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La(1-x)Sr(x)PO4 materials are very stable at high temperature and water vapor partial pressure and they
show protonic conductivity; thus, they could be used as electrolytes in HTPFCs (high-temperature protonic
fuel cells), hydrogen sensors, and hydrogen separation technology. This work describes the combustion
synthesis of La(1-x)Sr(x)PO4 powders (x ) 0, 0.025, 0.050) from mixtures of La(NO3)3‚6H2O and Sr-
(NO3)2 as cation precursors, (NH4)2HPO4 as anion precursor, and urea as fuel. The characterization of
the as-prepared combustion products showed that combustion synthesis provides a straightforward method
for the achievement of solid solutions of these materials as nanometric powders. Furthermore, dilatometric
studies reveal that dense ceramics can be obtained at low sintering temperature (1300°C), in air, from
the synthesized nanometric powders.

Introduction

Rare-earth phosphates present a high luminescence quan-
tum efficiency and unusual magnetic behavior and, therefore,
they find applications in special glasses, laser technology,1,2

compact fluorescent lamps, and plasma display panels.3

Phosphates glasses and ceramics are also used in biological
implants and glass metal joining.4 LaPO4 has also been found
to be a good oxide interphase material, with a good chemical
compatibility with alumina at high temperatures (up to at
least 1700°C).5-7 Moreover, (La-) monazite crystals, natu-
rally occurring minerals, are known to have survived 109

years of weathering; for this reason they are considered as
host material for long-term storage of radioactive wastes.8

In recent years, the interest in LaPO4 has also focused on
its possible application as a high-temperature protonic
conductor (HTPC)9-14 when a small percentage of La is
substituted by Sr or Ca. HTPCs are materials in which the

conductivity is mainly protonic at temperatures higher than
600°C. Proton conductivity is the main mechanism in many
and diverse processes such as photosynthesis in plants and
the production of electricity in electrochemical devices. The
interest of the scientific community in Sr:LaPO4 as a proton
conductor derives from its high stability at high temperature
and high water vapor partial pressure, as mentioned above,
a requisite condition for materials applied in high-temperature
electrochemical devices.

The authors have demonstrated in a previous article14 that
Sr:LaPO4 prepared by combustion synthesis and sintered at
1300°C is predominantly a protonic conductor below 700
°C in wet oxygen. In addition, the grain boundary resistance
is negligible at 400°C and higher temperatures and, thus,
could be a good candidate as an electrolyte in HTPFCs.

In relation to the preparation of LaPO4, Chen and Mah15

prepared this material through four different chemical routes.
These authors concluded that the two best routes were the
direct reaction between La2O3 and H3PO4 because of the
absence of byproducts, and the reaction between the same
phosphoric acid with lanthanum hydroxide, although no
attempts of doping were made in these cases. According to
Lucas et al.,16 the wet synthesis of rare-earth phosphates
by the precipitation method from a rare-earth chloride
solution and H3PO4 or (NH4)2HPO4 always leads to the
formation of precipitates crystallized in the hexagonal
structure of rhabdophane RePO4‚nH2O (Re) La, Ce, or Y).
Furthermore, H3PO4 adsorbed at the surface of the particles
is always present in the precipitates. From these results a
unit chemical formula can be proposed as RePO4‚nH2O‚
(H3PO4)x with n ≈ 0.5 for La. The removal of H3PO4 is
only possible using a high-temperature calcination treatment
at 1400°C in order to achieve its decomposition. Gallini et
al.17 synthesized La(1-x)Sr(x)PO4 powders through coprecipi-
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tation using La(NO3)3‚6H2O, Sr(NO3)2, and (NH4)2HPO4 as
precursors. Monazite phase (monoclinic LaPO4) is directly
achieved after drying at 105°C; however, by TEM analysis
the rhabdophane phase (needle-shape crystals) is detected,
which can be due to a possible hydration of the monazite
phase. Using this synthesis method, NH4NO3 and HNO3 acid
are obtained as byproducts and are totally eliminated after
calcination at 800°C. An experiment performed by Arul
Dhas et al.18 describes the preparation of crystalline lantha-
num phosphate powder by flash combustion. This is a
complex synthesis method that even requires the preparation
of the fuel. The preparation method that is described in the
present work shows several advantages if compared to the
preparation described by those authors:18 it is more simple
(one step); there is no need to synthesize the fuel and no
explosion takes place. Fujishiro et al.19 prepared LaPO4
particles using the hydrothermal reaction of a La(edta)-
chelate precursor and phosphate ions. Although monodis-
persed spherical and spindle-like monazite-type LaPO4

