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Nanocrystalline neodymium-doped ceria solid solutions with Nd3+ concentrations varying
from 4 to 20 mol pct have been synthesized by gel combustion method, using urea-formalde-
hyde as fuel for Nd doping. The combustion reaction is explained through differential scanning
calorimetry (DSC)-differential thermogravimetric analysis (TGA), whereas the synthesized
materials are characterized through X-ray diffractometry (XRD), field-emission scanning elec-
tron microscopy (FESEM), and transmission electron microscopy (TEM). The phase obtained
from the exothermic reaction contains Nd-substituted CeO2. The deviation of the lattice
parameter from Vegard’s law and the decrease in crystallite size with dopant concentration has
been explained. The as-synthesized particles are largely nanoporous single crystallites, existing
in loosely held spherical-shaped agglomerates. The size of the agglomerates increases with
increasing dopant content. High-resolution TEM (HRTEM) reveals the fact that the unit cells
are strained.
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I. INTRODUCTION

BECAUSE of the isotropic structure, cerium oxide is
a transparent ceramic suitable for applications in
different optical and optoelectronic devices.[1] It can
withstand high temperatures and harsh conditions
during processing without losing its optical properties.[2]

The material has found many other potential applica-
tions in some fields such as gas sensors,[3] absorbents of
electromagnetic wave in ultraviolet range,[4] electrolyte
and anode materials in solid oxide fuel cells,[5] and
oxidation-resistant coatings for high-temperature appli-
cation.[6] The nanocrystalline materials display a quan-
tum confinement effect evidenced through blue shift in the
ultraviolet absorption spectrum,[4] lattice expansion,[7]

and shifting and broadening in Raman allowed modes.[8]

Recently, the material has also become a potential
candidate in the field of catalytic bed, specifically due to
its oxygen absorption and release capabilities.[9] These
capabilities result from the ability of cerium to change
valance state from 4+ to 3+, while existing large
octahedral void allows the oxygen movement inside the
structure.[10,11] In addition to these intrinsic properties,
the oxygen absorption and desorption characteristics can
be maneuvered extrinsically through (1) the addition of
lower valent cations into the sites of Ce4+ and thereby (2)
the simultaneous creation of oxygen vacancy in structure
to maintain charge neutrality. Investigations with rare-
earth oxides are available in this regard.[12–14] Nanocrys-
talline powders have been prepared by various routes
such as the conventional solid-state reaction method,[15]

carbonate coprecipitation,[16] oxalate coprecipitation,[17]

self-propagating room-temperature synthesis,[18] micro-
emulsion process,[13] etc. The gel combustion route can be
regarded as another attractive alternative for nanosized
material preparation.[19] The attractive feature of this
process lies in an intimate blending among the fuel or
complexing agents (e.g., glycine, citric acid, urea,
L-alanine, etc.) and oxidizer in an aqueous medium.
[20–23] The mixture gets ignited with subsequent self-
sustaining exothermic redox reaction between the fuel and
the oxidant. The rapid evolution of a large volume of gases
due to the exothermic (combustion) reaction dissipates the
heat of combustion, thereby limiting the increase of
temperature that, in turn, reduces the possibility of local
partial sintering among the primary particles. In this
synthesis route, the typeandamountof fuel play significant
role in determining particle morphology.
Urea formaldehyde (UF) as fuel has shown interesting

results in synthesizing nanocrystalline yttria -doped
ceria[24] and lanthanum strontium manganate powders.[25]

In the current work, the possibility of preparing nanocrys-
talline ceria by the combustion technique using UF as fuel
for doping of NdO1.5 is explored. The primary particles
thus formed were characterized by X-ray diffractometry
(XRD), transmission electron microscopy (TEM), and
field emission scanning electron microscopy (FESEM).
The nature of combustion propagation, changes in cell
parameters, and grain morphology have been discussed.

