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Combustion synthesis, powder characteristics
and crystal structure of phases in Ce–Pr–O system
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The combustion method has been employed to produce homogeneous, single phased
mixed rare-earth oxides in Ce1 − xPrxO2 − y system for x ranging from 0 to 0.7. A cubic
fluorite structure is formed for the compositions 0 ≤ x ≤ 0.7, while for x > 0.7 mixed
phases are obtained. The mixed oxides are formed at the furnace temperature of 500 ◦C in
a short duration of 10 min. In view of the importance of these powders in catalysis,
crystallite size, surface area and porosity measurements have been carried out. The
crystallite size of the powders increases with x while the surface area decreases. As the
temperature is increased to 850 ◦C, the surface area decreases and the effect is much
pronounced in cerium rich oxides. The powders on calcination above 900 ◦C in air results in
the demixing of Ce and Pr to give two fluorite phases. C© 1998 Kluwer Academic Publishers

1. Introduction
Ceria-based materials are used extensively as catalysts,
oxygen sensors and as a component in electroceramic
formulations [1, 2]. These applications have prompted
a thorough investigation on the basic issues concern-
ing the composition, structure and their influence upon
the evolution of properties. CeO2 is an important con-
stituent in three-way catalyst formulations for treating
the automotive exhaust as it provides surface active
sites for the reaction and also acts as an oxygen stor-
age/transport/release medium. The ability of ceria to
store/release oxygen is primarily caused by the fluorite
crystal structure that it adopts and the mixed valence of
cerium, Ce3+/Ce4+. The fluorite lattice having a metal
ion of variable valency is flexible to release oxygen to
accommodate significant amount of oxygen vacancies
under reducing conditions. These vacancies will be re-
filled with oxygen atoms under oxidizing conditions.
This reversible oxygen storage/release feature coupled
with chemical stability in adverse conditions is a unique
feature that offers ceria the prime position in three-way
catalyst design. Other important features are that ceria
promotes the water-gas shift reaction [3–5], and it sta-
bilizes the dispersion of noble metals on metal oxide
supports [6].

The process of oxygen storage and transport in ceria
occurs through the lattice oxygen defects. These defects
could be either intrinsic or extrinsic depending on the
mode of creation of the oxygen vacancies [7]. These
oxygen defects play an important role in promoting the
catalytic activity of ceria-based materials. Metal ions
such as Zr [8, 9], Tb [10], Gd [7], Pb [11], and Pr [12]
in CeO2 have been found to create oxygen vacancies
and improve the catalytic activity and redox properties
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to a considerable extent. The enhancement in the ac-
tivity is attributed to high oxygen ion mobility in the
fluorite lattice. In few cases, the mixed oxides enable O2
diffusion at relatively lower temperatures and improve
the catalyst efficiency [13] which is of immense prac-
tical significance. There are a few mixed oxides based
on ceria showing improved thermal [14], redox [14, 15]
and catalytic properties [13, 16] and the compositions
in Ce–Pr–O system are more promising than the triva-
lent rare-earth substituted ceria formulations because
of the mixed valence of praseodymium.

The crystal structure and defect chemistry of cerium
and praseodymium oxides are interesting and they mod-
ulate the properties of these oxides. The oxygen non-
stoichiometry in ceria is limited compared to Pr–O
system. Praseodymium forms a wide range of non-
stoichiometric oxide phases and also an homologous
series of oxides with the generic formula PrnO2n − 2,
with n = 4, 7, 9, 10, 11, 12 and∝. The structure of these
oxides may be viewed as formed by removal of oxygen
atoms from normal sites in the fluorite structure ac-
companied by a relaxation of the remaining atoms pro-
portionate to the extent of oxygen vacancy. Although
PrnO2n − 2 and CeO2 crystallize in fluorite structure, the
solid solubility of Pr in CeO2 is restricted to only about
70 mol %. There exists only a few reports on the Ce–
Pr–O system [17, 18].

