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An intermediate solid solution series was synthesized in the
quaternary system FeO+Fe2O3+P2O5+H2O between the com-
positions of Fe2(PO4)O and Fe4(PO4)3(OH)3 hydrothermally at
5863C and 0.3GPa. Quantitative XRPD studies in combination
with chemical bulk analysis reveal that under these conditions an
intermediate solid solution series is formed in the above-men-
tioned quarternary system. It was found to range between
0.184x40.60 according to a stoichiometry of Fe31

42xFe21
3x

(PO4)3(OH)323xO3x . In the range of 0.024x40.18 a two-
phase 5eld exists under these conditions between the limiting
member of the intermediate solid solution and Fe4(PO4)3(OH)3
with a small miscibility region in direction of Fe2(PO4)O. On the
other hand, the hypothetical end-member Fe2(PO4)O could not
be synthesized under these conditions. Using standard X-ray
powder di4raction in combination with the Rietveld method, the
members of the solid solution were found to crystallize analog-
ously to b-Fe2(PO4)O in the tetragonal space group I41/amd. The
solid solutions are characterized by a disordered distribution of
Fe21, Fe31, and vacancies over the single octahedrally coor-
dinated Me (8f ) site. ( 2000 Academic Press

Key Words: Fe-phosphates; hydrothermal method; Rietveld
method; Lazulite-type.

INTRODUCTION

Synthetic iron phosphates are known from a series of
patents (1,2) as catalysts for the oxidative dehydrogenation
of isobutyric acid to methacrylic acid. This is a step in the
process of the synthesis of methylmethachrylate in which
the redox pair Fe2 /̀Fe3` plays a prominent role (3). The
catalysts actually used are mixtures of anhydrous iron phos-
phates, which change their composition and their state of
oxidation under the conditions of (4). In catalytic studies of
di!erent iron hydroxy phosphates (3,5) it was reported that
synthetic barbosalite and synthetic lipscombite, both Fe2`
Fe3`

2
(OH)

2
(PO

4
)
2
, as well as Fe

4.24
(PO

4
)
3
(OH)

2.28
O

0.72
and Fe

5
(PO

4
)
3
O

3
change their composition during the

catalytic process resulting in three members of a possible
solid solution series with the formula Fe3`

4~x
Fe2`

3x
(PO

4
)
3

(OH)
3~3x

O
3x

between b-Fe2`Fe3`(PO
4
)O and
23
Fe3`
4

(OH)
3
(PO

4
)
3

(Fig. 1). In order to clarify the extent of
this solid solution series and to characterize its crystal
chemical properties an investigation was started aiming at
the synthesis and the characterization of the solid solution
series. According to (3), these phases are supposed to con-
tain variable amounts of hydroxyl ions. Experiments using
the hydrothermal method were performed.

PREVIOUS WORK

b-Fe
2
(PO

4
)O was prepared the "rst time by evaporating

an aqueous solution of Fe(NO
3
)
3

and (NH
4
)
2
HPO

4
or

H
3
PO

4
at temperatures up to 4003C and performing sub-

sequent reduction in an H
2
}H

2
O gas atmosphere at 4503C

at ambient pressures (6). The compound undergoes two
phase transitions according to the sequence

b (mcl)N1423CNb (tet)N700}8003CNa.

According to (7), the b-form is metastable with respect to
a-Fe

2
(PO

4
)O as it transforms irreversibly to the latter

phase.
The monoclinic compound Fe

4
(OH)

3
(PO

4
)
3

was "rst
synthesized in (8) and (9) independently using the hydrother-
mal method at temperatures of about 4003C. Despite the
di!erent lattice symmetries the structures of the title com-
pounds are strongly related (Figs. 2a and 2b). This structure
type can be regarded as built up of layers of in"nite chains
formed by face-sharing oxygen octahedra. Between alternat-
ing layers the chains are perpendicular to each other and
they are interconnected via PO

4
tetrahedra and common

oxygen or hydroxyl ions. In b-Fe
2
(PO

4
)O the face-sharing

octahedra are completely occupied by Fe2` and Fe3` ions.
At room temperature and using a standard X-ray source the
structure was found to be tetragonal (I4

1
/amd) with all iron

ions distributed over a single site (8f ) (7). Using powder
di!raction (10) in combination with synchroton radiation
a monoclinic distortion of the structure with space group
I2/a could be detected with two di!erent Fe sites (4b and 4c).
7
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FIG. 1. Ternary section through the system FeO}Fe
2
O

3
}P

2
O

5
}H

2
O

with the representing points and reaction paths of the iron phosphates
used in catalytic experiments (4). B, L: barbosalite und lipscombite after
catalysis.

