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Abstract An investigation of the influence of synthesis
conditions on the crystallite size, lattice parameter and
lattice strain of ceriumdioxide nanoparticles synthesised by
coprecipitation and sol-gel processes is presented. The
effect of initial precursors, precipitation and calcination
temperatures, aging time and molar concentrations of
precursor solution on particle size and lattice parameter has
been studied. The physicochemical characterisation was
performed using X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), energy-dispersive X-ray analysis
(EDX), and thermal analysis (TG-DTA). XRD profile
indicates the presence of cubic fluorite-structured nanoce-
ria particles. The average crystallite size of the samples
determined by Debye—Scherrer formula ranges from 4.2 to
36.9 nm. Lattice parameters vary from 5.37 to 5.44 A.
Lattice strain of the samples was analysed using William-
son—Hall analysis since these relate to imperfections and
distortions in the crystal structure. It is found that ceria
reduces strain by lattice expansion which is pronounced in
lower dimensions.

Keywords Nanoceria - Coprecipitation - Sol—gel
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Introduction

Nanostructured ceria is technologically significant with
respect to the bulk material due to its valence/defect
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structure and surface to volume ratio. Applications of ceria
include fields such as catalysis, oxygen sensors, electrolyte
materials of solid oxide fuel cells and biomedical science
[1-4]. Ceria plays a prominent role in the three-way
catalysis for the control of emission of automotive exhaust
gases. It has the capacity to remove soot from diesel engine
exhaust and organics from aqueous waste streams [5, 6]. It
also acts as an additive for combustion catalysts.

CeO, crystallises in fluorite crystal structure, in which
each Ce*™ cation is coordinated by eight nearest oxygen
anions and each oxygen anion by four nearest Ce*" cat-
ions. Loss of oxygen and/or its electrons forms oxygen
vacancies or defects in the lattice. This defect results in
lattice strain in crystals. The distortion may arise and
change with temperature, oxygen partial pressure, doping
with other ions, electrical field or surface stress. It can be
explained using defect equation in Kroger—Vink notations
[7, 8].
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where O} is the oxide ion in the lattice, V5® is doubly
charged oxygen vacancy, €' is the electron in the conduc-
tion band made up of Ce 4f energy states.

Because of its technological importance, synthesis of
nanostructured ceria under various conditions has been
experimented. Synthesis techniques include solution-based
techniques such as coprecipitation [9, 10], hydrothermal
[11], micro-emulsion [12], sol-gel [13, 14], solution
combustion, electrochemical methods and solid-based
techniques such as mechanochemical method, chemical
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vapour deposition [15] and sputtering [16]. The present
work emphasises the effect of synthesis conditions on the
crystallite size, lattice parameter and lattice strain on ceria
nanoparticles. Ammonium cerium(IV) nitrate (CAN) and
cerium(Ill)nitrate hexahydrate (CN) were used as the
synthetic precursors. The effect of variables such as initial
precursors, temperature, aging time, molar concentrations
and calcination temperature on lattice parameter and strain
is also studied.

Materials and methods

All reagents used in the experiments were of analytical
grade and were used without further purification. Ammo-
nium cerium(IV) nitrate and cerium(IIl) nitrate hexahy-
drate were supplied by Aldrich Chemical Co. Inc. (St.
Louis, MO, USA) and ammonia and ethylene glycol by
Merck Chemicals (Mumbai, India).

Nanoceria was prepared by two different methods, viz
coprecipitation techniques and sol-gel methods. In a typi-
cal coprecipitation method, dilute aqueous solution of
ammonia was added dropwise to 0.1 M of ammonium
cerium(I'V) nitrate/cerium(IIl) nitrate hexahydrate solution
with magnetic stirring at ambient temperature until the
precipitation was complete (pH ~ 10). The resulting slurry
was stirred for further 2 h, filtered off and washed several
times with distilled water until it was free from anionic
impurities. The obtained precipitate was oven dried at
110 °C and calcined at 400 or 700 °C for 5 h. The same
procedure was repeated using 0.2 and 0.3 M precursor
solutions for studying the effect of initial concentration.
The effect of precipitation temperature was studied by
varying the temperature as 50, 60 and 70 °C. The required
amounts of cerium salts dissolved in ethylene glycol were
also employed as precursor.

In sol-gel process, ammonium cerium(IV), nitrate/cer-
ium(IIl) nitrate hexahydrate were dissolved in minimum
amount of ethylene glycol solution with magnetic stirring
and heated at 60 °C until a dried gel was obtained. The
reddish brown gel on combustion yielded yellow powder of
ceria. The powder was calcined at 700 °C for 5 h to attain
crystallinity.

