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Abstract 

MIIM’ IV(PO4)2 compounds have been extensively studied for several decades for their 

potential applications in the field of several domains such as matrices for actinides 

conditioning, phosphors… In this paper, the relationships between composition and crystal 

structure of these compounds are established. A review of the various processes used for the 

synthesis of these compounds is also proposed, as well as their most reported properties. 

MIIM’ IV(PO4)2 structures stem from two different archetypes: the cheralite and the yavapaiite 

structures, with some exceptions that are also described in this article. The ratio of the cations 
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radii appears to be the most relevant parameter. The high ratio between the ionic radii of the 

divalent and tetravalent cations in yavapaiite derivates results in the ordering of these cations 

into well-differentiated polyhedra whereas cheralite is the only non-ordered structure 

encountered for MIIM’ IV(PO4)2 compounds. 

 

Keywords 

Phosphate, Cheralite, Yavapaiite, Crystal structure 

 

1. Introduction 

Anhydrous MIIM’ IV(PO4)2 (M
II= Cd, Ca, Sr, Pb, Ba; M’ IV= Ge, Ti, Mo, Sn, Hf, Zr, Pu, Np, U, 

Th) are double monophosphates in which metal-containing polyhedra are linked to phosphate 

tetrahedra by faces, edges or corners. Among them, compounds with the cheralite structure 

are the only ones that can be found as natural crystals [1]. Most of the studies carried out on 

this family of compounds addressed to the actinides phosphates [2-8], but it is also an 

interesting field of investigation as ionic conductors [9], catalysts and ion exchangers [10], 

luminescent materials and UV-emitting X-ray phosphors [11-13]. Some of them are also 

likely to occur in the residuals of the phosphate-based treatment processes of nuclear wastes 

[14]. In a previous review, Brandel and Dacheux classified phosphate compounds according 

to the charge of the framework [15,16]. Thus, all the inorganic phosphates can be classified 

on the basis of the general framework [(Mh)m(Aq)p]
k, with k = hm + pq. Applied to tetravalent 

M’ IV cations the various phosphate anions (Aq) could be H2PO4
-, HPO4

2-, PO4
3-, P2O7

4-, PO3
-, 

etc. Three main families result from this formula: uncharged compounds (k= 0), phosphates 

with cationic framework (k > 0) and with anionic framework (k < 0). MIIM’IV (PO4)2 

compounds are part of the sub-group of phosphates of the (Mn)xM
’(PO4)2 type (q = -3 and m = 

1, anionic framework), in which (Mn)x is a divalent Cd, Ca, Sr, Pb, Ba, so x = 1. Such 
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phosphates can be considered as derivatives of hydrogen phosphates M’IV (HPO4)2, where the 

divalent cation replaces both protons. More recently, Locock proposed a classification based 

on the coordination number of the tetravalent cation (usually, an actinide element) [6]. As the 

coordination environments of the actinides differ with valence state, the author found 

convenient to discuss the compounds of the lower valence-state actinides separately from 

those of the higher valence-states. 

Insofar as the potential applications of this family of compounds involve a wide spectrum of 

cations (transition, lanthanides, actinides and s- and p-block elements), it is necessary to 

establish the relationship between the cation and the resulting structure, including its thermal 

behavior. For several years, much information has been published on the crystal chemistry of 

the MIIM’ IV(PO4)2 compounds. This paper aims to review the relationships between 

composition and crystal structure of these compounds and to propose a comprehensive 

classification. A review of the various processes used for the synthesis of these compounds is 

also proposed, as well as their most reported properties. 

 

2. Synthesis 

Table 1 reports different protocols described in the literature for the synthesis of 

MIIM’ IV(PO4)2 compounds. Note that authors did not always specify purity of the final 

products. In most cases, the synthesis was achieved by solid-state route from M’ IVO2 oxide, 

MIICO3 carbonate and di-ammonium hydrogen phosphate (NH4)2HPO4 (or ammonium di-

hydrogen phosphate NH4H2PO4). The synthesis temperature was classically in the range of 

1373-1673 K for several hours. For shorter reaction time or lower temperature, M’O2, M’P2O7 

or even M3(PO4)2 were detected as additional phases [17]. Several authors used an excess of 

phosphate precursor (5 to 25 wt. %) in order to avoid the presence residual M’O2 [4,18-22]. 