TABLE 1
Conditions for X-Ray Powder Data Collection for Rietveld

Re5nement

Di!ractometer Siemens D 5000 (h/2h)
Radiation CuKa
Radius 250 mm
Monochromator Secondary
Current/voltage 25 mA/40 kV
2h-range (3) 17}70
Step size (3) 0.01
Measuring time/step 7}8 s
Mode Continuous scan
Soller slits Primary and secondary
Prim. divergency slit Fixed (0.53)a
Sec. divergency slit 1.0
Detector slit 0.6 mm
Sample rotation 15 rounds s~1

aAperture angel.
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As bond valency calculations gave almost the same charge
for the two Fe species an attribution of ferrous and ferric
irons to these di!erent sites cannot be justi"ed (10). At low
temperatures ferrous and ferric ions are coupled ferromag-
netically in the octahedral chains but antiferromagnetically
between the chains. At higher temperatures a fast inter-
valence charge transfer appears between neighboring Fe2`
and Fe3` ions resulting in 57Fe MoK {bauer spectra showing
one quadrupole dublet for Fe2.5` (6). In Fe

4
(OH)

3
(PO

4
)
3

pairs of Fe3` ions are formed which are separated by an
empty octahedron. Below 150 K these Fe3` pairs are anti-
ferromagnetically ordered.

EXPERIMENTAL PROCEDURE

Synthesis

In order to synthesize members of the solid solution
between Fe

2
(PO

4
)O and Fe

4
(PO

4
)
3
(OH)

3
(which are fur-
FIG. 2. Iron distribution in (a) b-Fe2`Fe3`(PO
4
)O (10) and (b) Fe3`

4
(OH)

This structure type can be regarded as built up of in"nite chains of face-sha
common oxygen or hydroxyl ions. In b-Fe

2
(PO

4
)O the face-sharing octahed

present which are separated by an empty octahedron (designed after Rouzie
ther denoted as Fe
2
(PO

4
)O

44
) samples with the starting bulk

compositions of Table 2 according to the stoichiometry of
Fe3`

4~x
Fe2`

3x
(PO

4
)
3
(OH)

3~3x
O

3x
("x3Fe

2
(PO

4
)O#(1!x)

Fe
4
(PO

4
)
3
(OH)

3
) were used in combination with standard

hydrothermal techniques. As starting materials, Fe (Merck
No. 819 p.a.), Fe

2
O

3
(Merck No. 3924), FePO

4
(berlinite

form), and deionized H
2
O were used according to the for-

mal reaction equation

xFe#xFe
2
O

3
#(4!x)FePO

4
#(3!3x)/2H

2
O

NFe3`
4~x

Fe2`
3x

(PO
4
)
3
(OH)

3~3x
O

3x
. [1]

FePO
4

was synthesized from pelletized stoichiometric
mixtures of Fe

2
O

3
and (NH

4
)H

2
PO

4
(Fluka No. 09709) by

successive heatings in an open platinum crucible between
3503C and 10003C. After a regrainment the product was
again pelletized and heated in an open silica tube at 10003C
for 3 days. The phase characterization using X-ray powder
di!raction revealed single-phase FePO

4
with the berlinite

(a-AlPO
4
) structure.
3
(PO

4
)
3

(8,9). Black circles, Fe3`; gray circles, Fe with intermediate valency.
ring oxygen octahedra which are interconnected via PO

4
tetrahedra and

ra are fully occupied whereas in Fe3`
4

(OH)
3
(PO

4
)
3

pairs of Fe3` ions are
s and Millet, 1993).



TABLE 2
Synthesis Experiments at 5863C and 0.3 GPa

Starting bulk composition
Phase composition

Sample x
F%2O3

a x
F%O

a x
P2O5

a x
45!35

b of the run products

Barb-35 0.250 0.500 0.250 1.000 Fe
2
(PO

4
)O

SS
(84), Hem (1), Sarc (15)

Barb-138 0.286 0.444 0.270 0.824 Fe
2
(PO

4
)O

SS
(95), Hem (3), Sarc (2)

Barb-137 0.323 0.387 0.290 0.667 Fe
2
(PO

4
)O

SS
(97), Hem (3)

Barb-136 0.361 0.328 0.311 0.526 Fe
2
(PO

4
)O

SS
(97), Hem (3)

Barb-131 0.400 0.267 0.333 0.400 Fe
2
(PO

4
)O

SS
(99), Hem (1)

Barb-148 0.441 0.203 0.356 0.286 Fe
2
(PO

4
)O

SS
(98), Hem (2)

Barb-134 0.483 0.138 0.379 0.182 Fe
2
(PO

4
)O

SS
(99), Hem (1)

Barb-133 0.526 0.070 0.404 0.087 Fe
2
(PO

4
)O

SS
(57), Fe

4
(PO

4
)
3
(OH)

3
(43)

Barb-139 0.571 0.000 0.429 0.000 Fe
4
(PO

4
)
3
(OH)

3
(100)