II. EXPERIMENTAL

Ceria doped with neodymium oxide with concentration
varying between 4 and 20 mol pct (with the step size of
4 mol pct) have been prepared using Ce(III)nitrate hexa-
hydrate (99.9 pct; Strem Chemicals, Newburyport, MA),
neodymium oxide (99.9 pct; Indian Rare Earth Ltd.,
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Mumbai, India), urea (Merck, Whitehouse Station, NJ),
solution of formaldehyde (37 pct (w/v),Merck), nitric acid
(Merck), and ammonia solution (Merck) of LR grade. At
the first step, neodymium nitrate was prepared by reacting
neodymium oxide with nitric acid. Next, urea was hydrox-
ymethylolated with the addition of formaldehyde solution
and adjusted to pH 8.5 using an ammonia solution.[26,27]

The ratio of urea to formaldehyde was maintained as 1:4.
The resultant solution was kept undisturbed for 24 hours.
The following reaction takes place[27]:

NH2 � CO�NH2 þHCHO! HO�H2C

�NH� CO�NH� CH2 �OH
½1�

This step is carried out in basic pH region for
methylolation reaction without condensation.[27] The
second step consists of addition of metal nitrates in
stoichiometric amount followed by addition of urea. The
ratio of urea to formaldehyde was kept as 1:2. Through-
out the investigation, the metal nitrates to urea concen-
tration was also taken in the same ratio; a similar ratio
has also been used by Prabhakaran et al.[25] The pH of
the solution goes down to the acidic range due to the
presence of nitrates. In this stage, a condensation reaction
takes place and urea-formaldehyde resin is formed. The
resin was dried at 383 K (110 �C) to convert the liquid
resin to a solid gel. The solid gel was ignited to form the
product. A light-green colored powder was produced.

The combustion characteristics and mass loss spec-
trum of the gel was studied by differential scanning
calorimetry (DSC) along with differential thermogravi-
metric analysis (TGA) (Netzsch, Selb, Germany; Models
STA409C & STA449C) at a heating rate of 10 K/min
(10 �C/min) in the temperature range of 308 K to
1073 K (35 �C to 800 �C) in air atmosphere.

The phase formation of the as-combusted powder was
studied by XRD (Philips PW-1730; Philips, Almelo, the
Netherlands) using Cu Ka radiation (1.5406 Å) in the
angular region of 2h to be 20 to 80 deg. The peak
positions were corrected employing the following steps:
Ka2 stripping, background determination, peak search-
ing, smoothening, and fitting profile. For each compo-
sition, eight peaks were taken into account after the
corrections and lattice parameters were calculated fol-
lowing Cohen’s method.[28] The two working equations
of Cohen’s method are presented below as follows:

X
a1 sin

2 h ¼ C
X

a21 þD
X

a1 sin
2 2h ½2�

X
sin2 2h � sin2 h ¼ C

X
a1 sin

2 2hþD
X

sin4 2h ½3�

where

C ¼ k2

4a2o
½4�

a1 ¼ ðh2 þ k2 þ l2Þ ½5�

The experimental values of sin2h, a1, and sin22h of all
the peaks were individually calculated and substituted in

Eqs. [2] and [3] for eight different peaks of each
composition. Individual peak indices were used for the
respective calculations of constant a1. These give eight
sets of equations (one set contains two equations) with
unknown constants of C and D for each composition.
The least square method has been employed for these
eight sets of equations to calculate the value of C, which
is used to determine the lattice parameter ao with known
value of k (1.5406 Å in the current experiment) follow-
ing the relation given in Eq. [4].
The unit cell volume and density has also been

calculated by using lattice parameter and molecular
weight calculation. Fluorite-type ceria possess a face-
centered cubic structure. As one unit cell in this case
contains four formulae units and one mole ceria powder
contains 6.023 9 1023 numbers (Avogadro’s number) of
molecule, the theoretical density is calculated as follows:

X�ray density ¼ 4 � molecular weight

6:023� 1023 � volume of unitcell
½6�

The crystallite sizes for all the compositions were
determined using Scherrer relation: D = 0.94k/bcosh,
where D is the crystallite size, k is the wavelength of
CuKa radiation (1.5406 Å

´
), b is full width at half

maxima of the broadening of the diffraction line, and
h is half the angle of diffraction.
The powder morphology was evaluated both through

TEM (TECNAI G2 30ST; FEI Company, Hillsboro,
OR) and FESEM (Supra 35VP; Carl Zeiss, Oberkochen,
Germany). The selected-area electron diffraction
(SAED, an integral part of the TEM instrument) is
obtained by operating the microscope in the diffraction
mode with an aperture of 10 micron from a selected area
of 150 nm diameter.

