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Whitlockite-like compounds s- and 0-CayFe(PO,); and r-Ca,
FeH,(PO,), were prepared and studied by XRD, IR, Mossbauer
technique, and diffuse reflective spectroscopy. The crystal struc-
tures of the three phases were determined by the Rietveld
analysis. The unit cell is hexagonal with a = 10.3391(2) A,
¢ = 37.130(1) A, s-Ca,Fe(PO,),; a = 10.3543(2) A, ¢ = 37.168(1)
A, r-Ca,FeH,5(PO,);; and a = 10.3406(2) A, ¢ = 37.157(1) A,
0-CaFe(PO,);; Z = 6; R3c space group. The redox reactions
proceed reversibly without destruction of the crystal lattice in
double calcium—-iron phosphates and the oxygen stoichiometry
is not variable. The introduction of hydrogen into the lattice
causes a change of the P(1)-O(11) bond length and the forma-
tion of an O(11)-H ... O(34) hydrogen bond. The redox reac-
tions are accompanied by a position change of oxygen atoms
0(24) and O(33). The main differences between the three
phases are discussed on the basis of the crystal structures.
0 1996 Academic Press, Inc.

1. INTRODUCTION

The present work is the second part of our investigation
of the redox reaction in double calcium—iron phosphate.
Previously it was found (1) that in double calcium—iron
phosphates the redox reactions proceed reversibly without
destruction of the crystal lattice according to the equations

CagFe’*(POy); + 0.45H, = CagFefsFediHoo(POy);  [I]
CagFe%BFeajHO.g(PO4)7 + 022502 = C39F63+(PO4)7 [II]
+ 0.45H,0.

*To whom correspondence should be addressed.

Such kinds of reactions occur in double phosphates Ca;g
Ce(PO4)14 (2), Ca19Cu(PO4)14 (3), and Ca37yNiy(XO4)2
(X =P, As) (4, 5). These compounds belong to the whit-
lockite-like (Calg.lgMgl'17Feo'83H1'62(PO4)14 (6)) structural
family and exhibit interesting solid-state properties. Cal-
cium—nickel phosphate is used industrially to obtain buta-
diene from butenes (4, 5). Compounds with iron, copper,
or cerium can be used as materials for fossil energy conver-
sion (7) and sensor materials (3). Structures of such com-
pounds have not been studied yet.

In this paper we describe the structures of s-CagFe(POy,),
(as-synthesized phase), r-CagFeHyo(POy); (reduced
phase), and o-CaygFe(PO,); (oxidized phase) and discuss
the difference between them. The study of their crystal
structures allows us to promote understanding of the mech-
anism of the reversible redox reactions in solid state.

2. EXPERIMENTAL

s-CagFe(PO,); compound was synthesized according to
the equation 9CaCO; + 0.5Fe,O; + 7TNH,H,PO, = Cay
Fe(PO,); + 9CO, + 7NH; + 10.5H,O [III] by heating at
573 K for 5 h and at 1370 K for 40 h in a platinum crucible
in air. Several cycles of heating and grinding were necessary
to complete the solid-state reaction at 1370 K. The chemi-
cal analysis showed that the composition was close to the
theoretical value corresponding to CagFe(PO,),;. The re-
sults were as follows: Ca = 46.68%, Fe = 7.37%, and
P,Os = 45.95% (theoretically, Ca = 46.5%, Fe = 7.4%,
and P,Os5 = 46.1%). The obtained powder was red.

The experimental X-ray powder diffraction data for
structural refinements of the three phases were collected
by using one and the same sample which was prepared
under different conditions:
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TABLE 1
Crystallographic Data, Recording Conditions, and Refinement Results of Double
Calcium-Iron Phosphates

S-CagFe(PO4)7

r-CagFeHo_g(PO4)7 O-CagFe(PO4)7

Space group R3c R3c R3c
20 range(®) 10-140 10-140 10-140
Step scan increment (20) 0.01 0.01 0.01
Lnax 35000 35000 35500
Unit-cell parameters

a (A), 10.3391(2) 10.3543(2) 10.3406(2)

¢ (A), 37.130(1) 37.168(1) 37.157(1)

V (AY), 3432(1) 3450(2) 3441(2)

