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Rare earth phosphates have recently been investigated as a potential ceramic material in
view of their high-temperature phase stability, high melting point, low thermal conductivity,
optical, fluorescence, and catalytic properties, and layered structural features. The present
work describes a method for synthesizing nanocrystalline cerium phosphate starting from
cerium nitrate and orthophosphoric acid by sol-gel process involving controlled precipitation
followed by electrostatic stabilization (peptization) using nitric acid and deagglomeration of
sol particles using ultrasonication. Average particle size of cerium phosphate in the precursor
sol is 50 nm. Dehydroxylation of the precursor gel was studied by thermal analysis and
FTIR spectrum. The transformation of low-temperature rhabdophane phase to hexagonal
and further to monoclinic monazite type at 800 °C is evidenced from the XRD pattern. Cerium
phosphate had crystallite size of 10 nm and excellent thermal phase stability up to 1700 °C
as observed from XRD data. Specific surface area of 98 m2/g was obtained for precursor gel
calcined at 400 °C. The nanosize cerium phosphate has been sintered at 1300 °C to ∼99%
density with an average grain size of 1 µm as observed from SEM micrographs.

Introduction
The family of rare earth phosphates was shown to

possess excellent thermal phase stability and high
melting point above 1900 °C1 and this generated con-
siderable interest in the synthesis of fine-grained com-
positions and evaluation of properties such as densifi-
cation characteristics, thermal conductivity, reactivity
with other ceramic oxides, catalytic and optical proper-
ties,2 and suitability as second phase in ceramic matrix
composites. Lanthanum phosphate is reported widely
in the literature. Morgan et al. found that lanthanum
phosphate has no reactivity with alumina, but has a
nearly identical thermal expansion coefficient.3 Lan-
thanum phosphate-alumina composite was shown to
have machinable characteristics like that of micor but
had better thermal stability.4 The melting point of
synthetic cerium phosphate was first reported by
Hikichi to be 2045 ( 20 °C and was synthesized by
conventional precipitation technique.1 Composites of

zirconia and alumina containing cerium phosphate as
second phase particles are also reported.5 Cerium and
lanthanum phosphate were used as catalysts for oxida-
tive dehydrogenation of isobutane to isobutene and
vapor-phase O-alkylation of phenol over alkali.6,7 Fur-
ther, catalytic efficiency of such phosphates on dehydra-
tion reaction of 2-propanol, cracking/dehydrogenation
reaction of cumene, and isomerization reaction of butene
were studied by Onoda et al.8

Hikichi et al. prepared monazite-type CePO4 by
heating CePO4‚0.5H2O and reported a high sintered
density (99%) at 1500 °C.9 Another approach to syn-
thesize cerium phosphate was through the reaction
between rare earth salts and ammonium phos-
phate.10 CePO4 was prepared from Ce2(SO4)3‚H2O using
NH2H2PO4 solution as a reagent and used for thermo-
physical property measurement and ion implantation
studies.11 Recently, a mechanochemical method has also
been used to synthesize rhabdophane-type CePO4 by
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grinding Ce(NO3)3‚6H2O, CeCl3‚7H2O, and Ce2(CO3)‚
8H2O along with (NH4)2HPO4.12 Cerium phosphate was
prepared by reaction with cerium nitrate and phosphoric
acid13 and also by hydrolysis of cerium butoxide, which
were used for coating on alumina fibers.14 Synthesis of
microcrystalline cerium phosphate, using cerium nitrate
and phosphoric acid, in ethanolic media was reported
by Yan Guo et al.15 However, there is no literature
available on synthesis of nanosize cerium phosphate by
sol-gel process and involving electrostatic stabilization
and gelation in ammonia atmosphere. For applications
related to catalysis, coatings, and low-temperature
densification, and for synthesis of nanocomposites,
nanosize particle is very important. Therefore, we report
a procedure for the preparation of monomodal nanosize
cerium phosphate sol by controlled precipitation of
cerium nitrate in aqueous solution, followed by electro-
static stabilization (peptization) by nitric acid, and
further subjecting the sol to ultrasonication for a period
of 15 min. The stable sol was then gelled by exposing it
in an ammonia atmosphere for 2 days. The gel to cerium
phosphate formation, particle characterization, thermal
phase stability, high surface area, and low-temperature
densification are presented.

