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Synthesis and characterization of monazite-type Sr:LaPO4 prepared
through coprecipitation
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Abstract

A coprecipitation method was used to obtain La(1−x)SrxPO4 (x= 0, 0.025, 0.05, 0.10) powders from the following precursors: La(NO3)3·6H2O,
Sr(NO3)2 and (NH4)2HPO4. Several analysis methods were applied in order to study powder morphology and particle size, thermal evolution
and sintering behavior of green compacts. Although the electrical properties of these materials have been studied, their synthesis and char-
acterization are still open and barely studied issues in the literature. XRD patterns of the as-prepared powders display the typical peaks of
phase-pure LaPO4 (monazite, standard PDF 32-0493 pattern), and also for all the studied compositions and calcination temperatures. TGA
data exhibit a 20% weight loss, up to 250◦C, that can be attributed to the residual water and the decomposition of NH4NO3, a byproduct
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of the coprecipitation. The presence of NH4NO3 was also confirmed by DTA data and Nitrogen content analysis of the powders. I
found that strontium additions enhanced densification. After sintering at 1200◦C for 4 h in air, the materials showed relative densities hig
than 99% of the theoretical density. None of the analyses performed showed any significant difference between Sr-doped and th
powders, except for the dilatometric studies. No second phases are observed in the sintered materials. The stability of the sintered s
studied in high water–vapor partial pressure. The samples were stable in the essayed conditions (pH2O 2.7–11.5 atm, 120–170◦C for 48 h)
as confirmed by XRD, weight measurements and scanning electron microscopy coupled to energy dispersive X-ray spectroscop
(SEM–EDS).
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Rare-earth phosphates present interesting and unusual
physical properties (optical, magnetic, etc.). In recent years,
lanthanum phosphate has become a new subject of research
for its possible application as a high temperature protonic
conductor (HTPC).1,2 This characteristic is very important
for several devices, like fuel cells, hydrogen separators and
hydrogen sensors.3 LaPO4 is a candidate for the transport
of protons at high temperatures because it is very stable in
atmospheres rich in water vapor and, at the same time, the
size of the La3+ ion and the open crystalline structure fa-
cilitate proton mobility. For this reason, it might find use in
solid oxide fuel cells (SOFC) as an electrolyte. However, one
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of the main problems which has been revealed in a for
study is the possible presence of a second phase, prob
Sr3La(PO4)3, for doping percentages higher than 5 mol%
ter sintering.4 It is well known that impurities are an obstac
for the proton mobility and are the cause of a loss of cond
tivity. At the same time, it is important that the preparation
fast and cheap and gives dense and gas-tight materials (>
of the theoretical density).5 Furthermore, the synthesis an
characterization of this material are still open issues in
literature.

The aim of this work is to obtain a protocol for th
synthesis of pure La(1−x)SrxPO4 materials. Several analys
methods were applied in order to study the powder morp
ogy and particle size, the thermal evolution and the sinte
behavior of the green compacts. The preparation me
was the coprecipitation of La(NO3)3·6H2O, Sr(NO3)2 and
(NH4)2HPO4 as precursors at room temperature and
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studied compositions were La(1−x)SrxPO4 (where x= 0,
0.025, 0.05 and 0.10).

2. Experimental

2.1. Powder synthesis

As mentioned above, powders of nominal composition
La(1−x)SrxPO4 (x= 0, 0.025, 0.05 and 0.10) were prepared
using the following precursors: La(NO3)3·6H2O, Sr(NO3)2
and (NH4)2HPO4. All the chemicals were purchased
from Panreac Qúımica S.A., Barcelona, Spain. Precursors
solutions (0.2 M) were prepared and standardized through
coupled inductively plasma-atomic emission spectrometry
(ICP-AES) (Yobin-Ibon JY-38VHR). The (NH4)2HPO4
solution was mixed drop by drop, speed 5 ml/min, at room
temperature with the solution of the lanthanum and strontium
nitrates (constantly stirred), in order to obtain La(1−x)SrxPO4
gels (final pH = 1). The precipitation takes place sponta-
neously and instantaneously; the gel is then separated by
the liquid by means of a 0.8�m filter (Millipore Inc., USA).
The choice of the filter size was made after measuring the
agglomerate size by laser diffraction (see Section3).

