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Abstract

Nanometric ceria powders with fluorite-type structure were obtained by applying self-propagating room temperature method. The
obtained powders were subsequently thermally treated (calcined) at different temperatures for different times. Powder properties such as
specific surface area, crystallite size, particle size and lattice parameter have been studied. Roentgen diffraction analysis (XRD), BET
and Raman scattering measurements were used to characterize the as-obtained (uncalcined) powder as well as powders calcined at
different temperatures.

It was found that the average diameter of the as-obtained crystallites is in the range of 3-5 nm whereas the specific surface area is
about 70 m?/g. The subsequent, 15 min long, calcination of as-obtained powder at different temperatures gradually increased crystallite
size up to ~60 nm and reduced specific surface down to 6 m?/g. Raman spectra of synthesized CeO,_,, depicts a strong red shift of
active triply degenerate F,, mode as well as additional peak at 600 cm ™ !, The frequency of F, . mode increased while its line width
decreased with an increase in calcination temperature. Such a behavior is considered to be the result of particle size increase and
agglomeration during the calcination. After the heat treatment at 800 °C crystallite size reached value larger than 50 nm. Second order
Raman mode, which originates from intrinsic oxygen vacancies, disappeared after calcination.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Ceria (CeQO,) is a technologically very important mate-
rial owing to its wide application as a promoter in three-
way catalysts (TWCs) for the elimination of toxic auto-
exhaust gases [1,2], oxygen sensor [3,4], ultraviolet absor-
bent [5] and glass-polishing materials [6,7]. Besides this,
ceria is frequently used in fabrication of solid electrolyte
for fuel cells [§-11], oxygen permeation membrane systems
[12,13] and electrochromic thin-films [14-16]. It is also
essential to point out an important role of ceria in the
fields such as kinetics of low-temperature water—gas shift
reactions [17,18], environmental chemistry and medicine
[19,20]. The efficiency of the use of ceria in the above
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mentioned applications strongly depends on the structural
features. For example, an excellent oxygen storage beha-
vior and increased oxygen transport capacity [21,22] are
the results of capability of ceria to change oxidation state
in relative ease way and thus establish a balance between
Ce ™3 and Ce™* anions. The change in oxidation state is
followed by formation of oxygen vacancies as charge
compensation defects which affects both the local structure
and functionality of ceria [23]. Thus, in order to design
ceria based materials with high oxygen storage and trans-
port capacity it is essential to know how to increase the
number of oxygen vacancies and to maintain a fluorite-
type crystal structure at the same time. In general, there are
two possibilities to obtain ceria-based oxide as an oxygen
storage component. One is a promotion of Ce** reduction
into Ce®™ [24] and the other is to chemically dope ceria
with other transition or rare-earth element [25].
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Another important application of ceria is its use as model
material for studying plutonia properties. Ceria and plutonia
have quite similar physicochemical properties such as ionic
size in octahedral and cubic coordination, melting point,
standard enthalpy of formation and specific heat [26,27].
Therefore, the plutonium chemistry could be well simulated
using ceria instead of highly active PuO, [28].

Recently, much effort has been devoted to preparing
CeO, nanoparticles and films. The methods include hydro-
thermal synthesis [29], sol-gel [30], homogeneous precipi-
tation [31,32], different combustion or flame-synthesis
[33-35], self propagating room temperature reaction
(SPRT) [36], salt assisted aerosol decomposition [37],
sonochemical and microwave heating [38], microemulsion
method [39,40], gas condensation [41], and so on. Powder
production method strongly affects powder properties
which, in turn, affect microstructure and therefore proper-
ties of ceria ceramics [13]. For this reason a study on low-
cost and time effective method is one of the main emphasis
of ongoing research efforts.

In this paper ceria powders were synthesized by apply-
ing self-propagating room temperature reaction (SPRT)
[42,43] in order to study behavior of nanocrystalline ceria
during calcination.

