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Abstract

Nanoparticles of Ce;_.M,0,_s (M = Ca or Zr) coated with Al,O; with average crystallite size of 10 nm have been synthesised via solution chemistry
approach under controlled chemical and hydrodynamic conditions. Their synthesis has been accomplished in three major steps: (1) simultaneous
co-precipitation of cations, (2) sequential precipitation of AI(OH); over the former particles and (3) calcination of the precipitated precursors
to the corresponding oxides. Several compositions have been synthesised and their physicochemical properties are compared with commercial
state-of-the-art material. The Al,O3-coating hinders the particles growth at high temperatures, resulting in materials with a large specific surface

area and a restrain in the decrease of their oxygen storage capacity.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanosized materials have a very high specific surface area'-?
and thus the relative amount of structural defects on the surface
of their particles is increased. That can explain the enhanced
redox activity of these particles in the preceding article of this
series.> Cerium dioxide — CeO; or ceria — has been extensively
used in Three-Way automobile Catalysts (TWC) and for solid
oxide fuel cells applications because of its good conductivity
of oxygen ions. The function of this material is mainly based
on its ability to oscillate between Ce(Ill) and Ce(IV) oxida-
tion states upon changes in redox conditions.* This process is
reversible, thereby rendering ceria, CeO;, suitable for oxygen
storage. Oxygen Storage Capacity (OSC) of CeO; enables the
automobile catalytic converter to operate more efficiently, by
making the catalyst less sensitive to variations of O, concen-
tration that occur in the exhaust stream under normal driving
conditions.

* Corresponding author.
E-mail address: othona@kth.se (O. Adamopoulos).
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Upon its extended use, a TWC tends to deteriorate its
conversion efficiency because the OSC of its CeO, support
declines. A possible cause for such an aging effect is the
growth of CeQO, particles when used at high temperature or for
a long time, which results in a decrease of the active surface
area. Therefore, there is a need for developing thermally more
stable materials for oxygen storage, which can withstand high
temperatures for longer period.

One approach to thermally stabilise the catalyst is to use
alumina, Al,Os, since it is known to be heat-resistant and
thermally stable in both oxidising and reducing atmospheres
up to approximately 2000 °C.% Furthermore, Al,O3 is resistant
to various chemical attacks, and so used in many applications,
such as refractory lining, spark plugs, missile nose cones
and pumps. Alumina appears in several crystalline forms, of
which the a-phase is the most stable and dense.” Another
thermally stable material is zirconia, ZrO;, which has come into
widespread uses recently. The combination of good thermal
insulation, chemical inertness and high thermal stability are
few among the many features of ZrO; that have made various
forms of it attractive for a wide range of applications.

The Ce/Zr/Al based-oxides have been shown to possess
an increased thermal stability and capacity for hydrogen
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absorption at elevated temperatures.® Several methods have
been described for the synthesis of doped cerium oxides, such as
co-precipitation,>”*19 high-temperature firing,!' high-energy
milling of the mixture oxides'? and sol-gel methods.!® The
co-precipitation method demonstrates the advantage to allow
the mixing of different elements at the atomic level, since
the starting compounds are completely dissolved in liquid
solutions. Therefore, this method is highly advantageous when
multi-component oxides are to be synthesised. Besides, with
thermodynamic modelling it is feasible to design suitable
operating conditions, under which all of the components can
be co-precipitated at the required stoichiometry. The resulting
powder — either a composite, a solid solution or even a mixture
of several compounds — can be in a highly homogenous form
even at the sub-micrometer level.

In preceding papers the synthesis of nanophase doped
CeO, via the co-precipitation method using oxalates has been
reported.>”1415 The method has been used to synthesise sev-
eral samples of CeO;, doped with a variety of cations — e.g.
Ba, Ca, Co, Zn and Zr — forming solid solutions. Most of these
materials showed enhancement of both OSC and redox activ-
ities compared to undoped CeQ,.>7-1%17 In another study the
synthesis of Ce—Zr—Al based-oxides, along with other cations,
has been performed, where co-precipitation of the corresponding
compounds has taken place under alkaline solution.'®!® Ceria
powders synthesised by co-precipitation were also mixed with
Al,O3 to improve the specific surface area and resist the particles
growth of CeO; at the elevated temperatures where the catalytic
converters operate.”’ However, the concept of sequential pre-
cipitation of Al,O3-coating over the Ce—Zr or Ce—Ca particles
has not been reported earlier.

In the present study,?! the synthesis of Al,Os-coated
nanosized powders of the Ce—Zr and Ce—Ca systems is intro-

duced and their OSC and physicochemical properties are
investigated.