After filtering, the product was dried at 105◦C for 80 h.
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analyzed through Fourier transform infrared spectroscopy
(Perkin-Elmer FT-IR 1760X) for the as-prepared material
and the calcined powders. The pellets used for analysis were
made of 0.01 g of the sample powders and 0.3 g of KBr.
The powder morphology and composition were studied by
scanning electron microscopy coupled to energy dispersive
X-ray spectroscopic analysis (SEM–EDS) using a Zeiss
DSM 950 microscope and transmission electron microscopy
coupled to energy dispersive X-ray spectroscopic analysis
(TEM–EDS) using a JEOL JEM 2000 FX microscope. TEM
pictures were also used to determine the crystallite size.
The shrinkage behavior study was performed using a high
temperature dilatometer (Adamel Lhomargy, DI-24 model)
at a heating rate of 2◦/min up to 1500◦C, on uniaxially
and isostatically pressed (200 MPa) discs 2–3 mm thick and
6 mm in diameter. Sintering process was carried out in a
furnace in air at 1200◦C for 4 h. The density of the sintered
samples was measured through the Arquimedes method,
using a Mettler H10 balance. The sintered sample surfaces
were polished with diamond powders (6, 3 and 1�m),
thermally etched and analyzed by SEM–EDS. The stability
test of the sintered samples was examined in a sealed cell,
similar to an autoclave, constructed of a teflon inner casing
and stainless steel outer casing (cell volume≈ 20 cm3).
Sintered pellets were deposited in the cell with 2 ml of
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The dried material was crushed using an agate mortar
sieved through a 100�m sieve. The powders were calcined
three different temperatures (200, 400 and 800◦C) in air, for
12 h at a heating rate of 2◦C/min. The next step was attrition
milling in ethanol for 3 h using tetragonal zirconia balls (3Y
TZP, Tosoh). Finally, the powders were sieved again throu
100�m sieve.

2.2. Characterization of powders and sintered materials

Differential thermal analysis–thermogravimetr
(DTA–TG) of the as-prepared powders was perform
in air with a NETZSCH STA-409 thermoanalyzer, in th
range 20–1350◦C and a heating rate of 3◦C/min, calcined
alumina was used as reference material. NH4NO3 commer-
cial powder (Panreac Quı́mica S.A., Barcelona, Spain) wa
also studied by DTA–TG in order to compare its evolution
a function of the temperature with respect to the synthesi
powders. The residual nitrogen content was determined w
a LECO TC-436 nitrogen analyzer, using the gas fusi
method. Phase identification was carried out by X-r
diffraction (XRD) using a Siemens D-5000 Diffractomete
operating at 50 kV and 30 mA with a Cu K� radiation and
a Ni filter, in the range 2θ = 10–80◦. The step size was
0.05◦ and the counting time 1.5 s. The agglomerate s
distribution was obtained using a laser analyzer (Malve
Instruments, model Mastersizer). Specific surface area
the calcined powders at 800◦C for 12 h were determined by
BET method using N2 as the adsorbate under high vacuu
at 120◦C (Monosorb Surface Area Analyzer MS-13, Quan
Chrome). The frequencies of the absorption bands w
d

f

deionized water before sealing and heated in an oven fr
120 to 170◦C. The longest experiment lasted 48 h.

3. Results and discussion

Fig. 1 shows the DTA–TG data of the as-prepare
La0.9Sr0.1PO4 powder and of the NH4NO3 commercial pow-
der. In the first case, a 20% weight loss is observed bef

Fig. 1. Simultaneous DTA–TG curves of the as-prepared powders (LaP4

andx= 0.10) and NH4NO3 commercial powder, respectively.