Note. Starting materials: Fe, Fe
2
O

3
, FePO

4
, and H

2
O. aMolar ratios in the ternary system FeO}Fe

2
O

3
}P

2
O

5
. bCompositional parameter

x
45!35

according to the formula of Fe3`
4~x

Fe2`
3x

(PO
4
)
3
(OH)

3~3x
O

3x
. Abbreviations: Fe

2
(PO

4
)O

44
, member of the solid solution series between Fe

2
(PO

4
)O

and Fe
4
(PO

4
)
3
(OH)

3
; Hem, hematite, a-Fe

2
O

3
; Sarc, sarcopside (Fe

3
(PO

4
)
2
).
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The starting compounds for the synthesis of the
Fe

2
(PO

4
)O

44
solid solutions were weighed in the appropri-

ate proportions and homogenized in a mortar. About
450 mg of sample was sealed into Au tubes with an outer
diameter of 5 mm, a wall thickness of 0.1 mm, and a length
of 40 mm together with 25 ll of distilled water. The experi-
ments were carried out in a conventional hydrothermal
apparatus with horizontally arranged Tuttle-type cold-
seal bombs at a temperature of ¹"5863C and at a pressure
of P"0.3 GPa. The temperature was controlled using
Ni}CrNi thermocouples. The overall uncertainty in
temperature was estimated to be less than $53C.
The pressure was measured with a Heise gauge, and as it
could not be read better than $2.5 MPa, this was con-
sidered to be the uncertainty in pressure. An experiment was
ended by switching o! the power. The autoclaves were then
cooled in a cold air stream. Room temperature was attained
within 1/2 hour. The experiment durations were 24}25
hours.

Chemical Bulk Analysis

Chemical bulk analyses were performed on 80 to 230 mg
of material. Before analysis the samples were evacuated in
a desiccator at room temperature overnight in order to
withdraw adsorbed H

2
O. Any heat treatment was avoided

at this stage of preparation because of possible oxidation,
reduction, or decomposition of the compounds. Atomic
absorption spectrophotometry was used to determine Fe505.
The phosphorus content was measured by colorometry. The
UngethuK m method (11) has been applied for the determina-
tion of Fe2`. The thermal analyses have been obtained with
a NIETZSCH STA 449C instrument, under nitrogen and in
the temperature range from 20}9003C.
X-Ray Powder Di+raction

X-ray powder di!ractions for qualitative and quantitative
phase analysis using the Rietveld method were recorded
using a SIEMENS D5000 powder di!ractometer with
CuKa radiation, a secondary graphite-(001) mono-
chromator, and the conditions of Table 1. The samples were
ground in an agate mortar and 200}300 mg of the powder
was "lled into aluminum sample holders, smoothed by
a microscopy glass substrate giving layers with a diameter of
2.5 cm and 0.1 mm thickness, and then "xed in the sample
holder of the instrument.

RESULTS

Characterization of the Fe2(PO4)Oss
Solid Solution Series

The reaction products of the hydrothermal experiments
consisted of "ne grained powders. Their color changed
with increasing content of the Fe

2
(PO

4
)O component from

light greenish to black. The members of the Fe
2
(PO

4
)O

44
solid solution series were present as rounded isometric crys-
tals showing faces (Fig. 3) and diameters up to 10 lm.
Sarcopside, Fe

3
(PO

4
)
2
, when present in the samples,

could easily be recognized as it forms yellowish transparent
crystals.

Synthesis Experiments

The compositions of the anhydrous starting materials
of the synthesis runs are given as molar fractions of the
oxides FeO, P

2
O

5
, and Fe

2
O

3
and as the compositional

parameter x according to the bulk chemical formula
Fe3`

4~x
Fe2`

3x
(PO

4
)
3
(OH)

3~3x
O

3x
together with the results

of the quantitative phase analysis in Table 2. The weight



FIG. 3. Scanning electron microscopic photograph of a hydrothermal-
ly synthesized member of the Fe

2
(PO

4
)O

44
solid solution series.
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portions of the present phases were determined using multi-
phase Rietveld re"nement of the X-ray powder di!racto-
grams. The weight percentages of the detected phases are
given in parentheses.

The chemical bulk analysis of eight samples prepared at
5863C can be taken from Table 3. In Table 4 the chemical
formulas of the members of the Fe

2
(PO

4
)O

44
solid solutions

series present in these samples are given together with their
lattice constants derived from Rietveld re"nement.
These compositions were calculated from the chemical bulk
analysis of Table 3 and corrected by the weight portions
of the phases besides Fe

2
(PO

4
)O

44
from column 5 of

Table 2. The chemical formulas are normalized to three
phosphorus atoms according to the ideal formula of
Fe3`

4~x
Fe2`

3x
(PO

4
)
3
(OH)

3~3x
O

3x
. The compositional para-

meter x (column 3, Table 4) was determined by projecting
the corresponding data points in the anhydrous system
FeO}Fe