2. Experimental

The ceria samples were synthesized by a SPRT method
using cerium nitrate (Aldrich, USA) and NaOH (p.a. Zorka,
Serbia) as starting materials. The compositions of reacting
mixtures were calculated according to the nominal composi-
tion of the final reaction product. Preparation of CeO,
powder was performed according to the following reaction:

2[Ce(NOs); - 6H,0]+6NaOH +(1/2 — 5)0, -
2Ce0, +6NaNO;+9H,0 (1)

The calculated fractions of chemicals were hand mixed
in an alumina mortar with an alumina pestle for about
Smin. The reaction product mixture was rinsed in a
centrifuge Centurion 1020D at 3500 rpm to remove
NaNOs;, which was one of the reaction products [44]. Each
washing run was 10 min long. This procedure was repeated
three times with deionised water and two times with
ethanol.

The calcination of the obtained powder at temperature
ranging from 400 to 800 °C was 15 and 120 min long. All
powders were characterized by means of X-ray diffraction,
ellipsometry, Raman spectroscopy as well as nitrogen adsorp-
tion. Crystal structure was identified by X-ray diffraction
(XRD) using filtered Cu Ko radiation (Siemens D35000).
XRD was also used to evaluate the crystallite size and lattice
parameters as functions of temperature. Before the measure-
ment the angular correction was done by high quality Si
standard. Lattice parameters were refined from the data using
the least square procedure. Standard deviation was about 1%.

Williamson-Hall plots were used to separate the effect of the
size and strain in the nanocrystals, using equation:

Potar - cos 0=0.94/D+4Ad/d - sin 0 )

where fro 1S the full width half maximum of the XRD
peak, / is the incident X-ray wave length, 6 is the diffraction
angle, D is crystallite size and Ad is the difference of the
d spacing corresponding to a typical peak. By plotting
Protal - cOsO versus sinf it is possible to obtain D from the
intercept and Ad/d from the slope.

The Raman spectra were obtained using a U-1000
(Jobin-Ivon) double monochromator in back scattering
geometry. The Raman spectra were excited by the 514 nm
line of an Ar™ ion laser and taken at room temperature. In
order to avoid sample heating, a cylindrical focus was used
and the laser power was kept bellow 10 mW.

The adsorption characteristics of the as-obtained and
calcined samples were determined. Adsorption and deso-
rption isotherms of N, were measured at — 196 °C using
the gravimetric McBain method. The specific surface area,
SpET, Mesoporous surface area including the contribution
of external surface, Speso, micropore volume, V., and
pore size distribution for the powders were calculated from
the isotherms. Pore size distribution was estimated by
applying BJH method [45] to the desorption branch of
isotherms and mesopore surface and micropore volume
were estimated using the high resolution o plot method
[45-47]. Micropore surface, Sy, was calculated by sub-
tracting Speso from Spgt.

3. Results and discussions

Typical X-ray diffraction patterns of CeO, calcined at
different temperatures are shown in Fig. 1. XRD analysis
reveals that all peaks for each sample were significantly
broadened indicating small crystallite size and/or strain. It is
especially true for as-obtained powder which exhibits very
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Fig. 1. Room temperature X-ray diffraction patterns of as-obtained
CeO,_;s samples (1) and samples calcined at 400 °C (2), 600 °C (3) and
800 °C (4) for 15 min.
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diffuse diffraction lines, in such way that some atomic planes
are impossible to indicate (hkl: 200, 400, 311, 420). However,
the calcined powders depict somewhat sharper diffraction
lines as the result of increased crystalline size. As Fig. 1
evidences, the powder calcined at 800 °C is well crystallized.