S. Gallini et al. / Journal of the European Ceramic Society 25 (2005) 2003–2007 2005

250◦C, in the same temperature range three endothermic
peaks are observed in the DTA curve. The second set of data,
corresponding to NH4NO3, is shown to outline that the en-
dothermic peaks of the coprecipitation product data can be
due to the presence of this nitrate, a byproduct of the reac-
tion. In fact, the DTA peaks detected in both sets of data can
be explained as the transition phase, melting and decompo-
sition of NH4NO3,6 respectively. In contrast, the weight loss
that is observed in the TGA curve can be due to the loss
of water retained in the inner parts of the phosphate and to
the decomposition of NH4NO3. The Nitrogen content anal-
ysis of the powders confirms the presence of this element
in the as-prepared powders. The residual N2 weight percent-
age in the as-prepared powders is equal to 10.0 wt.% for all
the compositions. This percentage decreases to 3.0 wt.% af-
ter the calcination at 200◦C for 12 h and 1.5 wt.% after the
calcination at 400◦C for 12 h. After calcination at 800◦C for
12 h, the nitrogen content is less than the experimental er-
ror. Similar results are obtained for all compositions. LaPO4
as-prepared powder was washed using absolute ethanol in
order to eliminate NH4NO3 before calcination. The percent-
age of N2 in this case was reduced to 1.5 wt.% after drying
at 100◦C. Washing with ethanol therefore reduces the Nitro-
gen content from 10.0 to 1.5 wt.%. However, the Sr-doped
LaPO4 as-prepared powders should not be washed with ab-
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Fig. 2. XRD patterns of the as-prepared LaPO4 powder.

The infra-red spectra of LaPO4 at different temperatures
can be observed inFig. 3. The data present the characteristic
bands of the rare earth phosphate (assigned to the PO4

3−
group) in the 500–1100 cm−1 wavenumber range8 for both
the calcined and uncalcined powders. The wavenumbers are:
1093, 1060, 1024, 993, 954, 617, 579, 564 and 541 cm−1. The
bands observed at 3500 and 1620 cm−1 can be attributed to
the presence of water (stretching vibration of the OH bond)
adsorbed by KBr during the preparation of pellets and to the
residual water in the prepared powders. The band observed
at 3100 cm−1 may be due to the stretching vibrations of OH
and N H associated bonds. This band is not present in the
powders calcined at 400◦C and higher temperatures. The
extra-band located at 1380 cm−1 is attributed to N O bond
in NO3

−. This band is eliminated through a calcination at
800◦C/12 h. The spectra of the Sr-substituted powders show
the same characteristics.

The micrographs of the powders obtained through SEM
(Fig. 4) indicate that the presence of agglomerates with size
between 0.1 and 100�m, as was determined by the laser
diffraction analysis. After the calcination, the number of
larger agglomerates increases (40�m at 200 and 400◦C and
solute ethanol due to the loss of Srions, as was confirmed
by ICP-AES analysis.

The agglomerate size distribution for the as-prepared po
ders is bimodal and shows a size range between 0.1 a
100�m. The maxima of this distribution occur at 0.4 and
20�m. The distribution range for the calcined powders is th
same (0.1–100�m) but the position of the second maximum
changes to 40�m after calcination at 200◦C and to 90�m
after calcination at 800◦C. It indicates the expected increase
of the agglomerate size due to the calcination treatment. Th
does not seem to be a problem for the densification proce
because the agglomerates can be easily reduced through
attrition-milling step applied after the calcination process
The BET specific surface area of the calcined and attritio
milled powders was determined to be around 57 m2/g in both
the undoped and doped samples.

Fig. 2 shows the XRD data of the as-prepared and drie
LaPO4 powders and the same powders after different calc
nation treatments (at 200, 400 and 800◦C). The powder is
already crystalline before the calcination and the peak p
sitions correspond to monazite-type LaPO4 (PDF 32-0493).
The intensity of the peaks increases very slightly with th
calcination temperature and, at the same time, the full wid
at half maximum (FWHM) decreases. For the Sr-substitute
LaPO4 powders, the d-spacings of the doped powders a
not shifted with respect to the pure-LaPO4. This fact is
quite an important information from the electrical poin
of view and might indicate that Sr2+ ions substitute La3+

ions into the LaPO4 monoclinic crystal. This is not un-
expected because the ionic radii of both cations are qu
similar.7
 Fig. 3. Infrared spectra of LaPO4 powder.
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Fig. 4. SEM micrograph at two different magnifications of LaPO4 powders calcined at 400◦C for 12 h.

