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Abstract

A facile solvothermal method to synthesize aluminum-doped ceria-zirconia (Ceq5Zro5,AlLO> ., x=0.1 to 0.4) solid
solutions was carried out using Ce(NH,)>(NOs)s, Zr(NOs)5-2H,0 Al(NO3)3-9H,0, and NH4OH as the starting materials
at 200°C for 24 h. The obtained solid solutions from the solvothermal reaction were calcined at 1,000°C for 20 h in
air atmosphere to evaluate the thermal stability. The synthesized CeqsZry3Al0-0, o particle was characterized for

the oxygen storage capacity (OSC) in automotive catalysis. For the characterization, X-ray diffraction, transmission
electron microscopy, and the Brunauer-Emmet-Teller (BET) technique were employed. The OSC values of all samples
were measured at 600°C using thermogravimetric-differential thermal analysis. CeqsZrq3Alg->01 ¢ solid solutions
calcined at 1,000°C for 20 h with a BET surface area of 18 m? g~' exhibited a considerably high OSC of 427 pmol-O g~
and good OSC performance stability. The same synthesis route was employed for the preparation of the CeO, and

stability and OSC.

Cegs5Zrg50,. The incorporation of aluminum ion in the lattice of ceria-based catalyst greatly enhanced the thermal
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Background
Ceria (CeO,)-based materials have attracted considerable
interest for more than half a century due to their far-
ranging applications in catalysts, fuel cells, cosmetics, gas
sensors, and solid-state electrolytes and especially their
crucial application as promoters of three-way catalysts
(TWCs), which are commonly used to reduce the emis-
sions of CO, NO,, and hydrocarbons from automobile
exhausts, because of their excellent oxygen storage
capacity (OSC) [1-8]. Since 1990s, CeO,-ZrO, solid
solutions have gradually replaced pure CeO, as OSC
materials in the TWCs to reduce the emission of toxic
pollutants (CO, NO,, hydrocarbons, etc.) from auto-
mobile exhaust and because of their enhanced OSC
performance and improved thermal stability at elevated
temperatures [9-13].

The redox property of CeO, can be greatly enhanced
by the incorporation of zirconium ions (Zr**) into the
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lattice to form a solid solution [14-16]. Nagai et al. have
suggested that enhancing the homogeneity of Ce and Zr
atoms in the CeO,-ZrO, solid solution can improve the
OSC performance [17]. The detailed structure and prop-
erty of CeO,-ZrO, solid solutions were reported in a
review article by Monte and Kaspar [12]. This review
included the results of reducing performance for a series
of samples with gradually elevated Ce contents, and a
possible mechanism of structural changes in the reducing
process was proposed. Fornasiero et al. have reported
that an optimum composition like Ceys5Zrys50, (molar
ratio of Ce:Zr = 1:1) can exist as a cubic phase, which
can have a considerably high redox property [18]. Using
density functional theory, Wang et al. found that in a
series of Ce;_,Zr,O, solutions with a content of 50%,
ZrO, possesses the lowest formation energy of the O
vacancy; therefore, Ceys5Zry50, exhibits the best OSC
performance [19]. Recently, many researchers have paid
much attention to prepare the Ceys5Zrg50, solutions
with the homogeneity of the composition, good disper-
sion of particles, narrow particle size distribution, better
crystallinity, and high surface area in order to improve
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OSC and redox property due to their catalytic applica-
tions [20-25].

Although Ce5Zr50, solid solutions have been stud-
ied extensively, there are few reports on the preparation
of Cey5Zrg5.,M,O,_,/5 in the literature [26,27]. Consider-
ing the smaller cation radius of AP* (0.059 nm) com-
pared to those of Zr** (0.084 nm) and Ce** (0.097 nm),
the incorporation of AI** into Ce-Zr solid solutions may
enhance the oxygen release reaction to form larger Ce®*.
In the present work, for the first time, we describe the
preparation and characterization of Cey5Zrg3Aly019
solid solutions with high surface area via a facile sol-
vothermal route. The further experiment results show
that the introduction of aluminum ion enhances the ther-
mal stability and OSC even after calcination at a very
strict condition of 1,000°C for 20 h. The OSC of CeO,,
Ceo5Zr950,, and the composites which consisted of
different aluminum amounts were also prepared via the
same method and compared.

Methods

All chemicals used were of analytical grade and were
purchased from Kanto Chemical Co. Inc., Tokyo, Japan
(purity 99.999%). The chemicals were used without fur-
ther purification.

