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Abstract

A new method for the preparation of nano-ceria of high thermal stability was
systematically studied by using XRD, TEM, ICP-AES, N: physical adsorption and
desorption, and an equipment combining the functions of thermal gravimetry,
differential scanning calorimeter, and mass spectrometer. The method includes
the synthesis of MgO-CeO:z mixed powder by calcining a gel made with cerium

nitrate, magnesium nitrate, and citric acid, and the removing of MgO from the
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mixed powder by acetic acid leaching. The calcining process mainly included two
weight-loss steps. Step 1 took place at a lower temperature, which decreasing
from 535K to 480K slightly with Mg/Ce increasing from 1 to 14, probably due to
the reaction between the organic fragments and nitrogen oxides from the
nitrates, and the catalytic function of MgO. Step 2 took place at a higher
temperature, which increasing from 620K to 740K apparently with Mg/Ce
increasing, due to the reaction between the organic fragments and O, and the
catalytic function of CeOz. The MgO in the mixed powder could be completely
removed by reaction with acetic acid solution (2.5 vol.%) at room temperature, but
the CeO2 remained unaffected. In the calcining process, the freshly formed ceria
particles could thermally be stabilized in the rest calcining, but did not
agglomerate because the formed MgO particles might act as isolators.
Consequently, the resulting ceria powders showed high surface area and high

thermal stability.
1. Introduction

As a functional rare earth material, ceria has wide applications in
electrochemistry, optics, and catalysis due to its unique properties [8-10,
12]. For instance, ceria doped with other rare earth ions has high oxide
ion conductivity at a comparable low temperature (about 873K), and thus
has been applied in solid oxide fuel cells [8]. Ceria has strong absorption
in the ultraviolet range and is used as ultraviolet (UV) blocking materials
[9, 10]. Ceria has been used in the three-way catalyst (TWC) for exhaust
gas treatment from automobiles because of its high oxygen storage
capacity, associated with its rich oxygen vacancies, and low redox
potential between Ce3* and Ce4*[11, 12]. Ceria has also been widely used
as catalysts or catalyst supports for reactions of oxidation [6], steaming

reforming [15], and water-gas shift [5].

Ceria can be prepared by various methods, such as hydrothermal [13]
or microwave-hydrothermal synthesis [3], solvothermal [2] or microwave-
assisted solvothermal synthesis [18], homogeneous precipitation [14],
decomposition [7], sonochemical treatment [17], and so on. Usually,
different methods resulted in different ceria for different applications.
Although, surface area is important for almost all applications, thermal
stability is more important for such applications at high temperature. For

instance, the ceria in the three-way catalyst needs to be thermally stable
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at about 1173-1273K [11]. Nevertheless, the ceria prepared with the
available methods are not thermally stable enough at such high
temperature. In a US patent [20], a ceria was prepared by precipitating
cerium nitrate with ammonium hydroxide. While the ceria had a surface
area of 218m?/g after calcination at 700K for 4 hours in air, the surface
area dropped to 4m?/g following 4 hours calcination at 1255K. In another
US Patent [21], a ceria was prepared by refluxing ammonium ceric
nitrate with ammonium sulphate for 24 hours to obtain a hydrous ceria
powder. Following calcination at 811K in air for 4 hours, this ceria
maintained a surface area of 150m?2/g. However, only 5m?2/g of surface

area left, if the calcining temperature was raised to 1253K [22].

In our previous paper [16], a new method was briefly reported for the
preparation of nano-ceria powder of high thermal stability. The obtained
ceria remained a surface area as high as 25.1m?%/g, even after being
annealed at 1253K for 4 hours. In this work, the details of this new

method were systematically studied, and its mechanism was discussed.
2. Experimental

2.1. Ceria preparation

Preparation of ceria with the new method includes two steps: (1)
preparing CeO2-MgO mixed powder by sol-gel method, and (2) removing
MgO by selective acid leaching.

