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Abstract. Data on the synthesis, structure and physicochem-
ical characteristics of phosphates formed by M! and EIV
cations, in particular, double and more complex phosphates
in which M! has been partially replaced by H* or (M')! and
PO; has been partially replaced by TO; (T = Si, As, B,
Mo) are generalized and described systematically. The key
factors responsible for the formation of a particular type of
structure are analyzed. The possibilities are considered for
preparing structures of a desired type and symmetry and for
fine tuning of properties of obtained crystals by varying the
cationic and anionic components of the phosphate with
retention of stable structural fragments of the crystal
ensemble and by selecting an appropriate method of syn-
thesis. The ways of practical application of complex phos-
phates taking into account their structural features are
demonstrated. The bibliography includes 395 references.

1. Introduction

The progress in the solid state chemistry — the science
concerned with the structure, properties and methods of
synthesis of solids and directed to the elaboration of
basically new materials — is largely related to the prepara-
tion of multicomponent chemical compounds and the devel-
opment of new processes (including the synthesis) and
conditions of subsequent treatment of products and materi-
als.! A key approach to the chemical design of materials is
the use of crystal chemical data, which provide deeper
understanding of the relationship between the composition,
the structure and the properties of compounds.

As regards modelling of novel compounds with a speci-
fied structure and properties, of considerable interest is the
structural type NZP or NASICON (Na Superionic Con-
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ductor), which has drawn keen attention of a broad circle of
researchers during the last 20 years.?~° The natural mineral
kosnarite KZr,(POy);3, first described by Brownfield et al.,'?
also belongs to this structural type.

The NZP family with the basic structure of the phos-
phate NaZr,(POg4)s (space group R3c, a = 8.8045 A,
¢ =122.7585 Ayl comprises compounds and solid solutions
described by the crystal chemical formula (M1)o_1(M2)o_3.
A[L2(TO4)3)” ~ }300 » where {[L2(TO4)3]?~ }34 is the structure
framework (p is the charge), and (M1)o-;1, (M2)o_3 are
different types of extraframework cation sites with desig-
nated site occupancy in each type.!? The structure frame-
work is formed by the LOg octahedra and TO4 tetrahedra
connected by sharing corners (Fig. 1); the M1 and M2 voids
of different size are convenient for accommodation of a
broad range of cations compensating the framework charge
(compensation cations).

Crystal structure of NZP.4

The framework of L octahedra and T tetrahedra and the extra-
framework M1 and M2 sites and their coordination polyhedra are
shown. A unit cell is outlined.

Figure 1.




Complex phosphates formed by metal cations in oxidation states I and IV

607

Most of representatives of the NZP family have phos-
phorus as the anion-forming element T with tetrahedrally
arranged chemical bonds. There exist NZP phases in which
phosphorus is completely or partially replaced by silicon,
germanium, arsenic, vanadium, sulfur, molybdenum, tung-
sten or aluminium. The structure-forming octahedral cati-
ons L with predominantly covalent character of metal—
oxygen bond have oxidation states from +5 to +1. For
example, these are Nb>*, Sb>*, Ta’> ", Ti* ", Zr*™, Hf 4™,
Ge#™t, Sn**, Mo**, U4*, Np*™, Pu**, Sc3+, Y3+, Ln3*,
V3t Cr3t, Fe3*t, AB*, Ga ™, In3*, Ti3*, Mg?*, Mn2+,
Cu?*, Co2*, Ni?*, Zn2*, Na™, etc. The framework L sites
are often occupied by combinations of these cations. The
extraframework M1 and M2 sites can be occupied by
identical or different cations in oxidation states from +1
to +4 or remain vacant depending on the oxidation states
of ions located in the L and T sites because the whole
compound must be electrically neutral. The factors deter-
mining the most probable arrangement of atoms in M and L
sites are the oxidation state and the size of cations. The M
sites are usually occupied by cations with lower oxidation
state and greater radius.

The enhanced stability of the NZP structure against the
change in the chemical composition, temperature and pres-
sure is provided by relatively rigid structural fragments Ly
(TO4)3 having strong bonds within the group and evenly
distributed voids of different size, which serve as buffers
upon framework distortions caused by interaction with
extraframework cations. Owing to the broad isomorphism
of cations in all crystallographic sites (M1, M2, L and T),
diverse options for framework charge compensation and the
possibility of occupation of framework sites by ions in
different oxidation states and of different size, the set of
compounds and solid solutions both known and predicted
based on crystal chemical data becomes fairly exten-
sive 3413

Detailed knowledge of the structures of NZP-related
materials was used to prepare, by means of iso- and
heterovalent substitutions in the framework and in the
cavities, superionic NASICON materials with low superi-
onic transition temperatures and cationic conduc-
tion.”>14-16  The enhanced interest in NZP-related
structures is also due to the growing prospects of using
them as high-tech materials with unique ability almost not
to expand upon heating.*!” The manufacture of NZP
ceramics with ultra-low (at low anisotropy) thermal expan-
sion based on inorganic phosphates was started by the
company Low Thermal Expansion Ceramics (LoTEC, now
SMAHT Ceramics Inc.).'® The multifunctional character of
these materials having high melting and decomposition
points (1173-1973 K) and physicomechanical parameters
[flexural strength, 70 MPa; Young’s modulus, 70 GPa;
Rockwell’s hardness (HRA), 89; density,
32003650 kgm~—3],18:19 chemical and radiation stabil-
ity,> 20 low thermal conductivity,!?-21-22 allows them to be
used in articles requiring high thermal shock resistance
(furnace baffles and their parts, fixtures for a high-tolerance
brazing, semiconductor wafer fixtures, catalyst supports,
optical benches), in electronics (ceramic electrolytes, sub-
strates), in mechanical engineering and transport systems
(engine parts), in power engineering (radiation-resistant
heat-insulating material; immobilizing matrix for safe dis-
posal of radioactive wastes) and in chemical engineering
(selective catalysts).

This review gives an analysis of published data including
authors’ results dealing with double and triple phosphates
of d and some f transition elements in the oxidation state
+4 and alkali metals, the crystal structure of which depends
on the cation nature and ratio and the synthesis temper-
ature. The attention is focused on the crystal chemical
research of compounds with the NZP (NASICON) struc-
tural motif. Specific features of the phosphates with large
E!V  cations of f elements for which the structural type
changes to give KThz(POu4);-type structures are discussed.
The data on acid and mixed orthophosphates containing
H™* ions (and water molecules involved in structure for-
mation) apart from M! and E!Y cations and also various
anions are integrated. The crystal chemical features of
layered phases related to the change in the interlayer
distances and the degree of hydration are considered. The
possibility of targeted change in the composition of cationic
and anionic components of phosphates allows varying the
size and symmetry of the unit cells of framework and
layered structures and ensures smooth modification and
control of their properties, in particular, thermal expansion,
ionic mobility, as well as ion exchange processes and
catalytic characteristics.

Each group of complex phosphates of M! and E!'Y
cations comprises various compositions. These groups
have much in common in the structures and physicochem-
ical characteristics, and it is expedient to consider them
from a common standpoint. As the system-forming feature,
we will use the ratio of the numbers of phosphorus and E'Y
metal atoms within the compound because particularly
these atoms having the highest oxidation states, according
to the crystal chemical behaviours, largely determine what
structure is formed. The information about these groups of
phosphates is covered only partially in new reviews.> 13,23, 24
The publications considering strategies of materials design
based on these compounds starting with the unit cell
structure and ending in the polycrystalline (ceramic) struc-
ture with inherent defects are fragmentary. Therefore, this
review surveys the currently available data on the progress
in the synthesis of complex M! and E'"V phosphates at
different structural levels, the consideration being focused
on the results that were not covered by earlier reviews.

I1. Acid and neutral phosphates of tetravalent
transition metals and alkali metals with the ratio
phosphorus : d metal = 2

Most of anhydrous phosphates MLE!'V(PO,), are prepared
from hydrated compounds MJE!V(PO4),-nH>O at tem-
peratures from 423 to 673 K. The preparation of the
hydrated products is based on the ability of compounds
EV(HPO4)2 - nH,O to exchange proton for a metal ion
when made to react with solutions of salts and hydroxides.?>
The studies of the phosphates MIEIV(PO,),,
MLEYV(PO4), - n H>0, M'HE!Y(PO4), - n H-0 and
EV(HPO4), - n H>,O were concentrated on their synthesis,
phase formation, polymorphic transformations, ion
exchange properties and proton conduction.?3~35 Fairly
intensive research concerns the products of intercalation of
amines, alcohols and other organic derivatives that contain
functional groups able to bind to protons in the structures
of Group 4 d-metal hydrogen phosphates. Studies into the
synthesis and properties of ion-conductive hybrid materials
based on polymer membranes containing inorganic nano-
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particles of Group 4 metal hydrogen phosphates are being
in progress.30-4°

1. Synthesis and structure of acid phosphates of tetravalent
metals
Among hydrated almost insoluble acid phosphates of met-
als in the oxidation state +4, best studied is zirconium
hydrogen phosphate monohydrate Zr'V(HPOy), H,0
(a-ZrP).?7-46-57 The interest in this compound is caused
by its highest stability, among the phosphates
EV(HPO4), H20, against water at elevated temperature
and pressure,®®°°  against ionizing radiation>%-% and
strong oxidants.®! These features in combination with the
presence of protons in o-ZrP determine its ion exchange
properties and suitability for use in nuclear engineering for
the isolation of radioactive elements (Cs, Sr, actinides) from
aqueous solutions and for removal of corrosion products
from the circuit water of nuclear reactors.?3-27,39.62,63

Zirconium hydrogen phosphate can be prepared by
long-term refluxing of a mixture of zirconium oxide dichlor-
ide with excess phosphoric acid #¢ or by concentrating the
corresponding solution with addition of hydrofluoric
acid.®* In this case, slow decomposition of zirconium fluo-
ride complexes affords well-formed o-ZrP crystals.®> By
using oxalic acid instead of HF, it is possible to avoid the
difficulties caused by evaporation of the acid and obtain the
microcrystals of o-ZrP in a higher yield over a shorter
period of time.37 The reaction of zirconium alkoxide [for
example, a solution of Zr(OPr"); in n-propanol] with
phosphoric acid provides a shorter route to o-ZrP and
decreases the temperature of its crystallization.’® Acid
phosphates of other metals in the oxidation state +4,
EV(HPO4)2-nH20O (E = Ti, Ge, Sn, Hf, Pb, Th, U, Pu),
are formed upon mixing of a solution of orthophosphoric
acid taken most often in a large excess with a solution of EIY
salt or oxide. Depending on the preparation conditions, the
products contain different numbers of water molecules of
crystallization.?3> 2347, 66

The crystallographic studies of a-EY(HPO4), - H>O have
shown that they all belong to the monoclinic system, have
layered structures and the same crystal morphology
(Table 1). The unit cell parameters and volumes increase

Figure 2. Fragment of the structure of a-Zr(HPO4), - H,0.9°

linearly with increase in the E'Y cation radius in two series:
phosphates of Group 4 metals (Ti, Hf, Zr) have greater unit
cell parameters a, b and volume but smaller parameter ¢ as
compared with phosphates of Group 14 elements (Ge, Sn,
Pb). The differences between the two series of
a-E'V(HPOy4), - H,O compounds are due to the type of
E!V -0 chemical bond, which is nearly ionic for Group 4
metals and is polar covalent for Group 14 clements. The
structures of these compounds 6-6%71.72.77 are formed by
[E'Y(HPO4)>]> o layers composed of slightly distorted E'VOg
octahedra and HPOy4 polyhedra (Fig. 2).T The formation of
P—O—E!" bonds involves three oxygen atoms of the anion,
while the fourth atom points to the interlayer space and is
bonded to hydrogen. Between the layers, there are octahe-

T The structures shown in Figs 2—4, 6 and 7 were constructed by the
author using atom coordinates from the original publications referred to
in the figure captions.

Table 1. Crystallographic characteristics of the compounds E"Y(HPO4), - n H,O with known structures.

Compound Space A Unit cell parameters Ref.
group
alA b/A c/A B /deg
a-Ti(HPO4): - H.O P2y/c 4 8.630 5.006 16.189 110.20 67
P2y/n 4 8.6403 5.0093 15.5097 101.324 66
a-Ge(HPO4), - H,O P2y/c 4 8.2920 4.7830 16.4058 108.985 68
a-Zr(HPOy), - H,O P2i/n 4 9.060 5.297 15.414 101.71 69
a-Sn(HPO4)> - H,O C2/c 4 8.6115 4.9643 15.861 100.03 66
P2/n 4 8.618 4971 15.983 100.22 70
a-Pb(HPO4), - H,0O P2/n 4 8.6238 4.9870 16.1250 100.615 66
a-Hf(HPO4), - H,O P2y/c 4 8.995 5.243 16.22 111.23 71
P2/n 4 9.0142 5.25665 15.4768 101.636 72
a-Zr(HPO4)2 0.5 H>O C2/c 4 9.1478 5.3242 15.288 103.848 73
v-Ti(H2PO4)(PO4) - 2 HO P2, 2 5.186 6.3505 11.865 102.52 74
v-Zr(H2PO4)(PO4) - 2 HO P2, 2 5.3825 6.6337 12.4102 98.687 75
v-Hf(H2PO4)(PO4) -2 H>O P2, 2 5.3499 6.5949 12.3939 98.594 76

a Z is the number of formula units per unit cell.
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dral cavities. The water molecules are held at the centres of
cavities by hydrogen bonds where the oxygen atom func-
tions as the donor for two rather strong hydrogen bonds
with the protons of neighbouring acid groups; one of the
water protons forms a weak hydrogen bond with oxygen of
the third acid group, while the second one is not involved in
hydrogen bonding. Neutron diffraction studies showed a
slight difference in the orientation of water molecules in the
interlayer space of a-E'V(HPOy4),-H»0.”! The hydrogen
phosphate o-Zr(HPO4)>- 0.5 H,O differs from the monohy-
drate by the hydrogen bond system.”3

The proton-withdrawing ability of the HPO3~ groups in
hydrogen phosphate is reduced by their coordination by
cation in the oxidation state +4 having considerable polar-
izing properties. These groups tend to dissociate by the
reaction

XOsP-O—H + H,O — XO:P-O0— + H;0*"

where XO3P—O~ is a phosphate lattice fragment with the
total oxidation state — 1, incorporating the metal E'V. As a
result, compounds exhibit only cation exchange proper-
ties.”8

Table 2 summarizes the interlayer distances and ion-
exchange capacities of metal hydrogen phosphate hydrates
with the oxidation state +4 of the metal. The interlayer
distances in the y-modifications of hydrogen phosphates
[y-E'V(HPO4), -2 H,O] are much greater (Fig. 3) 30-33.75.87
than in the a-modifications, which facilitates ion exchange
processes. The structure has two types of PO4 polyhedra. In
the first type, all four oxygen atoms are shared with the
E'VOg¢ octahedra and in the second type, only two O atoms
are shared and the other are bonded to protons.”’> % Con-
sequently, the H,POj anions become displaced into the
interlayer space, resulting in moving apart of the layers
(see Table 2). The bonding between the layers and, corre-
spondingly, additional stability of the structure are pro-
vided by the hydrogen bonds between the phosphate oxygen
atoms and water molecules. Note that anhydrous
1-Zr(HPO4)> has a framework structure (composed of
ZrOg octahedra linked by the HPO4 tetrahedra) and a
very narrow crystallization field close to the field of
ZrP,07; therefore, it is difficult to produce t-Zr(HPO4)»
samples without ZrP,O; impurity.%°

Table 2. Interlayer distance and calculated ion exchange capacity of
metal hydrogen phosphate hydrates in the oxidation state +4.

Compound Interlayer_ Ton exchange Ref.
distance /A capacity /
mg equiv. g~ !

a-Ti(HPO4)> - H>O 7.56 7.75 67,79
a-Ge(HPO4), - H>O 7.76 7.08 70, 80
a-Zr(HPO4)- H>O 7.60 6.64 81-83
a-Sn(HPO4), - H,O 7.81 6.08 66
a-Hf(HPO4), - H,O 7.58 5.15 72
o-Pb(HPO4), - H>O 7.92 4.79 66
o-Zr(HPO4)>- 0.5 H>O 7.42 — 73
v-Ti(HPO4)> -2 H>O 11.6 7.24 30, 67,

84, 85
v-Zr(HPO4), -2 H>O 12.2 6.26 75, 86
y-Hf(HPO,), -2 H,0 12.1 - 76

J

Zl‘Oﬁ

122A

Figure 3. Fragment of the structure of y-Zr(HPO4),-2 H,0.7®
Here and below Oy, are the oxygen atoms of the water molecule.