2
O

3
}P

2
O

5
(Fig. 5) onto the pseudobinary tieline

between the Fe
2
(PO

4
)O and the Fe

4
(PO

4
)
3
(OH)

3
com-

positions. This value can also be used as a measure of the
molar portion of the Fe

6
(PO

4
)
3
O

3
component in the solid

solutions.
TABL
Chemical Bu

Barb-138 Barb-137 Barb-136 Bar
Sample (wt.%) (wt.%) (wt.%) (w

P
2
O

5
32.87 32.99 34.08 36

Fe
2
O

3
45.32 44.98 47.95 49

FeO 20.94 18.25 15.16 12
H

2
O 1.65 2.55 3.15 3

Total 100.78 98.77 100.34 101

Analyst: J.-M. Speetjens.
The full results of the Rietveld re"nement of the
Fe

2
(PO

4
)O

44
phases starting with the structural data for

tetragonal b-Fe
2
PO

4
O taken from (7) are presented in

Table 5.

DISCUSSION

Phase Compositions of the Run Products

Figure 4 shows the powder di!ractions of the samples
from Table 2. In these di!ractograms the re#ections of (1)
monoclinic Fe

4
(PO

4
)
3
(OH)

3
, (2) members of a tetragonal

solid solution series (denoted as Fe
2
(PO

4
)O

44
) intermediate

between the compositions of Fe
4
(PO

4
)
3
(OH)

3
and

Fe
2
(PO

4
)O, as well as (3) a-Fe

2
O

3
(hematite) and Fe

3
(PO

4
)
2

(sarcopside) could be identi"ed.
Sample Barb-139 with a starting composition of

x
45!35

"1.0 was found to consist of pure monoclinic
Fe

4
(PO

4
)
3
(OH)

3
. With increasing x

45!35
the re#ections of this

phase disappear from the di!ractograms (Barb-139 through
Barb-134) and are replaced by those of tetragonal
Fe

2
(PO

4
)O

44
(Barb-134). Sample Barb-133 was found to be

composed of both phases and is therefore compositionally
located in the two-phase region between the limiting mem-
ber of the intermediate Fe

2
(PO

4
)O

44
solid solution series

and Fe
4
(PO

4
)
3
(OH)

3
. At intermediate contents of

x
45!35

(samples Barb-134 to Barb-138) the di!ractions reveal
the presence of prevailing Fe

2
(PO

4
)O

44
with small admix-

tures of hematite. The variation of the d values of the solid
solutions with composition can directly be observed from
the variation of the 2h values of the (004) and (121) re#ec-
tions for example. Nearly pure Fe

2
(PO

4
)O

44
with only small

admixtures of hematite was found to be present in sample
Barb-131.

At high x
45!35

from 0.82 up to 1.00 of the starting mixture
the Fe

2
(PO

4
)O}Fe

4
(PO

4
)
3
(OH)

3
section becomes

pseudobinary as sample Barb-35 with the bulk starting
composition of Fe

2
(PO

4
)O (x

45!35
"1.0) was found to con-

sist of a-Fe
2
O

3
(hematite), Fe

3
(PO

4
)
2

(sarcopside), and
Fe

2
(PO

4
)O

44
. Pure b-Fe

2
(PO

4
)O could therefore not be

synthesized under these conditions.
In Fig. 5 the phase compositions of the Fe

2
(PO

4
)O

44
phases which were derived from the results of the quantitat-
E 3
lk Analyses

b-131 Barb-148 Barb-134 Barb-133 Barb-139
t.%) (wt.%) (wt.%) (wt.%) (wt. %)

.09 35.06 36.93 36.99 37.51

.74 49.74 52.7 53.05 55.84

.46 11.18 6.63 4.56 1.25

.32 4.16 4.07 4.53 4.70

.61 100.14 100.33 99.13 99.30



TABLE 4
Chemical Composition and Lattice Parameters

Lattice constants of Fe
2
(PO

4
)Oss member

Sample Formula of Fe
2
(PO

4
)O

44
membera x

%91
b a [A_ ] c [A_ ] < [A_ 3]

Tetragonal Phases
Barb-138 Fe3`

3.52
Fe2`

1.83
(PO

4
)
3
(OH)

1.21
O

2.00
0.60 5.2965(2) 12.6841(6) 355.83(3)

Barb-137 Fe3`
3.42

Fe2`
1.64

(PO
4
)
3
(OH)

1.83
O

1.35
0.55 5.2718(2) 12.7817(7) 355.23(3)

Barb-136 Fe3`
3.56

Fe2`
1.32

(PO
4
)
3
(OH)

2.18
O

1.06
0.44 5.2536(3) 12.8325(9) 354.17(5)

Barb-131 Fe3`
3.60

Fe2`
1.02

(PO
4
)
3
(OH)

2.17
O

0.84
0.35 5.2427(3) 12.852(1) 353.24(5)

Barb-148 Fe3`
3.68

Fe2`
0.94

(PO
4
)
3
(OH)