The starting materials were the nitrate salts of reagent grade (Acros)
and used as purchased. The aqueous solutions of each metal ion of Ce#*
and Mg?* were prepared by dissolving the nitrate salt in distilled water,
and diluting them to desired concentrations. An aqueous solution of citric
acid (CA) and polyethylene glycol (PEG) in a weight ratio of
CA/PEG = 60 was also prepared and termed as CP solution. According to

the designed molar ratios of Mg/Ce (termed as x, where x=0-14),

different volumes of metal ion solutions were taken and mixed In a

beaker. Then, CP solution was added in the beaker, until the molar
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number of citric acid was equal to the total number of the metal ions in
the beaker. The mixed solution was evaporated under stirring at 353K,
until the solution became viscous gel which was then dried at 378K,
ground, and termed as N(x)-CeMgCP. The dried gel was calcined in air at
a given temperature (Tc, 723-1253K) for 4 hours, and then ground again
to form CeO2-MgO mixed powder [termed as N(x)7Tc-CeMg ].

To remove MgO, a calcined sample N(x)7Tc-CeMg was added into a
beaker, which had contained 2.5 vol. % acetic acid solution, until the ratio
of the solution/powder reached 200ml/g. The slurry was stirred at room
temperature for 30min, then filtered and washed with distilled water,
and then dried at 378K over night. The obtained CeO2 sample was
termed as N(x)Tc-CeOs. This sample was, then annealed in air at a
temperature of Ta (393-1253K) for 4 hours, and termed as N(x)7Tc/Ta-
CeOs2 .

2.2. Sample characterization

The calcining process of dried gel N(x)-CeMgCP was in-situ
investigated on an equipment (TG-DSC-MS, NETZSCH STA 409C/CD)
combining thermal gravimetry (TG) , differential scanning calorimeter
(DSC), and mass spectrometer (MS) with air flow rate of 30cm3/min,
temperature range of 293-1073K, and temperature ramp of 10K/min. The
composition of the mother-solution from the acid leaching process, and all
solid samples were analyzed on an inductively coupled plasma-atomic
emission spectrometer (ICP-AES, Jarrell-Ash ICAP9000). The crystal
phases of CeO2-MgO mixed powders, and all CeO2 samples were
identified at room temperature by using a X-ray diffractometer (XRD,
Rigaku/MAX-II, Cu Ka radiation), and the crystallite size of the ceria
samples were measured with XRD line-broadening method. The surface
area (Sg) of the ceria samples were determined with a micromeritics
ASAP 2000 apparatus using nitrogen as the analysis gas. Transmission
electron microscopy (TEM, Hitachi H-7100, 100keV) were used to

measure the particle size of the ceria samples.
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3. Results and Discussion

3.1. Gel formation and calcination

3.1.1. Gel formation

The gel was formed by evaporating the mixed aqueous solution of
cerium nitrate, magnesium nitrate, and citric acid (H4L). In this solution,
complexes containing L, Ce3*, and/or Mg2+* should be formed. When
evaporating the solution, water steam and brown gas (possibly NO2 from
nitric acid or nitrate) were gradually released; polymerization among the
different complexes as well as citric acid might take place; and therefore,
viscous gel was formed. When further drying, evaporation and

polymerization continued, and dried gel was formed.
3.1.2. Gel calcination

The thermal behavior of the dried gels N(x)-CeMgCP with x = 1-14

were investigated by TG equipment, and the obtained TG curves were
shown in Figure 1. Each curves showed two notable weight-loss steps,
marked as stepl for the lower temperature (71) and step 2 for the higher
temperature (72). As shown in Figure 2, the step temperature decreased
with x for stepl according to the Equation (1), but increased for step 2

according to the Equation (2).

T, =752 — 148.43 EXP(- x / 6.2626), (1)
Ty =605 —1.3545 (1—exp(—x / 0.00702)) +148.42675 (1— exp (—x / 6.2695)).
(2)

The Equations 1 and 2 were obtained by curve fitting with R? > 0.996.
From Figure 1, the lowest temperature (7l for complete combustion of