III. RESULTS AND DISCUSSION

A. DSC-TGA Study

Figure 1(a) describes the way the combustion reaction
of UF gel containing metal ions proceeds. Figure 1(b)
represents thermogravimetry along with its rate curve.
After heating, UF polymer at the first stage undergoes a
cross-linking reaction in the temperature range of 373 K
to 473 K (100 �C to 200 �C), and then decomposes to
CO2, H2O, NH3, and amines at temperatures from
473 K to 573 K (200 �C to 300 �C) with the formation
of an intermediate stable structure. The stable structure
ultimately decomposes completely between 673 K and
873 K (400 �C and 600 �C).[29] In the current experi-
ment, two consecutive exothermic peaks with corre-
sponding weight losses and a single exothermic peak
with no weight loss have been found. The initial fall in
TG curve along with a small change in the DSC curve at
around 373 K (100 �C) may be attributed to the
water loss associated with gel. The weight loss up to
around 497 K (224 �C) corresponds to cross-linking
reaction and may be attributed to the decomposition of
the cross-linked structure with the evolution of CO2,
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H2O, NH3, and amines.[29] The peak in the rate curve
originated out of a strong exothermic peak in DSC
along with a maximum weight loss of 63.16 pct that
occurred at 524 K (251 �C), may be the dual represen-
tation of the decomposition of intermediate stable
structure and of the combustion reaction. The gel was
observed to produce a self-sustained flame when it was
kept in an oven at 523 K (250 �C). It is evident that this
is the temperature for a vigorous combustion reaction of
a Nd-doped ceria-containing nitrate oxidant system.
One observation is that the combustion of urea-form-
aldehyde polymer without metal cation takes place at
around 673 K to 873 K (400 �C to 600 �C).[29] The
combustion temperature is brought down by the metal
cation and is dependent on the specific cation, viz.,
yttria-doped ceria and lanthanum strontium manganate
being 498 K (225 �C) and 623 K to 723 K (350 �C to
450 �C), respectively.[24,25] The exothermic peak [587 K
(314 �C)], which is observed without corresponding
weight loss, may be attributed to the crystallization of
Nd-doped ceria. The effect of relative concentrations of
Nd3+ to Ce4+ on the combustion temperature has been
studied. Although the nature of combustion reaction is
same, a shift in the temperatures for cross-linking
reaction, a structural decomposition reaction, and
crystallization has been observed (Figure 1(c)). Com-
bustion occurs at higher temperature with larger extent
of heat evolution (comparative area in the curve) for
increasing concentration of dopant.

B. XRD Study

Figure 2 shows an indexed XRD plot of as-synthe-
sized ceria powders. The XRD pattern shows the
powder to be crystalline, which indicates that the heat
generated during a self-sustained combustion reaction is
sufficient for crystallization. Therefore, this synthesis
route does not require an additional calcination step.

All the XRD peaks have been processed following
Cohen’s method[28] and are compared with standard
JCPDS values (file no. 81-0792). The peaks of Nd2O3

both in hexagonal and cubic structures are absent.
Therefore, it is evident that Nd3+ has entered the ceria
lattices; i.e., complete solid solutions have formed. It is
observed also that dopant addition shifted the peaks to
the lower diffractions angles and thereby lengthened the
lattice parameters.

The detailed calculation of peak positions (Table I)
revealed that lattice parameter of the powders increased
with increasing concentration of Nd3+ where substitu-
tion of larger Nd3+ (1.12Å) took place in the sites
of Ce4+ (1.01Å)[30]; the trend being presented in
Figure 3(a). However, it is observed that both positive
and negative deviations from Vegard’s law producing an
‘‘S’’-shaped pattern occurred in this system. The obser-
vation is similar to some covalent pseudobinary semi-
conductor alloys where the physical origin of the
anomalous S-shaped violation of Vegard’s law is attrib-
uted to the covalent bond-bending forces.[31] In such
cases, for a small level of substitution, the bonds around

few substituted large sized ions tend to expand, which in
turn induces changes of the bond angles at neighbor
ions. The bond-bending forces of the host lattice, when
sufficiently large, resist any distortion of angles and,
thus, prevent the bonds around the substituted ions
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Fig. 1—(a) DSC plot of composition with 8 mol pct substitution of
NdO1.5 for CeO2. (b) TG-DTGA plot of composition with 8 mol pct
substitution of NdO1.5 for CeO2. (c) Comparative plot of DSC.
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from expanding, so that the average lattice parameter of
the alloy is smaller than Vegard’s value. The reverse
phenomenon takes place as the substitution concentra-
tion is higher.