Under ion exchange conditions, the M ™ cations can be
inserted into the interlayer space and replace the protons of
the acid groups

XO3P*O*H + Hzo + I\AJr = XO3P*O*MI + 1‘130+

The mechanism and energy characteristics of ion
exchange for a- and y-phosphates are determined by the
structure of the initial hydrogen phosphate and the struc-
tural changes that occur during the exchange, while the
possibility of the exchange is determined by the ratio of
interlayer distances in the o- and y-phosphates and the ratio
of the exchanging ion radii and susceptibilities for hydra-
tion.

2. Synthesis and structure of the hydrated phosphates
M'HE!"Y(POj); and MJEY(POy),

The replacement of protons in E'V(HPOy),-H,O by alkali
metal cations occurs most often in two steps and affords
new hydrated layered compounds of two types,
MIHE!Y(PO,)> and MLEIY(PO,),. The reactions that
occur in the first and second steps of the exchange are
described by the following equations:

EV(HPO,), H.0 + M* + HO— + (m—2)H,0 =
= MHEY(PO4),- mH,O

MIHEV(PO4), mH,0 + M* + HO~ + (n—m—1)H,0 =
= MJEY(POL), n H>0

The formation of two substitution products may be due
to the structural non-equivalence of the hydrogen atoms in
hydrogen phosphates and steric hindrance to the accom-
modation of the second cation.

The diffusion of the M! cations in a-E'V(HPO,), H,O
requires that they pass through a coordination polyhedron
face formed by oxygen atoms with the entrance radius of
1.3 A.% The Li* and Na™ cations penetrate rather easily.
Larger cations, K", Rb*, Cs* in titanium phosphate and
Rb™, Cs* in zirconium phosphate, have to overcome a
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substantial energy barrier. In this case, for the ion exchange
to occur, a high pH of the solution should be maintained.
The low activity of hydrogen ions in solution allows some
more protons to come out from the ion exchange matrix.
The matrix thus acquires a negative charge to give a
potential difference between the ion exchanger and the
solution, which predetermines the diffusion of the bulky
cations inside the cation exchanger. Therefore, the exchange
in a-E"V(HPO4), - H>O with lithium and sodium ions occurs
in acidic solutions, while the exchange with caesium ions
occurs only in alkalis.30-81-90 Alberti er al.3! performed
sorption of caesium ions on zirconium hydrogen phosphate
in the presence of traces of sodium ions. Sodium cations
replace some of the protons on the crystal surface; as a
result, the interplanar distances increase from 7.6 to 11.8 /0\;
the gap between the [Zr(HPOu4)2]2+ planes expands, and the
caesium cations enter the lattice when pH is about 4. In the
case of y-EIV(HPOy4), 2 H,O with much greater interplanar
distance as compared with o-E"V(HPQO4),- H,O, the energy
barrier is almost missing and the exchange of any cations
easily occurs in acidic solutions.3?

The kinetics of ion exchange in a-phosphates is con-
trolled by the mutual diffusion of alkali metal and hydrogen
cations through the layer of the emerging exchange prod-
uct.’! For coarsely crystalline samples, the exchange is
rather slow and the equilibrium can be reached in several
days.?? In the exchange of protons for alkali metal ions in
zirconium hydrogen phosphate, the H*/Na™ exchange
occurs most rapidly; however, even in this case, the meta-
stable phase Na»Zr(POy4)>-3 H>O is formed and its disap-
pearance may extend to several weeks.? 93 The kinetic data
for the H*/Li* exchange in titanium hydrogen phosphate
maintain the same trends that have been noted for the
exchange in zirconium hydrogen phosphate; in the case of
H*/Na* exchange, the solid solutions Na,H,_..
.Ti(PO4)2 nH,O are formed.”* The H"/M™* exchange
(M = Li, Na) in tin hydrogen phosphate also involves the
formation of the solid solutions Hy _ <M, Sn(PQOy), - n H,0.9°
The most likely reason for transition from the exchange
mechanism occurring as drift of the interface between the
two coexisting phases to the mechanism involving the
formation of solid solutions is the decrease in the ion-
exchange resin particle size.”!

During the ion exchange in a-phosphates, the M! cations
reside in the interlayer space in the vicinity of the centre of
an octahedron composed of oxygen atoms of the anions
(Fig. 4) not coordinated by the cation in the oxidation state
+4.96-99 The size of any M! cation is much smaller than the
octahedral cavity in the interlayer space, which results in
compression of these octahedra along the threefold axis.
However, the decrease in the free volume is minor due to
weak interaction of neighbouring layers and small charge of
the phosphate oxygens caused by polarization by the atom
in the oxidation state + 4. This gives rise to the possibility of
filling the interlayer space by water molecules. The large size
of cavities between the [E!VY(HPO4)]2., layers and the water
molecules present in the coordination sphere of the singly
charged cations account for their displacement from highly
symmetrical positions. The M! cation forms stronger bonds
with some oxygen atoms of the anionic lattice and the
interlayer distance is most often increased with respect to
that in the initial acid phosphate. Depending on the for-
mation conditions, one and the same compound may be
hydrated to different extents. The number of water mole-

b

Figure 4. Fragment of the structure of NaHZr(POy), - H,0.%8

cules changes in steps rather than smoothly on going from
one degree of hydration to another. The replacement of the
proton in EV(HPO4)> -nH,0 by an alkali metal ion modi-
fies the type of interaction of the water of crystallization in
the hydrate lattice. Whereas in the monohydrates of hydro-
gen phosphates of d transition metals E'Y, the water
molecule is hydrogen-bonded to the oxygen and hydrogen
atoms of the hydrogen phosphate group, in the orthophos-
phates MYE!V(PO4),-nH-0, there is ion — dipole interac-
tion between the alkali metal ion M! and the water
molecules of crystallization.

The  synthesis of  MLEIY(PO4),-nH,O  and
M!'HE!"YV(PO4)> - n H,0 by the well-developed potentiometric
titration procedure has been described for lithium, 30-100- 101
sodium,3%-102.103  potassium,3? 104105 rybidium and cae-
sium 30106108 derjvatives. The crystallographic character-
istics of mixed-metal neutral and hydrogen phosphates
generally described as MLE!Y(HPO4).(PO4), - nH>O are
summarized in Table 3. »

In the structure of products obtained upon complete
replacement of protons by alkali metal ions, the M! coordi-
nation sphere is formed in a specific way with the partic-
ipation of the oxygen atoms of the anions and water
molecules. The reason is that the number of highly sym-
metrical positions in the octahedron centre is half the
number of M! cations. Indeed, in NayZr(PQOy)>-3 H,O
(Fig. 5),°° four crystallographically different sodium
atoms, Na(l)—Na(4), have different environments and
coordination numbers (C.N.) of 7, 7, 6 and 4, respectively.
The local environment of the Na™ ion contains one to four
water molecules and two to five oxygen atoms of the anions.
Among these oxygen atoms, there are also atoms participat-
ing in the formation of the P— O —Zr bond. Unlike the low-
symmetry Na,Zr(PO4)2-3 H,O structure belonging to the
triclinic system,” in the structure of monoclinic (NHy)s,.
Zr(POy4)> - H,0,'! the two crystallographically nonequiva-
lent ammonium ions are surrounded by five oxygen atoms,
four of these belonging to the anions and the fifth one
belonging to the H»>O molecule. This water molecule is
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Table 3. Crystallographic characteristics of ML E{V (HPO4 )(PO4),, - n H>0.
Compound Space group? Z Unit cell parameters Ref.
aA bA c/A B (or o, B,7) /deg
NaZr(HPO4)(PO4) - 5 H>0 monoclinic — 9.02 5.36 24.1 100 102
NaZr(HPO4)(PO4) - H-OP P2/c 4 8.8264 5.3494 16.0275 101.857 98
monoclinic — 8.88 5.35 16.67 109.3 102
NaZr(HPO4)(PO4)® P2/c 4 8.8666 5.3583 16.1284 115.96 109
monoclinic - 8.83 5.33 18.1 126.3 102
KZr(HPO4)(PO4)® P2Jc 4 9.2208 5.3280 16.6336 114.351 96
NH4Zr(HPO4)(PO4) ® P2y/m 2 5.3284 6.6217 11.326 96.63 110
NaH{(HPO4)(PO4) - 5 HO monoclinic 4 9.079 5.354 24.01 100.05 103
NaHf(HPO4)(PO4) - HO " 4 8.870 5.340 16.83 109.65 103
B-NaHf(HPO4)(PO4) " 4 8.730 5.160 18.12 123.75 103
Li3Zr; 5(PO4)3 P2y/n 4 12.327 8.884 8.817 90.35 111
Na»Zr(POy4),-3H,O® P1 1 8.9192 10.5824 5.4045 o = 94.238, 99
p =90.164,
y =111.013
monoclinic — 8.97 5.37 22.0 116.8 102
Na>Zr(POs4),-H>O " — 9.18 5.26 239 134.6 102
a-Na>Zr(PO4)> " — 8.74 5.38 20.9 124.5 102
" — 8.76 5.29 19.12 127.2 102
Na»Zr(POy)> R3c 6 8.792 22.723 112
Na3Zr; 5(PO4)3 trigonal — 8.79 22.72 113
KZr(POy); (see ®) P3 1 5.176 9.011 114
trigonal — 5.2 9 115
" — 5.716 9.012 116
cubic - 9.0 117
K3Zr1 5(PO4)3 R3c — 8.708 23.964 118
(NH4)2Zr(PO4)2- H,O P P2y/c 4 9.131 5.417 19.19 102.7 119
NaxHf(PO4)> -3 H,O monoclinic 4 8.961 5.336 22.24 117.35 103
Na,Hf(PO4)>-H,O " 4 8.743 5.371 20.95 124.36 103
a-NaHf(PO4)» " 4 8.747 5.380 20.936 124.42 103
B-Na>Hf(PO4)> " 4 8.779 5.308 19.025 126.52 103
v-Na,Hf(POj4)> trigonal 8.794 22.698 103
Li>Sn(PO4)> -2 H>O monoclinic — 9.042 4.900 16.51 111.6 120
Li>Sn(PO4)> - H>O " — 9.02 4916 16.67 111.7 120
Li>Sn(PO4)> " — 8.67 4.95 16.63 110.4 120
K5Sn(POs4)> P3 1 4.980 9.124 114

2When the space group has not been reliably determined, the system is given; P for these compounds, the crystal structure has been determined.

located between the NHJ ions and forms a bridging hydro-
gen bond NH —HOH —NHj . Both phosphates have sim-
ilar layered structures. The lowering of the crystal symmetry

Figure 5. Fragment of the structure of Na,Zr(PO4),*3 H,0.%°

from monoclinic in (NH4)2Zr(PO4)2-H20 to triclinic in
Na>Zr(POy4)>-3 H,O is due to different formation mecha-
nisms of phosphates: single-step intercalation of NHj into
a-ZrP for the former compound and two-step ion exchange
of the a-ZrP protons for the Na™ ions in the latter.

The removal of the same amounts of water from com-
pounds of different cations M! is accompanied by different
energy effects. This is related to the pattern of ordering of
water molecules in the compound structure and their bond-
ing both with the interlayer cation and the E!Y —phosphate
layer and with one another. The enthalpies of the dehydra-
tion involving the salt forms

MAEV(POL), - n HaO(s) —> MAEV(PO4)a(s) + n HoO(liq)

decrease with an increase in the alkali metal ionic radius
(Table 4). This effect is similar to a decrease in the dehy-
dration enthalpies of alkali metal ions following the increase
in the ion size and attests to inclusion of water molecules
into the coordination environment of the M! cation. The
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Table 4. Enthalpies (kJ mol—!) of the dehydration of MJE!Y(PO4),-n H,O at 298.15 K.

Initial crystal hydrate AH® Ach° (see?) Initial crystal hydrate AH® Ach° (see®) Ref.
(E = Zr) (E = Hf)

LixZr(POy4)-4 H,O 64.03 16.0 LioHf(PO4),-4 H,O 69.26 17.5 121

NayZr(PO4)>-3 H,O 38.37 13.0 Na,Hf(PO4)>-3 H,O 39.87 13.5 122

K5Zr(PO4)> 4 H,O 32.62 11.0 K>Hf(PO4)2 -3 H,O 34.84 11.5 123

a Average enthalpy of the dehydration per mole of liberated liquid water.

cation—water dipole interaction inside the lattice has a
slight energy. The water molecules of crystallization remain
molecularly individual in all compounds, although in the
case of lithium and sodium derivatives, the ion — dipole
interaction is expressed to a larger extent.

3. Synthesis and structure of the anhydrous phosphates
M}EY(POg); and MIHE!Y (POy),

The dehydration and thermolysis of MLEV(PO4),-nH,0
and M'HE"Y(POy), - m H,0 with layered structure proceeds
in the

vast majority of cases along the same
route:29-94.103,107.124- 128
M! EV(PO) H.0 348-373 K MIEIV(PO ) 673-1073 K
. > >
2 427 TN T 0 2 42 70 s MO,
—> 0.5 M'E}YY (PO,);
293-673 K 523-973 K
2 M'HEY(PO4):-mH20 ———— > 2 M'HE'Y(POy),
—2m H,O —H-0,
— M'E}Y(PO,); —0.5M'PO;

The removal of the water of crystallization from the
interlayer space with simultaneous moving of the layers
towards one another results in a considerable decrease in
the wunit cell parameter ¢ for the compounds
MLEWV(PO4), - nH2O and MIHEY(PO4): - mH,0  (see
Table 3). The crystal structure of anhydrous hydrogen
phosphates M'HEV(PQOy), is formed by mixed-type layers
composed of E'VY octahedra and POy tetrahedra, the inter-
layer space being occupied by the M! cations
(Fig. 6).96:97-109 The subsequent thermal decomposition of
both acid and neutral phosphates induces structure rear-
rangement to give framework products M'ELY (POy); related

Figure 6. Fragment of the structure of NaHZr(POy),.'%°

to the NZP type.??-12° According to the publications,!07- 130
on heating to 573 and 373 K, respectively, the compounds
K>Zr(PO4)>-3H>,0O and RbyZr(PO4)>-H>O lose only the
water of crystallization, while anhydrous salts retain the
layered structure up to 1273 K. The temperature ranges of
water removal cited in various publications and the decom-
position temperatures of hydrates of acid and neutral
orthophosphates of the same metals M! and E!Y often do
not coincide. This is obviously due to different sample
heating rates in thermal investigations, ambiguity in deter-
mination of the numbers of water molecules per formula
unit of the same compounds and perhaps to different
structures of the compounds being studied that have the
same composition.

The formation of anhydrous phosphates MJE!Y(POy)>
and M'HE!"Y(POy,); from hydrated compounds obtained by
the proton/alkali metal cation ion exchange in aqueous
solutions is faced with certain difficulties due to different
degrees of crystallinity of the used metal phosphates with
the metal oxidation state +4, their thermal instability at
temperatures of 523—-1073 K and sensitivity to minor
changes in the conditions of synthesis (the order and
velocity of mixing of the initial solutions, the chemical
form, the reactant concentration and ratio, the acidity of
the medium, the solution temperature, the duration of
heating, keeping of the precipitates in the mother liquors
and other characteristics). These factors hamper the control
over the products of synthesis, and the synthesis of anhy-
drous salts by dehydration of hydrated salts is costly and
requires much time.