Z 6 6 6
Number of reflections 807 807 807
Number of refined parameters

with refined B, 70 70 70

with fixed Bijs, 53 53 53
Profile function (psuedo-

Voight, ) 0.371(4) 0.501(3) 0.418(5)
Profile parameters

U 0.135(2) 0.0691(2) 0.0793(3)

|4 0.0874(9) 0.0696(5) 0.0784(7)

w 0.0384(3) 0.0319(4) 0.0392(5)
Reliable factors®

Ryp 3.77 3.69 3.54

3.85% 3.85% 3.66°

Ry 2.81 2.81 2.66

2.95% 2.97% 2.80°

R, 421 2.45 2.48

4.48° 3.03% 3.09°

Rk 2.80 2.33 2.44

3.02¢ 2.91° 2.06°

“Defined as follows: Rwp = [(ZW; [Yobs —
Ical')/(2 Iobs)v RF = (2|[Iobs]l/2‘) - [Ical]UQ/(E [Iobs]l/Z)-

(E Yobs)a Ry = (E|Iobs -

b Results of refinement with fixed Bjg,.

1. The first X-ray pattern was carried out on a red sam-
ple of s-CagFe(PO,); obtained according to Eq. [III].

2. s-CagFe(PO,); was reduced in the mixture of
90%Ar + 10%H, at 800 K for 5 h according to Eq. [I] and
then cooled in the same atmosphere, and X-ray powder
diffraction data were collected. The obtained powder of
r-CagFeH, 9(PO,); was white-grayish.

3. r-CagFeH,o(PO,); was oxidized in air at 1300 K for
24 h according to Eq. [II] and X-ray patterns were re-
corded. The obtained powder of o-CagFe(PO,); was red.

X-ray powder diffraction (XRD) patterns were taken at
room temperature by using a diffractometer SIEMENS
D500 (CukK,, radiation (A = 1.540598 A), SiO, monochro-
mator) in the range 20 = 10°-140° with a step of 0.01°.
IR spectra were recorded on a Perkin—Elmer spectropho-
tometer in the range 400-4000 cm™! using KBr-pellet tech-
nique. Mossbauer spectra were recorded in transmission
geometry applying usual techniques (constant acceleration
signal spectrometer with a 3’Co source diffused into a cop-

Ycal]z/(EWi [Yobs]z)]l/zv RP = (E|Y0bs - Ycal')/

per matrix). Diffuse reflective spectra were recorded at
room temperature on Spectroton spectrophotometer in the
range of 380 to 720 nm.

3. RESULTS

s-CagFe(PO,);, r-CagFeH,4(PO,);, and o0-CagFe(PO,),
obtained under different conditions were single-phased.
Their X-ray diffraction patterns were similar to whitlock-
ite-like compounds (8-12). The X-ray diffraction patterns
of samples were indexed in a hexagonal unit cell with the
R3c space group. Intensities and d-spacing for s-Cagy
Fe(PO,), and r-CagFeH, o(PO,); are listed in Powder Dif-
fraction Files 45-338 and 45-553. The experimental density
found by pycnometer in benzene for s-CagFe(POy); is
3.10(2) g/cm?®, which is close to the theoretical value of
3.14 g/cm? for six CagFe(PO,); formula units per unit cell.

The structures of s- and o0-CagFe(PO,);, and r-Cag
FeH,o(PO,); were refined from X-ray powder data using
the Rietveld technique (13). The crystallographic charac-
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TABLE 2
Fractional Atomic Coordinates and Thermal Parameters for Double
Calcium-Iron Phosphates