2.80
O

0.56
0.32 5.2273(7) 12.891(3) 352.2(1)

Barb-134 Fe3`
3.76

Fe2`
0.53

(PO
4
)
3
(OH)

2.60
O

0.37
0.18 5.2167(4) 12.909(1) 351.30(6)

Barb-133 Fe3`
3.65

Fe2`
0.66

(PO
4
)
3
(OH)

2.81
O

0.22
0.23 5.2158(4) 12.916(1) 351.39(6)

Monoclinic Phase
Barb-139 Fe3`

3.97
Fe2`

0.10
(PO

4
)
3
(OH)

2.96
O

0.07
0.03 a 19.581(1) c 7.4359(3) mcl.

b 12.891(3) b 102.16(1) 1051.3(1)c

aCalculated from the chemical bulk composition (Table 3) and the weight portions of phases others than Fe
2
(PO

4
)O

44
(Table 2). bCompositional

parameter x (Fe3`
4~x

Fe2`
3x

(PO
4
)
3
(OH)

3~3x
O

3x
) determined by projecting the representing points of the compositions (column 2) in the anhydrous system

FeO}Fe
2
O

3
}P

2
O

5
onto the pseudobinary tieline between Fe

2
(PO

4
)O and Fe

4
(PO

4
)
3
(OH)

3
. cIn Fig. 8 </3 is presented for better comparison to the

volumes of the members of the Fe
2
(PO

4
)O

44
solid solution series.
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ive phase analysis (Table 2) and the chemical bulk analysis
(Table 3) are shown as projections on to the ternary system
FeO}P

2
O

5
}Fe

2
O

3
as crosses (#). These compositions "t

onto the pseudobinary join between the Fe
2
(PO

4
)O and the
FIG. 4. Powder di!ractograms of samples synthesized at 5863C (0.3
F, Fe

2
(PO

4
)O

44
; H, hematite; S, Sarcopside.
Fe
4
(PO

4
)
3
(OH)

3
compositions. In Fig. 6 the result of the

chemical bulk analysis concerning the water content of the
samples (Table 3) within the range of the Fe

2
(PO

4
)O

44
is

shown as a projection onto the ternary system
GPa) between the Fe
2
(PO

4
)O and the Fe

4
(OH)

3
(PO

4
)
3

compositions.



FIG. 5. Extension of the Fe
2
(PO

4
)O

44
solid solution series between the

Fe
2
(PO

4
)O and Fe3`

4
(OH)

3
(PO

4
)
3

compositions in the system
Fe

2
O

3
}FeO}P

2
O

5
}H

2
O projected from the H

2
O apex onto the anhydrous

base at 5863C and 0.3 GPa. #, composition of members of the Fe
2
(PO

4
)O

44
solid solution series according to their chemical formula (Table 4); open
square, representing data point of the Fe

2
(PO

4
)O composition.
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FeO}Fe
2
O

3
}H

2
O. With decreasing x

%91
or increasing con-

tent of the ferric component Fe
4
(PO

4
)
3
(OH)

3
the samples

contain increasing amounts of water, as was expected in the
TAB
Structural and Cell Parameters of Fe2(PO4)Oss from th

Sample, Barb-138, Barb-1
x
%91

a Barb-35 0.60 0.55

Fe 8f
SOF 0.86(3) 0.87(1) 0.83(1

P 4a
SOF 0.99(4) 0.98(1) 0.98(1

O1 16h x
y 0.498(3) 0.492(1) 0.492(
z 0.806(1) 0.8071(4) 0.8069

O2 4b
B
07%3

1.93(6) 0.85(5) 1.10(6
a 5.3053(6) 5.2965(2) 5.2718
c 12.662(2) 12.6841(6) 12.7817
< 355.4(3) 355.83(3) 355.23
w 0.0257(5) 0.0127(2) 0.0164

asy !0.07(4) !0.17(4) !0.15
n
!

0.47(1) 0.62(1) 0.55(1
No. of pro"le points 5300 5300 5300
No. of re"ned parameters 31 27 21
R

81
"100M+w(y

0"4
!y

#!-
)23+wy2

0"4
N1@2 22.1 17.1 18.1

R
1
"100M+Dy

0"4
!y

#!-
D/+Dy

0"4
DN 16.5 12.3 13.2

R
%91

"100M(N!P)/+wy2
0"4

N 11.1 13.45 14.4
R

B3!''
"100+DI

0
!I

#
D/+I

0
5.45 3.51 3.33

Goodness of "t"R
81

/R
%91

1.49 0.91 0.92

aCompositional parameter x (Fe3`
4~x

Fe2`
3x

(PO
4
)
3
(OH)

3~3x
O

3x
) determined

anhydrous system FeO}Fe
2
O

3
}P

2
O

5
onto the pseudo binary tieline betwe
case of solid solution between Fe
4
(PO

4
)
3
(OH)

3
and

Fe
2
(PO

4
)O. Nevertheless, a variable excess of water with

respect to the ideal formula, which is represented by the
straight line between the representing data points of
Fe

2
(PO

4
)O and Fe

4
(PO

4
)
3
(OH)

3
in Fig. 6, is obvious. This

may be due to adsorbed humidity which could not be
removed by evacuating at room temperature.