Synthesis of mixed metal oxides by non-conven-
tional methods offers the advantage of achieving phase
purity and chemical homogeneity [19–25]. The resul-
tant oxides possess fine particle size and large surface
area. Among various methods, the combustion process
is attractive since it requires only a short duration of
few minutes to produce the metal oxides [26–28]. In
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the present paper we report the combustion synthesis
of mixed metal oxides in Ce1− xPrxO2− y system for
0 ≤ x ≤ 1.0. The oxides have been characterized for
solid solubility and unit cell parameters. The powder
characteristics such as crystallite size, surface area and
porosity have been determined as a function ofx. The
variation of surface area and porosity as a function of
calcination temperature has also been studied.

2. Experimental Details
2.1. Materials
2.1.1. Preparation of Ce1 – xPrxO2 – y fine

powders
All chemicals and reagents used were of high purity and
commercially available (Aldrich) (NH4)2Ce(NO3)6
(99.99%), Pr(NO3)3.6H2O (99.9%) and urea (99%)
were used as received. The required quantities of metal
nitrates were mixed together to desired stoichiometry
and urea was added following the oxidizer/fuel (O/F)
ratio as detailed elsewhere [26–28]. The metal nitrate–
urea mixture was dissolved in minimum amount of wa-
ter and the contents transferred to a large volume glass
evaporating dish. The dish was introduced in a pre-
heated muffle furnace maintained at 500◦C inside a
fume-hood. In a few minutes water evaporated and the
contents underwent frothing and ignited to give a volu-
minous oxide powder.

2.2. Characterization
2.2.1. X-ray powder diffraction (XRD)

measurement
X-ray powder diffraction patterns for samples treated
at various temperatures were recorded in the region of
2θ = 10–90◦ with a step scan of 0.1◦/min on a Philips
diffractometer (Model PW1830) using CuKα radiation.
Cell parameters were calculated and further refined us-
ing linear regression procedures (Philips APD 1700
software) applied to the measured peak positions of
all major reflections up to 2θ = 90◦.

2.2.2. Crystallite size measurements
Crystallite sizes were calculated from the full width at
half maximum (FWHM) of the (1 1 1) reflection using
Scherrer equation [29]

D = kλ/β1/2 cosθ (1)

whereD is the crystallite size,k is a shape function (a
value of 0.9 is used),λ is the wave length of the X-ray
(λ = 0.1542 nm, CuKα radiation) andθ is the angle of
incidence.β1/2 was determined from the experimen-
tal integral peak width (FWHM) by applying standard
correction for the instrumental broadening.

2.2.3. Surface area and porosity
measurements

Specific surface area and pore size distribution mea-
surements were performed on a micromeritics, accel-

erated surface area and porosimetry system (ASAP
2000). The samples were degassed at 300◦C for 6 h
prior to the measurement. The measurement is based
on the Brunauer–Emmett–Teller (BET) principle [30].
The BET equation may be written as

(P/Ps)/[V(1 − (P/Ps))] = (1/VmC)

+ [(C − 1)/VmC]( P/Ps) (2)

whereV is the volume of gas adsorbed at pressureP,
Ps is the saturation pressure, i.e. the vapour pressure
of liquid gas at the adsorbing temperature,Vm is the
volume of gas required to form the monolayer andC is
a constant related to the energy of adsorption. A plot of
P/V(Ps − P) againstP/Ps gives a straight line with
an intercept and slope of 1/VmC and (C − 1)/VmC,
respectively. The value ofVm is extracted from a se-
ries of measurements made by varying the pressure of
adsorbate, N2.

In order to evaluate the type of pore and pore vol-
ume distribution, adsorption–desorption isotherms for
the mixed oxides were determined [31]. In a typical
experiment, volume of N2 adsorbed in cm3 g−1 at STP
is monitored against relative pressure (P/Ps), ranging
from 0 to 1. The relative pressure was reversed from
1 to 0 to find out the volume of gas desorbed. A plot
of volume adsorbed and desorbed against relative pres-
sure gives an isotherm with a characteristic hysteresis
from which the type of pore and pore size distribution
were determined.