It is obvious that for the formation of the phosphates
MLEY(PO4), and MHE!Y(POy), with reproducible struc-
ture and properties, it is necessary to eliminate, whenever
possible, the intermediate products, especially representing
well-crystallizable phases with low diffusion mobility. The
synthetic methods where the mixture of components is used
as the precursor and the components react to give directly
the desired product over a reasonable time intervals are only
being developed and their potential has not been fully
uncovered. Presumably, the solid-phase reactions

EIV(HPO,), + 2M!Cl —> M}EY(PO4), + 2HCI

give MLEV(PO,), at the molar ratio phosphate:chlor-
ide = 1:2, whereas at 1:1 ratio, NZP-like phases
M!EV(PO,); are formed. It was found '3! that solid-phase
ion exchange reactions occur in mixtures of tin hydrogen
phosphate with Na and K chlorides at 673—1023 K to give
mono- and disubstituted phosphates M'HSn(POy4), and
M1Sn(POy),. On further heating of the tin hydrogen phos-
phate —alkali metal chloride system at a phosphate : chloride
molar ratio of 1:1, the compounds MI!Sn,(POy); are
formed, whereas at a 1:2 ratio, the major product is
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M1Sn(POy),. The possibility of this type of reaction in
zirconium and hafnium double phosphates was reported in
a number of papers.’® 132133 Ultrasonic treatment can
initiate the solid-phase H*/Cs™ ion exchange in the
Zr(HPOy4)2-H20-CsCl  system at low temperature
(343 £ 5 K). The ion exchange in an acoustic field increases
the temperature of dehydration of the hydrogen phosphate
and solid-phase exchange.!34

Direct solid-phase reaction of M'PO; with EVO, in a
2:1 molar ratio is presumably a convenient method for the
synthesis of MJE!V(PO,),. One more approach is the prep-
aration of these phosphates by crystallization from a flux.
The phosphate K»Zr(PO4)> was obtained by fusing together
a mixture of K,COs3, ZrO, and KPO3 (taken in excess) at
1273 K for several hours followed by fast cooling of the
melt to 1193 K and slow cooling at 0.4 K h—! to 1063 K.!14
The excess of K,O prevented the formation of KZr2(POy4)s.
The hexagonal crystals of K>Zr(PO4), were isolated from
the solidified melt in boiling water.

The compounds MIE!V(PO,), have several peculiar
structural features. In this group of phosphates, zirconium
compounds were studied in most detail. A comparison of
data reported in various papers has
shown 102.104. 111-114,117,118,125,128.130,135-139  that  the
structures of MIZr(PO,), samples are affected by the
method and conditions of their synthesis. The anhydrous
compounds, which were obtained by dehydration of the
crystal hydrates prepared by the ion exchange between
a-ZrP and the appropriate alkali metal salts in aqueous
solutions, are layered structures inheriting the structure of
the starting zirconium hydrogen phosphate. X-Ray diffrac-
tion studies of MJE!V(POy)> formed upon decomposition of
hydrated forms consisted only in recording the X-ray
diffraction patterns, the interplanar distance determined
from the first small-angle reflection being usually the only
value derived from the diffraction patterns. The results were
not identical to one another. In some cases, several crystal
modifications may exist for the phosphates MLZr(POy),
(M = Li, Na),29-100. 113,125,135 and Na,Hf(POy4); .13 Indeed,
in the case of NaxZr(PO4),-H>O, as the temperature
increases from 413 to 1073 K, monohydrate is converted
consecutively to three modifications of anhydrous
NayZr(POy4), .22 135 The unit cell parameters for various
modifications of Na>Zr(PO4)> and NaHf(PO4), (see
Table 3) were calculated with the assumption that structure
rearrangement during the H* /Na™ exchange and dehydra-
tion occurs within the monoclinic system with retention of
the layered type. However, no direct structural studies were
performed for these crystal phases.

The solid-phase synthesis or sol—gel process (in the
presence of Cl—) and heat treatment between 773 and
1173 K may yield phases of the framework structure 13,139
the composition of which is given by MnglAs(PO4)3
(M = Li, Na, K). The introduction of 2.5 compensation
M! cations, for example Na™, into the framework voids of
{[Naog.sZr1 5(PO4)3]>>~ }34 is possible for the case of their
random distribution among extraframework M1 and M2
sites (see Fig. 1) together with vacancies; this suggests the
existence of polymorphism for MLZr; s(POg4)s similar to
that inherent in most sodium-containing phosphates
Naz;EM(PO4); (E = Fe, Sc, In, Cr) and NaszE!(POy)>
(E=Y, Ln, In).% 40 The powder X-ray diffraction data
for NaxZr(PO4), obtained by the solid-phase method
showed that it resembles NaZry(POy)3,'12- 113-118 while the

sol—gel process afforded the monoclinic structure of the
same compound.!!8:13% The data on the thermal stability of
NaxZr(POy), are also ambiguous: according to one publi-
cation,'#! it decomposes at 1208 K before melting; other
researchers 14 observed congruent melting at 1573 K for
this phosphate.

The presence of several crystal modifications was noted
for the double lithium zirconium phosphate.!00-125.136 For
the solid-phase synthesis of LioZr(PQOy),, binary or ternary
mixtures: 2 NH4H2PO4 + L12CO3 + ZI‘Oz N 2 NH4H2PO4 +
Li»ZrO3; or LiZry(POy); + LisPO4 were used.!'3® The syn-
thesis was performed at 473—1173 K. The powder X-ray
diffraction pattern of the resulting compound (the set of
interplanar distances) differs from the X-ray diffraction
data measured for the phosphate obtained by ion
exchange.!00-125. 137 The differential thermal analysis
(DTA) curve for the phosphate Li»Zr(PO4)> obtained by
the solid-phase method shows three endothermic peaks: at
1123, 1323 and 14731543 K. Presumably,!3¢ the reversi-
bility of the first two effects is related to polymorphic
transformations. The third effect is irreversible being due
to the sample melting. The 4Li* — Zr** replacement
accompanied by a decrease in the lithium content in the
unit cell of LixZr(POy4), affords the solid solutions
Liz —4xZr1+ x(PO4)2 with 0 < x < 0.25.136

The phosphate K»>Zr(POy4)> obtained by crystallization
from a flux is the only phosphate MLE!V(PO,), that has
been investigated by single-crystal X-ray diffraction to
determine the crystal structure (Fig. 7).!'# In the structure
of the phosphate, the close-packed ZrO¢ layers are perpen-
dicular to the ¢ axis. Every ZrOg octahedron is connected
through oxygen atoms with six slightly distorted POy
tetrahedra. The potassium atoms (C.N. 7) reside between
the layers. The P—O interatomic distances are 1.508 —1.548,
Zr—0 2.072, K—0 2.606—2.990 A. Under definite condi-
tions of synthesis, K>Zr(PO4), crystallizes in the hexago-
nal 114118 or cubic !'7 modifications. The compound melts
with decomposition at 1723 K.142

Thus, the results of powder X-ray diffraction suggest
that, depending on the method of synthesis, the phosphates
MLEWY(PO4)2(=MLENY(PO4)s) may have either layered or
framework structure. The atomic structures of these phos-
phates [except for K>Zr(POg4)>] have not been studied to
date; therefore, the refinement of the crystal chemical
properties of anhydrous M3 EIV(PO,), is of interest by itself.

Figure 7. Fragment of the structure of K>Zr(POy), .14
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4. Properties of layered phosphates
Using acidic calorimetry, the standard enthalpies of for-
mation (AfH°) of MLEY(PO4), (M = Li, Na, K; E = Zr,

Hf) and their crystal hydrates were determined at
298.15 K.121-123  The phosphates M3IEY(PO,),-n H,O
were synthesized by pH-metric titration of

EV(HPO4),-H>O with aqueous solutions of alkali metal
hydroxides. Anhydrous compounds were prepared by dehy-
drating the corresponding crystal hydrates. The difference
between the standard enthalpies of formation of anhydrous
products and the crystal hydrates is virtually the same for
zirconium and hafnium compounds at any M!, being equal
to

AAH®) =
= [AtH °(MLEY(POy)2) — AcH °(MAEY (PO, )2 - n H,0)] =
=299.0+3.0 kJ

per mole of water of crystallization (Table 5). The effect of
water of crystallization results in AfH °(298) of crystal
hydrates being higher than that of anhydrous compounds.
In addition, the difference between the standard enthalpies
of formation of zirconium compounds and related hafnium
compounds is

AAsH®) =
= AcH *[MLZr(PO4), or MY Zi(PO4), - n Ho0O]—
— AcH ° [MHE(PO,), or MYHE(PO,), - n H,0] =

= 18.5+2.5 kJ mol 1.

The standard enthalpies of hydrogen exchange in the
structure of a-E'Y(HPOy), for lithium, sodium and potas-
sium ions

2M*(aq.) + o-M!V (HPO4)a(s) —>
—> MLEY(PO4)(s) + 2H*(aq.)

linearly decrease following the decrease in the enthalpy of
dehydration of alkali metal ions in aqueous solutions
(ApnH °). Using these AnH°(M ™, aq.) correlations for rubi-
dium and caesium ions, the enthalpies of the above reac-
tions involving these ions were determined; the standard
enthalpies of formation of MLEV(PO4), are 3636, 3655,
3664 and 3683 kJ 1’I10171 for szzr(PO4)2, Rbng(PO4)2,
Cs2Zr(PO4)2 and CsoHf(POy)2, respectively.

The accumulation of thermodynamic data for chemical
reactions involving these compounds would show which of
the possible reactions can proceed spontaneously under
specified conditions (temperature, pressure, concentration)
and also how the conditions must be changed to induce the

Table 5. Standard enthalpies of formation (kJ mol—!) of M EV(PO4),
and their crystal hydrates at 298.15 K.

Anhydrous —AfH®  Crystal hydrate —AfH°  Ref.
phosphate

LixZr(POa)> 3651.5 Li>Zr(PO4)> -4 H>O 4769.0 121
Li;Hf(PO4)> 3578.5 Li;Hf(PO4),-4 H,O 4791.0 121
Na,Zr(POs),  3554.5 Na»Zr(PO4)> -3 H,O 4450.5 122
NaHf(PO4)>  3573.0 NayHf(PO4)2 -3 H20 4470.5 122
KQZI‘(PO4)2 3623.5 KzZr(PO4)2' 3 H20 4513.5 123
K>HE(PO4)» 3640.5 K>Hf(PO4)> - 3 H.0 4533.0 123

reaction of interest to proceed in the desired direction to
give products in reasonable yields.

Layered phosphates have not yet found industrial use,
which is largely due to the lack of convenient methods for
their preparation; nevertheless, they are studied in detail as
model objects for investigations of the exchange sorption
and for generalization of thermodynamic and kinetic views
on ion exchange in inorganic matrices.3?51,93.133,143 Ap
advantage of layered compounds is high concentration of
the accessible sorption sites or ion exchange groups. The
possibility of selecting compounds with different interlayer
distances can be used to trace in detail the effect of this
parameter on the process dynamics.

The studies devoted to ion transport processes and
chemical modification of the layered phosphate surface
leading to enhancement of transport properties appear
promising.29-34.39,54,95,137,144-150 By  the example of
a-ZrP, which is one of the best known solid proton-
conducting electrolytes, it was shown that the conductivity
of a system consisting of coarse particles does not depend
on their size, while as the particle size decreases below
100 nm, the conductivity rapidly grows.!>! This behaviour
can be attributed to the increase in the specific surface area
of the compound following the decrease in the particle size.
The H* ions (and water molecules), which are located on
the surface of the compound and have enhanced mobility
due to the uncompensated valence (hydrogen) bonds and
lower steric hindrance to the transfer in the near-surface
layer, also carry along the ions from deeply lying layers. For
the crystal of a-ZrP, the fraction of mobile (surface) ions
increases with temperature.!>!

The properties of proton-conducting single-phase sam-
ples can be enhanced by using composites containing nano-
particles of inorganic substances (or polymers). The
conductivity increases due to phase interfaces. In this case,
the particle size is comparable with the thickness of the
surface Debye layer, and the smaller the particle size of the
initial components, the greater the specific area of the
interface and the higher the conductivity. For some compo-
site materials of this type, the ionic conductivity reaches
10-3-3x10-!'Scm~"' (Refs 42,152—155). The data on
the composition, structure and properties of ion-conducting
nanocomposites, including inorganic composites and hybrid
membrane materials based on polymers, can be found, for
example, in reviews.4> 156

Considerable effort is made to study the products of
intercalation of amines, alcohols and other organic com-
pounds with functional groups capable of binding to pro-
tons in Group 4 d transition metal hydrogen phos-
phates.31-33.35.36.38.41.44.53.157 165 Qriginal  quasi-two-
dimensional nanoreactors as rigid graphite-like planes con-
nected by flexible polymethylene bridges were produced
based on the decane-1,10-diphosphonate derivative of zir-
conium  y-phosphate  ZrPO4O,P(OH)]; —[O>P(OH)—
(CH2)10— (HO)PO3],/2-mH>0.1% The distances between
the graphite-like planes in these reactors can be varied by
changing either the number of (CH,), bridge atoms (for
example, n =4, 6, 8, 10, 12, 16) or the number (density) of
bridges. The reversible compression—expansion of the
interplanar space is achieved by stimulating the conforma-
tional transitions in the polymethylene chains from a coil
(the planes are close to one another) to an extended chain
(the planes are furthest separated). These transitions can be
smoothly adjusted by tuning the nanoreactor to a specified
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volume by filling with a solvent. This system resembles a
‘squeeze-box’ and its reversible compression—expansion
simulates the muscle contraction. Catalysts can be placed
on this molecule and catalytic reactions can be performed.
It can also serve as a multifunctional and reversibly operat-
ing molecular container capable of capturing specified
molecules and releasing these molecules upon change in
the conditions.

II1. Complex and mixed phosphates of d and f
transition (E'Y) and alkaline metals with the P : EIY
ratios of 1.5 and 3

There is vast literature on the preparation procedures for
the phosphates M'E}Y (PO4); and MLE!V(PO,); that belong
to the NZP and related families. The key approaches to the
synthesis of poly and single crystals of compounds are based
on reactions that occur in solid phases, aqueous solutions
(sol—gel process and hydrothermal synthesis) and melts
(alkali metal chlorides and nitrates, boron oxide).

1. Synthesis

In the preparation of the phosphates M'EY(POy4); and
MLEY(PO,); by solid-phase sintering (‘ceramic method’)
(Fig. 8), the salts (chlorides, nitrates, carbonates, oxalates)
or oxides of metals M and E and ammonium hydrogen and
dihydrogen phosphate are used as the starting compounds.

A thin mixture of stoichiometric amounts of the starting
compounds (batch) is subjected to heat treatment at definite
temperatures with intermediate dispersion.!12-167.168 [
some cases, the powders are pressed to discs and sintered
at high (=>1273 K) temperatures to ensure more complete
conversion and to produce ceramic samples. The phase
composition of the initial batch, the method of initiation
(including mechanochemical activation and repetition of
the grinding—pressing—annealing cycle) and the reaction
conditions (temperature, time and annealing atmosphere)
can be varied depending on the particular procedure. The
temperature of the synthesis can be derived using empirical
Tamman’s rule: Treact = (2/3—3/4)Tm (of the product or the
most high-melting reactant); the synthesis time () can be
estimated from the size of the reactant particles (/) and the
diffusion coefficient (D) of the slowest ion:
/2

T~—.

The drawbacks of the solid-phase method is that the
formation of the final product requires long time, higher
annealing temperatures compared to those in other proc-
esses and thorough dispersion of the powders in each
step.!9? It is possible to increase the reactivity of the batch,
which mainly depends on the nature and the decomposition
temperature of the starting reactants, and the solid-phase

Solid-phase synthesis

Sol—gel synthesis

Mixing of metal oxides or salts in the
oxidation states + 1 and +4 and

Mixing of aqueous solutions
containing metal salts in the
oxidation states + 1 and +4
in stoichiometric amounts

NH4H>PO4

Dispersion (at least 30 min)

i

i continuous stirring

Slow addition of a solution of
H;PO4 or NH4H,PO4
(gelatinization)

Calcination (~473 K) ‘

‘ Gel drying (353383 K) ‘

i

i

‘ Dispersion (at least 30 min) ‘

l

Alternating heat treatment
and dispersion

i

Check powder X-ray diffraction
analysis

Moulding and sintering

!

‘ Controlled cooling ‘

synthesis

l

Optimization of synthesis

Differential thermal analysis of the
precursor powder

|

Powder X-ray diffraction analysis of
the powders annealed at temperatures
corresponding to the thermal effects
in the DTA curves

|

Selection of the optimal conditions of

Figure 8. Chart of the production of the phosphates M!E}Y (PO4)s and MLEV(PO,); .0
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reaction rate (by several orders of magnitude) by mechano-
chemical activation,!7% 171 in particular, treatment of solids
and solid mixtures in a mill (vibration or planetary mill,
disintegrating mill). The superfine milling gives rise to new
active sites on the fresh solid surface and accelerates
diffusion processes.