According to Figs. 5 and 6 the conclusion can be drawn
that in the quaternary system FeO}P

2
O

5
}Fe

2
O

3
}H

2
O an

incomplete and intermediate solid solution series exists be-
tween the Fe

2
(PO

4
)O and the Fe

4
(PO

4
)
3
(OH)

3
composi-

tions. The range of this solid solution can be quanti"ed to
0.18(x(0.60. Neither the pure b-Fe

2
(PO

4
)O phase nor

the a-modi"cation formed under the conditions of 5863C
and 0.3 GPa.

It was reported (7) that hydrothermal treatment of b-
Fe

2
(PO

4
)O at 0.4 GPa and 6003C produced a hydrolysis

into Fe
3
(PO

4
)
2

and Fe
2
O

3
plus H

3
PO

4
. As nothing was

reported in (7) about bu!ering of their sample or run dura-
tions, the absence of Fe

2
(PO

4
)O

44
in their hydrothermal run

products can also be explained by a reduction of a part of
the ferric iron. This may occur in unbu!ered experiments as
the oxygen fugacity in the sample container is in#uenced by
that of the outer pressure medium. As the bomb wall oxygen
fugacity approaches that of the Ni/NiO bu!er (12) a reduc-
tion of samples containing ferric iron can be expected. The
extent of this reduction depends at constant temperature
and pressure on the material of the autoclave, the material
LE 5
e Rietveld Rre5nement in Space Group I41/amd, Z54

37, Barb-136, Barb-131, Barb-148, Barb-134, Barb-133,
0.44 0.35 0.32 0.18 0.23

x"0; y"0; z"1/2
) 0.79(1) 0.77(1) 0.77(2) 0.70(1) 0.71(1)

x"0; y"3/4; z"1/8
) 0.98(1) 1.02(2) 1.02(1) 0.99(2) 0.98(2)

x"0
1) 0.492(1) 0.504(2) 0.494(3) 0.492(2) 0.490(2)
(4) 0.8071(5) 0.8103(7) 0.807(1) 0.8071(8) 0.8072(2)

x"0; y"1/4; z"3/8;
) 1.14(5) 2.06(5) 1.87(8) 1.18(6) 0.60(5)
(2) 5.2536(3) 5.2427(3) 5.2273(7) 5.2167(4) 5.2158(4)
(7) 12.8325(9) 12.852(1) 12.891(3) 12.909(1) 12.916(1)
(3) 354.17(5) 353.24(5) 352.2(1) 351.30(6) 351.39(6)
(3) 0.0146(3) 0.0128(2) 0.0216(7) 0.0130(2) 0.0132(3)
(4) !0.06(3) !0.06(4) 0.04(2) 0.03(5) 0.20(5)
) 0.70(1) 0.55(1) 0.87(2) 0.55(1) 0.55(1)

5300 5300 5300 5300 5300
21 21 18 18 24

17.4 17.3 22.4 19.4 16.5
12.6 12.9 17.3 14.2 12.2
14.3 12.6 13.8 14.0 12.8
2.94 5.33 5.83 4.49 3.59
0.88 1.03 1.25 1.01 0.95

by projecting the representing points of the compositions (column 2) in the
en Fe

2
(PO

4
)O and Fe

4
(PO

4
)
3
(OH)

3
.



FIG. 6. The system Fe
2
O

3
}FeO}P

2
O

5
}H

2
O projected from the P

2
O

5
apex onto the Fe

2
O

3
}FeO}H

2
O base at 5863C and 0.3 GPa. Crosses:

compositions of the Fe
2
(PO

4
)O

44
.
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of the capsules, the sample size, and the run duration. In the
case of reduction the representing data point of the solids of
a sample with a starting bulk composition of Fe

2
PO

4
O

FIG. 7. Observed, calculated, and di!erence XRPD patterns (CuKa rad
(sample Barb-131).
would move in the ternary system FeO}Fe
2
O

3
}P

2
O

5
and

reach the tieline between Fe
2
O

3
and Fe

3
(PO

4
)
2

at a com-
position of 1

2
Fe

2
O

3
#Fe

3
(PO

4
)
2

according to the reaction

2Fe
2
PO

4
ON1

2
Fe

2
O

3
#Fe

3
(PO

4
)
2
#1/4O

2
. [2]

In this case 50 at.% of the ferric iron was reduced. A com-
parable but lesser e!ect can also be recognized in samples of
this investigation. In disagreement with its ferric starting
composition sample Barb-139 (x

45!35
"0.0) was found to

contain 1.25% (by weight) of FeO after the experiment
(Table 3). Therefore only 2.5 at.% of the ferric iron was
reduced. The reason for the sample being only slightly
reduced during the experiment may be the short run dura-
tion of 1 day and the sample size of about 450 mg. The
ferrous iron content of this sample, in which besides mon-
oclinic Fe

4
(PO

4
)
3
(OH)

3
no other phase could be detected

by X-ray di!raction, can be interpreted as due to a small
miscibility region in direction to the intermediate
Fe

2
(PO

4
)O solid solution series.

