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Vacancies ordering in new metastable orthophosphates
[Co;0]P,0; and [Mg;0]P,0; with olivin-related structure
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Abstract

A new vacancies containing allotropic form of cobalt and magnesium ortho-
phosphates has been prepared by solid-state exchange reaction, according to the
model:

2CoLiPOs + Li2S804 — [Cos[J](POs)2 + CoSO4
2MgLiPOs + LisSO4 — [Mgs[J](PO4)2 + MgSOs .

The structure of the new form was investigated and is shown to be very
closely related with that one of the olivin starting materials: vacancies and
bivalent cations are ordered on octahedral sites. The new phases are metastable
and undergo irreversible transformation at rather low-temperature into the well
known high-temperature phase.

Résumé

Une nouvelle variété allotropique des orthophosphates de cobalt et de ma-
gnésium a été préparée par réaction d’échange & I’état solide; le schéma de la
réaction est le suivant:

2CoLiPO4 + LizSO04 — [Cos[d1(PO4)2 + CoSO4
2MgLiPO4 + LizSO4 — [Mgs[J1(POa)2 + MgSO4 .

La structure cristallographique a été déterminée. Elle posséde une analogie
étroite avec celle des composés olivines de départ: une répartition ordonnée des
lacunes et des cations bivalents existe sur les sites octaédriques du composé de
départ. Les nouvelles phases sont métastables et se transforment irreversible-
ment par chauffage en la variété stable bien connue.

In several recent papers, we described a method1—3 which allowed
us to prepare numerous new metastable spinel compounds with ordered

1 J. C. JouserT and A. Durir, Préparation de spinelles lacunaires par réac-
tion d’échange a I’état solide. C.R. Acad. Sc. [Paris] 256 (1963) 4403—4405.

2 J.C. Jousert and A, DUrIr, Préparation de quelques spinelles lacunaires.
Bull. Soc. frang. Miner. Crist. 87 (1964) 517—519.

3 J. C. Jouskrt, Etude des surstructures dans les oxydes mixtes du type
spinelle. Thése Grenoble (1965).

Vacancies ordering in new metastable orthophosphates 99

vacancies; starting with lithium containing compounds, the non-
stoichiometric phases were obtained by solid-state exchange reaction,
according to the scheme below:

2Lit > M2+ 4 [

where M2+ is a bivalent cation and the sign [J stands for a vacancy.

In this exchange-reaction process, the basic structure of the starting
oxide remains unchanged; however in most cases an order appears,
between the vacancies and the exchanged bivalent cations on the
lithium sites.

While the new vacancies containing compounds are quite stable at
room temperature, they generally collapse when the temperature is
raised at a few hundred degrees C.

In this paper, we describe two new metastable phases prepared by
this method: [CosJ]P:0s and [Mgs3]P20s.

1. Experimental
The solid state exchange process can be described by the reaction:
[L]z:Mgz]PzOs + MgSO4 LN [l\fg;;L]]PzOB + LizSO4
in excess

[LigCOz]PzOs + COSO4 feote [COsD]PZOS -+ LizSO4 .
in excess

2. Starting materials

The lithium containing materials [MgaLiz]P»0s and [CosLiz]P20g
belong to the olivin group (NEWNHAM et al.4). The orthorhombic space
group is Pmnb. The cell parameters determined on a Guinier Camera

Table 1. Cells parameters of olivine orthophosplates and corresponding metastable
exchanged compounds

[MgeLis]P2Os |  [Mgs]JP:0s [CosLis]P20s | [Cos[TP20s

|
a ‘ 5.87 1 0.02A | 5911 4+ 0.024 | 592 + 0024 | 5.920 £ 0024
b | 10.15 4 0.03 10.214 4 0.03 10.20 -+ 0.03 10.334 4+ 0.03
¢ ’ 4.68 + 0.02 4.734 + 0.02 4.70 + 0.02 4.75 4+ 0.02
7o 90° 60’ 91° 04’

4 R. NEwNHAM and M. J. REpMaN, Crystallographic data for LiMgPOs,
LiCoPO,, LiNiPO4 with LiMnPO,. J. Amer. Ceram. Soc. 48 (1965) 547.
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(CoK «;) are given in Table 1. The oxygen packing is hexagonal com-
pact; there are two kinds of octahedral sites in the structure respectively
occupied by Li* and Mg?*(Co?).

3. Investigation of the structure of these defect exchanged phases

By analogy with the unit cells of the starting materials, it was easy
to determine those of the new compounds; the values are listed in
Table 1 along with those corresponding to the lithium compounds.
TFigures 1 and 2 show the analogy between the x-ray diffractograms of
the starting and the exchanged materials. Of course, due to the struc-
tural differencies, no direct analogy exists between the diffractograms
corresponding to the two allotropic forms of the same compounds.

The structure is very close to that of the starting material: half of
the lithium sites are occupied by new bivalent cations. Several back
reflections are splitted, indicating the symmetry cannot be orthorhom-

bic anymore, however the monoclinic distortion is very weak. Writing
the full group symbol of the starting material P% % % . The mono-
clinic space group of the defect compound could be P2;/m, P2;/n or
P2,/b, with three different vacancies orderings. (These are subgroups
of the former one.)

Systematic x-ray extinctions show the space group to be P2/b, so
that in the elementary cell, the vacancies are located on the symmetry
centers.

