the meth-
ods of test seeds and isothermal saturation,
respectively.

The acidity of saturated LiH,PO, solution
was measured on a pH-meter. The density
and viscosity of the solutions was deter-
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Fig. 1. LiH,PO, solubility isotherms in H3zPO,
water solutions at 20, 40, 60 and 80°C.

mined under temperature-stabilized condi-
tions using areometers and capillary vis-
cometers, respectively.

3. Results and discussion

Physicochemical parameters of non-
stoichiometric LDP solutions.

The isotherms of LiH,PO, solubility in
HsPO, water solutions of different concen-
trations are presented in Fig. 1. As is seen,
the curves are located rather close to each
other, that testifies to the fact that the
temperature dependence of LiH,PO, solubil-
ity is insignificant [8]. With alteration of
the solution stoichiometry (of the acid con-
centration in the solution), solubility of
LiH,PO, changes in wider limits than it is
observed with temperature changes. In par-
ticular, the slope ratio of the temperature
dependence of solubility is more than five
times less in magnitude than the slope of
the dependence of LiH,PO, solubility on the
concentration of orthophosphoric acid:
0.1 mass % LiH,PO4/°C and — 0.56 mass. %
LiH,PO,4/mass. % HzPO,4, respectively. The
negative sign reflects the fact that the solu-
bility diminishes with the rise of the con-
centration of phosphoric acid, and this can
be used for creating supersaturation in the
growth solution and for crystal growth.

Numerical estimations show that at the
decrease of the solvent temperature from 80
to 20°C one can grow the crystals with a
weight up to 6 % of the mass of the solu-
tion. At the same time, the rise of the acid
concentration in the mother solution from
20 to 50 mass. % allows increasing the
yield of the erystalline substance to 11 %
of the initial mass of the solution.

As is known, the density and viscosity of
the solution are necessary parameters for
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Fig. 2. LiH,PO, saturated solutions density
dependences on HiPO, concentration at 380
and 55°C (H;PO, water solutions density is
given for comparison [10]).

the choice of operating practices of crystal
growth. We measured the density and vis-
cosity of nomnstoichiometric LiH,PO, solu-
tions depending on excess of orthophos-
phoric acid in the solution. Fig. 2 and 3
present the dependences of the density and
viscosity of saturated LiH,PO, solutions on
the concentration of orthophosphoric acid in
the solution at temperatures of 30 and
55°C. As is seen, the density of the satu-
rated solutions rises with the rise of the
acid content (Fig. 2) due to the increasing
contribution of the acid to the total density
(ranging between 1.51 and 1.78 g/em?3 at
30°C). As the temperature grows, the den-
sity of the saturated solutions rises insigni-
ficantly, since the solubility of LiH,PO,
slightly depends on the temperature. More-
over, the figure shows that the increase of
the acid concentration in the solution weak-
ens the temperature dependence of the solu-
tion density due to diminution of LiH,PO,4
solubility.

As seen from Fig. 3, with the increase of
the acid concentration in the saturated solu-
tion, its viscosity diminishes at first due to
the decreasing contribution of the dissolved
salt to the value of viscosity, and then it
increases due to the rising contribution of
orthophosphoric acid to the solution viscos-
ity. Thus, at 30°C the viscosity of saturated
LiH,PO,4 solution changes within 5+9 mPa-s.
At the rise of the temperature, the viscosity
goes down, and the region of elevated vis-
cosity at a minimal acid concentration be-
comes not so pronounced. This testifies to
the fact that the temperature dependence of
the viscosity of saturated LiH,PO, solution
based on 20 % HzPO, is more expressed
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Fig. 8. LiH,PO, saturated solutions viscosity
dependences on H3PO, concentration at 30
and 55°C (H;PO, water solutions viscosity is
given for comparison [11]).

than the one of orthophosphoric acid water
solutions. This is evidently connected with
the fact that saturated LiH,PO, solution is
highly concentrated, and a close location of
bulky hydrated ions raises the solution vis-
cosity [11]; as the temperature increases the
kinetic energy of the ions goes up thus di-
minishing the viscosity.

Conditions of LDP crystallization from
nonstoichiometric solutionsio

At the growth of LDP single crystals by
the method of solvent evaporation, super-
saturation in the mother solution is created
mainly due to evaporation of water, since
water vapor tension is by far higher in com-
parison with that of H3PO, and LDP vapors
[12]. Thereat, the volume of the solvent and
the concentration of H3PO, in the solution
change simultaneocusly. Numerical estima-
tions (made on the assumption that a half
of the water contained in the solution based
on 20 % HzPO, at 50°C evaporates) show
that in the crystallization process, water
evaporation together with increase of the
acid concentration may raise the yield of
the crystalline substance up to 30 % of the
solution mass, i.e. threefold as much as that
obtained at increasing only the acid concen-
tration.