Experimental Section
Cerium nitrate, 99.9% pure (M/s Indian Rare Earths Ltd.

India) and orthophosphoric acid (AR grade, 88%, Qualigens
Fine Chemicals, India) were used as starting materials. A 0.03
M (9.239 g) solution of Ce(NO3)3‚6H2O was prepared in
deionized water. Orthophosphoric acid solution (2.084 g (1.191
mL)) was added slowly to the cerium nitrate solution while
kept under stirring. An off-white precipitate of cerium phos-
phate was obtained. The precipitate was then filtered and
washed free of nitrates and phosphates, and was further
redispersed in deionized water. The electrostatic stabilization
was achieved by addition of 20% nitric acid where the pH was
adjusted in the range 1.8-2. The suspension was kept under
stirring for about 4 h. The colloidal sol thus obtained was
further subjected to ultrasonication for 15 min to obtain stable
cerium phosphate precursor sol. Particle size distribution of
the precursor sol and zeta potential were measured using
laser light diffraction method (Zeta Sizer, Malvern Instru-
ments Ltd., UK). Gelation of the sol was carried out by
exposing it to ammonia atmosphere over a period of 48 h in a
closed desiccator. Cerium phosphate gel thus obtained was
dried at 80 °C. The preparation procedure is presented as a
flow diagram in Figure 1. Thermal decomposition features
of the precursor gel were studied in air at a heating rate of
10 °C/min using a Shimadzu Thermal Analyzer, Japan
(model 50H). Densification and shrinkage features of cerium
phosphate were recorded using a thermo mechanical analy-
zer (TMA) Shimadzu 60H (Japan), up to a temperature of
1350 °C on a cylindrical sample of 10-mm diameter and 8-mm
length made by pressing the 400 °C calcined gel power. The
rate of heating of 10 °C/min and air atmosphere were em-

ployed. The precursor gel was separately heated at various
temperatures in the range 400-1700 °C, and phase identi-
fication was done by XRD (Philips PW 1710) on the calcined
powders in the 2θ range 20-60° using Cu KR radiation. The
crystallite size was calculated by the X-ray line broadening
method using the Scherrer equation

where t is the crystallite size, λ is the wavelength of radiation
(1.54 Å for Cu KR radiation), â is the corrected peak width at
half-maximum intensity, and θ is angle of diffraction at the
peak position. BET surface area and pore size distribution of
the gel after calcination at 400 and 800 °C were measured by
nitrogen adsorption (after degassing the powders at 200 °C
for 4 h) using a Micromeritics Gemini 2375 V5.01 surface area
analyzer. FT-IR spectra of cerium phosphate calcined at
different temperatures were taken using a Nicolet Magna-IR
560 spectrophotometer as KBr pellets in the range of 400-
4000 cm-1. The calcined powder was compacted at pressure
of 200 MPa to pellets (11 mm dia and 2 mm thick). The pellets
were sintered in the range 1100-1400° C, at a heating rate of
10 °C/ min, and soaked at the peak temperature for 3 h. The
relative density was measured by the Archemedes method. The
polished, thermally etched surface of sintered cerium phos-
phate after providing gold coatings was observed under a
scanning electron microscope (Hitachi, 2240 Japan). Cerium
phosphate precursor gel, after being calcined at 400 °C, was
observed under a transmission electron microscope (JEOL
3000EX, with an accelerating voltage of 300 keV) for its
nanosize characteristics.

Results and Discussion
In the present investigation the cerium phosphate

precipitate was electrostatically stabilized to nanosize
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Figure 1. Flow diagram of the preparation of cerium phos-
phate nanoparticles.
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colloidal sol by controlling the zeta potential above 52
mV and by maintaining the pH in the range 1.8-2. At
pH above 4, the stability of the sol is lost and gradual
agglomeration sets in. The particle size distribution of
cerium phosphate sol is presented in Figure 2a. The
stable sol shows a monomodal distribution of cerium
phosphate particles with an average size of about 50
nm. We could not observe any visible sedimentation or
flocculation even after keeping the sol for a year. There
was, however, a very slow tendency for the sol particles
to undergo particle growth resulting in a bimodal
distribution consisting of particles of size 86 and 380
nm (Figure 2b); i.e., after one year, about 95% of the
particles were still in the size of 86 nm. When this sol
was ultrasonicated for 15 min, cerium phosphate par-
ticles with an average particle size of 99 nm (Figure 2c)

were obtained. The zeta potential of this sol was 42 mV.
This reduction in zeta potential from 52 to 42 mV may
be due to the reduction in the effective charge density
by decreasing the surface area as a result of the
increased particle size. This increase in particle size
could be attributed to a possible dissolution-reprecipi-
tation process occurring in the sol, on the larger particle
at the expense of smaller particles.16