The only example of a MIIM’ IV(PO4)2 compound obtained at ambient pressure by wet 
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chemistry route was reported by Wallez et al. for the synthesis of BaTh(PO4)2. The synthesis 

of BaTh(PO4)2 by solid state reaction always leads to significant residual ThO2 and b-thorium 

phosphate diphosphate (b-TPD, Th4(PO4)4(P2O7)), both known for their high thermal stability 

[23]. Most of time, except for actinide compounds, CaM’ IV(PO4)2 is obtained by using a two-

step protocol: perovskite CaM’O3 is firstly synthesized at high temperature before being 

reacted with NH4H2PO4 [10,13,24].  Several authors obtained MIIM’ IV(PO4)2 compounds by 

hydrothermal route [25-28]. Some compounds can also be obtained as small single crystals, 

by high temperature single crystal growth method (HTSG) [29] or flux crystal growth 

[9,30,31]. Note that within the frame of this review, we obtained PbSn(PO4)2 by a classical 

solid state route at 1273 K from a mixture of PbCO3, SnO2 and NH4H2PO4, whereas the only 

elaboration route reported in the literature dealt with single crystals [9]. The melting point of 

this compound was determined to be around 1298 K. 

 

Table 1 

Review of the different synthesis routes used to obtain MIIM’ IV(PO4)2 compounds 

Composition Reaction Thermal treatment Ref. 

BaM’(PO4)2 (M’  = Ge, 

Ti, Sn, Zr) 
BaCO3 + M’O2 + 2(NH4)2HPO4 1373 K – several days [32] 

BaM’(PO4)2 (M’  = Zr and 

Hf) 

BaCO3 + M’O2 + 2(NH4)2HPO4 (+wt. 25% 

excess) 
1473 K – 10 h [4] 

BaMo(PO4)2 

Single crystal growth in Mo-phosphate 

flux from a mixture of BaCO3, 

(NH4)2HPO4 and MoO3 

1173 K – 12 h in evacuated 

sealed ampoule then 

quenched to RT 

[31] 

BaNp(PO4)2 
BaCO3 + NpO2 + 2(NH4)2HPO4 (+wt. 5% 

excess) 

1381 K – 10 h + grinding + 

1485 K – 10 h, Ar 
[18] 

BaTh(PO4)2 

Precipitation at room temperature from a 

mixture of Th(NO3)4
.5H2O, Ba(NO3)2 and 

NH4H2PO4 

Slow heating up to 873 K 

+ 1523 K – 24 h 
[18] 
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BaZr1-xHfx(PO4)2 BaCO3 + (1-x)ZrO2+xHfO2 + 2NH4H2PO4 1373 K – 12 h [12] 

CaM’(PO4)2 

(M’  = Th, Np) 

CaCO3 + M’O2 + 2(NH4)2HPO4 (10% 

excess) 

1523 K – 100 h (M’  = Th) 

1473 K – 20 h (M’= Np) 
[20] 

CaNp1-xPux(PO4)2 
(1-x)NpO2 + xPuO2 + CaCO3 + 

2(NH4)H2PO4 
1473 K [33] 

CaTh(PO4)2 
CaCO3 + ThO2 + 2(NH4)2HPO4 (10% 

excess) 
1523 K – 100 h [21] 

CaTh(PO4)2 
Hydrothermal precipitation from a mixture 

of Th(OH)4, Ca(OH)2  and H3PO4 
1053 K – 200 MPa [28] 

CaTh1-xUx(PO4)2 
Ca(HPO4)

.2H2O + (1-x)ThO2 + xUO2 + 

NH4H2PO4 

Several successive room 

temperature mechanical 

grinding / heating at 1473 K 

– 10 h, Ar cycles 

[34] 

CaU(PO4)2 
Hydrothermal precipitation from a mixture 

of UO2.12, Ca(OH)2 and H3PO4 
773 K – 200 MPa [26] 

CaU(PO4)2 
Hydrothermal precipitation from a mixture 

of UO2.12, CaO and H3PO4 
1053 K – 200 MPa [27] 

CaZr(PO4)2:RE (RE = 

Eu3+, Tb3+ and Tm3+) 

(a) CaCO3 + ZrO2 + RE oxide ®  

CaZrO3:RE 

(b) pellets of CaZrO3:RE + 2NH4H2PO4 

(a) 1573 K – 2 h 

(b) 1473 K – 10 h 
[13] 

MTh(PO4)2 

(M = Ca, Cd, Sr, Pb and 

Ba) 

Hydrothermal treatment of phosphate gels 

obtained by precipitation between aqueous 

solutions of M and Th nitrates or 

carbonates and (NH4)2HPO4 

1473 K, 24 h, 1 bar 

or 973 K, 7 days, 2500 bars 
[25] 

MZr(PO4)2 

(M = Ca and Ba) 

(a) MCO3 + ZrO2®  MZrO3 

(b) pellets of MZrO3 + 2NH4H2PO4 

(a) 1773 K – 1 h 

(b) 1573 K – 100 h (M =Ba) 

or  

1473 K – 30 min (M =Ca) 

followed by quenching to 

room temperature 

[10-

24] 

PbGe(PO4)2 

Single crystal growth from a mixture of 

PbCl2, GeO2 and NH4H2PO4 (1:20:133 

mol.) 