Atom Phase” X y z Bis
Ca(1) s 0.719(1) 0.852(2) 0.4337(5) 0.2(2)
r 0.722(1) 0.852(1) 0.4352(6) 0.3(2)
o 0.7204(9) 0.854(2) 0.4344(5) 0.5(2)
Ca(2) S 0.622(1) 0.824(2) 0.2331(5) 1.2(2)
r 0.618(1) 0.821(1) 0.2332(6) 1.0(2)
o 0.6220(9) 0.825(2) 0.2335(5) 1.1(2)
Ca(3) s 0.127(1) 0.2750(7) 0.3271(5) 0.5(2)
r 0.128(1) 0.2806(8) 0.3284(5) 1.5(2)
o 0.128(1) 0.2749(7) 0.3275(5) 0.7(2)
Fe s 0.0 0.0 0.0 0.5(2)
r 0.0 0.0 0.0 0.7(2)
o 0.0 0.0 0.0 0.8(2)
P(1) s 0.0 0.0 0.2713(6) 0.9(4)
r 0.0 0.0 0.2642(8) 3.2(6)
o 0.0 0.0 0.2712(6) 1.4(4)
P(2) s 0.684(1) 0.853(2) 0.1371(5) 0.2(3)
r 0.681(1) 0.848(2) 0.1361(5) 0.3(2)®
o 0.683(1) 0.852(2) 0.1376(5) 0.2(2)
P(3) s 0.656(2) 0.850(2) 0.0328(6) 1.8(4)
r 0.646(2) 0.848(2) 0.0332(6) 1.3(4)
o 0.655(2) 0.850(2) 0.0332(5) 1.5(3)
Oo(11) s 0.0 0.0 0.3148(9) 2.4(8)°
r 0.0 0.0 0.3101(9) 2.1(6)°
o 0.0 0.0 0.3131(8) 2.0(6)”
0(12) S 0.017(3) 0.867(2) 0.2580(9) 0.4(6)
r 0.025(3) 0.868(2) 0.2591(9) 1.0(7)
o 0.018(2) 0.868(2) 0.2592(9) 0.0(5)
0O(21) s 0.729(3) 0.913(3) 0.1753(9) 1.8(8)
r 0.728(3) 0.911(4) 0.1780(9) 1.2(8)
o 0.729(3) 0.912(3) 0.1759(9) 1.8(8)
0(22) s 0.743(4) 0.758(4) 0.1240(8) 1.5(9)
r 0.745(4) 0.762(4) 0.1230(8) 1.4(9)
o 0.745(4) 0.760(4) 0.1233(9) 1.5(9)
0(23) s 0.722(4) 0.005(3) 0.1148(9) 0.2(7)
r 0.724(4) 0.011(3) 0.1161(9) 1.1(8)
o 0.723(3) 0.005(3) 0.1158(8) 2.5(6)°
0(24) s 0.509(3) 0.761(5) 0.1352(9) 0.7(6)
r 0.517(3) 0.758(4) 0.1320(9) 0.3(6)
o 0.507(3) 0.758(4) 0.1350(9) 0.5(5)
0O(31) s 0.610(3) 0.946(3) 0.0470(8) 2.5(6)°
r 0.609(3) 0.942(3) 0.0485(9) 1.3(6)"
o 0.612(3) 0.948(3) 0.0476(9) 2.0(6)
0(32) s 0.578(3) 0.693(3) 0.0524(9) 2.5(6)
r 0.568(3) 0.689(3) 0.0549(9) 1.6(6)
o 0.579(3) 0.695(3) 0.0530(8) 2.4(5)°
0(33) S 0.824(3) 0.918(4) 0.0397(8) 2.5(6)
r 0.827(3) 0.925(4) 0.0401(7) 1.3(8)
o 0.825(3) 0.918(4) 0.0403(7) 2.4(5)°
0(34) s 0.622(2) 0.813(4) 0.9923(9) 1.1(5)
r 0.612(3) 0.812(4) 0.9930(9) 2.6(7)
o 0.624(2) 0.817(4) 0.9928(8) 1.0(5)

@ S-CagFe(PO4)7; I'-Ca()FeH()_g(PO4)7; O-Ca()FC(PO4)7.
b Fixed Biso,
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TABLE 3
Interatomic Distances (A) in Double Calcium-Iron
Phosphates
Distance s-CagFe(POy); r1-CagFeH(o(PO,); 0-CagFe(PO,),