2. Experimental procedure
2.1. Synthesis principles

The synthesis of the Aly;Osz-coated nanoparticles of
Ce1—xM,O,_5 (M =Ca or Zr) has been accomplished in three
major parts. Particularly, in the case of the Ce/Ca system, the syn-
thesis of Ceg9Cag.102—5-0.5A1,03 sample has been carried out
in two different procedures. In the former, the sample was syn-
thesised by the simultaneous co-precipitation of Ce;(C204)3,
CaCOg4 and AI(OH)3 under controlled hydrodynamic, i.e. mix-
ing, and chemical, i.e. pH conditions (cf. Fig. 1(a)). In the
latter, Ce—Ca—oxalate co-precipitated at first simultaneously, to
be then followed by the precipitation of AI(OH)3. In this case, the
Ce—Ca—oxalate particles served as seeds, on which AI(OH)3 pre-
cipitated subsequently, thereby forming a coat over the surface
of Ce—Ca—oxalate (cf. Fig. 1(b)).

The kinetics of the precipitation of Zr(IV) with oxalate
(C204)2_ is quite slow and the solubility of Zr,(C;04)4 is
relatively high, resulting in uncontrollable composition.!> To
circumvent that roadblock, Zr(IV) was precipitated as ZrO,
under controlled conditions. Thus, in the case of the Ce/Zr
system, the oxalate (C204)2_ amount mixed with the metals
solution was stoichiometrically calculated for Ce(IIl) only and
not for Zr(IV), so as to simultaneously precipitate as Ce2(C204)3
and ZrO,, respectively. Subsequently, AI(OH);3 precipitated over
the surface of the already formed Ce—Zr particles, thereby form-
ing a coat. Afterwards, the co-precipitated powders of both
Ce—Zr and Ce—Ca systems were dried and heat treated at appro-
priate temperatures to form the corresponding oxides.

Procedure A

Metals solution

Precipitating agent

(a)

Procedure B

Metals solution Precipitating agent

Al(Ill) precipitation as Al(OH)3

Drying & calcination

Fig. 1. The principles of (a) the simultaneous co-precipitation and (b) the sequential precipitation of AI(III) coating process.
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2.1.1. Thermodynamic modelling

A significant step was to identify the optimum conditions for
the simultaneous precipitation of the different cations, i.e. Ca(Il),
Ce(IIL), Zr(IV) or Al(III). Computer software for modelling of
the chemical equilibrium, developed at ‘The Royal Institute of
Technology’, was used to assist in identifying these conditions.
This program, ‘Medusa’,?> uses solubility products and forma-
tion constants of soluble complexes. Details of the modelling
approach have been published elsewhere.?3* Suitable condi-
tions, e.g. pH, cation and anion concentrations, and sequence of
mixing are obtained using this software.

2.1.2. Nomenclature

To simplify the way of presenting the chemical compo-
sition of the samples, a nomenclature/identification has been
addressed. The number next to each element denotes the chem-
ical composition (i.e. molar %) of its oxide, e.g. Ce80Zr20
means that this compound consists of 80% CeO;, and 20%
ZrOy molar composition. The abbreviations — or combination of
them — in parenthesis denote the followings: (lit) literature, (ppt)
precipitation, (p) precursor, (a) aged material, (seq) sequential,
(sim) simultaneous, (comm) commercial, (b) small volume syn-
thesis reactor, i.e. beaker, (1) large volume synthesis reactor (cf.
Table 1).

2.1.3. Synthesis

The synthesis was performed both in a laboratory reactor of
small volume and in a larger volume (3.2 L), special, automati-
cally controlled, home-made reactor. 21 Solutions, containing
mixtures of the metal cations Ce(Ill) and Zr(IV) or Ca(Il)
were simultaneously mixed with the oxalate-containing solu-
tion and/or AI(OH)3 under automatically controlled flow rates
with the aid of peristaltic pumps. The addition of the solutions
was accomplished at a rate of 5 ml min~! into the synthesis reac-
tor, under vigorous mechanical stirring at a suitable constant pH,
at which the co-precipitates were formed. The respective range
of these pH values for each sample is included in Table 2. The
precipitates were stirred in the synthesis reactor for max 30 min
after the mixing of the solutions was terminated, or before AI(IIT)
was added. In the case of the sequential precipitation of AI(III),
its addition was accomplished at a rate of 5 ml min~!, as well.

After the addition of all solutions, the precipitate was fil-
tered off using water pump and rinsed with deionised H>O to
remove any residual mother-liquor. The synthesised powders
were dried in air at 105 °C overnight, and then the temper-
ature was increased to 400°C with rapid heating rate (ca.
10°C min~!) for 2 h. Some samples of the Ce—Ca system were
also calcined at 600 °C for 3 h. All these samples are hereinafter
called as calcined materials. Afterwards the samples were cooled
down to room temperature. Most of the samples were further heat
treated up to 650 °C in air with the same heating rate for addi-
tional 4 h. These samples are hereinafter called as aged materials.

2.2. Chemicals and solutions

The solutions of the metal components were prepared
from their corresponding nitrate salts — e.g. Ce(NO3)3-6H,O

(Chempur), Ca(NO3);-4H>0O and AI(NO3)3 (Merck). More-
over, Zr(NO3)4 solution with concentration of 30 wt% ZrO,,
powders of CeO, and ZrO, (Kebo AB, Sweden) were used as
received. Diluted solutions of NH4OH and HNO3 were used
for the pH adjustment. A sample of commercial state-of-the-art
high-surface Ce/Zr oxide, containing 30 wt% ZrO, and 70 wt%
Ce0O,, was used for comparison.