particles are formed by the hydrothermal reaction at 150°C,
a low relative density (91.6%) after sintering at 1400°C is
attained. Ruigang et al.20 attained a mixture of both rhab-
dophane and monazite-type LaPO4 powders using a direct
liquid-solid reaction of lanthanum oxide and phosphoric
acid. Pure monazite-type LaPO4 was obtained by calcining
the precursor powders at a temperature higher than 600°C.
The sintering temperature in that work is 1600°C, much
higher than the one required to sinter the La(1-x)Sr(x)PO4

powders in the present work.
As is well-known in ceramic materials science, the

synthesis route plays a key role in the final properties of the
ceramics. For this reason, it is necessary to test new
preparation methods and to analyze the effect on the powder
characteristics, microstructure of the materials, and, therefore,
on the physical, chemical, and electrochemical behavior.

In recent years, combustion synthesis as a preparative
process to produce homogeneous very fine crystalline,
unagglomerated, multicomponent oxide ceramic powders
without the intermediate decomposition and/or calcining steps
has attracted a good deal of attention.21-26 The combustion
synthesis technique consists of bringing a saturated aqueous
solution composed of the desired metal salts and of a suitable
organic fuel to the boiling temperature, until the mixture
ignites and a self-sustaining and rather fast combustion
reaction takes off, resulting in a dry, usually crystalline fine
powder. While redox reactions are exothermic in nature and

often lead to explosion if not controlled, the combustion of
metal nitrates-urea mixtures usually occurs as a self-
propagating and nonexplosive exothermic reaction. The large
amounts of gases formed can result in the appearance of a
flame, which can reach temperatures in excess of 1000°C.

In this work we aim to define a protocol in order to obtain
pure and nanometric powders of La(1-x)Sr(x)PO4 (wherex )
0, 0.025, 0.050) by means of the combustion synthesis using
urea as fuel. To sinter La(1-x)Sr(x)PO4 and to use it as a
protonic conductor it is very important to obtain dense,
gastight, and pure materials since impurities could diminish
their ionic mobility.

Experiments

The combustion synthesis was performed using the following
powder precursors (analytical grade): La(NO3)3‚6 H2O, Sr(NO3)2

and (NH4)2HPO4 purchased from Panreac Quı´mica S.A, Barcelona,
Spain. As mentioned above, urea was used as a fuel (analytical
grade purchased from Aldrich, Germany). The precursors and the
fuel were previously mixed in a wide-mouth vitreous silica basin
employing a glass bar until a uniform viscous liquid mixture was
formed. The basin was then placed on a hot plate and heated to
100 °C for 10 min before the final treatment at 300°C for 1 h.
The reaction takes place in a few minutes, leaving a white foam in
the basin. The powder obtained by crushing the foam is white and
fine and was easily sieved through a 100µm sieve. The powders
were calcined in air at three different temperatures 200, 400, and
800 °C for 12 h, applying a heating rate of 5°C/min. The final
treatments were calcination at 800°C/12 h in air in order to increase
the powder crystallinity and attrition-milling in ethanol for 3 h using
1 mm diameter zirconia balls (purchased from Tosoh, Japan). A
final sieve through 100µm before compaction was performed. The
nitrogen content of the powders at each calcination temperature
was determined with a LECO TC-436 nitrogen analyzer, employing
the gas fusion method.27 Chemical analysis of the carbon content
of the powders at each calcination temperature was performed using
a LECO analyzer, CS-200 model. Differential thermal and ther-
mogravimetric analysis (DTA/TG) in air of the as-prepared powder
was carried out on a NETZSCH STA-409 Thermoanalyzer, utilizing
alumina as the reference material, in the temperature range of 20-
1350°C with a heating rate of 3°C/min. Phase identification was
performed by X-ray diffraction on a Siemens powder diffractometer
D-5000, operating at 50 kV and 30 mA, using Cu KR radiation
and a Ni-filter in the range of 2θ ) 10-80°. The scanning step
was 0.05°, the time/step 1.5 s, and the rotation speed 30 rpm. X-ray
patterns were collected on the as-prepared powders and at the three
calcination temperatures mentioned above. A longer term and wider
range scan was employed to obtain the cell parameters: 2θ ) 10-
110°, time/step) 20 s, using Si as an internal standard. These data
allowed us to calculate the cell parameters (software ‘Unitcell’).
Crystallite sizes were calculated by X-ray line-broadening analysis
using the Scherrer equation.28 The average agglomerate size was
measured by means of a particle-size laser analyzer provided by
Malvern Instruments, model Mastersizer. BET specific surface area
of the powders was determined using a Monosorb Analyzer MS-
13 QuantaChrome. Infrared absorption spectra in the 400-4000
cm-1 frequency range were obtained employing a Perkin-Elmer
FTIR spectrometer 1760X on cold-pressed pellets composed of
0.01 g of the prepared powders and 0.3 g of KBr. Particle
morphology was observed by scanning electron microscopy and
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chemically analyzed by energy dispersive X-ray spectroscopy
(SEM-EDS) on both Zeiss DSM 950 and Hitachi S-4700 micro-
scopes. Crystallite size and morphology of the as-prepared powders
were also estimated by transmission electron microscopy and
chemically analyzed by energy dispersive X-ray spectroscopy
(TEM-EDS), using a JEM-2000FX microscope. The shrinkage
behavior study was performed using a high-temperature dilatometer
(Adamel Lhomargy, DI-24 model) at a heating rate of 2°C/min
up to 1500°C, on uniaxially and isostatically pressed (200 MPa)
disks of 2-3 mm thick and 6 mm in diameter of powder previously
calcined at 800°C/12 h.