Ca(1)-0(12) 2.40(4) 2.42(2) 2.43(3)
—0(22) 2.68(4) 2.68(4) 2.70(4)
~0(23) 2.46(4) 2.48(4) 2.47(4)
—0(24) 2.57(4) 2.41(4) 2.53(4)
—0'(24) 2.53(4) 2.53(4) 2.52(4)
-0(31) 2.47(4) 2.50(4) 2.48(3)
—0(32) 2.29(3) 2.22(3) 231(3)
-0(34) 235(2) 2.36(2) 2.34(2)
Ca(2)-0(12) 2.29(3) 2.28(3) 2.29(3)
—0(21) 2.38(3) 235(3) 2.37(3)
~0(22) 2.51(2) 2.48(3) 2.45(3)
—0(23) 2.37(3) 2.37(3) 2.39(3)
~0(31) 2.58(3) 2.58(3) 2.56(3)
-0(32) 2.73(3) 2.78(2) 2.69(4)
~0(33) 2.49(4) 2.40(4) 2.50(4)
—0'(33) 2.45(2) 2.48(2) 2.47(3)
Ca(3)-0(11) 2.51(3) 2.61(1) 2.52(1)
-0(21) 2.61(2) 2.58(2) 2.63(2)
~0(22) 2.45(3) 2.49(2) 2.45(3)
-0(23) 2.35(3) 2.29(3) 2.35(3)
~0(31) 2.51(4) 2.52(3) 2.50(3)
-0(32) 2.58(3) 2.60(3) 2.60(3)
~0(34) 2.60(3) 2.56(3) 2.57(3)
—0'(34) 2.45(3) 2.46(4) 2.50(3)
Fe-0(33)*3 2.16(3) 2.16(4) 2.17(3)
—0(24)*3 1.96(3) 2.08(3) 1.95(3)
0(24)-0(24)*3 2.73(4) 2.85(6) 2.70(4)
0(33)-0(33)*3 2.73(5) 2.75(3) 2.71(5)
P(1)-O(11) 1.62(4) 1.71(4) 1.56(3)
~0(12)*3 1.55(2) 1.52(2) 1.54(2)
0(11)-0(12)*3 2.58(4) 2.43(4) 2.48(4)
0(12)-0(12)*3 2.55(4) 2.62(4) 2.55(4)
P(2)-0(21) 1.52(3) 1.62(3) 1.53(3)
~0(22) 1.48(3) 1.44(3) 1.49(3)
-0(23) 1.64(3) 1.69(3) 1.63(3)
~0(24) 1.57(2) 1.48(3) 1.57(3)
P(3)-0(31) 1.41(4) 1.34(4) 1.39(3)
~0(32) 1.59(3) 1.63(3) 1.58(4)
—0(33) 1.54(3) 1.65(3) 1.56(4)
~0(34) 1.55(3) 1.54(3) 1.54(4)
0O(11)-0(34) 2.61(2) 2.57(3) 2.65(3)

s- and 0-CagFe(PQ,); only contained Fe®' cations while
phase r-CagFeH, o(PO,); contained 90%Fe?* and 10%Fe>*.
Thus, the composition of the reduced phase (r) corres-
ponds to the formula CaoFe3FediHo(PO,4); and the com-
position of the s- and o-phases corresponds to Cay
Fe**(PO,);. The ratio Fe?*/Fe3" in r-CagFeH, o(PO,); did
not change after 2 h heating at 770 K in the mixture of
90%Ar + 10%H,. Oxidation of r-CagFeH,o(PO,); was
completed in 20 min at 900 K in air.

The redox reactions are accompanied by a change of
color in the compounds. The diffuse reflective spectra of
s- and o0-CagFe(PO,);, and r-CagFeH,o(PO,); are pre-
sented in Fig. 1. The colors of s- and o-CagFe(PO,); are
slightly different, but the profiles of both spectra are the
same in the region 380-720 nm. The color of o-Cay
Fe(PO,); does not return to the color of s-CagFe(POy,),
after 100 h heating at 1300 K. These data show that o-
CagFe(PO,); does not return to s-CagFe(PO,);. However,
the color of the sample oxidized after reduction (0-Cag
Fe(PO,);) does not change after the first redox cycle.

Figure 2 shows the IR spectra of s-CagFe(PO,);, 0-Cag
Fe(PO,),, and r-CagFeH4(PO,);. The absorption bands
are observed in the range 400-1200 cm ! which are charac-
teristic of whitlockite-like orthophosphates (15, 16). More
vibration modes become active because the PO3~ local
symmetry is distorted and descends to C; and therefore a
splitting of v; vibration appears. The IR spectra of s- and
0-CagFe(PO,); show identical features in the region
400-1200 cm'. The number of absorption bands and the
intensity of bands in this region are the same for s-
and 0-CagFe(PO,);, while the IR spectrum of r-Cag
FeH,4(POy); is different from the corresponding spectra
of s- and o-CagFe(PO,), (Fig. 2).
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teristics and the conditions of the diffraction experiments
for the three phases are summarized in Table 1. The coordi-
nates of atoms in the 8-Cas(PO,), structure (10) were used
as the starting coordinates for the structure refinements.
The Rietveld refinement was made using the RIETAN
program (14). The final values of the atomic and thermal
parameters are listed in Table 2. Table 3 presents the
interatomic distances.

