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Gadolinium phosphate, obtained through crystallisation from phosphoric acid solution
containing Ca-ions, has been characterised by X-ray diffraction, IR-spectra and scanning
electron microscopy methods. The presence of Ca-ions in solution resulted in Ca for Gd
substitution coupled with simultaneous HPO2−

4 incorporation in crystalline hexagonal
GdPO4·H2O. The HPO2−

4 compensated for the difference in the electric charge between
divalent calcium and trivalent gadolinium in the crystallised solid. The amount of Ca in the
solid obtained did not exceed 2.5 wt%. Calcium incorporation in gadolinium phosphate
caused significant enlargement along the c-axis and less significant contraction along the
a-axis of the GdPO4·H2O unit cell. C© 2004 Kluwer Academic Publishers

1. Introduction
Lanthanide phosphates (LnPO4) doped with other el-
ements of that group have been considered as poten-
tial phosphate based-phosphor materials for several
applications, such as phosphor lamps of high lumi-
nescence or television monitors [1–3]. Some applica-
tions require materials of high purity. The purity is
affected not only by the grade of initial (raw) ma-
terials, but also by the chemical method of prepara-
tion. There are several methods of lanthanide phos-
phate preparation, mostly involving precipitation from
aqueous solutions or solid-state reactions [4–14]. Quite
frequently precipitation methods yield solids contami-
nated by ions derived from a precipitant or by products
of co-precipitation. Crystallisation methods usually en-
able solids of higher purity to be obtained. A prepa-
ration method for lanthanide phosphates by crystalli-
sation from boiling phosphoric acid solution, yielding
crystalline solids of LnPO4·nH2O, (Ln: La → Lu and
Y) has been reported [15]. The phosphates obtained by
that method, depended on the ionic radius and crys-
tallised in the following forms: hexagonal, isostruc-
tural with the mineral rabdophane (La → Tb) and
tetragonal (Ho → Lu and Y), isostructural with the
xenotime (zircon – type structure), while dysprosium
phosphate appeared to be in the orthorhombic form
[16]. This was in agreement with the literature data
[17–22].

The aim of the present work was to investigate ef-
fect of the presence of Ca-ions in phosphoric acid so-
lution on the crystallisation of gadolinium phosphate.
The hypothesis was that Ca2+ and Gd3+ ions, having
comparable radii, could substitute for each other in the
phosphate.

2. Experimental
2.1. Materials and methods
Reagent grade chemicals, Gd2O3 (puriss.) (Fluka AG,
Buchs SG), Ca(NO3)2·4H2O and phosphoric acid
(15 M H3PO4), p.a. POCh S.A, (Poland), were used
without further purification.

Crystallisation was carried out in boiling solution by
the method described earlier [15]. The principle of the
method is to dissolve at ambient temperature as much
lanthanide oxide as possible in concentrated phospho-
ric acid (for example, 15 M). Next, the clear solution
obtained is diluted to some desirable level of the acid
concentration (below 2 M) and the solution is heated
to boiling point. The increased temperature makes the
solution oversaturated with respect to lanthanide phos-
phate and crystallisation results.

A series of solutions with 2 M H3PO4, 0.02 M Gd and
different Ca concentrations: 0, 0.05, 1.125, 0.25, 0.5,
and 1.0 M were prepared. The reagents were dissolved
in two different solutions. The first solution contained
Gd2O3 treated with concentrated (15 M) phosphoric
acid. The slurry obtained was left overnight or for a
longer period of time to dissolve the Gd2O3. In the sec-
ond solution an amount of calcium nitrate, equivalent to
the required Ca concentration was dissolved in a small
amount of water and the solution obtained was intro-
duced into the first solution. If the solutions are mixed
in reverse order a gelatinous gadolinium phosphate may
spontaneously precipitate at room temperature before
the solution is heated. The mixed solution was carefully
diluted with water to give 2 M H3PO4 and 0.02 M Gd
concentration in the final solution. The clear solution
obtained was transferred to a flask, covered with a re-
flux condenser, heated to the boiling point, (∼100◦C)
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and, after the crystallisation started, kept boiling for
two hours. The crystalline solid was filtered off, washed
with distilled water and dried in an oven at 60◦C.