Figure 3 represents the projection of the structure on the (001)

plane, in the defect form of cobalt orthophosphate. Starting with the

Table 2
Position parameters of the ions in [Mgs[3]P20s and [Cos[] 1P20s structures
Position [Mgs[11P20s [Cos[11P20s
in group P21/b 2 | " I 2 z I ¥ | 2

Standard deviation:
4- 0.008

Standard deviation:
-+ 0.008

20 in 2a ‘

2M2H(II)in 2b |

4M2H(I) in 4de 0.236 0.277 |—0.023 0.227 0.278 |—0.017
4P in 4e 0.242 0.103 0.426 0.277 0.100 0.430
40(I) in 4e 0.266 0.079 0.306 0.279 0.081 |—0.258
40(II) in 4e 0.259 0.453 0.202 0.246 0.462 0.193
40(I11) de 0.059 0.190 0.350 0.096 0.168 0.298
40(1V) 4e 0.439 0.145 0.272 0.493 0.139 0.258
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Fig. 1. Comparison between the x-ray diffractometer diagrams [2(CoK«)] of the
compounds [LiCo]POy, [Cos[1]P20s, CosP20s
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Fig. 2. Comparison between the x-ray diffractometer diagrams [2(CuK )] of the
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Fig. 3. Projection of the cations on (001) plane in [Cos[J]P20s
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available values for the position parameters in the olivine MnLiPO4 3,
which is isomorphous with MgLiPO, and CoLiPQy, and assuming the
positions of the ions do not move much during the exchange process,
we refined the position parameters corresponding to the new lacunary
compounds. The results are listed in Table 2. Tables 3 and 4 reproduce
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5 8. OrLLER and J. L. Duraxp, Refinement of the structure of LiMnPO4.
Acta Crystallogr. 13 (1960) 325—331.
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Table 4. Rekording of [Cos[JI(PO4)s Iovs against Icae

1 1 Rkl 4 1 1, Bkl d,. Qe I, T

k1 dpy e To T T

.
100 5987 592 30 43 211 2430  2.432 032 1.955 7
020 5177 5.7 18 5 150 2382 2.383 240 1.929 traces o
011 A3z W32 58 Ak 002 2372  2.57 051 1895 89 s
1%0 3.93  traces 20 1h0 2352 2352 152 1.862 °
120 3.86 3.86 266 289 ot12 2313 231 160 152 320 1,854
101 70 3.70 38 38 221 2273 2273 20 2) 1.8508 (|.952) 167 105
1T 3.50 0a1 2270 2.6 ) 3% 78 152 1.851
0zt 3.50 ) 508 sh2 221 223 2245 520 1,832 traces
111 3476 3.7 102 2203  2.200 27 9 272 1.827
121 3028 3.027 A 2k 172 2.158 30 |} 1.821 (1.922) 37 a2
121 299 2994 . 022) 217 ( 2.157) 227 164 212 1,819
200 2958 2,960 227 222 122 2351 2,152 2% 1.815 traces 0o
031 2790 2.788 347 555 1% 2,130 traces 151 1813 °
270  2.587 2.588 )y 07 96 1A 2.107 traces 371 u78 1799
0ko0 2581  2.583 231 2.0k traces a0 151 1,796} 898 910
220 2,548 2,548 182 2,030 2.032 311 ) 1.79% (1.739)
131 256 2.3 )1‘72 1187 122 2,022 ) 171 186 241 1787
202 2,512 231 2.014 0 9 222 1.750 1662 1625
131 2,507 2,508 300 1972 1.973
271 2w 2 ) 0 797 2%o0 ggy ) 4 6

the recording of the new lacunary olivine compounds. For the 70 first
reflections, the agreement factor R was 109/ for [Cog1]P20s and 129/,
for [Mgsd]P20s; no temperature correction was attempted. This
rather high value can be due to the difficulty of measuring the inten-
sities in monoclinic compounds using powder patterns. In an other
way, it is possible the exchange process was not taken into completion.
Still the remaining lithium is probably less than 59/,.

4. Thermal stability of the two lacunary olivine phases

The metastable compounds transform into the stable vacancy-free
forms, according to the two weakly exothermic reactions:

[MgsO]Ps0s 2% > MgsP»0s
[CosO]P20s %€ CosP20s .

The temperatures of the rapid transformation were determined by
differential thermal analysis (heating speed 300 °/h).

The reaction seems to be irreversible. In both cases, the transfor-
mation produces an increase of the cell volume of about 109/,. Thus
in spite of the presence of vacancies, the defect forms have a higher
density than the stable high-temperature forms, in which the oxygen
packing is no more compact. This can be understood easily from the
structure of CogP20s and MgsP;0s, which was investigated by CALvoS,

6 C. CaLvo, The crystal structures of some divalent metal ion phosphates.
Bull. Soc. Chim. de France, n° spécial (1968), 1744—1747.
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v,'_[‘he elementary cell contains two formula units with the parameters:

CosP20s: @ = 7.557; b = 8.365; ¢ — 5.067; f = 94° 05’
MgsPsOg: a = 7.01; b= 8.21; ¢ = 5.03; f=90°25".

Among the six Co?+(Mg?*) distributed over the unit cell, four have

"a tetrahedral and two an octahedral oxygen environment. The POy
E tetrahedra do not share corners. The oxygen packing is thus rather

k loose.

Remark
Tt has to be noted that in these two examples, the oxygen network

# is not affected by the exchange process, and that the structure of the
| lacunary phase remains still very close to that one of original lithium

. compound.