Using Mossbauer spectroscopy it was determined that
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FIG. 1. Diffuse reflective spectra of double calcium—iron phosphates.
(1) s-CagFe(POy)7; (2) r-CagFeH,9(POy);; and (3) 0-CagFe(POy);.
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FIG. 2. IR spectra of double calcium—iron phosphates. (1) s-Cag
Fe(PO,)7; (2) r-CagFeH,o(POy);; and (3) o-CagFe(PO,);. (a) Samples
cooled in a dry box; (b) samples cooled in air.

Infrared spectrometric investigation shows that the re-
duction reaction is accompanied by the introduction of pro-
tons into the lattice. The proton-related hydroxyls are ob-
served in the region of 2920 cm ™! for r-CagFeH,, o(PO,);, but
are not observed for s-and 0-CagFe(PO,), (Fig.2a). IR spec-
tra of these three phases shown in Fig. 2a can be obtained
only on samples cooled in a dry box. When s- and o0-Cay
Fe(PO,); are in contact with air, a band of absorption ap-
pearsin the region of 3470 cm ! of IR spectra (Fig. 2b) which
apparently characterizes OH™ groups of adsorption water.
s- and 0-CagFe(PO,); phases adsorb very little quantity of
water, which is not possible to detect with thermogra-
vimetry.

4. DISCUSSION

The X-ray diffraction patterns of phases s- and o-Cag
Fe(PO,),, and r-CagFeH, o(PO,); are very similar to each
other (Fig. 3). The positions of peaks in the X-ray diffrac-
tion patterns show that o-CagFe(PO,); is intermediate be-

tween the s-CagFe(PO,); and r-CagFeH,o(PO,),; phases.
These data as well as the data on diffuse reflective spectra
prove that o-CagFe(PO,); does not return to s-Cag
Fe(PO,),. The intensities of some peaks change while pass-
ing from s(0)-CaogFe(POy,); to r-CagFeH( o(PO,); in the X-
ray patterns. For example, peaks with Miller indices 1 2
2,11 12, and 3 I 2 are practically the same for s- and o-
CayFe(PO,); but they are noticeably different from those
for r-CagFeH,4(PO,); (Fig. 3). It indicates that the intro-
duction of protons into the lattice or their removal from
the lattice causes small displacements of atoms. Such dis-
placements are not enough for the destruction of the crystal
lattice. The values of FWHM slightly increases while pass-
ing from s-CagFe(PO,); to r-CagFeH,o(PO,); and come
back to the initial values while passing from r-Cag
FeH,4(POy,); to 0-CagFe(PO,),. For example, some peaks
in different ranges 20 had the following FWHM: [, 1, 2,
0.11 (s), 0.12 (1), 0.11 (0); 0 2 10, 0.11 (s), 0.12 (r), 0.11
(0); 1 46, 0.12 (s), 0.14 (1), 0.13 (0); and 2 4 10, 0.14 (s),
0.16 (r), 0.14 (o). The values of FWHM do not change
with the accumulation of redox cycles. For example, the
values of FWHM did not change even after more than 50
redox cycles. Their slight increase while passing from s-
CagFe(PO,); to r-CagFeH, o(PO,); is caused by microstress
in crystals.

The structures of s- and o-CayFe(PO,); are very similar
to each other and slightly different from the structure of
r-CagFeH,9(PO,);. The structures of these three phases
are similar to Ca;sMgyH,(POy)14 (8), Ca;sMn,Hy(POy) 4
(9)’ B'CaS(PO4)2 (10)’ Ca37ngx(PO4)2 (X = 0115 029) (11)7
and mineral whitlockite Ca18.19(Mg1,17Feo_83)H1_62(PO4)14

=
§ 1112
8 122
3 / l 312
> WALE
=
L]
7]
Z
) 2
4
L]
1
245 265 285 305 325 345 365 385
20
FIG. 3. A fragment of observed X-ray powder diffraction patterns

for double calcium—-iron phosphates. (1) s-CagFe(PO,);; (2) r-Cay
FeH,o(POy);; and (3) o-CagFe(POy,);.
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FIG. 4. A fragment of the structure of r-CagFeH,(PO,); showing
M(4)Oy,, FeOg, and M (6)O, polyhedra. The figure indicates the atom
heights along the X axis and their numbers (in brackets) in accordance
with Table 2.