Decomposition of the precursor gel and formation of
cerium phosphate were followed by thermal analysis
data provided in Figure 3. The TGA curve shows three-
step decomposition of cerium phosphate precursor gel.
The weight loss of 15% was observed below 450 °C. The
first step weight loss between 28 and 110 °C corresponds
to the removal of adsorbed water. The evolution of water
of hydration of cerium phosphate takes place between
110 and 245 °C. This is about ∼1 mol of water per mol
of cerium phosphate.

This is nearly identical to the evolution of water of
hydration of monazite-type lanthanum phosphate re-
ported by Boakye et al.17 The third weight loss between
245 and 420 °C is attributed to loss of nitrate, which
originates from the peptization step, where nitric acid
was used as peptizing agent. Although nitric acid should
vaporize well below 420 °C, the residual nitrate can
easily be complexed and trapped in nanoporous precur-
sor gel. A small weight loss of 0.682% between 420 and
800 °C may be attributed to this residual nitrate. A
similar phenomenon was reported in lanthanum phos-
phate precursor by Boakye et al.17a DTA analysis shows
two endothermic peaks at 91 and 235 °C corresponding
to the loss of adsorbed water and water of hydration,
respectively. An intense exothermic peak at 303 °C
corresponds to evolution of nitrates. A weak exothermic
peak at 730 °C may be due to the crystallization of
monazite-type CePO4 from hexagonal form.13,14

The FTIR spectra taken on the precursor gel, as well
as after calcination, at different temperatures are
presented in Figure 4a and b. The peak around 3500
cm-1 of the precursor gel is due to -OH stretch and the
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Figure 2. Particle size distribution of cerium phosphate
precursor sol (a), precursor sol aged for one year (b), and one-
year-aged sol after ultrasonication (c).

Figure 3. Thermal analysis (DTA/TGA) graph of cerium
phosphate precursor gel.

CePO4‚1H2O f CePO4 + 1H2O
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peak around 1600 cm-1 is attributed to -OH bending
mode. FTIR spectra of the gel sample dried at 80 °C
show a broad and large peak with some shoulders
between 3000 and 3500 cm-1. This may be due to the
change in the OH environments in gel stage, like
hydrogen bonding in the presence of ammonia. The
intensity of these peaks decreases along with temper-
ature. Vibrational spectra of hydrated rare earth ortho-
phosphates, i.e., rhabdophane and weinschenkite-type,
were examined by Assaaoudi et al. and a peak at 750
cm-1 is assigned as rocking modes involving water
molecules.18 A peak appearing in this work at 715 cm-1

for cerium phosphate dried at 80 °C may be assigned
to the rocking mode of vibrations of water molecule. The
peaks at 1380 and 878 cm-1 corresponded to nitrate
group and are more prominent than phosphate P-O
stretching in gel dried at 80 °C. But the P-O absorption
at 1040 cm-1 is prominent in gel heated at 400 °C. A
weak band of the complexed or trapped residual nitrate
at 1380 cm-1 spectra of cerium phosphate gel calcined
at 800 °C was observed, and this supports the thermal
analysis data. At higher temperatures the nitrate
groups are absent. The P-O stretching peak is single
and broad in cerium phosphate calcined at 400 °C, but
above 800 °C the P-O stretching appears as split bands.
This may be due to the dehydration in the gel giving
flexibility to phosphate bonds. All the spectra taken on
phosphate gel heated above 800 °C showed similar
characteristic peaks. Peaks around 1040, 616, and 540
cm-1 correspond to PsO stretching, OdPsO bending,

and OsPsO bending mode of vibration, respectively.14

The FTIR spectrum indicates that the dehydration is
completed below 400 °C, and the presence of phosphate
is confirmed in cerium phosphate heated at higher
temperature.