3. Results and Discussion
The XRD patterns of a few selected compositions
in the Ce–Pr–O system are given in Fig. 1. Start-
ing with cerium dioxide, as cerium is replaced by
praseodymium, single phase compounds of general for-
mula Ce1− xPrxO2− y are obtained in the compositional
range 0< x < 0.7. Beyondx > 0.7 mixed phases are
obtained. The compositions in Ce1− xPrxO2− y crystal-
lize in cubic fluorite structure for 0< x < 0.7. All XRD
reflections could be indexed on the basis of a cubic

Figure 1 Powder XRD patterns of selected compositions in
Ce1− xPrxO2− y system.
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Figure 2 Variation of cell parameter,a with x for Ce1− xPrxO2− y; (A)
calculated by using Vegard’s law for solid solutions between the dioxides
of cerium and praseodymium and (B) for CeO2–PrO1.83. Experimental
results of the present study in solid line.

fluorite unit cell. The refined cell parameter,a is plot-
ted againstx in Fig. 2. Forx = 0 to 0.3, the value
of a shows a slight increase. The cell parametera de-
creases asx is increased above 0.3. As the ionic radii
of Ce4+ and Pr4+ in eightfold co-ordination are 0.097
and 0.096 nm, respectively, only minor variations are
observed in this compositional range. The dotted line in
Fig. 2 is based on Vegard’s rule and gives a theoretical
estimate ofa as a function ofx. The following expres-
sion gives a linear relation betweena andx, where Pr4+
substitutes for Ce4+ in the lattice sites

ax = −0.0193x + 0.5411 nm (3)

This relationship is arrived at from the reported cell pa-
rameters of the dioxides of cerium and praseodymium
[JCPDS file: 34-394 and 24-1006]. The solid solution
formation between the dioxides is inferred forx > 0.3
because the variation ofa parameter withx is showing
a decreasing trend. Loss of oxygen from the fluorite
lattice can result in the creation of oxygen vacancies.
This process can result in the reduction of proportionate
amount of tetravalent metal ions to the trivalent state to
maintain charge neutrality. The trivalent ions are larger
in size (Pr3+ = 0.1126 nm and Ce3+ = 0.1143 nm in
eightfold co-ordination) compared to the tetravalent
ions and hence a significant increase in the cell pa-
rameter is expected corresponding to the amount of
trivalent ions present in the lattice. This is often the
case when the oxides are prepared at elevated tempera-
tures. On the other hand, chemical methods of synthe-
sis gives rise to oxides having fewer oxygen vacancies
since the oxides are formed at lower temperatures. The
present results show the solid solution formation be-
tween CeO2–PrO1.83 for x < 0.3, since thea parameter
increases withx. The dotted line in Fig. 2 is based on
Vegard’s rule for the formation of solid solution be-
tween CeO2 and PrO1.83. The variation of cell param-
eter withx for CeO2–PrO1.83 system can be as given
below following Vegard’s rule

ax = 0.058x + 0.5411 nm (4)

These variations in cell parameters are caused by the
lattice oxygen vacancies. The variations in oxygen sto-

ichiometry are brought about by the nature of the com-
bustion process which depends on the proportion of
metal ions in the mixture. The redox mixtures rich in
ceric ammonium nitrate are likely to raise the flame
temperature causing the creation of oxygen vacancies.
An increase in the amount of praseodymium nitrate in
the redox mixture is expected to lower the flame tem-
perature to minimize the loss of lattice oxygen in the
resultant solid solution. As the nature of the oxidizer,
fuel and the oxidizer to fuel (O/F) ratio decide the en-
ergetics of the combustion process, it is important to
fix these parameters. In the present case, this is fixed
by using metal nitrates as the oxidizer and urea as the
fuel and the optimum O/F ratio has been employed as
it has previously been used for other systems [26–28].
It is to be noted that only an optimum O/F ratio results
in the ignition and self-propagation of the combustion
reaction to produce the mixed oxides. This process is
autocatalytic and requires only a thermal initiation at a
temperature of 500◦C. Once initiated, the combustion
reaction proceeds with intense flame and is complete
within about 30 s. The fine solid mass left behind is the
mixed oxide which can be heated at 500◦C for further
5 min to drive away the adsorbed and trapped gases.