(6). Most experimental P-O, Ca-0O, and Fe—O distances
(Table 3) for the three structures are in good agreement
with each other (within experimental errors). It is particu-
larly true for s- and o-CagFe(PO,),;. However, the P(1)-
O(11), P(2)-0(24), P(3)-0(33), and Fe—-0O(24) distances
in the structure of r-CagFeH,o(PO,); are different from
the similar distances in the structures of s- and o0-Cag
Fe(PO,);. The changes in the distances P(2)-0(24), P(3)-
0O(33), and Fe—0O(24) are caused by the radius change of
the iron cation (ryi(Fe**) = 0.77 A, ryi(Fe**) = 0.645
A) (17).

Each FeOg4 octahedron is linked to two different

PO3~ groups. The octahedra in r-CasFeH,o(PO,); are
far more regular than those in s- and o-CagFe(PQO,);.
The Fe—O(33) bond lengths are the same for s- and o-
CagFe(PO,);, and r-CagFeH(o(PO,); but the Fe-O(24)
(2.08 A) bond distance in r-CagFeH,4(PO,); is longer
than the Fe—-O(24) (1.96 A, 1.95 A) bond distances in
s- and 0-CagFe(PO,);.

The position of hydrogen atoms was assumed proceed-
ing from the study of the geometry of the structure,
namely, mutual orientation of POz  tetrahedrons, intra-
tetrahedral and intertetrahedral O-O distances, and
empty polyhedra. The comparison of interatomic dis-
tances shows that there are two empty polyhedra M(4)O,
and M(6)O;, on the threefold crystallographic axis (Fig.
4). These polyhedra stretch along the threefold axis. The
minimum distancs:s X-0O in these polyhedra are
d(X—O(Zl)) = 247 A (M(4)012) and d(X—O(32)) = 243 A
(M(6)Oyp). In the widest sites of the polyhedra it is
possible to place cations with the radius up to 1.4 A, for
example, Li*, Na*, K* (18), or protons. The comparison of
distances in these polyhedra shows that protons can only
be distributed in M(6)O;, polyhedron.

The PO3™ tetrahedra in these three compounds are iso-
lated like PO3™ groups in other whitlockite-like phosphates
(6, 8-11). The P(1)-O(11) bond distance in r-Cag
FeH,o(POy,);is 1.71(4) A while s- and 0-CagFe(PO,), have
shorter P(1)-O(11) bond distances (1.62(4) and 1.56(3)
A). The long distances are similar to those reported
for related compounds such as Ca;sMg,H,(POy)14 (8),
Ca;gMn,H,(PO4)14 (9), and mineral Ca;gi9(Mg; 17
Feggs)Hi6(PO4)14 (6). The increase of the P(1)-O(11) dis-
tance can be connected with the formation of the O(11)-H
hydrogen bond (Fig. 4). From the long H ... O distance,
it may be concluded that the bond is weak and may be
realized with the O(34) oxygen atom. The distance O(11)-
0(34) in r-CagFeH,o(PO,); (2.57 A) is noticeably de-
creased in comparison with s- (2.61 A) and o-CaoFe(PO,);
(2.65 A).

The hydrogen atoms in the structure form O(11)-H and
O(34) ... H bonds. The fine structures of the PO3~ groups
for s- and 0-CayFe(PO,); indicate a lower order point sym-
metry of the PO3™ ions and of their ionic environment in
the lattice of r-CaoFeH,o(PO,);. Descent of PO3~ group
symmetry is explained by the fact that there are P-O—Ca,
P-O-Fe, and P-O-H bonds in r-CagFeH,o(PO,); while
in phases s- and 0-CagFe(PQO,), there are only P-O-Ca
and P-O-Fe bonds.

Thus, the experimental data prove that redox reactions
in double calcium and iron phosphates proceed reversibly
without destruction of the crystal lattice. The oxygen stoi-
chiometry is not variable in these compounds. Apparently,
similar reactions will proceed in solid solutions of
Ca;_,Fe,,;3(PO,), that have been found in the Ca;(PO,),—
FePO, system (19).
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