Results and Discussion

Combustion Reactions.To prepare La(1-x)Sr(x)PO4, where
x ) 0, 0.025, and 0.050, by the combustion route, using urea
as fuel, crystalline La(NO3)3‚6H2O can be used as a La source
(total valencies-15), Sr(NO3)2 as a Sr source (total valencies
-10), and (NH4)2HPO4 as a PO43- source (total valencies
+4). Urea, CO(NH2)2 (total valencies+6), was used as fuel,
as mentioned above. For most purposes urea is the most
convenient fuel to be used: it is readily available com-
mercially, it is inexpensive, and it generates the highest
temperature, although fuel-rich mixtures might produce
prematurely sintered particle agglomerates. It is important
to avoid a presintering effect during the combustion reaction
which may produce large and hard agglomerates difficult to
deagglomerate, disabling the densification of the prepared
powders. For this reason, an adequate quantity of urea must
be employed in the reaction mixture.

Direct use of the propellant chemistry criterion, with the
metal precursor and the PO4

3- anion in a 1:1 molar ratio
(LaPO4 case), to determine the urea needed to balance the
total oxidizing and reducing valencies in the mixture of
oxidizers and fuels, leads to

where-15 is the total valence of La(NO3)3‚6H2O, +4 is
the total valence of (NH4)2HPO4, and+ 6 corresponds to
the total valency of CO(NH2)2, as mentioned above. The
equation givesn ) 1.83, which means that 1.83 moles
of urea are required for each mole of La(NO3)3‚6H2O or
(NH4)2HPO4.

Standard thermodynamic properties of the compounds
which might be involved in the combustion process are
reported in Table 1.29,30 The combustion reactions are
described in Table 2 together with the∆H° found in the
literature.29,30Furthermore, the combustion reaction of urea,
described by eq R1 in Table 2, is exothermic and should
provide the energy (heat) needed for the synthesis reaction.
Besides, if one takes into account that the reaction takes place
in an acid environment (pH≈ 2), the protonation of urea,
described as (R2) in Table 2, is very likely to occur. The
individual decomposition reactions of the precursor nitrates,
leading to the corresponding oxides ((R6) and (R7), respec-
tively), are also listed in Table 2 and the decomposition of
(NH4)2HPO4 to H3PO4 is described by eq (R8). The rest of

the equations in Table 2 represent other reactions which also
might take place during the combustion synthesis. For
instance, (R9), (R10), and (R11) equations describe the
possible reaction of each precursor with urea.

By X-ray diffraction a single phase was identified as
LaPO4 for the as-prepared powder withx ) 0 (Figure 2).
This result suggests that the overall reaction can be described
as (R19) equation (Table 2), where Sr(NO3)2 is included as
a precursor.

The fact that the combustion process is not complete, in
the sense that no flame is produced, can be due to the low
enthalpy of the reaction, i.e., the energy released is not
enough to produce a complete combustion. The possible
protonation of urea, described as (R2) in Table 2, could be
another reason to explain the lack of a flame since the
available unprotonated urea in the combustion reaction media
might be less than the required amount. Furthermore, as is
well-known, urea suffers a thermal decomposition which
involves the formation of different compounds (see reactions
(R3), (R4), and (R5) in Table 2).31 This thermal decomposi-
tion provokes a depletion of fuel in the reagent mixture. As
a consequence, the direct reaction between urea and the rest
of the reagents is forced to happen according to a modified
stoichiometry.31,32In the experiments described in this work,
a stoichiometric amount of urea and an excess of 25 mole
% were used in order to clarify the reason for an incomplete
combustion process.