Figure 3(b) describes the dependence of molecular
weight and theoretical density on Nd3+ concentration.
Molecular weight decreases linearly with increasing
concentration of Nd3+. Because the lattice parameter
does not show any linear relationship with the concen-
tration of Nd3+, a similar effect is also expected for unit
cell volume. Hence, the nonlinear nature of theoretical
density with dopant concentration may be explained
through the combined effect of molecular weight and
volume (Figure 3(b)).

A decreasing trend has been observed in crystallite
size with increasing Nd3+ concentration (Figure 4). The
fact may be explained through the light of recent
studies[32,33] on La-doped ceria, which showed that the
formation of an oxygen vacancy results in the appear-
ance of a reduced Ce3 + cation and a compensated
oxygen hole. After oxygen vacancy formation,[33] scan-
ning tunnelling microscopy and spectroscopy along with
calculation for density function theory (DFT) showed
that two excess electrons remain on (111) planes of ceria
that induces negative surface charges. This negative
surface should repel anions, and the tendency becomes
more effective at higher substitution level of Nd3+. At a
larger concentration of the dopant, it may therefore be
assumed that crystal growth gets resisted due to the
repulsion between the like charges, resulting in smaller
crystallite size. A similar view is presented in another
study made on an analogous fluorite-type system
(NaYF4) that has undergone experimentation to find
out the influence of dopant on the crystallite growth.[34]

It was shown through DFT calculation that the substi-
tution of Y3+ by Gd3+ increases electronic charge
density on the crystal surface, which hindered the

diffusion of negatively charged F- ions toward crystal
surface due to charge repulsion.

C. FESEM Observation

Figure 5 represents the typical morphological features
of 20 mol pct Nd3+ containing ceria. The general
features along the entire compositional range under
study (not shown) reveal that all the particles are in the
average range of 50 to 100 nm. The morphology shows
that they are, in general, spherical in nature with loss of
symmetry in feature toward higher doping. Agglomer-
ation was commonly seen and was also observed to
increase with increasing concentration of Nd3+.
Agglomeration refers to the adhesion of particles or
crystals either by Van der Waals forces of attraction[35]

or by collision with each other.[36] If the residence time
of the generated particles in the combustion flame is
long enough to make contact among the particles or the
temperature is high enough to produce a low level of
sintering, then agglomeration is favored.[36] Figure 1(c)
may be referred back in this context once again where
we have seen that the higher concentration level of
dopants shifts the combustion flame temperature toward
the higher side and the heat evolution is also high. This
might induce kinetic acceleration in the rate of conver-
sion reactions. It may therefore be assumed that higher
doping produces more particles and hence higher
agglomeration.

D. TEM Observation

One notable feature is that the agglomeration is weak
in all cases, and a gentle grinding in agate mortar and
pestle produces free particles with distinct features and is
considered for TEM study. Figure 6 shows the images
under TEM where a wide range of particle size
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Fig. 2—XRD plots of 4 to 20 mol pct NdO1.5 substitution.
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distribution is observed. The smallest particles are in the
range of 10 to 25 nm with average particle sizes around
80 to 100 nm. The micrograph also shows that the
particles are porous. The diffraction pattern and high-
resolution micrograph were taken using an intense
electron beam concentrated on a single particle
(Figure 7(a)) of 110 nm particle diameter, shown in
Figures 7(b) and (c), respectively. The SAED pattern
indicates that the particle is single crystalline; this fact
has also been supported by high-resolution (HR)
micrograph.