each gel sample was measured, and was found increasing from 629K to
773K with x from 1 to 14.
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Figure 1. TG profiles of gel samples N(x)-CeMgCP with x =1-14
(293-1073K, 10K/min, air 30ml/min).
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Figure 2. Effect of Mg/Ce(x) on the weight-loss temperatures of TG
profiles for the gel samples N(x)-CeMgCP with x = 1-14.
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For deeply understanding the weight-loss steps, the calcination process
of the dried gel N(5.5)-CeMgCP was in-situ investigated with TG-DSC-
MS equipment. Figure 3 shows the TG and DSC curves, and Figure 4
shows the MS profiles. Two weight-loss steps were observed. Stepl took
place at 489.5K, with a little broad exothermic peak in DSC curves, and a
little broad peak at the mass of 44 in the MS profiles. Step 2 took place at
693K, with a sharp exothermic peak in DSC curves, and a sharp peak at
the mass of 44 in the MS profiles. The marked difference between steps 1
and 2 indicate that the mechanisms for steps 1 and 2 must be different,
and the released-matters from steps 1 and 2 might also be different even
though, they had the same mass of 44. The lost-matter from step 2 should
be CO2, which was produced from the reaction between the organic
fragments remained in the sample and oxygen in air. This oxidation
reaction is usually strongly exothermic, and can be catalyzed by CeOz [1],
therefore, the reaction temperature increased with x increasing. The
released-matter from step 1 might be N20, which was produced possibly
from the reaction between organic fragments remained in the sample and
nitrogen oxides (NOx,x = 1-2.5) derived from the nitrates. This reaction
might be weakly exothermic, and might be catalyzed not by CeOgz, but by
MgO in some extent. Therefore, the reaction temperature slowly
decreased with x increasing. Further studies are required to clarify the

mechanism for step 1.
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Figure 3. TG-DSC profiles of the gel sample N(5.5)-CeMgCP (293-1073K,
10K/min, air 30ml/min).
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Figure 4. Mass spectrum of gel sample N(5.5)-CeMgCP as a function of
calcining temperature (293-1073K, 10K/min, air 30ml/min).

Figures 5a and 5b show the XRD patterns of the calcined samples
N(x)773-CeMg with x =1.0-5.5, and N(x)1253-CeMg with x = 5.5-14.
The two figures are quite similar. Only MgO and CeO: phases were
observed for all the Mg containing samples except for x = 1.0. The CeO:
phase in the Mg containing samples has the same XRD peak positions as
the pure CeO2 sample, indicating that no detectable Mg2* entered the
CeOg lattice. This is understandable because even at 1873K, the solubility
of MgO in the CeOz lattice was only 2% [4]. Since the XRD signal of MgO
is relatively weak, the XRD peaks of MgO in the lowest Mg-containing
sample of x = 1.0 might be too weak to be detected out. The above XRD

results indicate that after calcinations, the dried gels became the mixed
powder of CeOz and MgO.
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Figure 5. XRD patterns of calcined samples of (a) N(x)773-CeMg with
x = 1.0-5.5, and (b) N(x)1253-CeMg with x = 5.5-14, Cu Ko radiation.

3.2. MgO removing

MgO in the MgO-CeO:z mixed powders was removed by selective acid
leaching, where MgO reacted with acetic acid solution and formed
solvable magnesium acetate, but CeOz remained unchanged. Figure 6
shows the XRD patterns of the leached samples of (a) N(x)773/773-CeO2
with x = 1.0-5.5, and (b) N(x)1253/378-CeQO2 with x = 5.5-14. For all the

samples, only CeO2 phase was observed, indicating that MgO phase was
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removed. Considering XRD signal is not very sensitive for MgQO, the
composition of a representative leached sample N(1.0)973/973-CeQO2 was
analyzed with ICP-AES. Ce was observed, but no Mg was detected out,
suggesting that MgO was completely removed. The composition of the
mother-solution from the acid leaching process was also analyzed with
ICP-AES. The ratio of Mg/Ce was found more than 800, indicating that
the effect of acid leaching on CeOz2 phase is negligible.
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Figure 6. XRD patterns of leached samples (a) N(x)773/773-CeO2 with
x = 1.0-5.5, and (b) N(x)1253/378-CeO2 with x = 5.5-14, Cu Ka radiation.
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Using XRD line-broadening method, the crystallite size of the ceria
samples of N(x)Tc/Ta-CeO2 were measured, and was found decreasing
with x increasing and approaching constant when x> a given value of

xg. Besides, the x; increased with 7Tc¢ and Ta. For instance, when
Te = Ta = 773K, xy was about 2.2, and the ceria crystallite sizes for
x = 2.2-5.,5 were between 5.9-6.2nm. When 7Tc = Ta = 1253K, the x
was about 5.5, and the ceria crystallite sizes for x = 5.5-11 were between
24-28nm.