To characterise the crystallised solids chemical anal-
ysis, powder X-ray diffraction (XRD), IR-absorption
spectroscopy, thermal decomposition and scanning
electron microscopy (SEM) methods were used. Philips
X’pert XRD equipment with a graphite monochro-
mator (PW 1752/00) Cu Kα , (λ = 0.15418 nm)
radiation, a Ni filter and 2� from 10 to 60 degrees at
30 kV, 30 mA was used. The unit cell parameters were
determined using the Unit Cell program (Tim Holland
and Simon Redfern). A Fourier Transform IR Spec-
trometer (FTIR-FTS 175, Bio-Rad) was used to record
IR spectra (1 wt% of sample in KBr pressed pellet),
over the wavenumber range 400–4000 cm−1. Thermal
decomposition was investigated using a TGA-DTA
(simultaneous Thermogravimetric Analysis (TGA)
and Differential Thermal Analysis (DTA)) fully
automated system (Universal V2.3C TA Instruments).

ICP (Inductively Coupled Plasma) method was
used for Ca analysis, while for Gd and P spectropho-
tometric methods were applied. For the phosphate
analysis ammonium molybdate (1 wt%) in sulphuric
acid (5 wt% of H2SO4) and 0.5 wt% of amidol
(2,4-diaaminophenol hydrochloride) in NaHSO3
(10 wt% in water solution) were used. The extinction
was measured at a wavelength of 660 nm. For Gd
analysis, 0.1 wt% of arsenazo-III [2,2′-(1,8-dihydroxy-
3,6-disulfonaphthylene-2,7-bisazo)bisbenzenearsonic
acid] dissolved in water was introduced into buffered
solution (acetate buffer, pH = 3) and the extinction
was measured at 625 nm.

3. Results and discussion
All the solids, obtained through crystallisation from
phosphoric acid solution without/or containing Ca,
were hexagonal (Fig. 1) isostructural with the mineral
rhabdophane, already described in the literature [17–
22]. No other phases were observed.

There is an uncertainty about the number of H2O
molecules in lanthanide phosphates and their role in
the crystal structure. The H2O is reported to be of
zeolitic nature and is related to the specific structure
of LnPO4·nH2O [11, 17, 23]. According to Mooney
[17] who was the first to describe the hexagonal crys-
tal structure of synthetic lanthanide phosphates, the
open channels along the c-axis can accommodate up
to 1.5 molecules of water per unit cell. Therefore, with

T ABL E I Chemical composition of the solids crystallised from aqueous solution containing 2 M of H3PO4, 0.02 M Gd and 0–1 M Ca

Crystallised solid (wt%)

Component

Analysed element Calculated
Solution Volume of the
Ca (M) Gd Ca P H2O Gd2O3 CaO P2O5

Gd2O3 + CaO
+ P2O5 + H2O unit cell (nm3)

0 58.4 ± 1.5 0 11.5 ± 0.3 6.5 ± 0.1 67.3 ± 1.7 0 26.2 ± 0.7 100 ± 1.8 26.12 ± 0.01
0.050 54.7 ± 1.4 1.4 ± 0.1 12.3 ± 0.3 6.9 ± 0.1 62.9 ± 1.6 2.0 ± 0.1 28.2 ± 0.7 100 ± 1.8 26.17 ± 0.05
0.125 53.6 ± 1.3 1.6 ± 0.1 12.8 ± 0.5 6.9 ± 0.1 61.7 ± 1.5 2.2 ± 0.1 29.2 ± 0.7 100 ± 1.7 26.19 ± 0.05
0.250 52.1 ± 1.3 1.9 ± 0.1 13.1 ± 0.5 7.3 ± 0.1 60.0 ± 1.5 2.7 ± 0.1 30.0 ± 0.8 100 ± 1.7 26.20 ± 0.07
0.500 51.5 ± 1.3 2.1 ± 0.2 13.4 ± 0.5 7.0 ± 0.1 59.4 ± 1.5 2.9 ± 0.2 30.7 ± 0.8 100 ± 1.7 26.19 ± 0.07
1.00 51.3 ± 1.3 2.5 ± 0.2 13.2 ± 0.5 7.1 ± 0.1 59.1 ± 1.5 3.5 ± 0.2 30.3 ± 0.8 100 ± 1.7 26.15 ± 0.08