A further depletion of urea could take place if part of each
precursor of the initial mixture reacts with urea; a lesser
amount of the fuel will be free for the total reaction.
However, it has to be outlined that the addition of an excess
of 25 mole % urea to the stoichiometric amount does not
change the result of the reaction in any sense. This could
indicate that the low enthalpy of the reaction is the main
reason to explain the absence of a flame and that the urea
depletion has no significant effect in this system.

Powder Characterization. Nitrogen analysis was per-
formed on the combustion product and on the powders
calcined at 400 and 800°C for 12 h. The nitrogen content
was 3.1 wt % in the as-prepared powders, 1.0 wt % in the
powders calcined at 400°C, and no nitrogen was detected
in the powders calcined at 800°C. These data could indicate
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Table 1. Standard Thermodynamic Properties of the Compounds
Which Might Be Involved in the Combustion Process

compound ∆Hf° [kJ mol-1] Cp° [J mol-1 K-1]

LaPO4 -1949 100.950
(NH4)2HPO4 -1566.9 188.0
Sr(NO3)2 -978.2 149.9
La(NO3)3‚6H2O -3060.7 -
CO(NH2)2 -318.8 89.04
H3PO4 -1284.4 106.1
SrO -592.04 45.4
La2O3 -1793.7 108.68
NH4NO3 -365.65 139.12
NH3 -45.898 35.652
CO2 -393.133 43.22+ 0.01145Ta

H2O -241.587 30.10+ 0.01505Ta

N2 0 27.17+ 0.00418Ta

O2 0 24.74+ 0.01505Ta,b

a T is the absolute temperature.b Calculated from discrete values.

(-15) + 4 + 6n ) 0
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that the compounds containing nitrogen (NH4NO3, NH3,
unreacted nitrate used as precursors, etc.) are retrieved in
the as-prepared powders. The carbon content analysis
confirms the presence of C in the as-prepared powders (1.0
wt %); however, no carbon is detected in the powders
calcined at 800°C.

TGA data of LaPO4 as-prepared powder (Figure 1) showed
a large weight loss (∼68 wt %) between room temperature
and 1100°C. The weight loss could indicate among other
phenomena that during the combustion reaction the generated
byproducts, such as H2O, NH4NO3, NH3, etc., have not been
completely eliminated. In fact, two endothermic peaks, the
first one centered at 120°C and the second (as a shoulder)
at 250°C (A and B, respectively), are detected in the DTA
pattern. The endothermic peak centered at∼120 °C can be
attributed to the loss of physisorbed water, can be also
assigned to the orthorhombic to tetragonal (55°C) and
tetragonal to cubic (130°C) phase transitions, and melting
(170 °C) of NH4NO3.33,34 This endothermic peak is ac-
companied by a weight loss of∼25 wt%. The second
endothermic peak centered at 250°C (shoulder of the peak
centered at 120°C) could correspond to both the progressive

dehydration of the rhabdophane phase and to the decomposi-
tion of NH4NO3

33,34 (272 °C) and is accompanied also by a
loss of weight of about 5%. The water in the rhabdophane
crystal is zeolitic water present in its channel-type structure
and its dehydration temperature depends on the synthesis
method employed.15,16,19,35-44 On the other hand, as is well-
known, the urea undergoes a first decomposition step in the
temperature range 154-263 °C; this process happens with
a large weight loss, sharp endothermic effect, and vigorous
gas emission. Thus, the possible unreacted urea could
contribute according to the literature data,31 to both the weight
loss in the TGA and the endothermic process in the DTA in
the above mentioned temperature range. A 17% weight loss
and a sharp endothermic peak centered at∼325°C (C) can
be attributed to NO2 emission. This intermediate compound
in the combustion reactions gives rise to the N2 and O2

gases.31 It must be taken into account that in this work the
combustion reactions have been written in their final form,
with no indication of the intermediate products. Furthermore,
different temperature values in the range of 375 to 900°C
are given for the rhabdophane-type LaPO4‚nH2O (hexagonal)
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Table 2. Equations Describing the Reactions That Might Be Involved in the Combustion Process

reaction
∆H° (25 °C)
[kJ mol-1]