As is known, the rate of evaporation of a
liquid depends on the evaporation area, at-
mospheric pressure, vapor tension of the
liquid and their partial pressure over the
evaporation surface [13]:

U=CS

evap

/Py(P, - P), 1)

where U is the evaporation rate; S,,,, is the

evaporation area; P is atmospheric pres-
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sure; Pp is water vapor tension; P is water
vapor partial pressure; C is constant.

As seen from Eqg. (1), one can control the
evaporation rate by changing either the
water vapor tension, or their partial pres-
sure. The former value increases with the
rise of the solution temperature [12], the
latter can be controlled by altering the gas
pressure over the solution surface.

The crystal growth rate depends on the
solution supersaturation value and rises
with its increase [14]. Therefore, the rate of
water evaporation is the main factor, which
defines the crystal growth rate.

The influence of the water evaporation
rate on the change of solution supersatura-
tion was estimated by analyzing the LDP
solubility dependence on the solution
stoichiometry. The solubility isotherm line-
arly depends on the acid concentration in
the solution and is approximated by the
equation:

o(LDP) = —0.5647 - a(HzPO,) + 0.6529, (2)

where: o(LDP) and w(H3PO,) are the mass
concentrations of LDP and H3PO, in the
solution at a given temperature.

If we replace the values of LDP solubility
and acid concentration in this equation by the
corresponding expressions for determination
of the weight concentrations of LDP salt
o(LDP) = m{LDP)/[m(H,0) + m (H3PO,) + m(LDP)]
and orthophosphoric acid w(H3PO,) =
tain a quadratic equation. Its solution with
respect to the mass of LDP yields the ex-
pression for the dependence of the mass of
LDP in the solution on the mass of water.

Numerical calculations of LDP mass in
the solution dependence on remaining water
mass after water evaporation for certain pe-
riod of time make it possible to estimate the
influence of the rate of water evaporation
on the change in solution supersaturation.
Solution relative supersaturation is defined
by the well-known expression [15]:

G =(C - Cp)/Co, (3)

where C is the current value of the LDP
concentration in the solution, Cy — the equi-
librium concentration value. At isothermal
evaporation of the solvent the concentration
values in this expression can be replaced by
the value of LDP mass in the solution at the
initial and the finite (after evaporation) mo-
ments of time. If the diminution rate of the
LDP mass in the solution is constant (con-
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Fig. 4. Dependence of relative supersatura-
tion, caused by isothermal solvent evapora-
tion in LiH,PO, solution, on the rate of water
evaporation.

stant crystal growth rate), and if one expresses
the water evaporation rate in percent of water
mass decrease relatively to initial water con-
tent, then one can calculate the dependence of
the created supersaturation on the water
evaporation rate. Fig. 4 presents the graph of
this dependence. For the shown interval, it is
well approximated by a linear function, and
allows calculating the LDP crystal growth con-
ditions using the method of solvent evapora-
tion by changing the partial pressure of water
vapors over the solution surface.

The influence of evaporation rate on the
LDP crystal growth was studied for the so-
lution based on 20 % HzPO,. In this case,
the salt has the highest solubility, in addi-
tion, it is a sufficient acid excess for con-
gruent LDP dissolution. The growth tem-
perature was chosen proceeding from the
temperature dependence of water vapor ten-
sion [12]. At temperatures above 50°C, dur-
ing 24 h 1 % of water evaporated even in
the absence of forced evaporation, which al-
lowed creating ~1.2 % supersaturation in
the solution. Thereat, the solution became
unstable and several days later, it was
found to contain parasitic inclusions due to
mass crystallization. At 40°C, the water
vapor tension over the solution surface be-
came less by half, and without forced evapo-
ration, the solvent practically did not
evaporate. The chosen regime of forced
evaporation implied a maximum rate of
water evaporation of 0.5 % of H,O /24 h
without loss of the solution stability.

Thereat, the value of supersaturation was
~0.6 % /24 h.
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4. Conclusions

Nonstoichiometric LiH,PO, solution for
the growth of LDP single crystals by the
solvent evaporation method are investi-
gated. The analysis of the dependence of
LDP solubility on the solution stoichiometry
allows obtaining the dependence of LDP
mass in the solution on the water mass in
the solution. The preformed calculations
show that at a constant crystal growth rate
relative supersaturation in the solution line-
arly depends on the rate of water evapora-
tion from the solution. The boundary condi-
tions of nonstoichiometric saturated
LiH,PO, solution stability are determined
for 20 mass. % of H3PO,: the water evapo-
ration rate and relative solution supersatura-
tion must not exceed 0.5 % / 24 h and
0.6 %/ 24 h, respectively.

The concentration and temperature de-
pendences of the density and viscosity of
nonstoichiometric LDP solutions are meas-
ured. As the concentration of HzPO, in the
solution rises from 20 to 85 %, the solution
density increases from 1.51 to 1.78 g/cm3
at 30°C, the wviscosity changes within
5+9 mPa-s range.
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