These aspects reveal the fact that the synthesis con-
ditions influence the oxygen stoichiometry and eventu-
ally the unit cell parameter of these compositions. As
the praseodymium–oxygen system is known to form
a wide range of non-stoichiometric oxide phases, the
mixed oxides containing Pr in the lattice are expected
to show this behaviour to a considerable extent depend-
ing on the type of crystal structure that they adopt. The
fluorite, perovskite and pyrochlore structures are known
to accommodate considerable lattice oxygen vacancies.

Fig. 3 shows the variation of crystallite size as a func-
tion of x for the oxides obtained at 500◦C. As can
be seen the crystallite size decreases as the Pr-content
is increased in Ce1− xPrxO2− y. The dependence of
crystallite size upon composition in ceria-based oxides
have considerable practical importance, since this could
bring about changes in the physical properties. The free
energy of a spherical Ce–Pr–O microcrystal may be ex-
pressed as [32]

G = (4/3)πr 3ψ + 4πr 2σ (5)

Figure 3 Variation of crystallite size (D) with x in Ce1− xPrxO2− y

system.
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wherer is the radius of the crystallite,ψ is the free en-
ergy/unit volume of a large crystal andσ is the surface
free energy of the crystallite. Thus, the smaller crystal-
lites possess large surface free energy to influence the
physicochemical properties.

Smaller crystallites are known to possess excess en-
ergy associated with their surface as given below [33]

1E = [12N(n − 1)2d2Kγ ]/ n3 (6)

where1E is the excess energy in kcal mol−1, N is Avo-
gadro’s number,d is the diameter of the oxygen ion,K
is a factor to convert the energy unit from ergs to kilo-
calories,n is number of ions per cube edge in the fluorite
structure,d is the diameter of the oxygen ion andγ is
the surface energy in ergs cm−2. Crystallites in the size
range below 10 nm possess over sixfold excess surface
energy than the large crystallites of about 100 nm in
size. The mixed oxides in the present case forx < 0.3
have crystallite size falling in the sizes range 17–25 nm
and determined from the above relation to have about
three fold excess energy. The surface energy comes
down as the crystallite size goes up and for the lim-
iting composition in the series (x = 0.7) it is almost the
same as that of the bulk material. These compositions
having large crystallites are calculated not to show any
behaviour which might originate from excess energy.
This relation can be used as a simple predictive guide
to identify whether a sample posses excess energy as-
sociated with its active surface. Interestingly, by know-
ing the crystallite size, the magnitude of excess energy
can be calculated. This relation is experimentally found
to be valid for oxides especially for the fluorites [24].
Thus, in Ce1− xPrxO2− y system, the Pr-content influ-
ences the excess energy associated with the powders by
varying the crystallite size. When heated to higher tem-
peratures the crystallites grow and the specific surface
area and the excess surface energy diminsh. The extent
of reduction in surface area againstx is given in Fig. 4.
The samples obtained at two selected temperatures of
500 ◦C and 850◦C are given. The drastic decrease in
the surface area of the cerium rich samples, for exam-
plex = 0 is a consequence of the excess surface energy
driving the crystallite growth.

The specific surface areas of the mixed oxides ob-
tained at 500◦C show a decreasing trend as the Pr-
content is increased in Ce1− xPrxO2− y (Fig. 4). For ex-
ample, CeO2 has the largest surface area of 78.6 m2 g−1

in this series and it decreases to 65.2 m2 g−1 for x = 0.2

TABLE I Summary of XRD and surface area measurements for Ce1− x–PrxO2− y system

Surface area (m2 g−1)

x Lattice parameter (nm) Cell volume (nm3) 500 ◦C 850 ◦C

0 0.5413(4) 0.15865 78.6 0.9
0.2 0.5423(3) 0.15962 65.2 1.3
0.3 0.5422(1) 0.15950 – –
0.5 0.5406(0) 0.15799 54.5 2.0
0.6 0.5404(5) 0.15787 – –
0.7 0.5402(4) 0.15767 22.3 3.6