673 K – 1 day, then 1323 K 

– 2 days followed by 

cooling down to 1023 K at 3 

K.h-1 and down to 573 K at 

5 K.h-1 

[35,36] 
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PbM’(PO4)2 (M’ = Ge 

and Ti) 
PbO + M’O2 + 2NH4H2PO4 1273 K – 2 days [35] 

Pb1-xEuxGe(PO4)2 
(1-x)PbO + x/2Eu2O3+ GeO2 + 

2NH4H2PO4 
1273 K – 24 h [35] 

PbSn(PO4)2 

Single crystal growth in Sn-phosphate flux 

from a mixture of PbCO3, SnO2 and 

NH4H2PO4 

1373 K followed by a slow 

cooling (5 K.h-1) to 1073 K 
[9] 

PbZr(PO4)2 

Single crystal growth in Pb-phosphate 

flux:  

ZrO2 + 2.37PbO-P2O5 

1673 K – 20 h followed by 

very slow cooling (3.2 K.h-

1) 

[30] 

SrNp(PO4)2 
Sr(NO3)2 + NpO2 + 2(NH4)2HPO4 (20% 

excess) 

1381 K – 24 h + 1485 K – 

24 h, Ar 
[22] 

SrTh(PO4)2 SrCO3 + ThO2 + 2NH4H2PO4 
673 K – 6 h + 1223 K – 48 h 

(purity not specified) 
[37] 

SrTi(PO4)2, SrSn(PO4)2 

and BaSn(PO4)2 

SrCO3 (or BaCO3) + TiO2 (or SnO2)+ 

2NH4H2PO4 

Single crystal growth by 

HTSG method in open air 
[29] 

Sr1-xBaxZr(PO4)2 
(1-x)SrCO3+ xBaCO3 + ZrO2 + 

2NH4H2PO4 
1673 K – 5 h on pellets [38] 

 

3. Crystal structures 

Fig. 1 reports the structures which can be obtained with the MIIM’ IV(PO4)2 formula. In all the 

figures of this paper, blue color refers to MIV polyhedra, green color to MII polyhedra (MII and 

MIV in the case of cheralite) and orange color to PO4 tetrahedra. Note that the structures of 

some compounds were not published and were consequently assigned in this review to a 

structural domain on the basis of the X-ray diffraction pattern. As discussed later, the 

structures can be classified according to the two cations sizes (rc, according to Shannon [39], 

or extrapolated) and stem from two different archetypes: the cheralite and the yavapaiite 

structures. 
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Fig. 1. Existing domains of MIIM’ IV(PO4)2 structures as a function of the M and M’  ionic radii 

in nine-fold coordination: main structures (upper graph) and exceptions (lower graph). 

Numbers between brackets are the coordination number of M and M’ . 
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3.1. The cheralite and yavapaiite structures 

Reported for the first time by Bowie et al. in 1953 [40], the cheralite mineral, whose 

archetype is CaTh(PO4)2, is an analogue of monazite CePO4, where Ce is replaced randomly 

by Ca and Th. Also named brabantite, it was described by Rose et al. in 1980 [41]. The name 

“brabantite” was recently replaced by “cheralite” according to Linthout paper published in 

2007 [42]. Cheralite compounds crystallize in the monoclinic P21/n space group (Z = 4) [43]. 

This structure consists of chains made up by alternating edges-linked irregular nine-fold-

coordinated M/M’  cations and distorted tetrahedral phosphate groups (Fig. 2). Cheralite 

CaTh(PO4)2 does not show any phase transition at high temperature or high pressure [44]. 

 

 

Fig. 2. Polyhedra arrangement in the cheralite structure 

 

c•

b•
a•
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Based on steric considerations, Podor et al. established the criteria of the stability of 

MIIM’ IV(PO4)2 compounds in the cheralite form (the following limits are different from those 

reported by the authors since they were recalculated according to rc instead of ri) [28]: 

.  (in Å)       (1) 

IX II IX 'IVr( ) / r( ) 1 .22M M £         (2) 

 

This means that cheralite with the MIIM’ IV(PO4)2 composition can only be obtained with big 

tetravalent elements, i.e. actinide elements. According to Eq. (1), CaPu(PO4)2 should not 

crystallize in the cheralite structure. Unfortunately, this has not been demonstrated yet 

because of the strong unstability of tetravalent plutonium in the presence of PO4
3- units 

[45,46]. Note that the incorporation of PuIV suggested by Tabuteau et al. in the proposed 

(Ca,Np,Pu)PO4 compound can not definitively exclude the presence of PuIII  in the structure. 