Phase identification of the prepared samples was recor-
ded on a Rigaku MiniFlex 600 powder X-ray diffractom-
eter using CuKa radiation. The average crystallite size was
determined by Scherrer equation:

K.

D=—
P cos 0

where D is the average crystallite size, K the shape factor
(0.89), /4 the wavelength of the incident X-rays (1.5418 A),
0 the diffraction angle, and f;, , ; the full width at half
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maximum (FWHM) of the Bragg peak corrected using the
corresponding peak in micron-sized powder. Lattice
parameter ‘a’ was calculated from the formula:

a

dhkl = - 1
(R2+k2412)'?

where ‘a’ is the face-centred cubic (fcc) lattice parameter
and dj, is the interplanar spacing between planes with
Miller indices A, k and [.

The thermal analysis of synthesised ceria was investi-
gated by thermo gravimetric analysis (TGA) and differ-
ential thermal analysis (DTA) using Perkin Elmer,
Diamond TG/DTA instrument. The heat flow and weight
change of the samples were measured in Nitrogen gas
(100 ml/min) from 40 to 880 °C at a heating rate of 10 °C/
min.

For SEM-EDS analysis, JEOL JSM-6390LV scanning
electron microscope with JEOL JED-2300 energy-disper-
sive spectroscopy was employed. The accelerating voltage
of electron was 20 kV.

Results and discussion

The aim of the present work is to study the effects of
various synthesis variables on particle size and lattice strain
in nanostructured ceria particles and hence to optimise the
preparation conditions. Figures 1 and 2 represent the XRD
profile of nanoceria prepared by coprecipitation using 1:1
ammonia under ambient conditions and calcined at
400-700 °C, respectively. The X-ray diffractogram peaks
can be indexed to cubic fluorite structure with standard
JCPDS card (34-0394). Characteristic peaks of (111),
(200), (220) and (311)planes of cubic-phased ceria parti-
cles are observed. For samples calcined at low temperature
(400 °C), X-ray diffraction profile (XRD) depicts broad
peaks with low intensity. Average crystallite size ranges
from 4.2 to 4.9 nm. However, with samples calcined at
high temperature (700 °C), the peaks are significantly
narrower with higher intensities, indicative of increase in
particle size. The sharp peaks confirm the highly crystalline
nature of ceria. Particle size varies in the range of
6.7-11.8 nm. Calcination at high temperature results in
rapid grain growth leading to agglomeration. This is a
common observation with respect to nanoparticles [17].
Lattice parameter values are inconsistent at 400 °C with ‘a’
value ranging from 5.41 to 5.44 A. But at high calcinations
temperature, the particles have a constant ‘a’ value of
539 A (Tables 1, 2). This variation may be due to the
decrease in particle size that brings about lattice strain,
resulting in lattice expansion at low calcination tempera-
ture. Hence, in further studies, calcination temperature was
fixed as 700 °C. From the XRD data, it can also be
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Fig. 1 PXRD pattern of the nano-CeO, calcined at 400 °C. a 0.1 M
CAN precursor, b Ethylene glycol-mediated 0.1 M CAN precursor,
¢ 0.1 M CN precursor, d Ethylene glycol-mediated 0.1 M CN
precursor
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Fig. 2 PXRD pattern of the nano-CeO, calcined at 700 °C. a 0.1 M
CAN precursor, b Ethylene glycol-mediated 0.1 M CAN precursor,
¢ 0.1 M CN precursor, d Ethylene glycol-mediated 0.1 M CN
precursor

concluded that crystalline nanoceria particles of low crys-
tallite size can be synthesised from both CAN/CN. The
presence of ethylene glycol in the solution does not change
the particle size and lattice parameter considerably.

Figure 3 depicts the XRD profile of nanoceria pre-
pared by two successive steps; precipitation of cerium
hydroxide by ammonia followed by 18 h aging before
the washing step. The peaks can be ascribed to (111),
(200), (220), (311) and (222) reflections of cubic-phased
nanoceria. The calculated average crystallite size and
lattice parameter are included in Table 3. The average
crystallite sizes of samples are in the range of
11-13.1 nm and lattice parameter values vary from 5.41
to 5.42 A. Significant aggregation of particles resulting
in higher particle size was expected as a result of aging,
but it was not observed in this study.