R1 CO(NH2)2 (c) + 1.5O2 (g) w CO2 (g) + 2H2O (g) + N2 (g) -557.5
R2 CO(NH2)2 (c) + H3O+

(c) w CO(NH2)(NH3)+
(c) + H2O (g)

R3 CO(NH2)2 (c) w NH3 (g) + HCNO
R4 CO(NH2)2 (c)+ HCNO w H2NCONHCONH2

R5 HCNO+ H2O (g) w CO2 (g) + NH3 (g)

R6 La(NO3)3 ‚6H2O (c) w 0.5La2O3 (c)+ 6H2O (g) + 1.5N2 (g)+ 3.75O2 (g) 715.2
R7 Sr(NO3)2 (c) w SrO(c)+ N2 (g) + 2.5O2 (g) 386.2
R8 (NH4)2HPO4 (c) + 3/4O2 (g) w H3PO4 (c)+ 1/2N2 (g)+ 3/2H2O (g)+NH3 (g) 125.8
R9 2[La(NO3)3 ‚6H2O](c)+ CO(NH2)2 (c)w 5La2O3 (c)+ CO2 (g) + 14H2O (g) + 4N2 (g)+6O2(g)

R10 Sr(NO3)2 (c)+ CO(NH2)2 (c) w SrO(c)+ CO2 (g) + 2H2O (g) + 2N2 (g) + O2 (g)

R11 (NH4)2HPO4 (c) + CO(NH2)2 (c) + O2 (g) w H3PO4 (c) + CO2 (g) + 5H2O (g) + 2N2 (g)

R12 2La2O3 (c)+3H3PO4 (c) w 3LaPO4 (c)+ La(OH)3 (c) + 3H2O (g)

R13 2NH4
+ + 2NO3

_ w 2NH4NO3 (c)

R14 (1-s)La2O3 (c) + 2H3PO4 (c) + (2s)SrO(c) + (2s)O2 w 2La(1-s)PO4: Srs (c)+ La(1-s)PO4: Srs‚xH2O(c) + 3H2O(g)

R15 SrO(c) + CO2 (g) w SrCO3 (c)

R16 (1-s)La(NO3)3‚6H2O (c) + (s)SrO(c) + H3PO4 (c) w 2La(1-s)PO4: Srs (c) + La(1-s)PO4: Srs‚xH2O (c) + 3/2(5-4s)H2O (g) +
3/2(1-s) N2 (g) + (15-16s)/4O2 (g)

R17 (1-s)La2O3 (c) + (2s)Sr(NO3)2 (c) +2H3PO4 (c) w 2La(1-s)PO4: Srs (c) + La(1-s)PO4: Srs (c)‚xH2O + (2s)N2 (g) +
3H2O (g) + 3/2(1+s)O2 (g)

R18 (1-s)La(NO3)3‚6H2O (c) + (s)SrO(c) + H3PO4 (c) w 2La(1-s)PO4: Srs (c) + La(1-s)PO4: Srs‚xH2O (c) + 3/2(5-4s)H2O (g) +
3/2(1-s)N2 (g) + (15-16s)/4O2 (g)

R19 (1-s)La(NO3)3‚6H2O (c) + (s)Sr(NO3)2 (c) + CO(NH2)2 (c)+ H3PO4 (c) w La(1-s)PO4: Srs (c) + La(1-s)PO4: Srs‚xH2O (c)+
((19-12s)/2)H2O (g) + ((4-s)/2)N2 + ((15-16s)/4) + CO2 (g) +((9-6s)/4)O2 (g)

a (c) ) crystalline, (g)) gas, (l)) liquid.

Figure 1. DTA/TG of LaPO4 combustion product.
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to monazite-type LaPO4 (monoclinic) phase transition, ac-
cording to the revised literature.15,16,19,35-44 In this study, the
exothermic peak at∼400 °C (D) can be assigned to this
transformation. A broad exothermic peak from 500°C and
centered at∼900 °C (E) is observed and could correspond
to both the crystallization of the monazite phase and to the
decomposition of organic material. Similar DTA/TG and
nitrogen and carbon analysis results are obtained for the Sr-
doped compositions.