Lattice Parameters of the Fe
2
(PO

4
)O

ss
Members

Figure 7 shows the Rietveld plot of a member of the
Fe

2
PO

4
O

44
solid solution series with x

%91
"0.35 as an
iation) of the member of the Fe
2
(PO

4
)O

44
solid solution with x

%91
"0.35
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example. The sample is composed of a nearly pure solid
solution member with about 1% (by weight) of a-Fe

2
O

3
(hematite) as an impurity phase (Table 2). The X-ray powder
di!ractograms were re"ned starting with the structural data
of b-Fe

2
PO

4
O given by (7) (space group I4

1
/amd). As no

additional re#ections with the exception of those belonging
to the identi"ed impurity phases like hematite were detec-
ted, this space group was taken as appropriate to describe
the symmetry properties of the members of the Fe

2
PO

4
O

44
solid solution series when standard X-ray powder di!rac-
tometry is used.
FIG. 8. Lattice parameters a, c and volume of the unit cell < of members
composition (full squares). Open circle: data for b-Fe

2
(PO

4
)O from (7).
The results of the lattice constants re"nement are shown
in Fig. 8 with literature data of b-Fe

2
PO

4
O (7). The lattice

parameters a, c and the volume of the unit cell < change
continuously with composition within the range of the inter-
mediate solid solution series between 0.184x

%91
40.60.

Whereas the unit cell parameter a and the volume of the
unit cell < increase the parameter c decreases with increas-
ing x. In Fig. 8c a linear "t to the volume data of the
intermediate solid solutions is included which was extrapo-
lated to the compositional region of b-Fe

2
PO

4
O. This

procedure results in an extrapolated volume of <
%95

(b-
of the Fe
2
(PO

4
)O solid solution series synthesized at 5863C and 0.3 GPa vs
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Fe
2
PO

4
O)"360 As 3 which is signi"cantly greater than the

experimental value of <"354.7As 3 given by (7). b-
Fe

2
PO

4
O prepared by (7) was synthesized at 4503C in an

H
2
}H

2
O atmosphere and then recrystallized at 6003C in an

evacuated silica tube in the presence of 2% (by weight) of
FeCl

2
. At higher temperatures an irreversible and recon-

structive phase transformation to a-Fe
2
(PO

4
)O was re-

ported (7). The lower volume of the unit cell < given by
these authors for b-Fe

2
(PO

4
)O may be an indication that

this compound is stable only at high pressures.
In catalytic studies synthetic barbosalite and lipscombite

(both Fe
3
(PO

4
)
2
(OH)

2
) as well as Fe

5
(PO

4
)
3
O

3
and

Fe
4.24

(PO
4
)
3
(OH)

2.20
O

0.72
were transformed during
FIG. 9. Site occupancy fractions of (a) the iron site, (b) the phosphorus site
the members the Fe

2
(PO

4
)O

44
solid solution series (full squares) taken from T
catalysis into members of the Fe
2
(PO

4
)O

44
solid solution

series by oxidation and dehydration (3). For synthetic bar-
bosalite this process can be described by the reaction

4Fe2`Fe3`
2

(PO
4
)
2
(OH)

2
#1

2
O

2
N2Fe

2
(PO

4
)O

#2Fe
4
(PO

4
)
3
(OH)

3
#H

2
O. [3]

In Eq. [3] Fe
2
PO

4
O and Fe

4
(PO

4
)
3
(OH)

3
have to be

regarded as components of a distinct member of the
Fe

2
PO

4
O

44
solid solution series with x "0.25 according to

the formula Fe3`
4~x

Fe2`
3x

(PO
4
)
3
(OH)

3~3x
O

3x
. Analogously

for the oxidation and dehydration products of
, and (c) the Fe/P ratio vs composition. Data from the Rietveld re"nement of
able 5. Open squares: data for b-Fe

2
(PO

4
)O (7) and Fe3`

4
(OH)

3
(PO

4
) (8,9).
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Fe
4.24

(PO
4
)
3
(OH)

2.20
O

0.72
and Fe

5
(PO

4
)
3
O x values of

x"0.12 and x"0.50 result. As can be seen in Fig. 8 the
x values of Fe2`Fe3`

3
(PO

4
)
2
(OH)

2
and Fe

5
(PO

4
)
3
O after

catalysis (3) "t into the range of the solid solution whereas
the x value of Fe

4.24
(PO

4
)
3
(OH)

2.28
O

0.72
is located near to

its lower limit but within the two-phase "eld near the
Fe

4
(PO

4
)
3
(OH)

3
composition. Unfortunately, Rouzies et al.