Figure 4 Variation of surface area withx in Ce1− xPrxO2− y for calci-
nation at two temperatures, (a) 500◦C and (b) 850◦C.

and decreases further to 22.3 m2 g−1 for x = 0.7. The
decreasing trend in specific surface area as a function
of x is consistent with the XRD results on the crystallite
size measurements. An increase in the calcination tem-
perature to 850◦C brings about significant reduction
in the surface area of the cerium rich compositions. On
the other hand, the limiting compositionx = 0.7 shows
relatively small decrease in surface area. Table I gives
the surface area of the compositions in the series.

Adsorption–desorption isotherms were obtained for
few compositions to find out the type of pores and the
pore size distribution (Fig. 5). Below the critical tem-
perature of the adsorbate, the presence of pores give
rise to capillary condensation and is observed as a
hysteresis in the adsorption–desorption isotherm. The
isotherms of the oxides show narrow hysteresis reveal-
ing the presence of cylindrical pores in the samples.
As it is seen from Fig. 5, the desorption branch lies
close to the adsorption branch to give hysteresis when
the relative pressure is above 0.8 forx = 0 and it is
found to be 0.45 forx = 0.7. The shape of the hystere-
sis suggests the presence of cylindrical pores and their
diameter increasing withx. It is interesting to note that
the average pore diameter increases as the Pr-content is
increased. The compositionx = 0.7 shows the largest
hysteresis among the other members in the series. As
the Pr-content increases the hysteresis becomes wider
and there is a profound increase in the magnitude of
volume adsorbed as a function of relative pressure as
shown in Fig. 5. The base composition, CeO2 (x = 0)
adsorbs 17.93 cm3 g−1 of nitrogen at a relative pres-
sure of 0.06 whilst the limiting composition (x = 0.7)
adsorbs only 4.89 cm3 g−1. However, when the relative
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Figure 5 Adsorption–desorption isotherms of samples prepared at
500◦C: (a)x = 0 and (b)x = 0.7 in Ce1− xPrxO2− y system.

pressure is increased to about 0.98, the amount of gas
adsorbed byx = 0.7 andx = 0 are 42 and 37 cm3 g−1,
respectively. Although there is a decrease in BET sur-
face area as Pr-content is increased, the adsorption–
desorption isotherms reveal an increased porosity in
the mixed oxides. This is clearly seen from the plot of
pore volume against pore diameter forx = 0 and 0.7
as shown in Fig. 6. The distribution of pore diameter
for two selected compositions,x = 0 andx = 0.7 are
shown in Fig. 6. Thex = 0 composition gives only a
single broad feature, whereasx = 0.7 gives two intense
features, the first one narrow and the second one rela-
tively broad. This result suggests that Pr-content brings
about significant changes in the porosity characteris-
tics of these mixed oxides. The average pore diameter
determined from the desorption results forx = 0 and
x = 0.7 are 4.08 and 9.88 nm, respectively.

4. Conclusions
The combustion method has been employed to pro-
duce Ce1− xPrxO2− y fine powders in a short duration of
10 min at a furnace temperature of 500◦C. The solid sol-
ubility of Pr extends up tox = 0.7 in Ce1− xPrxO2− y.
The crystallite size of cerium-rich compositions are
found to be larger and it decreases asx is increased
in Ce1− xPrxO2− y. The surface area measurements on
the solid solutions show a strong dependence onx and
it decreases asx is increased. At higher temperatures,
cerium rich compositions show a pronounced decrease

Figure 6 Pore size distribution of samples prepared at 500◦C: (a)x = 0
and (b)x = 0.7 in Ce1− xPrxO2− y system.

in surface area while the porosity increases as a function
of x. The present study reveals the compositional de-
pendence of powder characteristics in mixed rare-earth
oxides.
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