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Abstract

The reduction of commercial and mechanochemically processed CeO, powders was studied. Nanostructured CeO,, with the crystallite size of
21 nm and the lattice distortion of 0.37%, was obtained during 60 min of milling in a high-energetic vibratory mill. X-ray diffraction, scanning
electron microscopy and Brunauer-Emmett-Teller method were applied to characterize the milled powders. During the thermal treatment at 1200
and 1400 °C in an argon atmosphere the nonstoichiometric CeO,_, oxides with the defect fluorite structure were formed. Compositions of CeO,_,
oxides were determined according to its lattice parameter. The results showed that the release of oxygen, as well as the rate of reduction, was more
effective in nanocrystalline then in the microcrystalline CeO,, producing at 1200 °C CeO, g and CeO; g5 oxides, while at 1400 °C were obtained

similarly, CeO; 77 and CeO, 75, compositions.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Cerium dioxide (ceria, CeO,) and ceria based materials are
promising materials for number of applications, so they have
been widely investigated in recent years. Ceria is becoming an
important material in various fields of modern technology, such
as catalysis, microelectronics, optoelectronics, electrochemical
devices, ultraviolet blockers, etc. [1-3]. Its different functions
are mainly related to the ceria existence in two oxidation states,
trivalent and tetravalent, and the Ce*— 0>~ charge transfer.
Among the numerous cerium oxides [4], the nonstoichiometric
oxides, CeO,_,, which has a defect structure of the same
fluorite type as ceria, is extensively studied owing to its redox
capability and ionic conductivity [5]. Depending on the
temperature and the partial oxygen pressure, CeO,_, exists
in the composition range 0 < x < 0.3 [6,7]. Point defects of
CeO,_, structure arise due to the loss of oxygen and formation
of oxygen vacancies, as well as due to reduction of Ce**- into
Ce**-ions in order to charge neutrality preservation.

At present, great attention is paid to production of
nanocrytalline CeO, powders, expecting better catalytic
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activity, redox properties and a higher ionic conductivity in
comparison to those of the microcrystalline CeO,. Decreasing
of the crystallites size into nanometer range enhances redox
capability and ionic conductivity of CeO, owing to the higher
mobility, primarily of the oxygen ions. Several methods have
been developed to synthesize nanosized CeO, powders, such as
precipitation [8], solid-state reaction [9], mechanochemical
processing [10], combustion synthesis [11], self-propagating
synthesis [12] and other.

The reduction of mechanochemically produced nanosized
CeO, powder was studied in this paper while, to the best of our
knowledge, the reduction of ceria prepared in this way was not
studied before. For the sake of comparison, we have also
studied the reduction of commercial microcrystalline CeO,
powder during thermal treatment in an argon atmosphere.

2. Experimental procedure

Commercial CeO, powder (Aldrich, 99.9%, particle size
<5 pm) was milled in high-energetic vibratory mill, Pulveri-
sette 9 (Fritsch), with tungsten carbide (WC) lining and
grinding media. Ten grams of the oxide powder were milled for
2,15, 30, 45, 60, 90 and 120 min. Reduction of CeO, powders
was performed in an Astro furnace in a flowing argon (99.95%,
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flow 20 1/h) atmosphere under oxygen partial pressure less than
50.65 Pa. Powders were pressed uniaxialy into pellets
(diameter 10 mm, height ~10 mm) in a steel die under
35 MPa. Pellets, put into boron nitride coated graphite vessel,
were fired at 1200 and 1400 °C for 1 h. Specimens were furnace
cooled under argon to room temperature. Starting and milled
CeO, powders were characterized by X-ray powder diffraction
analysis (XRD), scanning electron microscopy (SEM) and
specific surface area obtained by Brunauer-Emmett-Teller
(BET) method, while the powders of the fired samples were
examined by XRD.

SEM was performed by JEOL JSM-35 equipment. The
specific surface area was calculated from N, adsorption
measured at 77 K.