Table 1 Data from PXRD pattern of the nano-CeO, calcined at
400 °C

Sample Average crystalline size, Lattice parameter,
code D (nm) a (A)

la 42 5.41

1b 42 5.44

lc 4.9 5.41

1d 42 5.43

(la) 0.1 M CAN precursor, (1b) Ethylene Glycol-mediated 0.1 M
CAN precursor

(1c) 0.1 M CN precursor, (1d) Ethylene Glycol-mediated 0.1 M CN
precursor

Table 2 Data from PXRD pattern of the nano-CeO, calcined at
700 °C

Sample Average crystalline size, Lattice parameter,
code D (nm) a (A)

2a 6.7 5.39

2b 8.9 5.39

2c 9.9 5.39

2d 11.8 5.39

(2a) 0.1 M CAN precursor, (2b) Ethylene Glycol-mediated 0.1 M
CAN precursor

(2¢) 0.1 M CN precursor, (2d) Ethylene Glycol-mediated 0.1 M CN
precursor

Figure 4 demonstrates that the XRD pattern of CeO,
synthesised under different molar concentrations of
ammonium cerium nitrate and cerium nitrate hexahydrate
is depicted. The peaks are more intense and sharper as the
initial concentration of the precursor solution is increased.
The peaks can be indexed to cubic fluorite structure with
planes (111), (200), (220), (311) and (222). Average
crystallite size also increases from the range of 6.7-9.9 to
14-20.4 nm. During precipitation, nucleation occurs fol-
lowed by growth and with solutions of low concentration,
the nuclei form at nearly the same time. Subsequent growth
of these nuclei results in the formation of particles with a
narrow size distribution; whereas at high concentration,
random agglomeration between particles may occur
resulting in an increase in particle size. From Table 4, it
can be seen that lattice parameter varies from 5.40 to
542 A indicating lattice expansion. This may be due to the
defects or distortions formed as a result of rapid growth
rate.

Figure 5 shows the XRD profile of nanoceria synthes-
ised at various temperatures like ambient temperature, 50,
60 and 70 °C. The diffraction patterns are characterised by
the presence of face-centred cubic CeO, particles oriented
along the (111), (200), (220), (311) and (222) reflection
planes. Particle size obtained is in the range of 6.7-15.1 nm
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Fig. 3 PXRD pattern of the nano-CeO, synthesised from aged
cerium hydroxide solutions. a 0.1 M CAN precursor, b Ethylene
glycol-mediated 0.1 M CAN precursor, ¢ 0.1 M CN precursor,
d Ethylene glycol-mediated 0.1 M CN precursor

Table 3 Data from PXRD pattern of the nano-CeO, synthesised
from aged cerium hydroxide

Sample Average crystalline size, Lattice parameter,
code D (nm) a (A)

3a 11.0 5.42

3b 12.2 5.41

3c 13.1 5.41

3d 12.9 5.41
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Fig. 4 PXRD pattern of the nano-CeO, synthesised from different
molar precursor solution. a 0.1 M CAN precursor, b 0.2 M CAN
precursor, ¢ 0.3 M CAN precursor, d 0.1 M CN precursor, ¢ 0.2 M
CN precursor, 0.3 M CN precursor

Table 4 Data from PXRD pattern of the nano-CeO, synthesised
from different molar precursor solutions

Sample Average crystalline size, D (nm) Lattice parameter,
code (A) a (A)

4a 6.7 5.39

4b 17.1 5.41

4c 14.0 542

4d 9.9 5.39

4e 204 542

4f 19.4 540

(3a) 0.1 M CAN precursor, (3b) Ethylene Glycol-mediated 0.1 M
CAN precursor

(3¢) 0.1 M CN precursor, (3d) Ethylene Glycol-mediated 0.1 M CN
precursor

and lattice parameter varies from 5.39 to 5.44 A as shown
in Table 5. When temperature increases from ambient to
higher, the rate of movement of the reactant molecules
becomes faster and their self-assemblance increases
resulting in higher particle size.