X-ray analysis data are shown in Figure 2. The data of
the as-prepared powder and powder calcined at 200°C, a
temperature below the one reached during the combustion,
present low crystallinity; i.e., the peaks are very broad,
indicating a small crystal domain. According to the litera-
ture,45 lanthanide orthophosphates exist in five polymorphic
forms: rhabdophane, weinschenkite, monazite, xenotime, and
orthorhombic symmetries. The X-ray patterns of the as-
prepared and dried powders correspond to the rhabdophane-
type LaPO4‚nH2O (PDF file 46-1439). At 200°C, the
crystallinity increases although the peaks are still very broad.
At 400 °C, the X-ray pattern corresponds to the monazite-
type LaPO4 (PDF file 32-0493). The monazite crystallinity
is improved through a calcination at 800°C/12 h. As
mentioned earlier, by DTA/TG, further crystallization of the
monazite phase is developed from 500 to∼900 °C (exo-
thermic peak).

X-ray data of Sr-subtituted LaPO4 powders were also
collected, and no significant variation was found compared
to those of pure LaPO4 powder. This can be explained by
considering that the monazite structure appears to be an
especially accommodating structure since it can accept ions
with variable charges and variable ionic radii.46 In this case,
the effective ionic radii of Sr2+ and La3+ ions are 1.26 Å
(Sr2+, coordination number) 8) and 1.18 Å (La3+, coordina-
tion number) 8), respectively.47 The “softness” of the
monazite structure may explain the complex chemical
composition of natural monazites. The analysis of longer term
scans using the “unitcell” software to calculate the cell
parameters gave results that confirmed this behavior. From
the X-ray diffraction patterns of LaPO4 powders calcined at

800°C for 12 h, the lattice parameters (monoclinic structure)
were calculated and found to be in good agreement with the
published data,35,43,46,48namely,a ) 0.6847( 0.0003 nm,b
) 0.7079( 0.0003 nm,c ) 0.6510( 0.0003 nm,â )
103.32( 0.09°, and volume) 0.3071( 0.0005 nm3. The
lattice parameters and the lattice volume of La(1-x)Sr(x)PO4

with x ) 0.025 and 0.050 did not show any significant
variation with respect to pure LaPO4.

XRD data were also used to calculate the average
crystallite size of the powder calcined at 800°C: ∼60 nm.
This value seems to be confirmed by the TEM analysis
(Figure 7). As can be seen, the crystallite size is uniform
and is in the 50-100 nm range.

Figure 3 indicates the transmittance bands of the as-
prepared LaPO4 powder and the same powder after calcina-
tion at 400 and 800°C/12 h. The band at 1620 cm-1 on the
FTIR spectrum of the as-prepared powder can be assigned
to the hydration water of the hexagonal LaPO4‚nH2O.16

This band completely disappears at 400°C. This indicates
that the rhabdophane phase is not present in the powder at
this temperature in accordance with the XRD data. The
other bands present on the FTIR spectrum of the as-prepared
powder are assigned to the phosphate groups. Four bands
located at 541, 564, 579 and 617 cm-1, were clearly observed
in theυ4 region of vibration of PO4 groups.49,50The presence
of these four bands is characteristic of the vibrations of
phosphate groups in the monoclinic structure of monazite-
type LaPO4. For the rhabdophane phase there are only
three bands in theυ4 region (541, 579 and 617 cm-1).16

This fact indicates that the as-prepared powder is a mixture
of both rhabdophane and monazite phases, although the
XRD does not reveal the presence of the monazite phases.
At low frequencies, the five characteristic bands (υ3 region:

(45) Mooney, R. C. L.Acta Crystallogr.1950, 3, 337.
(46) Montel, J.-M.; Devidal, J.-L.; Avignant, D.Chem. Geol.2002, 191,

89.
(47) Shannon, R. D.Acta Crystallogr.1976, A32, 751.

(48) Ni, R. C. L.; Hugues, J. M.; Mariano, A. N.Am. Mineral.1995, 80,
21.

(49) Farmer, V. C.The infrared spectra of minerals; Farmer, V. C., Ed.;
Mineralogic Society: London, 1974.

(50) Mullica, D. F.; Milligan, W. O.; Grossie, D. W.; Boatner, L. A.Inorg.
Chim. Acta1984, 95, 231. Pretsch, E., Clerc, T., Seibl, J., Simon, W.
Tablas para la Elucidacio´n Estructural de Compuestos Orga´nicos por
Métodos Espectrosco´picos, Vol. I, Alhambra, Madrid, 1988.

Figure 2. XRD data of LaPO4 combustion product and the same powder
calcined at three different temperatures.