2.1. XRD characterization

XRD analysis was carried out by a Siemens D500
diffractometer in the range from 20 to 80° 26 using Ni-filtered
Cu Ka radiation and the scanning speed of 0.02° (26)/s, while
the data were processed by Diffrac”™ software. Phases were
identified according to the ICDD-PDF data base [13]. Owing to
the different mass absorption coefficients (u,,) of CeO,
(333.7 cm?/g) and WC (160.8 cm?/g) for CuKa radiation,
quantity of WC, introduced in the system during milling, was
determined from the integral intensity relation (/1) of the WC
1 00 peak using expression for the two-component mixture
[14]:
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in which w is weight fraction of the components, while 7 and I,
are intensities of the component’s convenient peak in the
mixture and the same peak of the pure component, respectively.

The average crystallite size and mean lattice distortion of
CeO, were obtained on the basis of the full width at half
maximum intensity (FWHM) of the 111,200,220and3 11
peaks of CeO,, measured after the separation of the Ka-doublet
by Diffrac”* software. Calculation of the crystallite size and
lattice distortion was performed applying Williamson-Hall
method and Cauchy expression [15]:
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in which the total peak broadening (f) is the sum of peak
broadening due to crystallite size (D) and broadening due to
lattice distortion (&). Elimination of the instrumental broad-
ening was done using an empirical formula: =B — b/B,
where B represents the measured peak width, while b is the
instrumental width obtained from a Si standard.

Lattice parameter of the cerium oxides with the fluorite
structure was refined by the WINCELL program. Compositions
of the nonstoichiometric CeO,_, oxides formed in the fired
samples were calculated from Kim’s empirical relation
expressed as [16]:

a = 5413 +0.4612x (A)
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Fig. 1. XRD patterns of CeO, powders milled for various time.

which gives dependence between the lattice parameter a of
CeO,_, and x in CeO,_,.

3. Results and discussion

XRD patterns of the starting and milled CeO, powders
(Fig. 1) reveal the broadening of CeO, reflections as the milling
time got longer and the appearance of WC reflections after
30 min of milling. The CeO, starting powder had the crystallite
size of 140 nm and no significant lattice distortions, while its
lattice parameter a =5.412(1) A was not changed during
milling.

In the first 30 min of milling (Fig. 2), a rapid decrease of
CeO, crystallite size occurred while its lattice distortion
attained maximum. A steady state was already achieved in the
60 min of milling when the crystallite size was 21 nm, while the
lattice distortion was 0.37%. Further milling had neither
considerable influence on the crystallite size nor on the lattice
distortion. Quantity of 14 mass% WC was introduced in the
system during 60 min of milling. Specific surface area of the
CeO, powders also increased with the milling time due to the
particles fragmentation, but owing to the agglomeration of the
particles the increase was slower after 30 min of milling
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Fig. 2. CeO, crystallite size (D) and lattice distortion (¢) vs. milling time.
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Fig. 3. Specific surface area of milled CeO, powders.

(Fig. 3). SEM microphotographs of the starting and 60 min
milled CeO, powders (Fig. 4) confirm the existence of
agglomerates in 60 min milled powder which are composed
of the nanoparticles.

The nanocrystalline CeO, powder produced during 60 min
of milling was selected for the investigation of the reduction.
Also, with the aim of comparison, the starting CeO, powder
was simultaneously thermally treated under the same reduction

Fig. 4. SEM micrographs of (a) starting and (b) 60 min milled CeO, powders.
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Fig. 5. Phases identified in starting and milled CeO, powders fired for 1 h at (a)
1200 °C and (b) 1400 °C.

conditions. During the thermal treatment in the temperature
range 1200-1400 °C in an argon atmosphere, the nonstoichio-
metric CeO,_, oxides with the fluorite structure were formed.
XRD patterns of the both powders fired for 1 h at 1200 and
1400 °C are shown in Fig. 5, while in Table 1 the lattice
parameter a and the composition of the identified CeO,_,
phases are summarized.