Yet another version of solid-phase synthesis in which the
reaction product M'EYY(POy); is formed at much lower
temperature (323—-423 K) is based on the reaction of d
transition metal hydrogen phosphate and the corresponding
neutral alkali metal phosphate:

323-423 K
6 EIV(HPO,), + M{PO, — >

—> 3MIEY(PO4); + 6 H,0 + 2P,05

The duration of the synthesis varies from 1 to 4 h depending
on the chosen temperature. At the end of the process,
cooling to room temperature affords a cake consisting of
the reaction product, the remaining reactants (present in
excess) and other compounds formed in the reactions. The
phosphates MIELYY (PO,); are almost insoluble in water and
in aqueous solutions of mineral acids, and they can be
washed with water or acidified aqueous solutions to remove
other components (alkali metal phosphates). The reaction
of a-ZrP with lithium carbonate and zirconium oxide may
produce the NASICON phase LiZr,(POy4); at a relatively
low temperature (873 K), preventing the partial loss of
lithium caused by high volatility of its compounds.!”?
Highly crystalline phosphate is formed at 1473 K: to this
end, the powder obtained in the first stage of the synthesis is
pressed into pellets and covered by the same powder in
which the lithium content is increased by 10%.

The solid-phase synthesis may be the preferred method
for preparing phosphates for structural studies if a mixture
of components that react to give directly the final products
is used as the precursor or if the pure target product cannot
be obtained from solutions or melts.

The efforts of many research groups in recent years have
been directed to improvement of the sol—gel process based
on the sol—gel transition in aqueous sols or on the hydro-
lytic polymerization of metal alkoxides or other organic
compounds of metals.!73-17% According to the first version
of this method (see Fig. 8), aqueous solutions of inorganic
M! and E'V salts are poured together under stirring, then a
solution of the phosphorus reactant is added, and the
resulting gel is dried at 353-383 K and subjected to
consecutive heat treatment under free access of air at
definite temperatures. The stepwise heating is alternated
with dispersion in each stage. The second version of sol—gel
synthesis is based on the use of co-hydrolysis of alkoxides
and other organic compounds of metals. If ethanol serves as
the liquid phase of the gel, the reaction is carried out using
the ambient moisture or directly an aqueous solution of the
inorganic component added to the organic solution. The
polycondensation stage results in compression of the homo-
geneous gel until the gel is dry. The transformation of the
gel into the final product is accomplished by alternating
sintering, dispersing and pressing. The key problem is in the
different rates of hydrolysis of different metal alkoxides.

Yet another version of the sol—gel process is the citrate
method proposed by Pechini.’® This method is based on
the ability of a-hydroxycarboxylic acid to chelate metal
cations and undergo polycondensation (esterification) with
polyhydric alcohols. Most often, citric acid and ethylene

glycol are used. Esterification is performed at 393 -423 K.
The subsequent thermolysis of the gel affords a finely
dispersed (nanostructured) form of the final product.!8!

The advantages of the solution processes include the
easy preparation of solutions and easy control of the
solution composition and powder particle size and mor-
phology, and the resulting high degree of product homoge-
neity and purity. The process time is reduced and the
temperature of product formation decreases as compared
with the solid-phase reaction conditions. The least studied
stage of the synthesis is the variation of the solid particle
size with time, particle aggregation and, hence, the possible
formation of ‘rigid’ (with ionic-covalent chemical bonds)
agglomerates of ultradispersed particles. The ‘rigid” agglom-
erates in the ceramic structure formed upon sintering have
an effect similar to the effect of foreign inclusions, leading
to deterioration of mechanical properties.!82, 183

Crystallization from solutions becomes more versatile
when high pressures are used. The hydrothermal method
considerably extends the existence region of the liquid phase
and allows the synthesis of crystalline phosphates at mod-
erate temperatures (473—-623 K). Often it provides well-
formed crystals suitable for X-ray diffraction. Two modifi-
cations of this method are known.!28.184-189 According to
the first one, the starting reactants (metal hydroxides,
oxides and salts, phosphoric acid, a-ZrP) are mixed in
water in specified molar ratios and kept at 473—-623 K in
an autoclave for a specified period of time. The most
important factors for the formation of phases of a desired
composition include the initial pH of the solution
(1 < pH < 2) and the temperature conditions. According
to the second modification, stoichiometric amounts of
aqueous solutions of M and E'V salts are poured together
under continuous stirring at room temperature and then a
solution of phosphoric acid is added. The gel thus formed is
dried at ~353 K, mixed again with water and kept under
hydrothermal conditions at 473 -623 K. Baranchikov and
co-workers 190- 191 gscertained that ultrasonic treatment dur-
ing the hydrothermal synthesis can substantially increase
the crystallization rate of X-ray amorphous gels giving
highly dispersed powders.

The use of the hydrothermal method requires consider-
able time and cost to elucidate the features of the formation
of solid products, i.e., to choose the optimal reactant ratios,
temperature and pressure. It is difficult to prepare phos-
phates of complex composition by this method.

In other solvents (or in melts), the selection of the
synthesis conditions is related to the solvent nature. For
the preparation of the orthophosphates M!ELY (POy)s, the
reactions are performed in metal chlorides at temperatures
10—-20° higher than the melting point of the corresponding
alkali metal halide: at 893, 1093, 1063, 1013 and 943 K for
LiCl, NaCl, KCI, RbCl and CsCl, respectively. A stoichio-
metric mixture of zirconium (titanium, hafnium) hydrogen
phosphate and alkali metal chloride is heated to the speci-
fied temperature and maintained at this temperature for
0.5—2 h.!'92 The melt is cooled and the soluble fraction is
extracted with acidified water, while the insoluble fraction is
dried. More rarely, crystallization from a flux of alkali
metal nitrate is used.!16-193,194

The phosphates M'ELY (PO4); and MLE!Y(POy); can also
be obtained using reactions in multicomponent systems
EVO,—MI!PO; —M}P,0;—MLP,O;; (Refs 142, 195, 196)
in which molten phosphates function simultaneously as
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reactants and solvents or the reaction of zirconium (haf-
nium) chloride dissolved in a melt of alkali metal chloride
with a neutral alkali metal orthophosphate.!®? In the latter
case, the reaction

1

: MICl v
EVCl, + MIPO, — M'EY (PO,
M = Li, Na, K, Rb, Cs; E = Zr, Hf

takes place in the liquid phase at 893 —-1093 K depending on
the flux agent chosen.

One more method is based on the ability of NZP
phosphates to undergo ion exchange, which allows
preparing new compounds by replacing one alkali metal by
another in a boron oxide melt. The reactants comprise
freshly  prepared oxide E'™O, and phosphate
MIHPO, .11 197 The reaction is carried out at 1473 K for
18 —20 h. Then the temperature is slowly decreased and the
resulting cake is washed by boiling in acidified water.

Drawbacks of the solution and melt processes are long-
term drying and washing of samples and often high temper-
ature.

Single crystals can be synthesized by all known methods,
namely, growing in the solid phase, from solutions and from
melts.16- 139,198 =203 Experiments on NZP phosphate crystal-
lization demonstrate great difficulties associated with the
preparation of large single crystals of these compounds. The
difficulties are caused by specific structural features and
thermal behaviour of the NZP compounds: incongruent
melting of many phosphates, their partial dissociation to
give other phases, inclusion of the second phase and high
reactivity of the melts. Altogether, this causes a substantial
deterioration of the quality of grown crystals. To our
knowledge, no universal procedures or even eutectics that
can serve as high-temperature solutions for growing phos-
phate single crystals are available: each procedure is indi-
vidual to a certain extent. Thus, the crystals of NaZr»(POy4)3
with a size of up to several millimetres were grown from a
solution in the melt.!®® As the starting reactants, Na,COs,
ZrO> and NH4H,>PO4 were used; a melt of a NaF and V,05
mixture was used as the solvent. The crystal nucleation from
a flux agent (volume 100—-150 cm?) was performed on a
rotating platinum rod. In the Na,O—ZrO;—P,0s5—
NaF —V,0s system, depending on the temperature and
concentration of the components, the phases ZrO,,
NasZr(POy4); and NaZrx(POg4); may crystallize. The hex-
agonal plates of NasZr(PO4)3; grow in the region depleted in
ZrO; . The crystals of NaZr,(POg4)s are formed from the flux
with 0.07 Na»O-0.07 ZrO,-0.32P,05-0.47 NaF-0.07 V205
composition in the temperature range from 1023 to
1223 K on cooling the system at a rate of 0.5-2 Kh—1.

Apart from the classical methods described above, there
are methods of synthesis based on chemical or electro-
chemical intercalation of cations into NZP matrices.?04~200
A necessary condition of intercalation (insertion) is the
presence of metal atoms having variable oxidation state
(e.g., titanium) in the host structure and cations in the
structure channels. Some lithium and sodium derivatives
were prepared by redox reactions with reducing agents such
as butyllithium or sodium in naphthalene. In this case
(unlike high-temperature synthesis methods), the cavities
in the NZP structure are filled with cations. By using
electrochemical methods, it is possible to control the syn-
thesis of materials with different occupancies of structural

channels by cations and to carry out ion exchange by rather
simple charge—discharge operation. The resulting phases
are usually structural analogues of the starting compound
and are metastable.

The controlled combustion synthesis of NZP com-
pounds is based on exothermic self-sustained reaction
between the components using an internal heat evolution
source.??” For this synthesis, an aqueous solution of metal
and ammonium salts in the specified ratio is prepared, the
combustible organic compound is added, and the resulting
gel is dried. After decomposition of the gel, the product
spontaneously ignites during heating. Further heat treat-
ment produces the desired complex phosphate. For exam-
ple, the initial batch for the preparation of sodium
dizirconium phosphate is prepared from sodium nitrate,
zirconium oxide dinitrate, ammonium hydrogen phosphate,
ammonium perchlorate and carbonyldihydrazine
[HNNHC(O)NHNH:]. At 673 K, the products of decom-
position of carbonyldihydrazine (HNCO, CO, NH3) and
metal M and E nitrates (nitrogen oxides) give rise to a large
amount of gases, ignite and induce a short-term heating of
the mixture to 1373 K. The formation of NaZr,(PO4)3 can
be represented by the equation

NaNO3 + ZZI‘O(NO3)2 + 3 (NH4)2HPO4 +
+ 5NH4CIO4 + 3CHg N4JO —>
—> NaZry(PO4)3 + 3CO> + 30H,0 + 14N, + SHCI + 20,

[54 moles of gases per mole of NaZra(PO4)s are formed].
The active stage of the process takes several tens of seconds.
This time is sufficient for the phase formation reactions to
take place but too short for removal of the components
upon vaporization. As the advantages of the method, one
should note its cost effectiveness (the expenses for initiating
the reaction are much lower than the energy needed to
perform long-term high-temperature annealing in the
‘ceramic’ synthesis), the equipment simplicity and high
speed of the combustion process. However, the last-men-
tioned point is also responsible for obvious drawbacks: the
fast combustion process is difficult to control; in addition,
during the active stage of the process, the desired reaction
often has no enough time to proceed to completion.

A number of sodium-containing crystalline and glass-
like double NZP phosphates were successfully pre-
pared 298211 by microwave heating of mixtures of the
hydrated phosphate NaH>PO4-2H,O or the anhydrous
phosphate NH4H>PO4 with various oxides and salts [TiO»,
ZrO;, Na,COs3, ZrO(NOs)z - 5SH»O, etc.]. The absorption of
microwave electromagnetic radiation resulting in the sample
heating is due to orientational transitions of the dipole
water molecules of crystallization. By microwave irradia-
tion (2.45 GHz), sodium hydrogen phosphate can be rapidly
heated to 1000 K and above. The activation of the reaction
mixture by microwave treatment appreciably reduces both
the reaction time and the energy consumption as the heating
source is located inside the reaction zone. The time of
synthesis of phosphates is 6—15 min, and powder sintering
to form a compact material with a density close to the
theoretical density (at temperatures much lower than the
usual sintering temperature) is completed in 30 min.

Analysis of the vast literature devoted to the preparation
of MIEYY(PO4); and MLEV(PO,); shows that the choice of
the synthesis method relies on the chemical characteristics
of the starting compounds and the required oxidation states
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of cations in the final structure. In the synthesis of chemi-
cally homogeneous phosphates, for the optimal organiza-
tion of the reaction zone, on the route from the starting
reactants to the target crystalline product, it is expedient to
use precursors with definite reproducible chemical and
phase composition and activity (the latter is determined by
their chemical and thermal prehistory) and synergism of
various types of treatment (heating, pressure, intensive
grinding, ultrasonic and microwave fields), which removes
the intermediate decomposition products as readily crystal-
lizing phases with low diffusion mobility and ensures the
formation of X-ray amorphous intermediate states and final
crystalline products at temperatures as low as possible.?!?

2. Structure

The key common structural feature of the phosphates
MI!EN(PO,); and MLEY(POy); is that they belong to the
NZP (NASICON)'? and scandium tungstate (SW)?213
structural types, which are widely encountered among
inorganic salts with tetrahedral PO~ anions.2~58:214 They
refer to three-dimensional structures based on the
{[L2(PO4)3]” ~ }3, framework.

The crystal chemical analysis of phosphate structures
with {[L2(PO4)3]?~}3. frameworks carried out by Pet’kov
et al.'?> demonstrated that the main structure-forming units
are stable separate groups, lanterns (Fig. 9), consisting of
two L octahedra connected by three bridging P tetrahedra;
inside the lantern, there is a small cavity with a trigonal
prismatic geometry. The chemical bonds within this group
are much stronger than the bonds of these groups with one
another or with cations that occupy the framework cavities
and participate in the formation of the compound. Different
mutual orientations of the lanterns under the influence of
iso- and heterovalent replacements of the cations, both
those located in the proper framework sites and those
located in the cavities between the L and P polyhedra, and
under the influence of external treatment (temperature,
pressure) give rise to the structural diversity of this type of
objects.*

The chart of symmetry relationships between the struc-
tures of compounds having the {[L2(PO4)3]?~}3, frame-
works reported by Pet’kov e al.* 12 is shown in Fig. 10. The
central point shows the most highly symmetrical structure
with space group R3c. The parent NZP structures,
NaZr2(PO4); and KZrx(POy)s, crystallize particularly in
this space group. The groups shown above are subgroups

R3c R3 R32 Bb(Cc) C2c Cl P3c P3

[ O O

R3¢

Pbca (Pb21a — Pbc2y) Pbcen

l

P21/n

Figure 10. Symmetry relationships of phosphate structures with the
{[L2(PO4)3]"~ }3+ frameworks (see text).!?

of R3c. The change in the symmetry of these structures is
caused by minor distortions of the frameworks upon inclu-
sion of various atoms into the framework and diverse types
of filling of the cavities. The space groups located below
correspond to the phosphates whose frameworks are com-
posed of fragments of the initial framework. Furthermore,
due to structural transformations caused by redistribution
of chemical interactions in the crystal and accompanied by
decrease in the symmetry, P2;/n symmetry is inherited only
from space group Pbcn and does not contain symmetry
elements of space group R3c. The rhombohedral symmetry
of the framework arises in the case of stacking packing of
tetranuclear complexes that consist of two P tetrahedra
combined into a closed structure with two L octahedra,
while the monoclinic structure is formed in the case of
herringbone packing of the same groups (Fig. 11).2!5 Dif-
ferent spatial arrangements of these L and P polyhedra in
these frameworks gives rise to diverse numbers and shapes
of the arising cavities with retention of stable structural
fragments (lanterns).

Among the double phosphates of M! and E'V cations,
the compounds M'ELY (PO, ); are most abundant (Table 6).
X-Ray diffraction data are available for many of them. The
greatest number of M'ELY(POy); have the NZP structure
and trigonal symmetry. Their crystal structures represent
frameworks of EIVOg octahedra and POy tetrahedra, which
are connected through common oxygen atoms and form
infinite columns parallel to a 3 axis (the ¢ axis of the unit
cell); the numbers of extraframework sites of two types (M1
and M2) are related as 1:3 (see Fig. 1). The MI site is

Figure 9. Schematic view of the structure-forming unit of the
{[L2(PO4)3]?~}300 framework (‘lantern’).!?