Indeed this compound was only characterized by powder XRD, which is not an appropriate 

technique for the determination of the valence state of a given element [33]. 

 

The existence of the mineral yavapaiite was first reported by Hutton in 1959 [47]. The crystal 

structure was then established by Graeber and Rosenzweig in 1971 on the archetype 

KFe(SO4)2, which crystallizes in the C2/m monoclinic space group (Z = 2) [48,49]. The 

yavapaiite layered structure exhibits close relationship with the three-dimensional framework 

of b-cristobalite, a-NaTiP2O7, and CsMoOP2O7 [31]. It consists of layers running parallel to 

the (001) plane built up of corner-connected M’O6 octahedra and PO4 tetrahedra. One vertice 

of each tetrahedron points into the interlayer where the divalent cation M takes place, in a ten-

fold oxygen environment (Fig. 3). 
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Fig. 3. Yavapaiite structure (left) and corner connection between PO4 and M’O6 polyhedra 

(right) 

 

Two structures stem from the yavapaiite one at room temperature, namely “low-yavapaiite” 

for small cations M and M’  (Ca to Sr and Ge to Zr, respectively). In the frame of the present 

work, we also propose to name “super-yavapaiite” those made of cations big enough (i.e. 

barium actinide phosphates) to form polyhedra of higher coordination. In contrast with the 

yavapaiite-type compounds, low-yavapaiite phosphates crystallize in the C2/c space group. 

This structure can be described as a distorted yavapaiite with a double lattice along the a-axis. 

Apinitis and Sedmalis reported PbGe(PO4)2 as the first phosphate with a doubled-lattice 

yavapaiite derivate structure [35]. Compared to yavapaiite, the tetravalent cation remains in an 

octahedral environment whereas the divalent cation coordination decreases to eight (capped 

with 2 additional oxygen atoms). More recently, Zhao et al. indexed the room temperature 

phase of SrTi(PO4)2 and SrSn(PO4)2 compounds in the low-yavapaiite C2/c space group, in 

contradiction with Paques-Ledent and Keller reports [29,50,51]. Our experiments confirmed 

the results of Zhao et al. We found that the reports of Paques-Ledent and Keller are also 

erroneous for SrGe(PO4)2 compound, which crystallizes in the low-yavapaiite structure at 

room temperature and turns into the yavapaiite C2/m form at 468 K [52]. 

c•

b•

a•
c•

b• a•
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The super-yavapaiite compound also crystallizes in the C2/c space group. The archetype for 

these compounds is RbEu(SO4)2 [53]. The structure is made of (100) layers of MIIO14 

polyhedra alternating with dense slabs of M’ IVO8 square-based antiprisms and PO4 tetrahedra. 

The uncommon MIIO14 units are distorted elongated hexagonal bipyramids. The high level of 

coordination of the two cations is consistent with their big size [18]. 

The existence of two very different structures, cheralite and yavapaiite, stems from the 

difference of ionic radii of the M and M’  cations, as already suggested by Podor et al. and 

confirmed by the plot of r(MII) vs r(MIV) (Fig. 1) [28]. The high ratio between the ionic radii 

of the divalent and tetravalent cations in yavapaiite forms results in the ordering of these 

cations into well-differentiated polyhedra, typically a large one for MII and a small one for 

MIV. It is worth to note that the cheralite structure is the only non-ordered structure in the 

MIIM’ IV(PO4)2 compounds. 

 

3.2. Other structures 

The structures mentioned above cannot describe all the forms encountered for the 

MIIM’ IV(PO4)2 compounds. The high-temperature phase of the BaMIV(PO4)2 (M
IV= Ti, Zr, Hf 

and Sn), mentioned for the first time by Fukuda et al. and described by Bregiroux et al. by ab 

initio Rietveld analysis from synchrotron X-ray powder diffraction data is lamellar (denoted 

as • -phase, or high-yavapaiite), and might also be regarded as derived from the yavapaiite one 

[10,54]. The archetype for this structure is KAl(MoO4)2 [55,56]. The (001) layers consist in 

MIVO6 octahedra sharing corners with PO4 tetrahedra. The main difference with yavapaiite 

consists in the fact that faces of polyhedra lie parallel to the (001) plane. This yields the 

highest possible symmetry of the layers, and barium increases the coordination number from 

ten to twelve. BaO12 and MIVO6 polyhedra are faces-connected, in contrast with yavapaiite, 

where BaO10 and MIVO6 polyhedra only share edges. The phase transition appears as a 
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topotactic modification of the monoclinic lamellar yavapaiite structure into a trigonal one 

(S.G. P-3m1) through a simple mechanism involving the unfolding of the [ ]2

4 2( )
n

M PO
-
 

layers. The transformation of the yavapaiite structure to its high temperature form is found to 

occur at 747 K and 1604 K, for BaZr(PO4)2 and BaSn(PO4)2, respectively. 