Nanocrystalline CeO, was completely reduced into non-
stoichiometric oxide with composition CeO g, during firing of
1 h at 1200 °C, while only 30 mass% of the starting CeO,
powder was transformed into CeO,;gs oxide. However, at
1400 °C for 1 h of firing both CeO, powders, starting as well as
mechanically activated, were totally reduced into nonstoichio-
metric oxides both of which had similar composition, CeO; 75
and CeO, 77, respectively. Obviously, mechanical activation
affects the rate as well as the level of the CeO, reduction. Since
the CeO; gy composition obtained at 1200 °C from the activated
powder is close to the composition CeO; ;g obtained from the
non-activated one at 1400 °C, it suggested that the reduction
temperature of the nanocrystalline oxide is lowered for
approximately 200 K after mechanical energy had been
introduced into the system.

Reduction of CeO,, as the gas—solid reaction, is mainly
affected by the surface area contact of the solid phase, which is
not only higher in mechanically activated powder but also has

Table 1
Lattice parameter @ and composition of CeO,_, oxides identified in fired CeO,
powders

CeO, 1200 °C~1h 1400 °C~1 h
a(A) CeO,_, a () CeO,_,
Starting 5.412(1) CeO, - -
5.483(2) CeO, g5 5.512(1) CeO 78
60 min milled 5.507(1) CeO; g0 5.518(1) CeO, 77
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different crystal structure in comparison to the bulk of powder.
Both parameters accelerate the oxygen release from the powder
surface accompanied with the formation of oxygen vacancies as
well as Ce**-ions for the charge neutrality preservation. In
addition to that, almost the ten times smaller crystallite size and
the high crystal lattice distortion in mechanically activated
powder enhance diffusion of oxygen ions through the lattice.
Also, the grate defect density in the grain boundary facilitates
oxygen transport, resulting in higher reduction of nanocrystal-
line CeO, at 1200 °C. On the contrary, the slightly higher
reduction of both CeO, powders at 1400 °C, which gives almost
identical compositions (CeO, ;5 and CeQO, 77), is mainly caused
by the rise of the rate of oxygen diffusion from inside the grains
towards the grain boundaries due to temperature rise, which
also influences the growth of crystallites and grains and the
relax of crystal lattice distortion in mechanically activated
powder.

WC present in the milled powder acts as a reducing agent
producing Ce,O; and WO;, which react and give a small
quantity of the CegWO;, (3Ce,03-WO3) compound, identified
(PDF 23-1049) in the sample fired at 1400 °C. Identification
was done according to the CegWO,, superlattice reflections of
the low intensities, since the main reflections of this compound
are overlapped with the CeO,_, reflections [17]. Superlattice
reflections were not observed at 1200 °C due to the poor
crystallization, compared to the one at 1400 °C.

4. Conclusions

The CeO, reduction in the microcrystalline and nanocrystal-
line powders in argon atmosphere at 1200 and 1400 °C was
investigated. Starting CeO, powder, with the particles size less
than 5 wm and the crystallite size of 140 nm, was milled for
various times in a high energetic vibratory mill. During 60 min
of milling, CeO, powder with the specific surface area of
14 m? g~ ! was obtained. At the same time, the crystallite size of
CeO, was reduced up to nanometer dimension of 21 nm, while
the lattice distortion became 0.37%. Prolongation of milling
had no considerable effect on the CeO, nanostructure. Milling
did not affect the lattice parameter of CeO,. Thermal treatment
of CeO, powders, starting and 60 min milled, produced the
nonstoichiometric CeO,_, oxides with the fluorite structure.
Composition of CeO,_, oxides was calculated from their lattice
parameter. At 1200 °C, the rate and the degree of the reduction
of nanocrystalline CeO, was more efficient, providing entire
reduction into CeOj g oxide. On the contrary, the CeO; g5
composition was obtained through the reduction of only
30 mass% of microcrystalline CeO,. The reduction tempera-
ture of the nanocrystalline oxide is lowered for approximately
200 K. The higher specific surface area, lattice distortion and
the reduced crystallite size of mechanically processed CeO,
powder are the main parameters affecting gas—solid reaction of
the CeO, reduction. The intensified reduction of both CeO,

powders at 1400 °C is mainly caused by the rise of the oxygen
rate diffusion.
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