Figure 11. Stacking (a) and herringbone (b) packing of the tetra-
nuclear complexes 2 LO¢—2POy4 in the structures of compounds
with the {[L2(PO4)3]’~}3, frameworks (author’s data).
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Table 6. Crystallographic characteristics of M'Elzv(PO4)3 .
Compound Space group® Unit cell parameters Ref.
a/A b/A C/z& p(or o, f,y)/deg
LiTi2(POa)s (see ©) R3¢ 8.51173 20.8524 167
NaTix(POy)s (see ) R3¢ 8.4854 21.7994 216, 217
KTix(PO4)s (see®) R3¢ 8.367 23.074 218
P23 9.77 219
RbTix(PO4); (see P) R3c 8.290 23.530 220
CsTix(POy); (see ) Ia3d 19.909 221
NH4Tiz(PO4); R3c 8.318 23.44 222
P23 9.928 222
CuTix(POs); (see®) R3¢ 8.5271 21.32 223
AgTi>(PO4)3 R3¢ 8.4734 22.114 224
TITi»(PO4)3 R3¢ 8.313 23.56 225
LiZry(POy)3 (see ) R3c (423K) 8.85493 22.1440 226
Cl1 15.0718 8.8556 9.1234 o = 89.660, f = 123.912, y = 90.429 227
P2y/n 8.81277 8.94520 12.37540 90.801 228
Pbna (623 K) 8.84303 8.9420 12.41301 228
NaZry(POg); (see ) R3c 8.8045 22.7585 11
KZry(POy)s (see ®) R3¢ 8.71 23.89 229
RbZr>(PO4)3 R3¢ 8.66 24.38 197
CsZr2(POy)s (see®) R3¢ 8.5758 24.9061 230
HZr>(PO4)3 R3¢ 8.803 23.23 231
cubic 10.165 232
(H30)Zr2(PO4); (see ®) R3c 8.7528 23.6833 233
NH4Zr>(POy)s (see®) R3¢ 8.7088 24.2197 233
cubic 10.186 234
CuZry(POy4); (see®) R3c 8.892 22.19 235
AgZr>(PO4)3 R3c 8.818 22.881 236
GaZry(POy)s (see®) R3¢ 8.72198 23.8820 237
LiHf>(PO4)s (see®) R3¢ (320K) 8.83070 22.0272 238
P1(175K) 8.69447 8.74104 9.07206 o = 118.6297, B = 90.6805, y = 119.1605 238
NaHf>(POs4)3 R3c 8.7707 22.66 239
KHF(POy)s (see ®) R3¢ 8.6819 23.862 240
RbHf(PO4)3 R3¢ 8.63 24.34 201
CsHf»(PO4); R3c 8.54 24.81 201
CuHf>(PO4)3 R3¢ 8.840 22.128 241
AgHf>(PO4)3 R3¢ 8.873 22.82 242
LiGex(PO4)s (see®) R3¢ 8.2722 20.4825 243
NaGex(POy)s (see?) R3 8.109 21.536 244
KGex(PO4)s (see®) R3 8.0066 22.566 245
AgGes(PO4)3 R3¢ 8.066 21.819 241
NaGeTi(PO,); (see®) R3 8.305 21.69 246
LiSny(POy)3 (see ©) R3¢ (450K) 8.63328 21.5326 238
P1(250K) 8.40296 8.44080 8.88969 o = 118.1153, p = 90.1804, y = 119.6825 238
NaSn(POs)s (see ©) R3¢ (1073K) 8.5659 22.6902 247
R3 (673K) 8.5481 22.5772 247
CuSny(POy)s (see?) R3¢ 8.588 21.96 248
AgSn»(PO4)3 R3¢ 8.459 22.683 241
NaTh(PO4); (see ) Cc 17.37 6.81 8.13 101.03 249
KThy(POy)s (see ) C2Je 17.57 6.863 8.138 101.77 250
NH4Tho(PO4)s (see®) C2fe 17.880 6.906 8.152 104.39 251
KU,(POy)s (see®) R3c 9.113 24.997 252
C2/c 17.479 6.758 8.019 102.01 253,254
RbU,(PO4); R3c 9.059 25.60 255
KUTh(PO4)3 C2/c 17.560 6.8202 8.0951 101.908 253
NaNp2(PO4)3 trigonal 9.137 24.24 255
Cc 17.15 6.693 7.971 101.4 24,255
KNp2(PO4)3 trigonal 9.081 25.14 255
monoclinic 17.49 6.853 8.00 101.9 255
RbNp,(PO4); R3c 9.113 25.68 255
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Table 6 (continued).
Compound Space group® Unit cell parameters Ref.
alA b/A c/A B (or o, . 7) /deg
NaPuy(POy)3 trigonal 9.109 23.84 255
Ce 17.18 6.759 7.97 101.3 24,255
KPu,(PO4)3 R3¢ 9.050 24.81 255
monoclinic 17.29 6.77 7.95 102.8 255
RbPu»(PO4)3 trigonal 9.030 25.40 255

2 The temperature at which the data were obtained is given in parentheses; when the space group has not been reliably determined, the system is

given; ° for these compounds, the crystal structure has been determined.

located inside the columns between the lanterns formed by
octahedra and tetrahedra, while the M2 site is between the
neighbouring columns. At room temperature, the M! cati-
ons fully occupy the M1 sites, while M2 remain vacant.?3¢
A comparison of the results of X-ray diffraction stud-
ies 4 7-167.255.257 demonstrates a certain correlation between
the size of the metal cations and crystallographic parame-
ters a and ¢ of the hexagonal cell of the NZP-type phos-
phates M'ELY(PO4)s (Fig. 12): the flexible framework
changes its size to be adjusted to cations of different size
that occupy the M1 sites. For the {[L2(PO4)3)?~}3. frame-
works (L = Ge, Ti, Sn, Hf, Zr, Pu), an increase in the cation
size in the M1 site leads to structure extension along the ¢
axis and compression along the «a axis. It is obvious that the
occupation of the M1 sites by large cations increases the
parameter ¢ (see Fig. 1). This is accompanied by deforma-
tion of the POy4 tetrahedra. The internal O —P—O angle
increases along the c¢ axis, which shortens the distance
between the parallel columns and decreases the parameter a.
The atomic structures of some M!Zr,(POy); have not
been studied but were predicted using the semiempirical

c/A
Rb
K
24.50 -
Na
23.0
K
o [
° 2
21.50 O a3
Na A 4
o5
[ )
200 | | | |
8.0 8.30 8.60 8.90 alA

Figure 12. Unit cell parameters ¢ and ¢ of the phosphates
MIEY (PO,)s.4

EY = Ge (1), Ti (2), Sn (3), Hf (4), Zr (5), Pu (6). The lines that
connect the points corresponding to identical framework cations
E'"Y show the tendency for increasing ¢ and decreasing a with
increase in the size of M! cations that occupy the M1 sites in the
NZP structure.

atomistic modelling method involving the search for the
energy minimum of the interatomic interaction of the
crystalline assembly and based on the crystal chemical
approach.?>® The interatomic distances responsible for the
final spatial arrangement of atoms in the crystal structure
are determined by the Coulomb interaction forces between
the atoms bearing some effective charges and short-range
attraction —repulsion interactions. Among the possible
atom arrangements in the structure of a compound, the
arrangement that corresponds to the free energy minimum
at the given pressure and temperature is implemented.
Hence, the key principle for finding this stable crystal
structure is to minimize the structural energy with respect
to all variable parameters (lattice parameters, atomic coor-
dinates and charges, efc.). For crystals with purely ionic
chemical bonds, the structural energy can be expressed
through the lattice energy, while for covalent and metallic
crystals it can be expressed through the atomization energy.
The search for the energy minimum of the interatomic
interaction in the crystal can be performed by the General
Utility Lattice Programme (GULP) developed by
J D Gale,?*° the top software for this purpose.

Eremin et al.>° developed a set of pair potentials
capable of correctly reproducing the crystal structures of
lithium, sodium and potassium zirconium phosphates (the
deviation between the calculated and experimental unit cell
parameters was not more than 1.5%, that for interatomic
distances was not more than 0.13 A) and accomplished
structural modelling of rubidium and caesium zirconium
phosphates. The results of modelling of the crystal structure
of RbZr»(POy4); are illustrated in Fig. 13. The structure of
CsZr2(POy4)3 was later refined by the Rietveld method.?30
The difference between the calculated and experimental unit
cell parameters was 1.4%. Using the set of potentials
obtained for the phosphates M!'Zr,(POy);, the maximal
cation size that can fit into the M1 site is rmax = 1.73 A.260
This value is greater than the effective radius of Cs™
(C.N. 6) by 0.06 A and smaller than this radius of Fr+; it
can be expected that the hypothetical compound
FrZr,(PO4); would be unstable in the NZP structure. In
view of the fact that the interatomic interaction potential
for a pair of atoms determined for a particular compound
can be transferred to related structures where the same pair
of atoms is also in contact, it is easy to realize that the
transferability of pair potentials from one system to another
is a great advantage in modelling the crystal structure and
properties.

The structure of lithium-containing phosphates
LiEY(PO,); (see Table 6) largely depends on the method
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Figure 13. Fragment of the structure of RbZry(PQy);.2%°

of synthesis, heat treatment and storage condi-
tions, 3 113,226-228,238,261 =265 The phosphates LiTia(PO4);
and LiGey(PO4); have NZP structures;'%7-243 for lithium-
containing zirconium, hafnium and tin phosphates, the
presence of other polymorphs, in addition to the rhombo-
herdral NZP modification, was established.

The phosphate LiZry(PO4)s synthesized by the solid-
phase method at 1473 K exists as the o-modification
(according to designations given by Catti and Stramare 229)
with the rhombohedral symmetry (space group R3c), which
is stable down to 323 K, and on further cooling it undergoes
phase transition to the triclinic o’-modification (space group
C1).227 If the synthesis is carried out below 1173 K, this
compound crystallizes in the orthorhombic B-modification
(structural type SW, space group Pbna), which is trans-
formed into more distorted monoclinic B’-phase (space
group P2;/n) on cooling below 573 K.??% Both these tran-
sitions are reversible. Modifications that correspond to
different structural types with different packing of frame-
work fragments, a(e’) and B(B’), are not interconverted,
according to the data of Catti et al.??8

According to Morin et al.,?*® the compounds
LiHf>(PO4); and LiSny(PO4); synthesized by the solid-
phase reaction at 1273—-1373 K are formed in the rhombo-
hedral modification; they undergo transition to the triclinic
phase (space group P1) at 256 and 373 K, respectively.

In both the triclinic and rhombohedral modifications of
the crystal structure of LiZr2(POu4)s, the tetranuclear com-
plexes 2 ZrO¢—2 POy are packed according to the stacking
pattern (see Fig. 11a). The key structural changes that
accompany the o — o transition are due to redistribution
of the extraframework lithium cations in the unit cell.??¢ In
the o-phase, the lithium ions are disordered over six
tetrahedral sites located in the octahedral M1 cavity. The
site occupancy is ~0.12. The neutron diffraction measure-
ments of lithium cation redistribution in the a-phase in the
range of 423-873 K showed 2% that as the temperature
increases, the occupancy of the M2 sites by lithium increases
from 0.1 to 0.22. In the o'-phase, the Li* cations randomly
occupy the independent Lil and Li2 sites, which are

displaced from the centres of the interconnected M1 and
M2 cavities of the rhombohedral NZP structure, and thus
occur in a distorted tetrahedral environment.??” The site
occupancy by lithium cations is incomplete (0.71 and 0.29,
respectively). Due to the displacement of Li* ions from
ideal rhombohedral positions in the o-phase, some of the
lithium atoms are ordered in the pairs of relatively closely
spaced centrosymmetric positions distributed in a half of
octahedral cavities (Fig. 14). The dynamic disorder of
lithium ions over various positions gives rise to the hyste-
resis loop: the o = transition occurs over a fairly broad
temperature range (~40°) rather than in one point, and the
phase transition during cooling occurs at considerably
lower temperature.>- 267

Figure 14. Fragment of the structure of triclinic o -LiZr2(POy)3 .227

Thus, the temperature-induced phase transition, o’ — a,
in the lithium zirconium phosphate, as in the structural
analogues LiHf>(PO4); and LiSn»(PO4)s, consists in a
change in the spatial arrangement of lithium cations in the
framework cavities. This is an order—disorder-type transi-
tion; a characteristic feature of this transition is that the
symmetry group of the low-temperature phase is a subgroup
of the symmetry group of the high-temperature phase. The
framework type of the structure, the distorted octahedral
coordination of lithium ions, the great average Li— O bond
length (2.27 A) and a fairly large number of vacant posi-
tions in the high-temperature modification produce favour-
able conditions for ion transport.2%8

The compounds B-LiZr,(PO4)s (space group Pbna) and
B'-LiZr(PO4)s (space group P2i/n) crystallize in an SW
structural type with herringbone packing of the
27r0O6—2PO4 complexes (see Fig. 115). The structure
cavities in known phosphates of this structural type are
not completely occupied: the number of sites in the cavities
exceeds the number of cations that occupy them. The
structure framework is penetrated by channels of three
types. The channel cross-section in the narrowest parts is
<0.9 A; therefore, the SW structural type is preferred for
the phosphates in which the cavities are occupied by rather
small cations whose size does no differ much from the size
of the framework-forming cation.

In the structure of orthorhombic B-LiZr(POy4)s, the
lithium cations are disordered over four sites two of which
are symmetrically independent and have occupancies of 0.34
and 0.16.228 In the monoclinic B’-phase, the lithium ions are
ordered (Fig. 15). The structural mechanism of the B’ — P
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Figure 15. Fragment of the  structure of  monoclinic

Bl—Linz(PO4)3 228

The framework of CsTi>(PO4); composed of TiO¢ octa-
hedra and PO4 tetrahedra sharing corners can be repre-
sented as close-packed columns connected to one another
(Fig. 16). The caesium cations in the Cs(1) and Cs(2) sites
are surrounded by 12 and 8 oxygen atoms, respectively. The
core of each column consists of alternating Ti(2)Og octahe-
dra and 12-coordinate Cs(1) cations luing on the 3 axis
(space group Ja3d). This core is surrounded successively by
rings of POy tetrahedra, Ti(1)O¢ octahedra and POy tetra-
hedra. The octahedrally coordinated framework sites
between these columns are occupied by the Ti(1) and Ti(2)
cations. In the framework, one can distinguish groups of
two octahedra and two tetrahedra oriented along different
directions. Each cavity of the structure of CsTiz(POg4)s is
surrounded by eight TiOg octahedra and eight PO4 tetra-
hedra connected to one another. The structure cavities form
a three-dimensional system of channels running through the
framework. The Cs(1) sites are located at the channel
intersection points, while Cs(2) are inside the cavity. The
Cs(1) cationic site is a hexacapped trigonal prism. The
eight-coordinate Cs™ cations are disordered between two
closely spaced randomly occupied Cs(2) sites.

transition is degeneration of four-fold crystallographic sites
of lithium to eight-fold sites and disordering of lithium
cations in the unit cell over these sites. No new spatial
positions appear but the non-equivalence between the pairs
of existing four-fold sites is eliminated. Thus, the B'=
phase transition in LiZr>(POy)3, like the o = o transition, is
of the order—disorder type. The most pronounced differ-
ence between the cells of structurally related but topologi-
cally not identical o- and p’-modifications is related to their
volumes: the o'-cell is larger than the B’-cell by 3.6%. One
may expect a reconstructive of == B’ phase transition upon a
pressure and temperature change.

Depending on the external conditions, phosphate struc-
tures with splitting of cationic positions may possess either
superionic conductivity (the ion mobility is so high that the
ion leaves its coordination polyhedron and moves along the
bulky conduction channels) or ferro(antiferro) activity (the
ion displacement is within one coordination polyhe-
dron).®°! The superionic conductivity is clear-cut in the
phosphates LiE}(PO4); and solid solutions based on
them.!4-268-275  The replacement of lithium ions in
LiZr>(PO4)3 by hydrogen ions gives rise to proton conduc-
tors (H30)Zr2(PO4)s and HZr>(PO4)s (Refs 276 and 277,
Table 6). Both compounds exhibit phase transitions.?78 280

The phosphates of d-transition metals MIE}Y (PO4)s
(M = Na, K, Rb, NH4, Cu, Ag) (see Table 6) crystallize in
the NZP structure (space group R3¢, R3). For KTi»(POy4)3
and NH4EYY(PO4); (E = Ti, Zr), modifications with the
langbeinite structure (cubic system, space group P2,3) are
also known.?19-222.234 The ion exchange synthesis of lang-
beinite-like modifications of LiZr(PO4)3-0.7H>0O and
NaZr2(PO4)3-0.3 H>O from (H30)Zr2(PO4)s in solutions
of the corresponding metal chlorides was reported.?3?