Figure 3. FTIR spectra of LaPO4 as-prepared powder and calcined at two
different temperatures, 400 and 800°C.
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1093, 1060, 1024, 993 and 954 cm-1) of rare-earth phos-
phates in the monoclinic structure of monazite-type LaPO4,
resulting from the distortion of the tetrahedral phosphate
groups in the 9-fold coordinated La atoms, can be clearly
observed for the calcined powder at 800°C. The resolution
of the vibration bands of phosphate in the domain 990-110
cm-1 (υ3 region) of the FTIR spectra is increased when
increases the calcination temperature increases indicating a
higher crystallization of the monoclinic phase. Several extra
bands are present in the noncalcined powder data and are
not present in the powders calcined at 800°C. IR analysis
of the precursors were performed in order to understand the
presence of these extra bands. For instance, two bands can
be observed in the as-prepared powder spectrum at 1375 and
1470 cm-1 that can be associated with both the NO3

- group
of the residual unreacted nitrate precursors and from the NH4-
NO3 formed during the combustion reaction. The experi-
mental IR spectrum of La(NO3)3‚6H2O shows one band
centered at 1385 cm-1 and another one at 1468 cm-1; both
values match the IR frequencies of the extra bands. In fact,
both wavelengths are characteristics of the N-O bond in
the NO3

- group in nitrates. The band at 1468 cm-1 could
also be assigned to N-H vibrations (1400-1460 cm-1)
resulting from the presence of ammonium residues16 or/and
the presence of the biuret (H2NCONHCONH2) decomposi-
tion product of the urea. Another band detected in the as-
prepared powders is centered at 1780 cm-1 and could be
assigned to the NdO bond of the nitrates (unreacted
precursors) and from the NH4NO3 formed. At 1720 cm-1 a
band appears that can be associated with the carbonyl group
of the unreacted urea or/and the biuret.50 This band disappears
at 400°C. All these extra bands do not appear in the powders
calcined at 800°C for 12 h. In fact, the carbon content
analysis confirms the presence of this element in the
noncalcined powders in the amount of 1.0 wt %, as
mentioned above, and no presence of carbon is detected for
the calcined powders at 800°C. The bands centered at 1620
and 3500 cm-1 can be due to the hydration water (O-H
bond) of the rhabdophane phase in the as-prepared powders,
as mentioned above, and also to the water adsorbed on the
KBr pellet used to perform the IR analysis in the as-prepared
and calcined powders. The broad band centered at 3500 cm-1

can overlap another one at 3120 cm-1 that can be due to the
N-H vibration resulting from the presence of ammonium
or/and biuret residues50 present in both the as-prepared and
calcined (400°C) powders, the band being less intense in
the latter case. The doped samples show the same bands at
every calcination temperature.

The agglomerate average size was studied with a laser
analyzer. The data of both the as-prepared and the calcined
LaPO4 powder are represented in Figure 4. In all cases, the
agglomerate size corresponds to a bimodal distribution. The
size range of the as-prepared powder is 0.07-250µm. There
are clearly two peaks in the distribution, one centered at 0.25
µm and the second one at 40µm. Three differences can be
observed in the distribution of the calcined powder at 400
°C with respect to the as-prepared powder: the first one is
that the peak at 0.25µm has a lower intensity, the second is
that the peak at 40µm has a higher intensity than that of the

as-prepared powders, and the third one is that the maximum
is slightly shifted to a higher value (70µm) when the powder
is calcined. This behavior indicates that the average ag-
glomerate size is increased, a normal phenomenon in
polycrystalline materials when they are calcined. To reduce
the agglomerate size and to obtain a better sintering behavior,
the powders were attrition-milled for 3 h after the final
calcination at 800°C. After the attrition-milling, the ag-
glomerate size distribution is significantly changed: the
particle diameter range is 0.15-40 µm and two peaks in the
size distribution are still present but they are at different
positions from the ones found in the calcined unmilled
powders. The new peak positions are at 1 and 20µm the
latter has a very low density and it is clear that the
agglomerate size is drastically reduced by about 2 orders of
magnitude. Moreover, the agglomerates size was not affected
by 2.5% or 5% substitution of Sr in La(1-x)Sr(x)PO4 powders.
Attrition-milling for more than 3 h was applied to the
powders and no significant differences in either the ag-
glomerates size or their distribution were found.

SEM micrographs presented in Figure 5 confirm the size
range of the agglomerates given by the laser analyzer. Picture
5 (a) shows the as-prepared powder with large agglomerates
(some of them larger than 50µm), picture 5(b) shows a detail
of the agglomerates, while the picture on the right side, (5c),
corresponds to the calcined (800°C) and attrition-milled
powder where a drastic reduction of the agglomerate size
can be observed. Furthermore, the specific surface area of
the latter was found to be 7.0 m2/g, a higher value than that
of the unmilled powders. Similar results are observed in the
doped powders.