Pore size distribution and surface area studies by
N2 adsorption (BET) method on cerium phosphate
precursor gel after calcination at 400 and 800 °C are
shown in Figure 5a and b, respectively. The presence
of micropores (<2 nm) and mesopores (2-50 nm)
is indicated in both the pore distribution plots in the
calcined gel. Whereas a distribution of micropores
with extended mesoporosity is seen in the gel calcined
at 400 °C, retention of micropores and partial collapse
of the mesopores are observed in the gel heated at
800 °C. The volume of mesopore decreases from
0.06641 to 0.0435 cm3/g between the gels heated at
400 and 800 °C, respectively. Similarly, there is a
reduction in surface area from 98 to 52 m2/g when
the gel is heated at 400 and 800 °C, respectively. High
surface area value for the gel heated at 400 °C also
explains the process of dehydroxylation and the col-
lapse of hydrogen bonds. The BET isotherm of cerium
phosphate calcined at 400 °C indicates a predom-
inantly mesoporous nature, although at low relative
pressure (P/Po) it shows microporous character. The
volume adsorbed at high relative pressure is high,
indicating adsorption is in mesopores, which further
transform to micropores on heating to 800 °C. For

(18) Assaaoudi, H.; Ennaciri, A.; Rulmoat, A. Vib. Spectrosc. 2001,
25, 81.

Figure 4. (a) FTIR spectra of cerium phosphate heated at 80
(trace a), 400 (trace b), and 800 °C (trace c); and (b) heated at
1000 (trace a), 1300 (trace b), and 1700 °C (trace c).

Figure 5. Pore size distribution and adsorption isotherm
(inset) of cerium phosphate precursor gel after calcination at
(a) 400 and (b) 800 °C.

Sol-Gel Synthesis of Nanocrystalline Cerium Phosphate Chem. Mater., Vol. 16, No. 14, 2004 2703



the vapor-phase O-alkylation of phenol over alkali
Sarala Devi et al. used cerium phosphate catalysts with
surface area of 6-10 m2/g and also for oxidative dehy-
drogention of isobutane to isobutene Takita et al. used
catalysts with surface areas of 6.8-36.6 m2/g.7,6 Onoda
et al. reported 0.9 m2/g of specific surface area for cerium
phosphate and found that catalytic activity of rare earth
phosphates was influenced significantly by specific
surface area.8 We have obtained much higher surface
area than reported earlier, which may facilitate catalytic
activity of the cerium phosphate in various organic
reactions. The high surface area is achieved by the
ultrasonicaton of the cerium phosphate sol resulting in
deagglomerated nanosized cerium phosphate particles.
The particle size was further calculated from BET

surface area data using the following equation:19

where D is average particle size (nm), S is BET surface
area, and d is the density of cerium phosphate (5.22
g/cm3). Cerium phosphates calcined at 400 and 800 °C
having average particle sizes of 11 and 22 nm, respec-
tively, were obtained.

The X-ray diffractograms of cerium phosphate precur-
sor gel heated at different temperatures in the range of
400-1700 °C are presented in Figure 6. The gel calcined
at 400 °C shows the transformation of rhabdophane
(hydrated cerium phosphate) to hexagonal form. Ther-
mal analysis supports the above observation, where the
dehydration of cerium phosphate is observed below 400
°C. The major hexagonal cerium phosphate phase was
identified with JCPDS file no. 4-632, and also the pres-
ence of rhabdophane (JCPDS file no. 35-0614) in the
XRD pattern shows the incomplete transformation of
hexagonal phase. Cerium phosphate calcined at 800 °C
shows broad peaks of monazite-type monoclinic cer-
ium phosphate (JCPDS file no. 32-0199) which became
sharp above 800 °C. The crystallization of monazite-type
CePO4 commences above 700 °C and is in good agree-
ment with our thermal analysis data. Earlier reports
also showed that crystallization of monazite CePO4 com-
mences above 700 °C.14 The peaks of the calcined pow-

(19) Xiong, G.; Zhi, Z.; Yang, X.; Lu, L.; Wang, X. J. Mater. Sci.
Lett. 1997, 16, 1064.

Figure 6. (a) X-ray diffraction patterns of cerium phosphate
precursor gel heated at different temperatures of 400 (trace
a), 800 (trace b), 1000 (trace c), 1300 (trace d), and 1700 °C
(trace e); M ) monazite, H ) hexagonal, R ) rhabdophane.
(b) Plot of crystallite size versus temperature.