The compounds CSEYY (POy)s (E = Ti, Zr, Hf) crystallize
in various structural types (see Table 6). The geometric
hindrance related to the ratio of the sizes of the large
extraframework cation, caesium, and the rather small
framework-forming cation, titanium, gives rise to
CsTiz(POy4); with a framework differing from NZP or
langbeinite and with a cubic symmetry unit cell.??!

Figure 16. Fragment of the structure of CsTi>(POy);.2?!

The compounds M'E}Y(PO,); are distinguished by high
thermal stability as compared with M JE'V(PO,), . Melting
(decomposition) points of the phosphates M!Zr(PO4)3
(M = Li, Na, K) are 1963, 1923 and 1883 K, respectively.!”>
The phosphate CsZra(PO4)s is stable up to at least
1500 K.?8! It is a promising material with ultra-low thermal
expansion,* which is able to effectively capture caesium
(137Cs, 134Cs) radioisotopes present in nuclear wastes.3 282

For compounds with the NZP structural type, the
number of extraframework cations may vary from 0 [com-
pounds with empty frameworks, for example,
L} /4L74(PO4)s, where L' = Li, LY = Nb, Ta] >3 to 4 (phos-
phates with completely filled cationic positions) per formula
unit. As a rule, when the number of ions compensating the
framework charge is close to 1, they first of all occupy the
M1 sites of the cavities and only after they have been
occupied, the M2 sites start to be occupied. Depending on
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the distribution pattern of cations in the cavities and slight
displacements of ions that form the framework, minor
distortions of the trigonal cell and a symmetry lowering
may occur. Indeed, the phosphates NasE!V(POy); (E = Ti,
Zr, Hf) with completely filled cationic sites crystallize at
room temperature in the NZP structureal type, space
group R32.202,203,284 The sodium cations together with
titanium, zirconium or hafnium ions form the
{INaE"™v(POy4)3]*~ }34, framework by occupying half of its
octahedral sites and function as compensation cations by
occupying the extraframework sites (Fig. 17). At room

Na(2)

!in(z)

Na(1)O6

Figure 17. Fragment of the structure of NasHf(PO4)3 .28

temperature, the E!Y cations occupy one type of sites in
the NasTi(POy4); structure being disordered between two
closely spaced sites in NasZr(PO4); and NasHf(PO4)s so
that in the columns composed of octahedra and tetrahedra,
the octahedra alternate: NaOg—NaOg—EVOg—EVO¢—.
An increase in the size of the structure-forming E!Y cation
with the maximum possible content of sodium for the
composition NasE!V(POy)s results in simultaneous increase
in the unit cell parameters a and ¢ (Fig. 18).284 The
distributions of the Na™ cations in the cavities of these
structures have minor differences. In NasTi(POy)3, unlike
compounds with space group R3c, the Na™ sites in the
cavities between the columns split into three types: two
nine-fold sites (one fully occupied and one partly occupied)
and one general 18-fold site (partly occupied). In
NasZr(PO4); and NasHf(POs)s, the cavities situated inside
the columns composed of octahedra and tetrahedra are
mainly occupied by the Na* cations and a minor part of
Zr** or Hf*" cations. The positions between the polyhe-
dral columns are occupied by only sodium cations (eight-
coordinate).

The enantiotropic phase transition of NasZr(PO4)s; and
NasHf(PO4); from one solid modification to another at 407
and 517 K, respectively, is accompanied by a change in the
coordinates and occupancies of sodium and E'V sites with
retention of symmetry of the crystal structure.?$3-28¢ The
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Figure 18. Unit cell parameters of the phosphates NasE'V(PO4);
(E = Ti, Zr, Hf)4202, 203,284

The line shows the regular increase in the parameters a and ¢ with
increase in the size of the E!V cations in the L sites of the
{[NaE'"V(PO4)3 |*~}3. framework.

phosphates NasE'Y(PO4); (E=Ti and Zr) melt with
decomposition at 1083 and 1433 K, respectively.!4!-286

The phosphate NasZr(PO4); was also obtained in the
metastable modification (space group R3c¢) by the sol—gel
synthesis using metal chlorides.!?® Chemical analysis
showed that this compound contains some chloride ions,
which stabilize this modification. This compound decom-
poses in the temperature range of 1123-1373 K within
several tens of hours to give Na,Zr(POy)>.

Samples of the presumable composition MsZr(POy)s
(M = Li, K, Rb, Cs) are not formed, being mixtures of
different phases: M>Zr(PO4)> and condensed alkali metal
phosphates. 111,287

The rhombohedral symmetry of the solid solution
Nas_4.Zr1; + x(PO4)3 (0.04 < x <0.15) based on
NasZr(PO4); remains unchanged upon the substitution
4Nat — Zr#+.141.288 The partial ordering of the additional
zirconium cations in the solid solution gives rise to a
superstructure, a jumpwise increase in the parameter ¢
and, hence, the unit cell volume.

Phases of variable composition Nas_ MLEV(POy,);
(M = Li, K, Rb, Cs; E =Ti, Zr), structural analogues of
NZP, are known.287-289 However, no direct structural
studies of these phases were performed.

Thus, despite the structural distortions in various com-
pounds of the NZP family, their common structural pattern
(the arrangement of the main framework elements) remains
unchanged. This gives room for a wide variety of possible
substitutions in all cationic positions without destruction or
crucial rearrangement of the initial motif and for the
formation of series of solid solutions by means of iso- and
heterovalent substitution of the M! and E'V cations.

Considering the crystal chemical views, Pet’kov and co-
workers 289295 predicted, synthesized and investigated the
variable composition phases M; M, E!V(PO,); (M, M’ =
Li, Na, K, Rb, Cs) — ternary phosphates of Group 4 metals
and alkali metals belonging to the NZP structural type
(Table 7). The possibility of formation of these solid sol-
utions is due to the crystallization of the end members of the
series in one structural type at relatively small difference
between the radii of the cations being replaced. The crys-
tallographic parameters of solid solutions smoothly change
in the single-phase composition ranges (Fig. 19). Note that
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Table 7. Concentration limits of existence of solid solutions (NZP
structural type, space group R3c) in the systems M;_ M\ EV(POy);
(E = Ti, Zr, Hf).?%

M M Ti Zr Hf
X Ad/d, (%) x Adldy (%) x
(see?) (see?)
Li Na 0-1 9 0-1 11 0-1
K mixture 21 mixture 24 0-1
of phases of phases
Na K 0-1 11 0-1 10 0-1
Rb 0-0.3, 15 0-1 11 0-1
0.7-1
Cs 0-0.2 — 0-0.3, 13 0-0.3,
0.7-1 0.7-1
K Rb 0-1 4 0-1 1 0-1
Cs 0-0.3 — 0-1 3 0-1
Rb Cs mixture — 0-1 2 0-1
of phases

2 Ad/d, is the difference between the alkali metal — oxygen bond lengths
in triple phosphates divided by the smaller bond length

Ad/d, = %.
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Figure 19. Crystallographic parameters a, ¢ and cell volume (V) of
the phosphates Na, _ K EY (POy); vs. composition (x).289-291
EY = Zr (1), Hf (2), Ti (3).

the change in the spectral pattern following the smooth
variation of the phase composition is gradual.?87,290.295,296
The effect of the alkali metal cation on the geometry of the
anionic group is most pronounced for the bending vibra-
tional bands of the PO4 tetrahedra, which are narrower and
sharper than the stretching bands.

The alkali metal cations in the phosphates
Naog.sKosEYY(PO4)s (E = Ti, Hf), Ko.sRbg sTio(PO4)s and
Lio sKo sHf2(POy4)3 are statistically disordered in the fully
occupied octahedral M1 sites located in the framework
cavities inside the columns parallel to the ¢ axis
(Fig. 20).282,291.294.295 The M(M')—O bond lengths in the
double phosphates MTi»(PO4); and triple phosphates
M, sMj sTi>(PO4); depend linearly on the size of the alkali
metal cation (Fig. 21), and for the triple phosphates, they
obey the additivity property relative to the bond lengths in
double phosphates. For these compounds, one can consider
the average ‘formal’ alkali cation radius in the framework
cavities

r(MgsMgs) = 0.5[r(M) + r(M")]

Figure 20. Fragment of the structure Nag sKo sTi2(POg); .2%4

dyvory-o

28

24

2.2 . .
0.5 1.0 15 ruor) /A

Figure 21. Variation of the alkali metal (or ‘formal’ alkali metal)—
oxygen bond length [dyw_o] in double [M'Tiy(PO,)s] and triple
[Mo.sM{ s Tia(PO4)s] phosphates vs. the radius of the alkali metal
cation.2%*
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The framework-forming cation—oxygen bond lengths
(Ti—0O, P—O0O) in titanium and alkali metal phosphates
depend little on the radius of the extraframework cation.
This can be attributed to the fact that the covalent chemical
bonds of the framework are much stronger than the bonds
with the ions that occupy the structure cavities. When larger
cations enter the M1 sites located between two surfaces of
the adjacent EVO¢ octahedra, the substantial increase in
the alkali metal —oxygen bond length entails an increase in
the parameter ¢ (Fig. 22). The increase in the bond lengths
in the octahedra and the change in the O—E!Y—O bond
angles entail the deformation of the POy tetrahedra sharing
the corners with them. The tetrahedra rotate around the
twofold symmetry axes (directed perpendicular to the cell ¢
axis), which reduces the distance between the parallel
columns and decreases the parameter a. It is the correlated
rotation of the framework fragments that is responsible for
the monotonic increase in the parameters ¢ and ¥ and
decrease in the lattice parameter a of the solid solutions
M, _.M.EY (PO,); following an increase in the content of
the larger alkali metal cation in the phosphate (see Fig. 19).

a b
K/Rb
N
o
7 87.030% O(2)
SN
935 Ti
g9.7°0 Y O(1)
P
.
g\'sm 110.7

Figure 22. Deformation of the structural fragments of the frame-
work depending on the radius of the ‘formal’ alkali metal cation in
the extraframework M1 sites for NagsKo sTi2(PO4)s (a) and
Ko.5sRbo.sTiz(PO4 )3 (b).24

The concentration limits of existence of the solid sol-
utions in the titanium-, zirconium- and hafnium-containing
phosphates depend on the relative difference in the intera-
tomic alkali metal —oxygen distances (Ad/d,) in the double
phosphates MEYY(PO4)s and M'EYY(PO4)s (see Table 7).
The continuous series of solid solutions can exist at room
temperature if the relative difference in the M—O and
M’ —O interatomic distances does not exceed 11% [an
exception is Lij_ K Hf>(POy4)s]. When Ad/d; = 21%, no
significant isomorphous substitutions can be found in the
phosphate systems. Since the ion radii of Hf %™ (0.71 A) and
Zr** (0.72 A) are similar, the phase formation patterns in
the zirconium and hafnium phosphate systems resemble one
another. The formation of a continuous series of the solid
solutions Li;_ K Hf>(POy4); despite the great difference
between the radii of Li" and K" ions is caused by the

effect of the hafnium electronic structure, which is mani-
fested as the stability of the rhombohedral modification of
LiHf>(PO4)3 [compared to LiZr,(POy4)3] over a broad tem-
perature range.>3® In the series of titanium phosphates, the
introduction of Cs* cations [which are large as compared
with the size of the NZP framework cavities and, hence,
CsTiz2(POg4)s has a framework type of structure but other
than NZP] results in lowering of the miscibility boundary;
however, together with alkali metal cations having smaller
size, caesium is able to be accommodated in the framework
cavities (see Table 7). The existence of the solid solutions
MIE}Y E."V(PO4); with isovalent substitution of the struc-
ture-forming cations in the oxidation state + 4 274.297-300
suggests that the concentration fields of solid solutions of
NZP structures in titanium-containing systems can be
extended by partial replacement of Ti*™ by larger cations:
Sn**, Hf4" or Zr*" at a controlled average radius of the
extraframework cation.

After annealing of the solid solutions M _ \M/ Ti»(PO4);
at 1473 K for 6 h, they partly decomposed.?*® Titanium
dioxide was present as the impurity phase. Other decom-
position products were apparently alkali metal polyphos-
phates. The phases of  variable composition
M _ M/ Zr>(PO4)s and M, _ .M’ Hf>(PO,)3 did not undergo
any changes on annealing up to 12731573 K.295,301

The thermodynamic calculations based on the results of
studies of  cation-exchange  equilibria  in the
NaE}Y (PO4); — KELYY (PO4); — NaCl— KCl—H,0 systems at
723-973 K and a pressure of 1-2 MPa showed that the
solid solutions Nal,xKxEIZV(POA;)g are characterized by a
considerable deviation from the ideality.?°?2°3 The Gibbs
function of mixing of solid solutions under the studied
conditions is negative over the whole range of compositions.
Titanium phosphates are characterized by a greater devia-
tion from ideality than zirconium and hafnium phosphates;
this may result in earlier decomposition of the solid sol-
utions Naj _ \K,Ti»(PO4)3 under more drastic pressure and
temperature conditions. Under the studied conditions, the
solid solutions are stable with respect to decomposition into
double phosphates, and the framework structures of these
compounds are stable at high pressure and temperature, in
particular, in the presence of an aqueous salt solution.

The solid solutions of NZP structures containing cations
of two or more alkali metals at high concentration can be
formed upon the phosphate curing of spent radionuclide-
contaminated alkaline chloride melts in pyroelectrochemi-
cal nuclear-fuel processing and upon waste immobilization
from other processes.?89-302-304 The existence of NZP
modifications of the phosphates of f elements (uranium,
neptunium and plutonium), M'EYY (PO4)s (see Table 6), and
the solid solutions KZry ,U,(PO4)3 (x < 0.2)2%* can be
employed to incorporate actinides into orthophosphate
matrices. The plutonium phosphate NaPu(POy4)s
(60 mass % 23°Pu) showed no changes in the chemical or
phase composition over a two-year observation period.?>>
v-Irradiation of samples of NZP phosphates (absorbed dose
of up to 5 x 108 Gy) does not induce their chemical or phase
destruction.3%3

The phosphates M'ELY(POy4); with large E!Y cations
represented by f elements (Th, U, Np, Pu), synthesized at
temperatures from 773-873 to 1373-1573 K, form most
often crystalline modifications similar in the structure to
KThy(POy4); (see Table 6).243% In uranium-, neptunium-
and plutonium-based systems with the rubidium cation,
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monoclinic KTh>(POy)s either does not form at all (the
NZP phase arises immediately) or an individual phase of a
different structure is detected instead.?>> As the temperature
increases to 1773—-1873 K, one or two polymorphic trans-
formations take place to give, most often, NZP-type struc-
tures. For LiPux(PO4); and NaU3(POy4);, no NZP
modifications were found.

Unlike the rhombohedral KZr>(PO4)s (see Fig. 1), in the
monoclinic KTh,(PO4)3 and its analogues, the coordination
polyhedron of the actinide atom is formed by nine oxygen
atoms. In this structural type (Fig. 23), two PO3~ groups

Figure 23. Fragment of the structure KU»(POy);3.2%*

are attached to the actinide atom in the bidentate fashion
and five PO}~ groups are linked in a monodentate fashion
giving an irregular nine-vertex polyhedron resembling a
tricapped trigonal prism. Each of the E'VOq polyhedra is
connected to three similar polyhedra by sharing three edges.
The alkali metal cations coordinated by eight oxygen atoms
occupy the framework cavities of {[E12V(PO4 )3] " }300. In the
three-dimensional NZP structure, the actinide coordination
polyhedra E'VOg have no common elements and are con-
nected by the bridging PO3~ groups and alkali metal
cations.?>? According to the third Pauling rule, a structure

is crystal-chemically less stable if its coordination polyhedra
share edges. Apparently, as a certain temperature has been
reached, a structural rearrangement accompanied by a
change in the mode of combination of the polyhedra (with-
out edge sharing), by a decrease in the coordination number
and by an increase in the distances between the actinide
atoms in the framework becomes thermodynamically
favourable. As a consequence, the framework packing
becomes looser (but more symmetrical), as indicated by a
29% increase in the volume per formula unit (¥/Z). This
rearrangement is accompanied by cleavage of the existing
chemical bonds (or some of them) in the actinide coordina-
tion polyhedron and formation of new bonds. The new
bonds in the octahedral environment are stronger: the
average interatomic U — O distances in the UOg polyhedra
of the rhombohedral KU3>(POy4)s modification
(2.27-2.32 A)252 are shorter than those in the UOo
polyhedron of the monoclinic modification
(2.28-2.61 A).253:254 It is known that low coordination
numbers are unusual for rather large actinide atoms in the
oxidation states +3 and +4. The existence of actinide
orthophosphates MIE}Y(PO4); (E = U, Np, Pu) as NZP-
type modifications makes them similar to derivatives of d
metals in the oxidation state +4 as regards the crystal
chemical features.