Sol-gel method was also employed for the synthesis of
nanoceria in the present work. The XRD peaks shown in
Fig. 6 can be indexed to cubic fluorite structure. In sol—gel
process, the growth process starts with the reaction
between ammonium cerium nitrate/cerium nitrate hexahy-
drate and ethylene glycol. Ethylene glycol is an alcohol
with a pKa value of about 15 and can be oxidised to car-
boxylic acids such as formic acid in the presence of oxi-
dant, CAN/CN. The cerium(IV)cation is reduced by
ethylene glycol to cerium(IIl). The cerium(IIl) ion centres
interact with the carboxylic group in formic acid to form
cerium formate. During calcination, cerium formate is
oxidised to nanostructured ceriumdioxide [18] which

@ Springer

(4a) 0.1 M CAN precursor, (4b) 0.2 M CAN precursor, (4c) 0.3 M
CAN precursor

(4d) 0.1 M CN precursor, (4e) 0.2 M CN precursor, (4f) 0.3 M CN
precursor
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Fig. 5 PXRD pattern of the nano-CeO, synthesised at different
temperatures a, b, ¢, d: 0.1 M CAN precursor at ambient temperature,
50, 60, and 70 °C, respectively, e, f, g, h: 0.1 M CN precursor at
ambient temperature, 50, 60, and 70 °C, respectively
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Table 5 Data from PXRD pattern of the nano-CeO; as a function of
temperature

Sample Average crystalline size, D (nm) Lattice parameter,
code A) a(A)

Sa 6.7 5.39

5b 14.0 5.43

Sc 13.5 5.43

5d 15.1 5.44

Se 9.9 5.39

5f 13.4 542

5g 14.4 542

Sh 13.7 5.42

Sa, 5b, 5c, 5d: 0.1 M CAN precursor at ambient temperature, 50, 60,
and 70 °C, respectively, 5e, 5f, 5 g, 5Sh: 0.1 M CN precursor at
ambient temperatures, 50, 60, and 70 °C, respectively
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Fig. 6 PXRD pattern of the nano-CeO, synthesised by sol-gel
process. a Ethylene glycol-mediated CAN, b Ethylene glycol-
mediated CN

Table 6 Data from PXRD pattern of the nano-CeO, synthesised by
sol-gel process

Sample Average crystalline size, Lattice parameter,
code D (nm) a(A)

6a 36.8 5.37

6b 279 5.39

(6a) Ethylene glycol-mediated CAN, (6b) Ethylene glycol-mediated
CN

enhances chances for agglomeration and hence average
crystallite size was found to be 27.9 and 36.8 nm and lat-
tice parameter 5.39 and 5.37 A (Table 6), respectively, for
CN and CAN precursors indicating no significant lattice
expansion.

The synthesised ceria was subjected to TG analysis
before calcination. The obtained thermograms between 40

and 880 °C are shown in Fig. 7. The TGA curve for the
pure ceria sample exhibits one major and two minor weight
loss peaks. The major weight loss peak in the range of
40-200 °C corresponds to the loss of non-dissociative
adsorbed water and water held on the surface by hydrogen
bonding. The minor weight loss peak in the intermediate
region is due to the loss of water held on the micropores
and at high-temperature region is due to dehydroxylation of
the surface. The weight loss of the sample from ambient to
873 °C is about 10 %. It indicates that over these tem-
perature ranges, the cerium dioxide is thermally quite sta-
ble in terms of phase and chemical composition.

The morphology of the selected samples prepared
under different conditions was investigated by scanning
electron microscopy. From the SEM images (Fig. 8), it
can be seen that for all the samples, the shapes are
irregular. The ceria crystallites seem to aggregate to
form secondary particles on the surface. Fewer voids
between the aggregates were observed. Also, it can be
concluded that the preparation conditions do not affect
the surface morphology to a great extent. The elemental
composition of the selected samples is given in Table 7.
The data show higher percentage of oxygen for samples
calcined at 400 °C which decreases as the calcination
temperature is raised to 700 °C indicating the escape of
anions, creating vacancies.

Lattice strain analysis

Defect structure in crystals causes lattice strain, which is a
quantitative measure of dislocations and crystal defects
since nanoparticles reduce their strain by lattice expansion.
Strain due to lattice deformation induces peak broadening
in the XRD profile. Williamson—Hall analysis is a some-
what accurate method to calculate crystalline size and
lattice strain. From Debye—Scherrer’s formula, the full
width at half maximum is

K1
Pra= Dcos 0

(1)

Line broadening can also be due to strain induced in
crystalline powders because of imperfections and distor-
tions quantified as.

ﬁhkl: 48 tan 0 (2)

where ¢ is the lattice strain induced in crystalline particles.
Assuming that particle size and strain contribution to line
broadening are independent of each other, then the
observed line breadth is the sum of (1) and (2).