Note that on the basis of the International Tables for Crystallography [57] and the evident 

kinship of the lattices and structures, the low-, medium- and high yavapaiite forms are related 

by the following vectorial equations: the C2/c (Z = 4) low-form (L) is a subgroup of the C2/m 

(Z = 2) medium-form (M), with aL = 2 cM; bL = -bM; cL = aM; in turn, the C2/m medium-form 

is a subgroup of the P-3m1 (Z = 1) high-form (H), with aM = 2 aH + bH; bM = bH; cM = cH.  

PbSn(PO4)2 is also a yavapaiite derivate with a [Sn(PO4)2]
2- skeleton built of corner-linked 

SnO6 octahedra and PO4 tetrahedra, while lead is located in double tunnels but not in sheets 

(Fig. 4) [9]. This original structure was explained by the PbII active lone pair effect, which 

also conducts to the modification of the lead coordination number to nine. 

 

Fig. 4. Crystal structure of PbSn(PO4)2 (the dashed lines highlight the original layers in the 

yavapaiite structure) 

 

The structure of CaZr(PO4)2 was firstly found to be orthorhombic by Fukuda et al 

(S.G. P212121 Z = 4) [24]. Recently, Bregiroux et al. revised the crystal structure and found 

c•

b•a•
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that CaZr(PO4)2 actually crystallizes in the orthorhombic space group Pna21 (Z = 4) [58]. The 

coordination number of both cations is seven. ZrO7 distorted pentagonal bipyramidal 

polyhedra share edges with CaO7 polyhedra and PO4 tetrahedra forming infinite chains along 

[010] direction of [CaO3ZrO3(PO4)2]
12- composition. This is a non-layered structure that does 

not show any structural link with the yavapaiite one, probably because the ionic radius of Zr 

and Ca are not different enough, which allows to alternate Ca and Zr polyhedral in the same 

plan (Fig. 5). High temperature XRD analysis highlighted the existence of a high temperature 

form, very similar to the room temperature one, but more symmetrical (Pnma, Z = 4). 

 

 

Fig. 5. (100) layer in the orthorhombic CaZr(PO4)2 structure 

 

SrZr(PO4)2 shows a particular behavior. At room temperature, SrZr(PO4)2 is a layered triclinic 

compound (S.G. P-1) containing ZrO7 distorted pentagonal bipyramidal polyhedra [59]. Due 

to the high ionic radius of strontium, this latter is ninefold coordinated (actually 8+1 

neighbors). The crystal structure of this compound thus consists in four types of polyhedra: 

ZrO7, SrO9 and two different PO4 tetrahedra (Fig. 6). Two of the ZrO7 polyhedra share edges 

and are connected through the two different PO4 tetrahedra to form infinite chains along [001] 

c•

b•
a•
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direction. Chains are linked together with formation of sheets with (100) orientation. The 

thermal behavior analysis of SrZr(PO4)2 revealed two reversible phase transitions. At 405 K, 

the structure changes from triclinic to the monoclinic yavapaiite form (C2/m). Between 1175 

K and 1196 K, Fukuda et al. found that the structure turned into a hexagonal or trigonal form. 

According to our previous work on the thermal behavior of the yavapaiite structure, one can 

suppose that the high temperature form of SrZr(PO4)2 is the so-called high-yavapaiite 

structure (P-3m1) [54]. During these transformations the coordination of the SrII and ZrIV 

changes as follows: 9® 10® 12 and 7® 6® 6, respectively. 

 

Fig. 6. Room temperature structure of SrZr(PO4)2 

 

SrNp(PO4)2 crystallizes in the orthorhombic space group Cmca. Though this structure 

presents alternate layers of SrO10 and NpO8 polyhedra, like in yavapaiite, it is most strongly 

linked to the cheralite form [22]. The difference in size between SrII and NpIV is the driving 

force that orders the cations in SrNp(PO4)2. It is worth to note that the structure of SrNp(PO4)2 

confirms the position of the border between ordered cheralite and other structures domains 

defined by Podor et al. at a ratio value of r(MII)/r(M’ IV) = 1.22 [28]. 