In Figure 6 agglomerates of nanometric crystals of the as-
prepared powders can be observed by TEM. The powder
exhibits two different morphologies: in some areas needle-
like crystals, characteristics of the rhabdophane phase,17 and
in another areas rounded crystals, corresponding to the
monazite phase.17 The electron diffraction of the agglomer-
ates indicates that they are polycrystalline, but the diffraction
is not well-defined; in fact, the crystallite size is very small,
less than 10 nm. The same technique was used to characterize
the powder calcined at 800°C/12 h. Figure 7 shows round-
shaped crystals of LaPO4 powders of a size that varies in
the range 40-80 nm. During the heat treatment, the crystals
with a needle-like morphology (rhabdophane phase) begin

Figure 4. Particle size distribution analysis of LaPO4 as-prepared powder
compared to powder calcined at two different temperatures, 400 and 800
°C, and attrition-milled.
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to change their morphology to an equiaxial shape, charac-
teristic of the monazite phase, due to their transformation.
At a calcination temperature of 800°C, only equiaxial
crystals are detected by TEM, corresponding to the monazite
phase, as mentioned above (Figure 7). Electron diffraction
indicates a good crystallinity; the crystallite size is about 10
times bigger than that in the noncalcined powder.

The last step in the preparation protocol is the attrition-
milling for 3 h, as mentioned above. Figure 8 shows how
milling affects the size of the agglomerates of nanometric
crystals (TEM micrograph). Less agglomerate powder is
attained after milling. The crystals are round-shaped as
mentioned above, which is a good characteristic in order
for packing and to obtain a good sinterability. The doped
samples show the same crystal size and morphology than
that of the undoped samples. TEM-EDX analysis indicates

the presence of La, Sr, and P elements in the stoichometric
proportions in both as-prepared and calcined powders.

Dilatometric Studies.From the dilatometric curve (Figure
9) of 5% substituted Sr:LaPO4 it can be concluded that the
starting densification temperature is∼850°C and when the
temperature increases a large shrinkage (16.5% of the total
length) was detected from that temperature up to 1300°C.
The maximum shrinkage rate was achieved at 1030°C. It is
important to outline that the densification behavior is affected
by the substitution of La3+ by Sr2+. In the case of pure
LaPO4, the sintering process is not complete at 1500°C.
However, for the doped samples, the sintering process is
complete at∼1300 °C. Thus, Sr2+ ions enhanced the
densification process, as is expected, since Sr2+ generates
oxygen vacancies when replaced with La3+ ions in the
lattice,9 allowing the sintering temperature to decrease.
Therefore, the absence of a flame during the combustion
could enhance the densification of the ceramic compacts

Figure 5. SEM micrographs of as-prepared LaPO4 powder (a) detail of
the agglomerates (b) and the same powder calcined at 800°C and attrition-
milled (c).

Figure 6. TEM micrograph and electron diffraction pattern of the
as-prepared and dried LaPO4 powder.

Figure 7. TEM micrograph and a selected area electron diffraction pattern
of the LaPO4 powder calcined at 800°C/12 h.

Figure 8. TEM micrograph of LaPO4 powder calcined at 800°C/12 h and
attrition-milled.

Figure 9. Dilatometric curves, shrinkage vs temperature and shrinkage
rate vs temperature of a green pellet of La0.95Sr0.05PO4.
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because the high temperature, reached when a flame is
produced during the reaction, might provoke premature
sintering of agglomerates. In addition, for scale-up and
industrial production, this synthesis method provides a very
rapid and efficient technique for nanometric powders of
La(1-x)Sr(x)PO4 compared to other methods.

Conclusions
This work shows that the valency molar proportions of

reactants proposed by propellant chemistry can be conve-
niently used to produce nanometric La(1-x)Sr(x)PO4 powders
at low temperature. XRD data reveal that doping with Sr
does not affect the volume of the LaPO4 lattice. It has been
demonstrated that the homogeneous powders are suitable to
obtain dense materials after calcination at 800°C/12 h and
attrition-milling for 3 h. The sintering temperature could be

as low as 1300°C. Unlike other methods, combustion
synthesis offers the advantage of simplicity of the experi-
mental setup, a surprisingly short time to obtain the final
product and savings in external energy consumption. The
fact that the combustion process is not complete in this case
can be an advantage because it could enhance densification,
which is required for the use of these materials as electrolytes
in fuel cells.
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