Figure 1 X-ray diffraction patterns of hexagonal GdPO4·H2O (A) and
Ca-substituted gadolinium phosphates crystallised from phosphoric acid
solution, containing Ca: (B) – 0.05 M, (C) – 0.125 M, (D) – 0.25 M, (E)
– 0.5 M, and (F) – 1.0 M.

three molecules of LnPO4 in the unit cell of the hexag-
onal structure, there should be no more than 0.5 M
of H2O per Ln atom. However, different authors have
reported different amounts of water in the hexagonal
LnPO4·nH2O ranging in (n) from 0.3 to 3 [11, 17, 19,
22, 24–28]. If the water is of zeolitic nature it can be
speculated that such a wide range of water uptake may
result from different experimental conditions of the pre-
cipitation.

In the present work the amount of water determined
by TGA was at a constant level of 6.5–7 wt% in Ca-
free or Ca-containing gadolinium phosphates. From the
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chemical composition (Table I) the total amount of
water (without distinction between hygroscopic and ze-
olitic forms) can be approximated to give GdPO4·H2O.
A similar amount of water was recorded for other lan-
thanide phosphates of rabdophane structure [29] ob-
tained by the method of crystallisation from boiling
phosphoric acid solution [15].

When Ca-ions were present in solution, Ca was co-
precipitated in the solid. The amount of Ca in the solid
did not exceed 2.5 wt% even when Ca concentration
in the solution was as high as 1 M (50/1 mole ratio of
Ca/Gd). It has to be pointed out that calcium uptake by
gadolinium phosphate was already high (1.4 wt% Ca)
when Ca concentration in the acid was 20 times lower
(0.05 M Ca in the solution).

The presence of Ca in gadolinium phosphate can be
explained on the grounds of ionic radius comparabil-
ity. According to Shannon effective crystal (CR) ionic
radius of the eight-coordinated trivalent Gd cation is
0.1193 nm, while divalent Ca is about 0.126 nm [30].
That makes possible the substitution of Gd by Ca, while
crystallisation of phosphate is proceeding. The effect of
the Ca presence on the lattice parameters of the hexago-
nal gadolinium phosphate is shown in Fig. 2. Ca causes
significant enlargement along the c-axis and less sig-

Figure 2 Spacing along (A): a-axis and (B): c-axis of hexagonal
gadolinium phosphate plotted against wt% of Ca in the solid.

Figure 3 Thermal decomposition of GdPO4·H2O (A) and Ca-
substituted gadolinium phosphates crystallised from phosphoric acid so-
lution, containing Ca: (B) – 0.05 M, and (C) – 0.5 M (Heating rate: 20
deg · min−1. Purge gas: air, 100 cm3 min−1).

nificant contraction along the a-axis of the unit cell.
However, the changes in the lattice parameters do not
affect significantly the volume of the unit cell (Table I).
The Ca-ion, which has a larger radius than the Gd ion,
did not expand the unit cell in all directions. This may
suggest that the substitution takes place at some pref-
erential sites in the unit cell.

TGA-DTA analyses revealed that thermal decompo-
sition of the investigated phosphates is similar to that of
the pure GdPO4·H2O of rabdophane structure (Fig. 3).
According to literature the rabdophane structure dehy-
drates at ∼200◦C and transforms into the monoclinic,
monazite type structure at 900◦C [11, 22, 24, 25, 27, 28,
31]. The temperature of the polymorphic transforma-
tion depends on the ionic radius of the lanthanide and on
the heating rate if thermal treatment is carried out under
dynamic conditions. For example, using a heating rate
20 deg · min−1 the temperature of rabdophane to mon-
azite transformation, reported by the author previously
increased from 717–735◦C (Ce, La) to 910◦C (Tb).

The exothermic peak associated with polymorphic
transformation of the hexagonal to monoclinic form of
the Ca-substituted gadolinium phosphate is less marked
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Figure 4 X-ray diffraction patterns of monoclinic GdPO4 (A) and Ca-
substituted gadolinium phosphates crystallised from phosphoric acid so-
lution containing Ca: (B) – 0.05 M, (C) – 0.25 M, (D) – 0.5 M, (E) – 1.0
M and heated to 900◦C.

and at lower temperature (Fig. 3B and C) than for
the pure gadolinium phosphate (Fig. 3A). The effect
of polymorphic transformation is illustrated by X-ray
diffraction patterns characteristic of the monoclinic
form (Fig. 4). The XRD data are consistent with those
reported in the literature [12, 14, 20, 32].