The lattice parameter, a, (nm) and crystalline size of as-
obtained as well as CeO,_ s calcined at different temperatures
are presented in Table 1. It was found that the lattice
parameter of as-obtained powder as well as powder calcined
at 400 °C is higher than the literature value for bulk material
of 0.5411 nm [48,49]. This behavior can be ascribed to the
existence of the microstrain fields in the crystal lattice of
particles. It is believed that the fields are the most pronounced
in area close to the particle surface as the concentration of
surface defects such as vacancy clusters is highest. Thus, the
expansion of the lattice in powders with very small particle
size 1s due to high specific surface and consequently high
concentration of oxygen vacancies associated with the pre-
sence of Ce*™ [50]. However, the unit cell parameter of
powders calcined at 600 and 800 °C are very close to the value
for cell parameter of bulk material. There are two reasons for
the decrease in unit cell parameter with an increase of
calcination temperature. One reason is coarsening of powder
and consequent decrease in specific surface, whereas the other
reason is the valance change of cerium from Ce®™ to Ce*™"
due to higher thermodynamic stability of Ce** at higher
temperature in ambient atmosphere. As Table 1 indicates,
microstrain values are in good correlation with values of unit
cell parameter and crystallite size.

Face centered cubic lattice of CeO, (O3) allows for only
one Raman active mode with F,, symmetry. The Raman
profile of this mode for polycrystalline sample can be
expressed as Lorentzian lineshape centered at about
464 cm™! [51], 465 cm ™! [52,53], or 466 cm ! [51] with
full width at half maximum (FWHM) of 9 cm ' [54] or
10cm " [55]. In CeO, nanocrystals, F», mode shifts to
lower frequencies and deviation from the Lorentzian line-
shape manifest as significant increase of F,, mode FWHM
and appearance of asymmetry on the lower energy side.
The observed changes of F», Raman mode profile can be
described successfully by taking into account the combined
effects of strain and phonon confinement together with
particle size distribution [56]. In CeO,_; nanocrystals, the
additional mode appears at about 600 cm ™' which is
assigned to intrinsic oxygen vacancies [57].

Table 1
Lattice parameter and crystallite size of as-obtained powder and powders
calcined at different temperatures for 15 min.

Temperature Lattice parameter Crystallite size Strain

(°C) (nm) (nm) (x107%
25 0.5438 3.2 11.94(1)
400 0.5417 6.2 9.24(1)
600 0.5410 11.5 7.25(9)
800 0.5411 56.6 1.25(1)

*as-obtained (uncalcined) powder.

Fig. 2 shows the Raman spectra of samples calcined at
different temperatures for 15 min and 120 min together
with uncalcined sample as a reference. The F,, mode for
untreated sample is located at 456 cm ™' with FWHM of
41 cm~'. Besides the main mode, the oxygen vacancy
mode at 600 cm ! can be clearly observed. The increase
of calcination parameters (temperature and time) leads to
the transformations in the Raman spectra which are
characteristic for the process of crystallite size growth. In
the sample calcined at 400 °C it is obvious that longer
calcination time leads to the change of the F,, mode
bandwidth. The main F», mode at 600 °C transforms upon
the calcination into Lorentzian profile whereas oxygen
vacancy mode disappears from the spectrum as a conse-
quence of improved stoichiometry.

Variation in the F,, mode frequency and FWHM with
crystallite size for samples calcined at different tempera-
tures for different times is shown in Fig. 3. As the figure
shows, the increase in the average crystallite size is
followed by the hardening of the F», mode, i.e., shift to
higher frequencies and decrease of FWHM. The most
dramatic change in vibrational properties of CeO, nano-
crystals takes place in the samples calcined at 600 °C (see
Fig. 3a and b) when phonon confinement and strain effects
became less dominant. At higher temperatures and pro-
longed time of calcination the crystallite size increases
above the confinement regime causing visible variation in
Raman mode profile. Finally, the frequency and FWHM
of samples calcinated at 800 °C for 15 min and 120 min
assume values characteristic for bulk material. Based on
this, it can be concluded that most of the structural
changes occur upon calcination at 600 °C. Further increase
of calcination temperature does not induce significant
changes in vibrational properties of CeO, nanocrystals. It
is also worth mentioning that the change of calcination
temperature has stronger influence on the vibrational
properties of ceria than the calcination time.