Some NZP phosphates contain PO3~ anions together
with other tetrahedral anions. Best studied are silicophos-
phates MIHXE IV (Si04)x(PO4)3_ «, owing to the high cationic
conductivity of the basic NASICON solid solutions,
Naj 1 ,ZrSiyP3 012 (0 < x <3) (Refs 7, 16, 112, 273,
307 and 308). Depending on the composition of the silico-
phosphate, the cell symmetry varies from trigonal to mono-
clinic (Table 8). As the temperature increases to
403—-503 K, the monoclinic solid solutions (1.8 < x < 2.2)
undergo phase transitions accompanied by a change in the
symmetry [C2/c (B2/b) — R3c].

The phases of variable composition NaTirAsP3_ .02
(0 <x < 12) and Na1+2xTi2,XBxP3,x012 (0 <x < 09)
form NZP-type structures and rhombohedral cells.3?3-324
Upon the isovalent substitution P>+ — As>™, as x increases,
the unit cell volume of the solid solution NaTi>AsP3_ 01>
increases in conformity with the relationship between the
P>* and As®' ionic radii; the ionic conductivity also

Table 8. Crystallographic characteristics and electric-conducting properties of the solid solutions Naj++4,Zr2—,_:Si,P3_O12_2:,

NaszZr;83Y0.12S12PO11.94 and solid electrolytes based on LiTiz(PO4); .2

Composition Space Unit cell parameters 0573 K Es Ref.

group /mSem~—!  /kImol~!

alA b/A c/A B (or ) /deg

Naj 4Zr>(Si04)0.4(PO4)2.6 R3c 8.840 22.731 0.5 25.1 112, 309
Nai.3Zr2(Si04)0.8(PO4)2.2 R3c 8.898 22.774 3 29.8 112, 309
NayZr2(SiO4)(PO4); (see ®) R3c 8.9309 22.9998 - - 310

R3c (573K) 8.9348 22.8486 28 30.4 310
Naz.2Zr>(SiO4)1 2(PO4)1 5 R3¢ 8.940 22.855 26 26.0 112
Na3_332r1_77(SiO4)1_4(PO4)1_<, (see b) R§C 9.240 23.39 — — 311
Na2_6Zr2(SiO4)1_5(PO4)1,4 (see b) R.;sc (593 K) 9.003 23.09 — — 312

R3c 8.980 22.906 48 30.8 112
Naz.sZr2(Si04)1.5(PO4)1 2 e 15.567  9.003 9217  123.76 125 23.1 112
Na3A31ZI‘1A67Sil‘85P1A15011‘57 (seeb) C2/C 15.67 9.066 9.220 123.84 — — 313
Na3‘17zr1‘93si1,9P1,1012 (seeb) C2/C 15.64 9.049 9.215 123.72 — — 313
Na32r1,93Si1,9P1,1011,91 (seeb) CZ/C 15.64 9.048 9.221 123.87 — — 313
NasZr(SiO4)2(PO4) b C2/c(293K)  15.6513 9.0550  9.2198  123.742 - - 310
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Table 8 (continued).

Composition Space Unit cell parameters 0573 K Es Ref.
group /mScm~—!  /kJmol—!
alA bJA c/A B (or y) /deg
Na3Zr2(SiO4)2(PO4)b C2/c 15.586 9.029 9.205 123.70 200 27.9 112, 309
R3c (573K) 9.0580 23.0705 190 28.9 310
R3¢ (593K) 9.053 23.06 215 18.8 312
Nas3.05Zr2(S104)2.05(PO4)0.95 (see P) R3¢ 9.068 22.98 - — 314
Na3_()9Zr2_01(SiO4)2_09(PO4)0_91 (SCC b) Rg(,‘ 9.074 23.05 - — 315
Nas 12Zr2(Si04)2.12 (PO4)o s (see P) B2/b 15.66 9.246 9.055 y = 124.12 - - 314, 315
Na3_152r2(5i04)2_15(PO4)0_35 (SCC b) R§C 9.079 22.96 — — 314
Na3 2Zr2(Si04)2.2(PO4)o s C2/c 15.618 9.051 9.210 123.93 167 23.1 112, 309
Na3Azszrz(Si04)2‘25(P04)0A75 (see b) Rﬁc 9.084 22.92 — — 314
Na3‘352r2(SiO4)2,35(PO4)O,65 (see b) RiC 9.097 22.68 — — 314
Na34Zr12(Si04)2.4(PO4)o.6 R3¢ 9.079 22.685 111 25.0 112, 309
Naj3 6Z12(S104)2.6(PO4)o .4 R3¢ — — 36 23.1 309
Naj3 3Zr2(Si04)2 8(PO4)o 2 R3¢ 9.148 22.239 18 23.1 112, 309
Na3Zri88Y0.12512PO11.94 C2Jc — — - - 240 29 316
LiTi2(PO4)3 R3¢ 8.512 20.858 0.1 34.7 269, 317
Lij 4Ti1.6Alo.4(PO4)3 R3c 8.503 20.847 28 24.1 318
Li; 3Ti1 7Sco0.15Y0.15(PO4)3 R3c 8.555 20.939 20 27.9 319
Li; 1 Ti;0Gag 1(PO4)3 R3c 8.51 20.88 0.2 60 320
Li; 6Ti1.4Gag 6(PO4)3 R3c 25.64 62.83 8.4 49.1 321
Lij ¢Ti; 7Mgo 3(PO4)3 — — — — — 5.3 42.4 321
Lio.oTi1.9 Nbo.1(PO4)3 R3¢ 8.527 20.90 0.02 60 322

2 The subscripts z and y in the formula are respectively the deficiency in the number of ZrO, moles and the number of Zr* " vacancies, each being

compensated by four Na™ cations (for the sake of electrical neutrality); ® for these compounds, the crystal structures have been determined.

increases.’>> Upon the heterovalent substitution The prospects of using mixed phosphates depend on the

P°>" > B3 " +2Nat, the unit cell volume of the solid
solution Naj+>,Ti>_ B P3_,0> increases; the increase in
the occupancy of the vacant sites in the crystal lattice by
mobile sodium ions is accompanied by an increase in the
ionic conductivity of the solid solution compared with the
sodium titanium phosphate.??*

Data on arsenatophosphates M!ZryAs; 5P 5012

properties important for technical applications, which are
either new or improved with respect to those of monoa-
nionic phosphates.

(M = Na, K)3?° and a continuous series of solid solutions VA3
NaZr>As,P3;_O;> have been reported.??¢ They form rhom- 1550
bohedral cells (space group R3c) and NZP-type structures.

The trigonal symmetry of the crystal structure of the
solid solutions M}_ Zr(M004)«(PO4)s_ (M = Na, K, Rb, 1530
Cs; space group R3c¢) occurs at x < 0.6.327-328 The boundary
x value for the existence of the solid solution depends on the c/A

alkali metal cation size and the thermal stability of molyb-
datophosphates. The unit cell parameters (a, ¢, V') of the
variable-composition phases M!|_.Zr-Mo.P;_,O;> change
smoothly following the change in the composition (Fig. 24).
An increase in the unit cell volume with an increase in x is
attributable to replacement of the P>* ion by larger Mo® ™
ion. In this case, isomorphous exchange occurs

M+ +P>F —»[]+ Mo®™"

[ is vacancy

It was proposed to use the crystalline NZP matrices for
immobilization of molybdenum present in spent nuclear
fuel.??° Molybdatophosphates are promising as catalysts in
methanol conversions.33° The major products formed in this
process under inert atmosphere include dimethyl ether
(environmentally safe energy carrier) and water.

22.74

0 0.2 0.4 0.6 x

Figure 24. Crystallographic parameters a, ¢ and ¥ of the molybda-
tophosphates Naj_,Zr>(Mo00O4)(PO4)3_, vs. the composition
(x).329
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3. Properties

a. Ionic conduction

The high sodium-ion conductivity in the variable-composi-
tion phases Naj,Zr,Si,P3_,0O;>» was found by Hong
et al.''>3% The compounds with 1.8 < x < 2.4 possess
superionic conductivity (>0.1 S cm—!) at moderate tem-
peratures (523-573 K) (see Table 8). All of the oxygen
atoms that surround the three-dimensional connected free
space in the structure of NASICON solid solutions are
simultaneously linked to quadruply and quintiply charged
cations and have rather low electron-donating properties.
Together with the only partial occupancy of the extra-
framework cavities by sodium ions and the absence of steric
hindrance to their movement along the migration channels,
this ensures high mobility of the ions.'®2%® For improving
the electrophysical characteristics of Naj + +Zr>SixP3_O12,
various types of atomic substitution were accomplished:
Zr** was replaced by other cations in the oxidation state
+4 or by cations in the oxidation state +3 either with
simultaneous replacement of Si** by P>* or with a change
in the sodium concentration.”>16-272,331-333 Thege substitu-
tions, as well as the replacement of the phosphate anions by
other anions (also with tetrahedrally directed chemical
bonds), did not bring any noticeable enhancement of the
transport characteristics as compared with the silicophos-
phate Na3Zr,SioPO»2; however, important advantages in
some cases include lowering of the phase transition temper-
ature or the disappearance of the phase transition [in this
case, the kink in the ¢(7") curve disappears], simplification
of the procedure of synthesiss and improvement of the
characteristics of ceramic samples.

The conductivity level of the phosphates M!'ELY(PO4);
can be controlled by changing the size of the conducting
channels via iso- and heterovalent replacement of the frame-
work-forming cations; in the latter case, the occupancy of
vacant sites in the crystal lattice by mobile ions
changes.”-334-336 The partial replacement of the structure-
forming E!V cations in M!E}Y(POy4); by metal cations in
lower oxidation states results in an increase in the M! ion
concentration in the extraframework sites, which is accom-
panied by an increase in the ionic conductivity.269-270.336 Ap
increase in the concentration of lithium and sodium ions
can also be achieved by decreasing the oxidation state of
titanium in LiTi»(PO4); and NaTiy(POy); .204 206,337,338
Similarly, the replacement of E'V ions by higher-charged
ions leads to the targeted formation of an enhanced con-
centration of cationic vacancies: for example, replacement
of only 5% of zirconium in LiZr>(PO4)3; by niobium induces
complete transition of the compound into the high-temper-
ature phase, the initial conductivity being increased by
several orders of magnitude.?? The replacement of lithium
ions in LiZr,(POg4); by hydrogen ions via ion exchange may
give proton conductors with the NASICON structure,
(H30)Zr2(POy4)s and HZr>(POy4)3, the latter being one of
the best proton-conducting solid electrolytes for the temper-
ature range of 650 -850 K.?71.276.277 The electrical conduc-
tivity of LipsNagsTio(PO4); is comparable with the
conductivity of NASICON solid electrolytes.?** Note that
in most cases, the isomorphous replacement in phosphates
did not result in a noticeable improvement of the conduc-
tivity of the superionic phase. This is apparently due to the
weak dependence of the concentration of mobile ions on the
doping additives and the potential relief on the possible
structure distortions.

The ionic conductivity of the NASICON materials has
been mainly studied for ceramic samples. The conductivity
values for the same systems obtained by different authors
differ, which is caused by the complexity of preparation of
dense and homogeneous ceramics, the use of different
procedures of electrical conductivity measurements and the
possible variation of the real composition of samples due to
the use of different synthetic procedures. The data on the
ionic conductivity of solid electrolytes with the NASICON
structure obtained by different research groups were inte-
grated in a recent review.3°® Unfortunately, this review
almost does not reflect the works of Russian scientists
devoted to lithium, sodium and hydrogen ion-conducting
materials. These data are reported in a number of publica-
tions.5-6- 14,334,335, 340,341

After the thermodynamic instability of NASICON in
the sodium melt had been established,?*? the search was
started for possible applications of these materials in the
devices where there is no need to use electrode materials
with high activity with respect to sodium. It appears
promising to use NASICON as thin-film materials (in
particular, nanometre-thick) deposited on substrates for
the design of miniature devices based on solid-state ionic
conductors.343-344 Using solid electrolytes with ionic con-
ductivity, a large number of highly sensitive sensors were
designed. The possibilities of using silicophosphates in
sensors for the detection and quantification of CO,, NOa,
NH;, H,S and SO, are being discussed.?*3-350 The
NASICON material doped with rare earth elements and
solid solutions Na; _ ,Cu,Zr>(PO4); are promising as effec-
tive luminophores.331 354

b. Catalytic activity

The materials in the crystal lattices of which reversible
redox reactions take place can be used as catalysts. The
ability of the {[L2(PO4)3]?~}3, framework to held cations
of one element in different oxidation states [for example,
Cu’ (Refs 235 and 355) and Cu?* (Ref. 356)] promotes
reversible redox reactions, which allows using these phos-
phates [for example, CuZr,(POy4)3] as catalysts for dehydro-
genation of alcohols.?37 The reduction is accompanied by
inclusion of protons into the crystal lattice, and oxidation is
accompanied by proton exit from the lattice.?3%- 39 In the
case of NalfxCuerz(PO4)3, Angz(PO4)3, Angz(PO4)3
and NaZr,(POy)s, which catalyze dehydration and dehy-
drogenation of methanol, isopropyl alcohol and butyl
alcohol, their activity depends on the conditions of syn-
thesis, porosity characteristics, specific surface area and
catalyst loading.%-236,242,360-363 Qadykov et al.!'’' ascer-
tained that NbTi0_75Vo_25(PO4)3 and M()_5ZI‘2(PO4)3
(M = Mn, Co, Cu) are active catalysts for alkane isomer-
ization and selective oxidation.

c. Thermophysical properties

The knowledge of thermodynamic and thermophysical
characteristics is needed to estimate the thermodynamic
and chemical stability of phosphates, optimize their synthe-
ses, compose thermal balances, construct phase diagrams,
perform the physicochemical analysis of model systems and
study the defect formation. The investigation of the ther-
mophysical properties (heat capacity, thermal expansion
and thermal conductivity) over a broad temperature range
helps to determine the thermal stability of materials, the
allowable range of temperature fluctuations and temper-
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Figure 25. Temperature dependences of the heat capacity of NasTi(POs)s (/), NaTi2(POy4); (2), NasZr(POy4)s (3), NaZry(PO4)s (4),
NasHf(PO4)s (5), NaHf2(PO4)s (6). T is the phase transition temperature.?8¢

ature gradients in an article for its heat treatment during the
manufacture or application.

For various representatives of NZP and related struc-
tures, the specific heat capacity is 0.5-1.2J g=! K~ in the
range of 273650 K, and at 7> 500 K it changes insignif-
icantly.19-286,364-366 An important feature is the lack of
dependence of the heat capacity at high temperature on the
material macrostructure, namely, the apparent density,
porosity and pore size and shape distributions. On passing
from the phosphates NaElzv(PO4)3 to NasE'V(POy);, the
heat capacity increases (Fig. 25), i.e., the general trend of
increasing the heat capacity of compounds following an
increase in the number of atoms in the unit cell holds in this
case.?8¢ The decrease in the Debye temperature calculated
from the C,(7) data in the series NaEY (PO4); —
NasEV(POy); (E = Ti, Zr, Hf) (Table 9) provide the con-
clusion that the crystal lattices of NaEL'(POy); are more
rigid than those of NasE!Y(PO4)s;, where the structural
framework contains, apart from the E'VO¢ octahedra,
also more deformable NaOg polyhedra. The lower rigidity
of the structure results in unfreezing of lattice vibrations in
NasEV(PO4); at lower temperature. The heat capacity
curves of NasZr(PO4); and NasHf(PO4)s; exhibit phase
transitions at temperatures of 406.9 and 516.5 K, respec-
tively,286-370-372 gg50ciated with the change in the posi-
tional ordering of the Zr**, Hf*" and Na® cations.
NasTi(POy4)3 possessing no polymorphism contains a non-
split Ti*" site and is characterized by lower mobility of
Na™t cations in relatively small framework cavities com-
pared to the zirconium and hafnium phosphates of the same
general formula.