Indexing of the SAED pattern was carried out to find
the lattice of the crystal structure with specific attention
toward the presence of possible lattice distortion.[37,38]

Based on the measured angle (60 deg) between the
planes (111) with (420) and (422), the primary set of
planes were obtained to be ð�111Þ and (�24�2Þ. The
remaining spots were indexed using the addition rule
of vectors (Figure 7(b)). The calculated lattice parame-
ter values are 5.69 and 5.5242 Å, respectively. This
difference between these measured values with those
obtained from XRD data is an indication for the

Table I. Required Parameters to Calculate Lattice Parameter, ao

Composition
2h Deg

(Processed)

2h Deg
(JCPDS File
No. 81-0792) (h k l) (h2 + k2 + l2), a

C, Solving
Eqs. [2] and [3]

by Least
Square Method ao (Å) Eq. [4]

Ce0.96Nd0.04O1.98

28.5542 28.542 111 3 0.020261 5.4116
33.0736 33.075 200 4
47.4708 47.475 220 8
56.3165 56.332 311 11
59.0783 59.078 222 12
69.3835 69.401 400 16
76.6674 76.685 331 19
79.0601 79.060 420 20

Ce0.92Nd0.08O1.96

28.5578 28.542 111 3 0.020055 5.4394
33.0833 33.075 200 4
47.4431 47.475 220 8
56.283 56.332 311 11
59.0368 59.078 222 12
69.2734 69.401 400 16
76.5023 76.685 331 19
78.9168 79.060 420 20

Ce0.88Nd0.12O1.94

28.5202 28.542 111 3 0.019924 5.4433
33.039 33.075 200 4
47.3856 47.475 220 8
56.216 56.332 311 11
58.9458 59.078 222 12
69.2116 69.401 400 16
76.3902 76.685 331 19
78.8225 79.060 420 20

Ce0.84Nd0.16O1.92

28.4533 28.542 111 3 0.020039 5.4415
32.9611 33.075 200 4
47.2925 47.475 220 8
56.1037 56.332 311 11
58.8082 59.078 222 12
69.0725 69.401 400 16
76.3016 76.685 331 19
78.6639 79.060 420 20

Ce0.8Nd0.2O1.9

28.4848 28.542 111 3 0.019959 5.4524
32.9786 33.075 200 4
47.2833 47.475 220 8
56.0785 56.332 311 11
58.8166 59.078 222 12
69.042 69.401 400 16
76.2938 76.685 331 19
78.5874 79.060 420 20
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existence of a high magnitude of lattice distortions
involved in these crystals. Distortion may be attributed
to the insertion of spacious Nd3+ (1.12 Å) ion along
with corresponding replacement of spacious Ce3+

(1.15 Å) ion in the Ce4+ (1.02 Å) host lattice. Although
the open configuration created by the existence of two
Ce3+ ions for one O2- ion in different coordination
sphere around the defect tries to relax lattice strain,[33,39]

it is evident that the substitutions in this case have
introduced some residual strains in the unit cell. A
systematic absence of some lattice points that are neither
all odd nor all even was observed in the indexed SAED
pattern. According to the structure factor rule of
Bravais lattices, this systematic absence proves that the
lattice is face centred cubic.[37,38]

The peaks in energy-dispersive X-ray spectroscopic
(EDX) pattern (Figure 7(d)) show carbon (from sub-
strate) and copper (from grids) along with peaks
generated by the elements cerium, neodymium, and
oxygen. No other peaks are evident. Therefore, it can be
concluded that formation of complete solid solution has
taken place in the fluorite host structure.
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Fig. 3—(a) Variation of lattice parameter with Nd3+ concentration.
(b) Variation of theoretical density and molecular weight with Nd3+
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Fig. 5—Particle size distribution of 20 mol pct NdO1.5 substituted
CeO2 under FESEM.

Fig. 6—TEM image of 12 mol pct Nd-doped CeO2 showing particles
size distribution.
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IV. CONCLUSIONS

Nd-doped ceria powders with Nd concentration
varying from 4 to 20 mol pct has been produced
following the gel combustion route using UF as fuel.
The cross-linking reaction, decomposition of stable gel
structure, and crystallization occur consecutively at
temperatures at 497 K, 524 K, and 587 K (224 �C,
251 �C, and 314 �C). The reaction becomes most vigor-
ous during decomposition of the stable structure. The
lattice parameter increases with Nd concentration, yet it
deviates from Vegard’s law. Crystallite size decreases
with increasing dopant concentration. The particles
were porous in nature and were mostly single crystalline,
existing in a loosely agglomerated state. The size of the
agglomerates increases with increasing dopant content.
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