 

a"
b"

c"

a"

b" c"
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Under ambient pressure, CaU(PO4)2 crystallizes in the non-ordered cheralite form. Dusausoy 

et al. showed that when synthesized at 973 K and 200 MPa, this compound could also be 

obtained in a xenotime derivate ordered structure [26]. The symmetry is orthorhombic and the 

space group is Pnma. Over 973 K, the structure turns into the cheralite form. This 

transformation is irreversible and associated to an increase of the compactness of the 

compound. 

 

3.3. Uncompleted or doubtful structures 

Kitaev et al. claimed to have obtained MIICeIV(PO4)2 (M
II= Mg, Ca, Sr, Ba, and Cd) with the 

cheralite structure under 1073 K [60]. These results are very surprising since it has been 

demonstrated several times that CeIV is almost fully reduced into CeIII at high temperature in 

the presence of phosphates [17,61-63]. Moreover, the cell parameters of the  

MII
xCeIII

1-2xCeIV
x(PO4)2 compounds given by Kitaev et al. are all close to those of CeIIIPO4, 

evidencing a negligible incorporation of MII/CeIV couple in the cheralite structure (x ! 0)  [1]. 

BaU(PO4)2 was reported by several authors but the crystal data are still unknown. 

Nevertheless, according to our previous work on BaTh(PO4)2 and BaNp(PO4)2, BaU(PO4)2 

probably crystallizes in the C2/c super-yavapaiite structure [18]. 

MgTh(PO4)2, MgU(PO4)2 and SrU(PO4)2 were described as cheralite compounds by Kitaev et 

al., but the author pointed out that systematic extra peaks on XRD patterns cannot be indexed, 

suggesting that the structure does not belong to the cheralite structure [60]. Our tries to 

synthesize MgM’ IV(PO4)2 always led to NASICON-type compounds Mg0,5M’ IV
2(PO4)3. This 

could be explained by the small size of Mg and the high stability of the NASICON-type 

structure. 
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Grosskreutz et al. obtained PbZr(PO4)2 by crystal growth at 1673 K for 20 h under air [30]. 

This compound seems to crystallize in the orthorhombic system. We tried to obtain it by a 

high temperature solid-state reaction between PbO, ZrO2 (or HfO2) and NH4H2PO4. 

According to chemical analysis, the resulting compound have the expected ratio Pb/Zr(Hf)/P 

= 1/1/2, but the crystal structure remains unsolved. 

 

3.4. Iso- and heterovalent substitutions in the MII M’ IV(PO4)2compounds 

Complete monazite-cheralite solid solutions were obtained and well-characterized several 

times by different authors: CePO4-CaTh(PO4)2, LaPO4-CaTh(PO4)2 and LnPO4-CaTh(PO4)2-

CaU(PO4)2 (with Ln = La, Nd, Gd) [28,34,63]. Based on X-ray powder diffraction and drop 

calorimetry, Konings et al. highlighted that Ln1-2xCaxThxPO4 solid solutions show deviation 

from ideal behavior due to lattice strains induced by ion size effects of substitution of Ln3+ 

with ½(Ca2++Th4+) [65]. 

Pepin et al. tried to synthesize CeIII
1-2xCeIV

xM
II

xPO4 solid solution with MII = Ba and Sr. They 

showed that CeIV incorporation into the cheralite structure is very low (x < 0.1) [66]. 

Bregiroux et al. demonstrated that the formation of Ca0.5Ce0.5PO4 appears impossible, as well 

as Ca0.5PuIV
0.5PO4, due to the important reduction of CeIV into CeIII  above 1113 K [61]. 

Recently, Asuvathraman and Kutty published results on Ca0.2Ce0.8PO4 compounds with the 

monazite structure [66]. A rigorous analysis of their XRD patterns reveals the presence of 

traces of Ca2P2O7 in their compounds. Although the presence of CeIV seems to be confirmed 

by XPS analysis, the weight loss observed at high temperature by thermogravimetry of the 

precursor of Ca0.2Ce0.8PO4 confirms the reduction of a large amount of cerium. These results 

confirm that the incorporation of a divalent cation in cerium-based monazite is very weak due 
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to the high tendency of CeIV to reduce in phosphate environment, as previously observed by 

Bregiroux et al. [61]. 