Catalysts preparation

The stoichiometric amounts of (NH,4)>,Ce(NOs3)g (6 mmol),
ZrO(NOs), (3.6 mmol), and AI(NOs3)3-9H,O (2.4 mmol)
were dissolved in 60 ml of distilled water. NH,OH solu-
tion was slowly dropped into the above mixed solution,
and the pH value was maintained at 9. The yellow mixed
solution was introduced in a 100-ml Teflon®-lined auto-
clave (SAN-AI Science, Co. Ltd, Nagoya, Japan), which
was maintained at 200°C for 24 h, then cooled to room
temperature naturally. The obtained products were washed
with distilled water three times and dried in air at 100°C
for 12 h to form the as-prepared fresh samples. Finally,
the fresh samples were calcined at 1,000°C for 20 h in
air atmosphere to evaluate the thermal stability. The same
synthesis route was employed for the preparation of the
CeO, and Cey 571 50,.

OSC analysis

The OSC of the samples calcined at 1,000°C for 20 h
was determined by thermogravimetric-differential thermal
analysis (TG-DTA; Rigaku TAS-200, Rigaku Corporation,
Tokyo, Japan) at 600°C. Before the measurements, the
samples were held in flowing air at 600°C for 30 min to
remove residual water and other volatile gases. The mixed
gas of CO-N, (100 cm® min™) and air (100 cm® min™)
was flowed alternately at 600°C. Finally, OSC was ana-
lyzed after getting the TGA profile.
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Characterization

The phase composition of the sample was determined
by X-ray diffraction analysis (XRD; Bruker D2 Phaser,
Bruker Optik GmbH, Ettlingen, Germany) using graphite-
monochromized CuKa radiation. The morphology and
size of the samples were determined by transmission
electron microscopy (TEM; JEOL JEM-2010, JEOL Ltd.,
Akishima, Tokyo, Japan). The specific surface area was
measured using a BET (NOVA 4200e, Quantachrome
GmbH and Co. KG, Odelzhausen, Germany) surface area
and pore size analyzer.

Results and discussion

All products of (a) CeO,, (b) Ceys5Zrg50, and
(c) Cegs5Zrg3Aly2019 consisted of a single phase of fluo-
rite structure (Figure 1 (a) to (c)). All the diffraction
patterns exhibited broad peaks, suggesting that the fresh
samples were nanocrystalline materials. The calcined
samples had a slight shift in diffraction peaks when com-
pared to the pure CeO, XRD pattern, indicating the for-
mation of corresponding solid solutions. The calculated
lattice parameters of the calcined samples of Cey5Zry 50,
(@=0.5384 nm) and Cey5Zry3Alg>0:9 (a=0.5299 nm)
are smaller than that of CeO, (a=0.5413 nm). The
shrinkage of lattice cells may be due to the substitution
of the smaller cation radius of Zr** (0.084 nm) and AI**
(0.0059 nm) with Ce** (0.097 nm). No phase separa-
tion was noticed even at such high calcination tempera-
tures at 1,000°C for 20 h, except the increase of particle
size (Figure 1 (a') to (c')). The crystal sizes of the fresh
CeO,, Ceps5Zr050,, and Ceg5Zrg3Aly,0; 9 calculated by
Scherer's formula were 9, 5, and 3 nm, while those of the
calcined CeQO,, Ce(5Zry 504, and Ceq5Zr3Aly20; 9 were
35, 10, and 8 nm, respectively.
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Figure 1 XRD patterns of fresh and calcined samples. Fresh
samples: (a) CeO,, (b) CensZros0,, and (c) CegsZr3Aln->04 6. Calcined
samples: (@) CeO,, (b') CeqsZros0,, and (c') CegsZrozAlo201 0.
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20 nm

(@") CeO,, (b') CegsZros0,, and (c') CepsZrozAlg-01 0.

Figure 2 TEM images of fresh and calcined samples. Fresh samples: (a) CeO,, (b) Ces5Zry50,, and (c) CegsZro3Aly-01 6. Calcined samples:

20 nm

The morphology and size of the fresh and calcined
samples (1,000°C for 20 h) were observed by TEM as
shown in Figure 2. For the fresh samples, the particles
seem to be partly dispersed and formed small agglome-
rates (Figure 2 (a) to (c)), and the single particle exhibited
a spherical-like morphology with the diameters of 9 to
12 nm, 5 to 8 nm, and 3 to 5 nm for CeO,, Ceq5Zry50,,
and Ceg5Zrg3Aly»0; .9, respectively, which are in agree-
ment with the crystallite size calculated from Scherer's
formula. The particle size increased after calcination
at 1,000°C for 20 h because of aggregation, and the
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Figure 3 BET specific surface areas of fresh and calcined
samples. Fresh samples: (a) CeO,, (b) CeqsZro50-, and

(c) CepsZrosAlg-01 0. Calcined samples: (@') CeO,, (b') CesZros0,,
and (c') CegsZrg3Al050, 0.

particle sizes were found to increase to 90 to 100 nm,
50 to 55 nm, and 30 to 35 nm for the CeO,, Cey5Zry 505,
and Ce(5Zrp3Alp,01.9 samples as shown in Figure 2 (a)
to (c'), respectively.