K7

B = Deos 0 +4¢tan 0 (3)

Rearranging (3)
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Fig. 7 TGA of uncalcined 1005 28013
ceria
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Fig. 8 SEM images of ceria
0.3 M CAN precursor 0.1 M
CN precursor at 70 °C 0.1 M
CAN precursor (calcined at
400 °C) 0.1 M CAN precursor
(calcined at 700 °C)

20KV X10,000 1pm 11 38 SE 20KV X10,000 1pm
0.3M CAN pre-cursor

-

20kv  X10,000 1pm 11 38 SEI 20kV  X10,000 1pm 11 38 SEI

0.1M CAN pre-cursor (calcined at 400°C)  0.1M CAN pre-cursor (calcined at 700°C)

At low oxygen, partial pressure and high temperature,
CeO, releases oxygen and creates doubly charged oxygen
vacancies and electrons in the Ce 4f energy state. The
electrons formed during reduction localise on cerium
converting Ce*" to Ce**. Ceria in the fluorite structure
exhibits a few defects which releases significant levels of

K2
P cos 0 = D + 4¢ sin 0 (4)

Equations (3) and (4) are W-H equations [19].

Plotting 4 sinf along X-axis and f;; cosf along Y-axis,
a linear fit can be obtained. From the linear fit data, the
slope can be interpreted as ¢ and D as intercept.

w @ Springer
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Table 7 TGA of uncalcined ceria

Sample code Ce (Atom %) O (Atom %)
Ta 26.67 73.33
7b 27.71 72.29
Tc 26.63 73.37
7d 24.56 75.44

(7a) 0.3 M CAN precursor, (7b) 0.1 M CN precursor at 70 °C

(7¢) 0.1 M CAN precursor (calcined at 400 °C), (7d) 0.1 M CAN
precursor (calcined at 700 °C)
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Fig. 9 Plot of lattice strain as function of particle size

oxygen at low partial pressure of oxygen and at elevated
temperatures. The electrons formed during this reduction
convert Ce** to Ce® ions and lead to a distortion of the
local symmetry. This changes the Ce—O bond length and
overall lattice parameter. It has been observed that the
lattice strain decreases with an increase in particle size. In
large crystallites, the loss of few oxygen atoms does not
produce much strain and therefore, the lattice distortion
observed is less; whereas in case of smaller crystallites, the
loss of even one oxygen atom causes very high strain [20,
21].

Lattice strain of the ceria samples prepared under dif-
ferent optimisation conditions was calculated by plotting 4
sinf) along X-axis and f cosf along Y-axis. The calcu-
lated strain values are correlated with average crystallite
size in Fig. 9. From Fig. 9, it can be observed that particles
with average size between 10 and 37 nm have less char-
acteristic strain. This indicates that when nanoceria has
high crystallinity, the strain and strain-induced relaxation
can be reduced. However, samples with particle size below
10 nm calcined at 400 °C have characteristic strain. This
may arise due to lack of crystallinity as well as the small
size effect.

Conclusions

In summary, coprecipitation of cerium salt solution with
ammonia is an excellent method for producing nanocrys-
talline ceria particles. Both ammonium cerium(IV) nitrate
and cerium(IIl) nitrate hexahydrate yield nanoparticles
with size in the range of 4-37 nm. Calcination temperature
plays a vital role in the crystallinity of nanoceria particles
and calcination temperature of 700 °C produces highly
crystalline particles. Increase in synthetic temperature and
molar concentrations of the initial precursors increases the
aggregate size of the particles. As concentration of the
initial precursor solution increases from 0.1 to 0.3 M,
average particle size increases to the range of
14.0-20.4 nm. A similar effect was observed with an
increase in the temperature of precipitation. As temperature
changes from ambient to 70 °C, average crystallite size
varies from 6.7-9.9 to 13.4-15.1 nm. Aging of precipitated
cerium hydroxide increases the average particle size
slightly. Sol-gel process using ethylene glycol solvent
results in ceria nanoparticles with higher average particle
size of 27.9-36.9 nm. At lower calcination temperature,
lattice parameter has values ranging from 5.41 to 5.44 A,
but at higher temperature, it is constant at 5.39 A. TG
analysis reveals that these oxides are thermally stable from
400 to 873 °C in chemical composition as well as in
crystalline phase. From the SEM image, it can be observed
that the microstructure of the ceria crystallites which seem
to aggregate to form secondary particles on the surface.
Lattice strain analysis using Williamson—Hall analysis
indicates that particles with sizes below 10 nm show
characteristic strain.
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