Table 9. Characteristic Debye temperatures for NaEév(PO4)3 and
NasE!V(PO.); (E = Ti, Zr, Hf).

Compound Op /K 0 (%)? AT /K Ref.
NaTi(POa)s 169.1 1.1 7-12 367
NasTi(POy)3 104.1 2.0 7-11 368
NaZr>(PO4)3 128.8 2.2 9-12 369
NasZr(POg)3 117.8 1.0 7-11 370, 371
NaHf>(POs); 132.0 1.0 6-11 367
NasHf(PO.); 100.6 1.9 6-11 372

40 is the root-mean-square error.

The data on the heat capacity, enthalpy, entropy and
Gibbs energy of formation (Table 10) demonstrated that
the solid-phase synthesis processes are thermodynamically
allowed at 430 K for NaZr(POy4)s;, at 410 K for
CsZr>(POy4)3 and at 570 K for NasZr(POy)s3 .39 These phos-
phates are usually synthesized at higher temperatures
[>1273 K for CsZr,(POg)3]. Using the precipitation proce-
dure and optimization of the temperature conditions,
CsZr3(POg4)3 was obtained at 1023 K.28!

Table 10. Standard thermodynamic functions of NaEY (POy)s,
CsZry(PO4); and NasEV(PO4); (E=Ti, Zr, Hf; T=298.15K,
p = 0.1 MPa).

Compound C ;,m —AtH —AsS —AfG  Ref.
(see?)  (see®) (see?)  (see®)
NaTiz(POy)s3 293.2 — 1174 — 367
NasTi(POy)3 368.9 — 1217 — 366, 368
NaZr(POy)3 305.9 5231 1156 4886 364, 369
NasZr(POy)3 388.9 5586 1216 5223 370, 371
CsZr(POy)3 307.4 5301 1184 4948 364, 365
NaHb(PO4)s 2923 — 1207 — 367
NasHf(POy4); 402.4 — 1202 — 372

alnJ mol~!' K~ !;%in kJ mol—".

Detailed investigations of the thermodynamic properties
of the variable-composition phases Naj 4+ yZr>SiP3_ O3 in
the temperature range from 1.5 to 800 K by adiabatic and
scanning calorimetry and e.m.f. measurements for electro-
chemical cells with NASICON showed that solid solutions
are thermodynamically stable but on contact with sodium,
degradation of the material is observed.373:374 For
Na3ZrSioPO;», a first-order phase transition was found,
which occurs over a broad temperature range
(420-503 K).37°

The heat capacity of a substance is related to the change
in the average lattice vibrational energy and the amplitude
of atom vibrations and depends on the thermal expansion
coefficient (TEC). The thermal expansion directly affects
the average kinetic energy of the vibrating particles in a
body and the average distances between the crystal lattice
points and is related to the asymmetry (anharmonicity) of
the thermal vibrations of atoms; as a result, under variable
temperature  conditions, the interatomic distances
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change.?76-377 By investigating thermal expansion, it is
possible to draw separate conclusions concerning the char-
acter of interaction between the atoms in the crystal, as the
TEC is associated with the strength of chemical bonds in the
structure: the weaker the bonds between the atoms, the
greater the expansion. For rhombohedral lattices, the ther-
mal expansion is determined by two linear expansion
coefficients measured in the parallel («.) and perpendicular
(aq) directions to the principal threefold axis of the crystal
and by the mean linear thermal expansion coefficient

3

oy 20, + o,
O(HV -
3

The thermal expansion of the phosphates M!'E}Y (PO4);
is the subject of numerous studies (Refs 4, 17, 167, 243, 245,
257, 262, 300, 378 —385). Most of NZP compounds show
thermal expansion anisotropy and large magnitudes of the
linear thermal expansion coefficient (LTEC), but, never-
theless, low average TEC, for example, NaELY (PO4)s and
RbZr>(PO4)s (Table 11). When an NZP compound, for
example, NaZra(PO4)s, is heated, the weakest Na—O
bonds are elongated to a greater extent than the strong
Zr—O0 and P—O bonds. On heating, the size of the trigonal
antiprism around the Na site (M1 sites, see Fig. 1) increases
and elongates the column of polyhedra along the ¢ axis
(o > 0); as a result, the ZrOg octahedra and POy tetrahedra
that share corners rotate, causing angular distortions in the
polyhedra. The tetrahedral O —P — O angle increases along
the ¢ axis, the distance between the columns of the frame-
work structure shortens, and the structure is compressed
along the a axis (o, < 0).%37° As a result, the average TEC
of compounds is very low. Similarly, the best known low-
expansion materials — zircon, cordierite and quartz
glass — have almost zero average expansion [oay =
(0.5-42)x 10" K~! in the temperature range of
273-1273 K]. Different values of thermal expansion in
different directions in a single-phase material induce
mechanical stress at grain boundaries, which is sufficient
to cause fracturing and breakdown of the continuity of the
article. Owing to the ultra-low thermal expansion, in partic-
ular, nearly-zero LTEC and expansion anisotropy, some
phosphates of the NZP family can withstand repeated sharp
changes of thermal load (thermal shocks) and are most

Table 11. Thermal expansion coefficients (ax 10°/K—1) of
M‘EIZV(PO4)3 between room temperature and upper temperature of
measurements (873 —1273 K).

Compound Oy e Oay Anisotropy  Ref.
[ota—ote]
LiTiz(PO4)3 0.49 30.8 10.6 30.3 167
NaTiz(POy)s3 —-53 20.8 34 26.1 167
AgTiy(PO4)3 -2 12 5.3 14 385
KTix(PO4); —0.13 6.6 2.12 6.7 167
NaZr2(POy)3 —5.50 22.30 3.8 27.8 381
KZry(PO4); —5.30 5.41 —1.73 10.7 381
RbZr2(PO4)3 -8 13 —1 21 382
CsZr(PO4)3 —0.56 0.45 —0.22 1.0 382
NaHf>(PO4)s  —6.55 21.0 2.63 27.5 382
CsHf>(PO4)3 —1.1 1 —04 2.1 382
LiGes(POy)s3 —0.75 22.5 7.0 23.2 243
NaGe,(PO4)3 12 12.1 12.0 0.1 245
KGex(POy)s3 21.4 7.6 16.8 13.8 245

promising for the fabrication of thermomechanically stable
materials. These properties are inherent in the phosphates
CsZr2(POy4)s and CsHf>(POy); (see Table 11).

The behaviour of NZP structure in response to heat
treatment depends on the nature, the ratio of sizes and the
number of cations that occupy crystallographic sites, the
number of vacant sites and the unit cell symmetry. Pet’kov
and Orlova % proposed a system of empirical heat expansion
rules for the lattice of NZP phosphates, which is suitable for
extending the data to compounds that have not yet been
studied and for targeted change in the thermal expansion
characteristics. Thus, by combining the NZP compounds
whose LTEC are similar in magnitude and have opposite
signs and that form broad ranges of solid solutions, it is
possible to predict ceramic compositions with controlled, in
particular, ultra-low, thermal expansion. For example, we
estimated the radius of the ry+ cation corresponding to
zero anisotropy (o, = o) for a system of framework tita-
nium and alkali metal phosphates.?! The extrapolated
LTEC lines along the a and ¢ axes intersect at point
v ~ 1.48 A (Fig. 26). This value was used for predicting
the phosphate Ko sRbg sTi2(PO4); with the radius of the
‘formal’ alkali metal cation (Ko sRbg.s) of 1.45 A; the LTEC
of this phosphate are as follows: a,=0.7x1079,
oe =3.0x107°, apy = 1.4x 1076 K~ ! for 2981173 K.

o x 106 /K~
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Figure 26. Thermal linear expansion coefficients (298—1073 K) of
the phosphates MTi»(POy4)3 along the a and ¢ axes vs. the cation
M radius.?”!

A comparison of the effect of heat treatment and crystal
chemical substitution on the geometric characteristics of the
crystal lattice demonstrates that as the temperature
increases, the occupied octahedron, for example,
Na(M1)Og, expands but not to an extent sufficient for
obtaining the equivalent-size polyhedron M!(M1)O¢ with
M! = K, Rb or Cs with isomorphous replacement of sodium
by a larger alkali metal cation. Thus, the crystal chemical
effects of substitution and thermal expansion have common
features but are not strictly equivalent, although both
factors affect the same atomic bonds in the structure.

To predict the applications and improve the production
process of ceramics, it is necessary to know its thermal
conductivity. The thermal conductivity of the ceramics
NaEY(PO4); and NasEY(POg)s in temperature range of
298 -673 K smoothly increases with temperature (Fig. 27).
In the series

NaTia(POs); — NaZry(POs); — NaHf(PO4);
Na5Ti(PO4)3 hd Na5Zr(PO4)3 d Na5Hf(PO4)3 N
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Figure 27. Temperature dependences of the thermal conductivity of
NaTi(PO4)s (1), NaZra(PO4)3 (2), NaHf2(POy)3 (3), NasTi(PO4)3
(4), NasZr(POg)s3 (5), NasHf(PO4)3 (6).2!

The relative density is 70% —80% of the theoretical value.

the thermal conductivity coefficient decreases when
heavier atoms with smaller thermal vibration amplitude
enter the structure.!®-22 Loose air-containing ceramics with
loss of contact between the grains would have lower thermal
conductivity coefficients. An increase in the porosity
enhances thermal-insulating properties, while a decrease in
the porosity enhances the resistance against mechanical
breakdown. At zero porosity, NZP ceramics have
lower thermal conductivity (0.5—-1.4 W m~—! K—! in the
range of 298-673 K) than zirconium  dioxide
(1.95-2.44 Wm~—! K~ 373-1673 K), which is the major
component of industrial refractory materials. Low thermal
conductivity, high melting temperatures and low thermal
expansion allow considering the NZP ceramics as promising
highly resistant refractory materials and thermal insulators,
which surpass the known materials in the ability to with-
stand thermal shocks.

High tolerance of the NZP-type structure to the change
in the chemical composition, resistance against destructive
environmental factors and good processability are prereq-
uisites for the formation of single-phase ceramics capable of
incorporating radionuclides and process elements present
in highly active fractions of nuclear wastes.?-13.302 Ag
regards the level of hydrolytic stability (the achieved
minimum leaching rates are ~10-¢%gcm~—2 day— '), the
NZP phosphates are not inferior to the currently used
matrix materials for radionuclide immobilization (glass,
~10—4-10—9; ceramics Synroc D, ~10=> g cm—2 day—')
and their resistance to high temperatures and thermal
shocks often surpasses the stability of these matrices.304 386

IV. Conclusion

The information presented in this review demonstrates
extension of the range of objects and crystal structures of
various groups of complex phosphates containing M! and
E!V cations. Their comparison reveals not only formal
similarity (composition, simplest structural polyhedra) but
also some structural features depending on dimensional
factors (ionic radii of the cations), the nature of cations
and anions, the presence of water molecules and hydrogen
bonding.

Layered phosphates typically form compositions with
the ratio EIV:PO}™ =1:2, for example, Mle‘V(PO4)2,
M%E'V(PO4)2 ‘n HQO, MIHEIV(PO4)2 ‘n Hzo, EIV(HPO4)2 .
-nH>0O. The presence of water molecules gives rise to
phosphates differing both in the composition and the
structure. Framework structures are typical of phosphates
with EV:PO;~ ratios of 1:1.5 and 1:3, for example,
M'EYY (PO4); and MLEV(PO4)s . Unlike layered phosphates,
in the three-dimensional lattice of NZP and related struc-
tures, the P— O —E!'V bonds are formed with the participa-
tion of all oxygen atoms of the anion and the framework
itself changes little upon the variation of cations. Deep
dehydration and thermal decomposition of both acid and
neutral layered phosphates results in rearrangement of the
solid phase and gives crystalline products with framework
structure and higher thermal stability.

The structures of complex phosphates of all presented
types are composed of EVOg, EVOy, PO4 or HPO4 poly-
hedra (the functions of the POy tetrahedra can partly be
performed by other tetrahedral TO4 oxo anions). The
polyhedra of E!'"Y d metal ions with the ionic radius
r < 0.8 A are more or less distorted octahedra the corners
of which are occupied by oxygen atoms of the PO4, HPOu,
TO4 groups or water molecules. As the radius increases, the
E!V cations tend to increase their coordination polyhedra
and, as a consequence, to change the structural type. This
conclusion is true for actinide compounds: the polyhedra of
E!Y f metal ions are either octahedra or nine-vertex poly-
hedra, which resemble tricapped trigonal prisms. The coor-
dination numbers of M! alkali metal ions in the structures of
presented phosphates are 4, 6, 7, 8 and 12.

Currently complex and mixed phosphates are investi-
gated at several levels: apart from the polycrystalline
structure of materials with inherent defects such as domain
boundaries, pores and cracks, studies also deal with the
electronic and magnetic structures of compounds, the crys-
tal structure defects characteristic of them, distribution of
microimpurities, nanostructure and the influence of these
characteristics on the physical properties. Intensive studies
directed at the use of phosphates in chemistry and chemical
engineering are in progress in Russia, the USA, UK,
France, Japan, India and China. The information presented
in this review attests to broad possibilities opened up by the
use of phosphates as functional (ceramic electrolytes, gas
sensors, fuel cells, luminophores, ion exchange resins, selec-
tive catalysts, radiation-resistant immobilizing matrices for
toxic waste disposal) and structural articles (engine parts,
lining elements, dimension-stable semiconductor substrates,
catalyst supports).

Consider the trends of studies into this interesting family
of materials expected in the near future. In the field of
synthesis, the key tasks are to extend the ranges of energy
treatment of compounds aimed at development of new
methods for the manufacture of materials, development of
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production processes of single crystalline samples and com-
pounds that contain organic groups in addition to the
inorganic components. Resorting to semiempirical methods
of structural modelling that do not require considering the
intraatomic interactions would make it possible to predict
the structures of a broad range of crystals, optimize the
properties of phosphates and determine their ultimate
characteristics. New experimental data and simpler con-
cepts of the mechanism of thermal expansion are needed for
better understanding of the specific behaviour (nearly zero
expansion) of the NZP materials.

The above-listed fields of application of the materials
based on complex phosphates require the production of
high-density ceramics. It is known that the key drawback of
ceramics is the trend for brittle fracture. The fracture
threshold at defects of the type of voids (between the
material grains) can be exceeded well before the total load
on the article reaches the threshold. The production of
ceramics with nearly theoretical density minimizes the
number of such defects, improves the properties of materi-
als, decreases the rate of interaction with salt solutions and
melts on their surface. Powders of NZP compounds with
predominantly interatomic covalent bonds cannot be sin-
tered to a density close to theoretical density without
introducing special additives that form the structure of
grain boundaries in the ceramic materials. The studies
dealing with production of high-density NZP ceramics are
few but quite topical. In a number of studies,3¥7-392 the
density of sintered ceramics reached 89% —99% of the
theoretical value with the use of 1 mass % —5 mass % of
sintering additives: MgO, ZnO, Co3(PO4)>, NaCl, Ti, Sn,
Sb. The researchers cited 337392 made assumptions about
the sintering mechanisms of NZP materials, the liquid-
phase and reaction mechanisms. By using a new method
for the production of ceramics, spark plasma sintering, it is
possible to reach a nearly theoretical density without using
the sintering additives.3!8.391.393.394 The progress in these
studies concerned with the kinetics and mechanisms of
sintering of NZP materials, identification of the routes for
intensification of sintering, development of the methods for
the preparation of high-density ceramics, would provide the
possibility of preparing high-density and fracture-resistant
ceramic materials with perfect structure, high characteristics
and performance reliability.393

This review was prepared with the partial financial
support of the Russian Foundation for Basic Research
(Project Nos 08-03-00082a and 11-03-00032a).
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