BET nitrogen adsorption-desorption analysis was under-
taken to measure the specific surface area of all sam-
ples. As a result, the fresh sample of Ceq5Zr3Alg2019
showed a much higher surface area (232 m” g'') than
those of CeO, (119 m* g*) and Cey5Zro 50, (168 m* g,
Figure 3 (a) to (c)). After calcinations at 1,000°C for 20 h
in air, the specific surface areas of CeO, (3 m* g’l) and
CeosZr050, (8 m? g’l) decreased to less than 10 m? g’l,

s N
0.0

o
N
1

o
~
1
(2]
-~

Weight loss/%
5 )
[+2]

(=}
e
|

(b) q - :
" S S
gt

v y T i T . T i T
50 75 100 125 150 175 200
Time/min

Figure 4 TG profiles of calcined samples (1,000°C, 20 h) at
600°C, which show oxygen release/storage properties. (a) CeO,,

(b) CegsZr050,, and () CegsZrosAlo20 .
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Table 1 OSC at 600°C of the CeO,, Ceq 5Zry 505, and
Ceg.5Zrg 3Alp 04 o calcined at 1,000°C for 20 h

0SC (umol-0 g ")
CeO, 250
CeosZros05
CeosZio3Al0201

?It is accepted that the CegsZrps0, composition possessed excellent OSC
property [10-14].

Chemical composition

3500
4270

but the sample of Ceg5Zr3Alg201.9 exhibited a relatively
higher BET specific surface area of 18 m*> g (Figure 3
(@) to (c')).

The OSC values of the calcined samples were deter-
mined at 600°C with a continuous flow of CO-N, gas
and air alternately. Figure 4 shows the typical TG pro-
files of the CeQ,, Ceys5Zro50,, and CeysZrg3Aly->019
samples. The TG profile shows the oxygen release/
storage performance of the CeO,, Ceys5Zrg50,, and
Ceos5Zr03Alp2019 samples at 600°C with time. As a
result, CepsZrg3Aly20;19 exhibited a higher OSC of
427 umol-O g~', when compared to those of the CeO,
(25 pmol-O g’l) and Ceg5Zrg50, (350 pmol-O g’l)
samples (Table 1). It is accepted that the OSC is
dependent on the specific surface area; it is obvious that
Ceo5Zr03Alp2019 exhibited the highest specific surface
area and highest OSC values even after calcination at
such high temperature as 1,000°C for 20 h. In order to
examine OSC performance stability, oxygen release/storage
cycle measurement was tested, and Cegs5Zr3Alp,019
retained the same OSC even after 22 cycles (Figure 5).
The result indicates that Ceys5Zro3Alp»0;19 has good
OSC performance stability.

The amount of incorporated aluminum was also
controlled to test its effect on the OSC of the cal-
cined sample as shown in Figure 6 and Table 2. As a
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Figure 5 TG profiles during measurement of OSC at 600°C for
Cegs5Zro3Alp>049 (1,000°C, 20 h) after 22 cycles. The profiles
show oxygen release/storage properties.
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result, Ceys5Zro3Alp2019 exhibited the highest OSC of
427 pmol-O g™ (Table 1), when compared to those of the
Ceps5Zrp4Aly 10105 (378 pmol—O g’l), Ceg5Zr92Alo301 85
(389 umol-O g’l), and CeysZrg1Aly 4015 (261 pmol-O g’l)
samples (Table 2), Therefore, in Ceo5Zrg5.,ALO, (0.1<
x<0.5, x is the amount of incorporated aluminum),
the most appropriate amount of incorporated aluminum
might be around x=0.2.

Conclusions

Ceg5Zr03Alp,01 9 solid solutions with high surface area
were successfully synthesized via a facile solvothermal
method. The structures of the fresh samples and calcined
samples were characterized by X-ray diffraction. The
lattice parameters of the Ceq5Zr(3Aly,0; 9 solid solution
are smaller than those of CeO, and Ceys5Zry50,, sug-
gesting the incorporation of the AI** into Ce-Zr solid
solutions. The fresh particles showed spherical-like
morphology with a diameter of 3 to 5 nm determined by
TEM. The Cey5Zry3Aly>0; 9 solid solutions exhibited a
remarkably higher oxygen storage capacity than those
of the CeO, and Ce(5Zry50, samples prepared via the
same method, even after calcination at 1,000°C for 20 h,
indicating the improvement of the OSC and thermal
stability due to the incorporation of aluminum. An

Table 2 OSC at 600°C of the Ceg 5Zry 4Alg.101.05,
Ceg.5Zrg5Alg 304 g5 and Ceg 5Zry 1Al 404 g calcined at
1,000°C for 20 h

Chemical composition

0SC (umol-0 g ")

Ceo5Z104Al0.101 05 3780
CesZro2Alo301 g5 389.0
Ceos5Z101Al401 8 261.0
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appropriate amount of incorporated aluminum is also
suggested.
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