IR spectra of lanthanide phosphates, including
GdPO4·H2O (Fig. 5A and C) without Ca have been
discussed previously in detail [16]. In IR spectra of Ca-
substituted gadolinium phosphates (Fig. 5B and D),
some additional bands have been recorded. They are
the band from HPO2−

4 at wavenumber 880 cm−1 in as
prepared Ca-containing samples (Fig. 5B) and the band
from P2O4−

7 at wavenumber 735 cm−1 in Ca-containing
gadolinium phosphate after heat to 900◦C (Fig. 5D).

The HPO2−
4 band is characteristic of hydrogen phos-

phates. HPO2−
4 incorporation is also well known in Ca-

deficient phosphates such as hydroxyapatite and flu-
oroapatite, especially, when the precipitate is formed
at lower pH [33, 34]. The appearance of the HPO2−

4
band in IR spectra of Ca-containing gadolinium phos-
phate before heating, and the P2O4−

7 band after heat-
ing, indicates that the difference in the electric charge
between divalent calcium and trivalent gadolinium in

Figure 5 IR spectra of as prepared hexagonal (A) GdPO4·H2O without
Ca, and (B) containing 2.5 wt% of Ca and after heating at 900◦C. (C)
and (D), respectively.

the crystallised solid is compensated for by simultane-
ous substitution of divalent HPO2−

4 for trivalent PO3−
4 ,

which should increase the amount of P in the crys-
tallised solid. Chemical analyses seem to support this
hypothesis. The data presented in Table I indicate that
Ca incorporation in gadolinium phosphate is associated
with some increase in phosphate content. The absence
of any additional phase, such as calcium diphosphate,
in the XRD data of the samples heated to 900◦C in-
dicates that P2O4−

7 ion is probably incorporated in the
monoclinic crystal structure of gadolinium phosphate.

The diphosphate band at about 1200 cm−1 (Fig. 5C)
appears sometimes (not always) in heated Ca-free lan-
thanide phosphates, although there is no P2O4−

7 band
at 725–735 cm−1 [16, 29]. The presence of the P2O4−

7
band at 1255 cm−1 in Fig. 5C and a very weak band
at ∼880 cm−1 (marked as ? in Fig. 5A) indicates that
Ca-free gadolinium phosphate (GdPO4·H2O) may also
contain some very small amount of HPO2−

4 in the crystal
structure. However, the small amount of HPO2−

4 gener-
ates, during heating, a small amount of P2O4−

7 . In effect,
the weak band at 725–735 cm−1 has not been observed.

Scanning electron micrographs of the samples, pre-
sented in Fig. 6, reveal some differences in morphol-
ogy between GdPO4·H2O (twinned “peanut-like” par-
ticles, Fig. 6A) and Ca-substituted gadolinium phos-
phates (hexagonal needle-like crystals, Fig. 6B and C).
To prepare the Ca-containing solution for crystallisa-
tion, calcium nitrate was introduced into phosphoric
acid. That created a solution medium of increased ionic
strength which affected the ionic activity. In practice,
the solubility of gadolinium phosphate, in the presence
of an other electrolyte (Ca-nitrate), should be higher,
while the supersaturation and the rate of crystallisa-
tion should be lower. It is possible that nucleation of
Ca-substituted gadolinium phosphate was less rapid
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Figure 6 SEM micrographs of GdPO4·H2O without Ca (A) and Ca-substituted gadolinium phosphates crystallised from phosphoric acid containing
Ca: (B) – 0.125 M, and (C) – 0.25 M.
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and that the crystal growth was slowed down resulting
in larger hexagonal-section crystals, with an average
length of 5 µm (Fig. 6B and C).

4. Conclusion
Crystallisation of gadolinium phosphate from phospho-
ric acid solution, containing Ca-ions, results in lim-
ited Ca for Gd substitution coupled with simultaneous
HPO2−

4 incorporation in GdPO4·H2O. The substitution
causes significant expansion of the unit cell in the c-
direction of the hexagonal gadolinium phosphate and
less significant contraction in a-axis direction.
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