Nitrogen adsorption isotherms, as the amount of
adsorbed N, as a function of relative pressure at
—196 °C, are shown in Fig. 4. According to the IUPAC
classification [46] the isotherms are of type IV and with a
hysteresis loop, which is associated with mesoporous
materials. Fig. 4 shows isotherms of as-obtained powder
and powders obtained after 15 min long calcinations at
different temperatures. The specific surface areas calcu-
lated by BET equation, Sggt, are listed in Table 2. Sget
values, for all samples, lie within 70 and 6m>g~ ! It
can be also seen that Spgr abruptly decreases after
calcinations.

Pore size distribution (PSD) of ceria samples calcined at
different temperatures is presented in Fig. 5. The figure
shows that the samples are mesoporous with most of the
pores radius between 2 and 4 nm. The sample calcined at
800 °C was not presented in Fig. 5 due to very low specific
surface area.

o, plots, obtained on the basis of the standard nitrogen
adsorption isotherms are shown in Fig. 6. The slope of
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Fig. 2. Room-temperature Raman spectra of as-obtained CeO, nano-
crystals and nanocrystals calcined at different temperatures for 15 min
(solid line) and 120 min (dotted line).

straight line in the medium o, region gives a mesoporous
surface area including the external surface, S50, Whereas the
intercept with vertical axis gives the micropore volume, V.
As mentioned before, micropore surface, Sy, was calculated
by subtracting Sieso from Sggr. Calculated porosity para-
meters (Sieso» Smic» Vimic) are given in Table 2. Generally, the
pore surface decreases with increasing of temperature.

According to the results given in Table 2, it can be
concluded that calcination significantly changed the spe-
cific surface and porous structure of ceria powders. The
higher calcinations temperature leads to decrease of spe-
cific surface and microporosity whilst the mesoporosity is
almost unchanged. This behavior can be explained by the
closure of small pores during the calcination as result of
crystallite growth.

4. Conclusions

SPRT method was applied to produce ceria nanoparticles
with an average crystalline size of 3.2nm. They exhibited
larger lattice parameter than polycrystalline material due to the
presence of Ce’*cations and O®~ vacancies. Raman spectra
showed an additional mode at 600 cm ™", which confirmed the
presence of oxygen vacancies. Raman spectroscopy demon-
strated that the increase of calcination temperature leads to the
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Fig. 3. Variation of the F,, mode frequency and linewidth with the
crystallite size for as-obtained powder and powders calcinated at different
temperatures for (a) 15 min and (b) 120 min ((1) as-obtained, (2) 400 °C,
(3) 600 °C, (4) 800 °C).
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Fig. 4. Nitrogen adsorption isotherms, as the amount of N, adsorbed as
function of relative pressure for as-obtained powder and powders calcined
at 400 and 600 °C for 15 min. Solid symbols-adsorption, open symbols-
desorption.

frequency shift to higher energies and to decrease of linewidth
of the main F,, Raman. These changes were considered to be
the result of decreasing phonon confinement, strain effects and
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Porous properties of as-obtained ceria and ceria calcined at different
temperatures for 15 min.

Temperature (°C) Sger (M2/g)  Smeso (M>/g)

Stmic (M%/g)  Vinic (cm’/g)

As-obtained 70 45 25 0.013
400 45 22 23 0.010
600 36 21 15 0.007
800 6 - - -
30+ l\ —m— CeO,
1 . A —@— Ce0, 400°C
25 —A— Ce0, 600°C
g ]
a
MCD 20
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~ 15 AI
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Fig. 5. Pore size distribution (PSD) for as-obtained ceria powder and
powders calcined at 400 and 600 °C for 15 min.
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Fig. 6. agplots for nitrogen adsorption isotherm of as-obtained ceria
powder and powders calcined at 400 and 600 °C for 15 min.

improved stoichiometry. The second order Raman mode
disappears after calcination. The specific surface area and
porous structure of ceria powders considerably changed after
calcination.
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