(3) did not give any lattice or structural data for their iron
hydroxy phosphates after catalysis. But an inspection of the
di!ractograms given by these authors (Fig. 5 of Ref. (3))
reveals a strong resemblance between their di!ractions and
those of the members of the Fe

2
(PO)

4
O

44
solid solutions

series investigated here (Fig. 4).

Structural Properties of the Fe
2
(PO

4
)O

ss
Members

Figure 9 shows the site occupancy fractions (SOF) of iron
and phosphorus in the tetragonal structure of the
Fe

2
(PO

4
)O

44
solid solutions series in comparison to b-

Fe
2
(PO

4
)O

44
and Fe

4
(PO

4
)
3
(OH)

3
. In the case of the mon-

oclinic compound Fe
4
(PO

4
)
3
(OH)

3
the occupancy of the

iron site was averaged over the four symmetrically di!erent
octahedra for better comparison.

While the data for phosphorus scatter around the value
typical for full site occupancy (SOF"1) the occupancy
fraction of the Fe position as well as the Fe/P ratio increase
continuously with increasing x in the range of the intermedi-
FIG. 10. Fe}Fe distance, Fe}O2 bond length, and tilting angle u between
Fe

2
(PO

4
)O

44
solid solution series.
ate solid solution series. This indicates a continuously in-
creasing occupancy of the Fe (8f ) cation site when going
from Fe

4
(PO

4
)
3
(OH)

3
toward the Fe

2
(PO

4
)O composition.

In order to give a geometrical explanation for the con-
trary behavior of the a and c unit cell parameters (Figs. 8a
and 8b) structural properties like the Fe}Fe distance, the
Fe}O2 bond length, and the tilting angle / between neigh-
bouring FeO

6
octahedra were calculated and plotted in

Fig. 10. According to the arrangement of the structure in
space group I4

1
/amd the in"nite chains of face-sharing oxy-

gen octahedra are oriented parallel to the [100] and the
[010] directions (Fig. 11). These octahedra are symmetric-
ally equivalent and are occupied by disordered Fe2` ions,
Fe3` ions, and vacancies. The distance between two neigh-
boring Fe sites, d(Fe}Fe), equals half the lattice parameter a.
The oxygen octahedra are built up of two di!erent types of
oxygen ions, O1 and O2, respectively. As the O2}Fe}O2
bond angle equals 1803, the lattice constant c can be
expressed using the d(Fe}O2) and the d(Fe}Fe) bond
lengths as

c"8Jd2
F%}O2

!(d
F%}F%

/2)2, c, d in A_ [4]

According to Figs. 10a and 10b with increasing x and
therefore increasing occupancy of the Fe site the Fe}Fe
distance grows (which can be explained by an increased
repulsion between the Fe sites) and simultaneously the
neighboring Fe}O
6

octahedra in the tetragonal structure of members of the



FIG. 11. Geometrical relationship between the Fe}Fe distance, Fe}O2
bond length, and the lattice constants in members of the Fe

2
(PO

4
)O

44
solid

solution series. Shaded circles: Fe (8f ) site, partially occupied by Fe3`,
Fe2`, and vacancies.
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Fe}O2 bond length decreases. According to Eq. [4] the
variations of these changes in d(Fe}Fe) and d(Fe}O2) are
responsible for the observed reduction of the c lattice para-
meter with increasing Fe

2
(PO

4
)O content of the solid solu-

tions. As a consequence the undulated chains of oxygen
octahedra (see Figs. 2a and 11) are then elongated and
#attened as the tilting angle / of neighboring octahedra is
increased (Fig. 10).

CONCLUSIONS

In contrast to previous investigations (7) it was found that
an intermediate solid solution series between the represent-
ing points of the Fe

2
(PO

4
)O and Fe

4
(PO

4
)
3
(OH)

3
composi-

tions in the quaternary system FeO}Fe
2
O

3
}P

2
O

5
}H

2
O

can be synthesized under hydrothermal conditions. Using
standard X-ray powder di!raction, these compounds were
found to crystallize in the space group I4

1
/amd. The Fe3`

ions, Fe2` ions, and vacancies are therefore disordered over
the symmetrically equivalent octahedral (8f ) sites. At this
state of the investigation a small monoclinic distortion of
the structure analogous to the observations (10) concerning
b-Fe

2
(PO

4
)O cannot be ruled out. To investigate quantitat-

ively the presence of any deviations from a disordered distri-
bution of ferrous and ferric iron as well as the octahedral
vacancies, a more detailed single-crystal study using syn-
chroton radiation and/or electron di!raction might be ne-
cessary.
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