90�m at 800◦C). The substitution of La by Sr does not affect
the morphology of the powder.

Transmission electron micrographs of the as-prepared
powders (Fig. 5a) show individual crystals with needle shape,
characteristic of the rhabdophane-type LaPO4 phase, and size
between 5 and 50 nm. However, XRD indicates that the dried
powder corresponds to the monazite-type phase. We think
that the hydration of the dried powder during the prepara-
tion of the sample produces the transformation of the mon-
azite to rhabdophane phase. Typically, agglomerates of very
fine crystals produce the electron diffraction rings shown in
Fig. 5a, indicating that they are polycrystalline powders. If
the powder is calcined, a change in the morphology is ob-
served (Fig. 5b). When the powder is calcined at 800◦C
for 12 h, the spherical particles have a size between 20 and
50 nm. In the inset inFig. 5b, a selected area electron diffrac-
tion pattern of a LaPO4 crystal showing good crystallinity is
presented.

For undoped samples densification is complete at 1200◦C;
however for strontium-doped pellets, densification is com-
plete at lower temperatures (≈1100◦C for x= 0.10). Thus,
the presence of Sr enhances the densification process. In all
cases, the density of the sintered samples is higher than 99%
of the theoretical density.

Finally, Fig. 6 shows a typical microstructure of a
La0.975Sr0.025PO4 sample sintered at 1200◦C for 4 h, after
polishing and thermal etching. Fully densified bodies were
obtained at this temperature. Second phases were not de-
tected. Nevertheless, an abnormal grain growth is observed,
it might be due to inhomogeneity in the green compacts. This
might be related to the bimodal agglomerate size distribution
observed in both the as-prepared and calcined powders.

The stability of samples in water was examined by
exposing sintered pellets for a period of 48 h in the re-
action vessel within a temperature range of 120–170◦C,
corresponding to apH2O range of 2.7–11.5 atm according

are
Fig. 5. TEM micrograph of LaPO4 as-prep
 d (a) and calcined at 800◦C/12 h (b) powder.
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Fig. 6. SEM micrograph of La0.975Sr0.025PO4, sintered at 1200◦C and 4 h,
after polishing and thermal etching.

to the Clausius–Clapeyron equation. The cell environment
contains a mixture of superheated water and a water–vapor
partial pressure that is much higher that would be feasible
in a high temperature fuel cell based on a proton-conducting
electrolyte. Under these conditions the samples are stable
as observed by XRD, weight measurements and SEM–EDS
The high stability of these materials is a key factor for the
application of Sr:LaPO4 as electrolyte in high temperature
fuel cells based on protonic conductors.

4. Conclusions

The coprecipitation method was used to obtain nanocrys-
talline La(1−x)SrxPO4 (from 5 to 50 nm) powders at room
temperature. NH4NO3 is obtained as a byproduct of the co-
precipitation reaction. According to the nitrogen analysis, the
nitrate is totally eliminated after calcination at 800◦C. The
XRD data indicate that the peaks position do not change with

the subtitution of La3+ by Sr2+ into the monazite-type LaPO4
lattice. In addition, as the size of the two ions is quite simi-
lar, it is possible that the Sr2+ ions occupy the La3+ position
in the monazite-type LaPO4 crystal. The presence of Sr en-
hances the densification process in the green compacts. No
second phases are observed in the sintered materials. The sta-
bility tests of the sintered samples indicate that this material
is stable under apH2O of 11.5 atm and temperatures up to
170◦C; this characteristic makes LaPO4 a candidate material
as electrolyte for SOFC.
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