Deschanels et al. synthesized the compound Ca0.18Th0.18Pu0.18La1.46(PO4)2 in which Pu is 

exclusively in its trivalent form [67]. Tabuteau et al. showed that tetravalent plutonium can be 

incorporated in CaNp1-xPux(PO4)2 within the limit of x = 0.3 [33]. Nevertheless, as already 

mentioned, due to the lack of appropriate characterizations, the presence of Pu(III) in this 

compound can not be excluded. Bregiroux et al., who obtained Pu0.4
IIIPu0.3

IVCa0.3
IIPO4 

samples, confirmed the instability of tetravalent plutonium in the cheralite structure [45]. 

The BaHf1-xZrx(PO4)2 solid-solution was studied by Miao and Torardi [12]. Surprisingly, 

despite the fact that the end-members structure is identical and the ionic radii of ZrIV and HfIV 

very close, they found that the pure phase can only be obtained for x < 0.2. The authors also 

tried to prepare Ba1-yEuII
yHf(PO4)2 (y < 0.03) by two steps: firing in air at 373 K for 12 h 

following by another treatment at 1173 K under 2 % H2 in argon. Optical characterization 

only showed the Eu3+ red emission and the authors could not prove whether Eu entered the 

yavapaiite structure or not. 

Fukuda et al. analyzed Ba1-xSrxZr(PO4)2 compounds and obtained different structures, 

depending of x. [38]. Yavapaiite structure is only obtained for x " 0.1. For 0.2 " x " 0.7, the 

authors found a yavapaiite superstructure along a (double cell), in the monoclinic P2/c space 

group. When heated, this structure turns into the yavapaiite form and then into the trigonal 

high-yavapaiite one. For 0.8 " x " 0.9, a mixture of the superstructure and the triclinic 

structure already described below is obtained. 

Ce2-2xBaxM’ IV
x(PO4)2 (M’ IV= Zr, Hf) cheralite-like compounds were succesfully synthesized 

by solid state reaction by Popa et al., for x "  0.2, evidencing a low solubility of yavapaiite-

building cations in the cheralite structure [5]. This result is consistent with that obtained by 
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Montel et al. who found that La2-2xBaxThx(PO4)2 can be obtained in the cheralite form only for 

x < 0.5 [25]. The solubility of monazite-forming LaIII  in BaTh(PO4)2 was not investigated. 

 

5. Properties 

5.1. Behavior of MII M’ IV(PO4)2 compounds in nuclear context 

Cheralite compounds CaAn(PO4)2 (An = Th, U, Np, Pu) were intensively studied during the 

last twenty years as promising candidates for the specific immobilization of highly radioactive 

actinides elements (Pu, Np and Cm), since they can accept within their structure high amounts 

of such elements, while maintaining good resistance to aqueous alteration and to radiation 

damages. Moreover, U- and Th-cheralite and cheralite/monazite solid solutions can be 

sintered at lower temperature compared to pure monazite ceramics [8,69-79]. 

Recently, MIIM’ IV(PO4)2 compounds showed a strong interest in the field of used fuel 

recycling since the radiolysis of the solutions obtained by reaction with tributyl phosphate 

(TBP) induces the precipitation of phosphate compounds containing both fission products 

(Cs, Sr, Ba, Pb, Mo, W, Zr…) and actinides [14]. 

As potential candidates for the specific immobilization of long-life radionuclides, the 

chemical durability of cheralite compounds were extensively studied [80,81]. These 

compounds show high chemical durability, with normalized dissolution rate as low as 2.2 ± 

0.2 10-5 g.m-2.day-1 in dynamic conditions at 363 K in 10-1 M HNO3 for Ca0.5Th0.5PO4 and 9.7 

± 0.8 10-5 g.m-2.day-1 at 343 K in 10-1 M HNO3 for Ca0.5Th0.4U0.1PO4 [82]. This very good 

chemical durability of cheralite/monazite solid solution can be explained its compact structure 

and the absence of open channel like, for instance, in britholite compounds 

Ca9Nd(PO4)5SiO4F2. The degradation of the chemical durability induced by the presence of 
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tetravalent uranium is explained by its tendency to oxidize at the solid-liquid interface during 

the dissolution process. 

Th/U bearing cheralite compounds were known to show very interesting behavior under self-

irradiation. As observed for other phosphate – based ceramics like b-PDT or britholite, the 

behavior of cheralite under irradiation is governed by two opposite effects: creation of 

structural defects by alpha particles and self-annealing at relatively low temperature [74,75]. 

Thus, the cheralite structure remains crystalline as long as the creation of defects is entirely 

compensated by self-annealing. Indeed, well-crystallized 2 billion years aged (U,Th)-cheralite 

natural samples were discovered [70]. 