Figure 7. Dilatometric curve of cerium phosphate.

Figure 8. Plot of relative density against temperature.
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ders at 1000 °C for 3 h clearly indicate that the gels
were highly crystallized. The characteristic d values
obtained exactly match the JCPDS file data. Phase
stability in the temperature range up to 1700 °C was
observed in the present investigation. The XRD patterns
of the powders calcined at still higher temperature were
similar. The crystallite size calculated from XRD pat-
terns was in the range of ∼10 and 15 nm for lanthanum
phosphate calcined at 400 and 800 °C, respectively, by
using the Scherrer equation, which are comparable with
that calculated from BET surface area. Figure 6b shows
the plot of crystallite size versus temperature of calcina-
tion. The crystallite size increases with calcination
temperature, and crystallite size 40 nm was obtained
after heating to 1700 °C.

The sol-gel-derived cerium phosphate was also sub-
jected to dilatometry for observing the sintering char-
acteristics of the system. The nano precursor powder
was calcined at 400 °C and was compacted to cylindrical
pellets of 10-mm diameter and 8-mm height. The
shrinkage-temperature profile measured using the
dilatometer is presented in Figure 7. The densification

of cerium phosphate takes place in three steps. The
densification starts as early as 740 °C. This is evidenced
in surface area analysis that shows the decrease in
surface area of cerium phosphate calcined at 800 °C.
Shrinkage of ∼5.3% was obtained between 100 and 750
°C. Fast shrinkage (∼15%) was seen in the range 800-
1150 °C. A total shrinkage of about ∼25% is observed.
Compared with the data from thermogravimetry and
infrared spectrum, the shrinkage is due to formation of
crystalline rare earth phosphate followed by densifica-
tion. Relative density as high as ∼99% could be obtained
by sintering at as low as 1300 °C.

The powder calcined at 400 °C was compacted, at
pressure of 200 MPa, to pellets of 11-mm diam × 2-mm
thickness, which were sintered in the range 800-1400
°C at a heating rate of 10 °C/min and soaked for 3 h. A
relative density of ∼99% was obtained by sintering at
1300 °C. The densification features of cerium phosphate
are presented in Figure 8. Earlier, Hikichi et al.
reported relative density of ∼99% at 1500 °C.9 The
decrease in sintering temperature may be due to the
nanosize of the CePO4 particles, prepared by sol-gel
route, which enhances the surface diffusion.

Transmission electron microscopic investigation of
cerium phosphate precursor gel calcined at 400 °C
indicates needle-like morphology of the CePO4 particle
which may be due to hexagonal form of CePO4 derived
from aqueous route at low temperature as has been
reported in the literature.13,14 An average crystallite size
of 20 nm is seen in TEM presented in Figure 9. A certain
agglomeration may be due to the collapse of hydrated-
rhabdophane cerium phosphate particles during calci-
nation of gel at 400 °C.

The morphology of thermally etched cerium phos-
phate sintered at 1300 and 1500 °C was observed under
scanning electron microscope (Hitachi, 2240 Japan), and
is presented in Figure 10a and b, respectively. An
average grain size of ∼1 µm was noted in the sample
sintered at 1300 °C and >2 µm was found for the sample
sintered at 1500 °C.

Conclusions

Cerium phosphate nanoparticles were synthesized
through colloidal sol-gel route involving precipitation-
electrostatic stabilization and under ultrasonicated
condition. A monomodal distribution with average par-
ticle size of 50 nm is obtained in precursor sol. Crys-
tallite size is 10 nm and specific surface area is 98 m2/g
for cerium phosphate gel calcined at 400 °C. Retention
of microporosity and collapse of mesoporosity are evi-
denced in the pore size distribution curve of cerium
phosphate calcined at 800 °C. Cerium phosphate was
sintered to ∼99% density at a low temperature (1300
°C). Average sintered grain size of ∼1 µm was observed.
Cerium phosphate phase was stable in the temperature
range investigated (400-1700 °C).
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Figure 9. TEM picture of cerium phosphate precursor gel
heated at 400 °C.

Figure 10. SEM pictures of cerium phosphate sintered at (a)
1300 and (b) 1500 °C.
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