The particle sizes of the ceria samples N(x)773/378-CeOz with
x = 1.0-5.5 was measured from the TEM micrographs (Figure 7), and

shown in Figure 8 as a function of x. For all the samples, the particles
were 1n sphere-like shape and the average particle size decreased with x
increasing, and approached constant when x > 3.3, indicating that the
existing of MgO hampers the CeO:z crystallite from agglomerating, but

too much MgO seems not necessary.
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Figure 7. TEM micrographs of N(x)773/378-CeOz samples (a) x = 1.0,
(b) x = 2.2, (c) x = 3.3, and (d) x = 5.5.
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Figure 8. Effect of Mg/Ce(x) on the particle size of N(x)773/378-CeO:z

samples.

Figure 9 shows the effect of x on the surface area (S,) of the leached
and annealed samples of N(x)773/773-CeO2 and N(x)1253/1253-CeO2. The
Sg increased with x increasing, and approached constant when x > a
given value of x3. The x3 was about 2.2 and 5.5, respectively, for
Te = Ta = 773K and 1253K. These results are consistent with the
crystallite size results and particle size results (Figure 8), indicating that
the effect of MgO on the Sg is mainly caused by the effect on the particle
size.
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Figure 9. Effect of Mg/Ce(x) on the surface area (S;) of ceria sample
(a) N(x)773/773-Ce0g2, and (b) N(x)1253/1253-CeOx.
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Based on the ceria crystallite size data from XRD results for
N(x)773/773-CeOz (x = 0-5.5), a theoretic specific surface area (Sca)) was

calculated through the following equation [19]:
Sear =6/Dp = 824.17/D (m?/g). (1)

Wherein, D is crystallite size (nm) from XRD results; and p 1is the

theoretical density of CeO2 (7.28g/cm3). Scai represents the surface area of
a single ceria crystallite. In some extent, Sg/Scu reflects the dispersity of
the ceria samples. As shown in Figure 10, Sg/Scwi increased with x
increasing, and approached constant when x > 3.3, consistent with the

trends in Figures 8 and 9. These results indicate that, the existence of
MgO hampers the ceria particles and/or crystallites from agglomerating.
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Figure 10. Effect of Mg/Ce(x) on the dispersity of N(x)773/773-CeOsz
samples.

The effect of MgO on the Sg of ceria might be explained as follows. In
the gel calcining process, the formed ceria particles might be isolated by
the formed MgO particles. With Mg/Ce increasing, more and more MgO
particles acted as isolators between the CeO: particles, so that CeOq
particles could not contact each other and agglomerated to form large
particles. Therefore, the S; of resulting ceria increased with Mg/Ce

increasing. When Mg/Ce increased to the given value of x(, the ceria
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particles might be surrounded completely by MgO particles, so that,
further increase of Mg/Ce had no apparent effect on the S; of ceria. Since,
the size of the formed MgO particles and thus, the space between the
MgO particles would increase with increasing the calcining temperature,
the resulting ceria particles in the space between MgO particles would
also increase in size with increasing calcining temperature. Since, the
annealing process took place at a temperature equal to or lower than the
calcining temperature, the trend of the effect of Mg/Ce and the calcining

temperature on the S; of ceria was not changed by the annealing process.

In the gel calcining process, the newly formed nano-ceria particles
were isolated by MgO particles; therefore, they could not agglomerate
into larger particles, but could be thermally stabilized in the rest
calcining process. Consequently, the obtained nano-ceria power showed
higher thermal stability than the ceria prepared with the conventional
methods [20, 21, 22].

4. Conclusions

A new method and its mechanism for the preparation of nano-ceria
powder of high thermal stability were studied. The calcining process
mainly included two weight-loss steps. The lower temperature step might
be due to the reaction between the organic fragments and nitrogen
oxides, and the catalytic function of MgO. The higher temperature step
was due to the reaction between the organic fragments and Os, and the
catalytic function of CeOz2. The MgO in the mixed powder could be
completely removed by reaction with acetic acid solution (2.5%), but the
CeO:z remained unaffected. In the calcining process, the freshly formed
ceria particles could thermally be stabilized in the rest calcining, but did
not agglomerate because the formed MgO particles might act as isolators.
Consequently, the resulting ceria showed high surface area and high

thermal stability.
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