 

5.2. Thermal expansion 

Because of the anisotropy of the crystal structure, yavapaiite and derived compounds show a 

strongly anisotropic thermal expansion [10,54]. Bregiroux et al. analyzed the expansion 

mechanism of room temperature and high temperature forms of BaZr(PO4)2. In the yavapaiite 

form, the thermal expansion consists in the unfolding of the [Zr(PO4)2]n
2- layers, involving 

various phenomena such as bridging oxygen rocking motion in the Zr-O-P linkage. The 

resulting cell parameters thermal expansion are 34.0, -4.1 and 7.3 10-6 K-1 for a, b and c, 

respectively. In the high temperature form, the unfolded [Zr(PO4)2]n
2- layers cannot expand 

any more, so that the crystal structure only expands along the c-axis. In their recent work, 

Bregiroux et al. showed that CaZr(PO4)2 exhibits a quite low, but also isotropic, linear 

thermal expansion coefficient of 6.11 10-6 K-1 [58]. On the opposite, lanthanide 

monophosphates with the monazite structure, show almost isotropic thermal expansion in the 

range of 9 to 10 10-6 K-1 [83]. 

 

 



 20 

5.3. Optical properties 

Several authors highlighted interesting optical properties for MIIM’ IV(PO4)2 compounds. 

BaTi(PO4)2 shows a yellow photoluminescence below 100 K due to titanate octahedra [11]. 

PbGe(PO4)2 is a green emitter at room temperature when excited by UV irradiation [35]. 

According to Miao and Torardi, BaHf1-xZrx(PO4)2 solid solutions (x = 0 – 0.2) are UV-

emitting phosphors under X-ray excitation at room temperature. The high efficiency of these 

phosphors makes them good candidates for use in medical diagnostic imaging systems [12]. 

The authors also tried to dope the latter compound by divalent Eu in order to shift the 

emission band toward the blue region, but emission spectra were identical before and after 

calcination under H2/Ar atmosphere. Considering the ionic radius of Ba2+ and Eu2+ and the 

fact that Eu2+ can easily substitute for Ba2+ in BaMgAl10O17:Eu2+ (BAM) phosphors, this 

result was unexpected [84]. Nevertheless, our own tries to dope yavapaiite compounds by 

Eu2+ were also unsuccessful. Red, green and blue emitting phosphors when energized with X-

ray and VUV-UV were obtained by Zhang et al. by doping CaZr(PO4)2 by Eu3+, Tb3+ and 

Tm3+, respectively [13]. Zhang et al. reported that CaZr(PO4)2 compounds exhibit elastic-

mechanoluminescence properties when doped with divalent europium Eu2+ [85]. The same 

team prepared mixed-valence Eu-doped CaZr(PO4)2 compounds as tunable white light 

emitting deep UV LEDs [86]. The authors explained the reduction mechanism of Eu3+ to Eu2+ 

in air at high temperature by a charge compensation model. This phenomenon was already 

observed in Ba3(PO4)2:Eu [87]. PbGe(PO4)2 was found to be an intrinsic green emitting 

phosphor. When doped with red-emitting Eu3+ ion, this color can be tuned from blue-green to 

white [35]. 
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5.4. Dielectric properties 

A recent work detailed the dielectric properties of ten ceramics in the MIIM’ IV(PO4)2 family 

[88]. Yavapaiite compounds were found to be faint ionic conductors. On the other hand, 

SrGe(PO4)2, BaGe(PO4)2, CaZr(PO4)2, BaZr(PO4)2, and BaSn(PO4)2 showed excellent 

dielectric characteristics (small losses around 3 – 6 % and permittivity values of 2.29 – 8.02) 

that make them promising materials for use in microwave applications. 

 

Conclusions 

MIIM’ IV(PO4)2 compounds find numerous applications in different fields, such as nuclear, 

optical, dielectric materials… Their crystal structures have been reviewed according to the 

cations size. MIIM’ IV(PO4)2 structures stem from two different archetypes: the cheralite and 

the yavapaiite structures, with some exceptions. To date, structures of some end members 

remain unknown. Moreover, this review highlights that solid solutions could exhibit particular 

behavior, justifying the in-depth investigation of their crystal structure. Finally, the thermal 

behavior, especially the potential phase transition, has not been explored yet for some 

compositions, e.g. PbSn(PO4)2. 
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· Crystal structure - composition relationships of MIIM’IV(PO4)2 compounds 
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In this paper, the relationships between composition and crystal structure of MIIM’ IV(PO4)2 
compounds are established. A review of the various processes used for the synthesis of these 
compounds is also proposed, as well as their most reported properties. 

 

 