2.3. Analysis and characterisation

2.3.1. Chemical analysis

The Ca(Il) and AI(IIT) concentrations of the filtrate, pre-
cursor or calcined materials were determined by Atomic
Absorption Spectrophotometry (AAS) SpectrAA-200, Varian.
Further chemical analysis of the samples was performed by the
Energy Dispersive Spectroscopy (EDS) of the Scanning Electron
Microscopy (SEM, JEOL JSM-880).

2.3.2. Thermogravimetric analysis

The decomposition process and the weight loss of the pre-
cursor materials as a function of the temperature were recorded
under flow O»(g)-N2(g) by thermogravimetric analysis appa-
ratus (Thermogravimetric Analyser, ‘TGA 7, PerkinElmer Instr.

Inc.) with a heating rate of 10° Cmin~".

2.3.3. Phase identification

X-ray Diffraction (XRD) was performed with a monochro-
matised X-ray beam with the nickel-filtered Cu Ko radiation
(»=1.5418 A), to study the phase crystallinity, identification and
constituents of the powders (Philips PW 1012/20). The data was
compared to reference data from the International Centre for
Diffraction Data (ICDD). Spectra were taken from 26 = 5-75°,
with a 0.05° step size and a counting time of 0.5 s. Powder of Si
(Riedel-de Haen) has been used for the calibration of the X-ray
diffractometer. The lattice parameter («) of the cubic structure of
the CeO, phase was calculated based on the (kkl) indices of its
main peaks (26),i.e. (111),(220), (311)and (200), as shown
in Fig. 2. The average crystalline diameter (D) is obtained from
the Scherrer equation.>>%6

2.3.4. Specific surface area and density measurements

The specific surface area, SggT, of the samples was analysed
under N»(g) (Gemini 2370 Surface Area Analyzer). Prior to the
measurements, the samples were outgassed at 110 °C overnight.
Additionally, pycnometer (AccuPyc 1330, Micromeritics, Nor-
cross — GA 30093-1877) was used for the determination of the
samples density (o) under He(g).

2.3.5. Particles size measurements

The particle size analysis of the samples was performed by
a Dynamic Light Scattering (DLS) particle sizer (BI-90 Particle
Size Analyser, Brookhaven Instrument Co.).

2.3.6. Morphology and homogeneity characterisation

The morphology and homogeneity of the synthesised mate-
rials were characterised by SEM (JEOL JSM-25S1I and JEOL
JSM-880). The EDS/SEM (Oxford Link GEM) was used for the
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Table 1
The nomenclature list
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# Identification Composition Precipitation conditions Calcination conditions
1. CeOx(lit) CeO, Literature data [14]

2. Cex(CaOy)s Cex(Co04)3 Synthesised by ppt Precursor

3. CeO, CeO, 400°C/2h in air

4. CeOy(a) CeOs 400°C/2h + 650°C/4h in air
5.  Ce0(600/3) CeO, 600°C/3h in air

6. Ce90CalO(p) CepoCap 1 (C204)1.45

7.  Ce90Cal0 CepoCap 025

8. Ce90Cal0(a) CepoCap 025

9. Ce90Cal0AlS0(p-seq-b) Cep9Cap 1025 -0.5A1,0;

10. Ce90Cal0Al50(seq-b) CepoCap 1025 10.5A1,03

11. Ce90Cal0AI50(a-seq-b) CeosCan1025 " 0.5A1,0;

12. Ce90Cal0AI50(p-sim-b) CepyCap 025 - 0.5A1,0;

13. Ce90Cal OAISO(sim-b) CC(],(}CH{]JO:.& 0. SAIZO; beaker

14. Ce90Cal0AI50(a-sim-b) CepvCan 1025 " 0.5A1,05

15. Ce90Cal0Al50(seq-1) CeosCap 025 *0.5A1,0;

16. Ce90Cal0Al50(a-seq-1) CepoCap 025 0.5A1,0;

17. Ce63Zr37(comm) Cepa3Zry 37025

18. Ce63Zr37(comm-a) Ce.63Z10.37025

19. Ce80Zr20 Ce)sZr02025

20. Ce80Zr20(a) CeosZ1020:-5

21. 71O Z10;

22, Ce80Zr20(Zr0;) CeosZ10202.5

synthesis reactor -i.e., beaker

large volume synthesis reactor

Commercial

synthesis reactor

Commercial ZrO, powder

Synthesised by co-ppt in small volume Precursor

600°C/3h in air

600°C/3h + 650°C/4h in air

Synthesised by sequential co-ppt in beaker Precursor

600°C/3h in air

600°C/3h + 650°C/4h in air

Synthesised by simultancous co-ppt in Precursor

600°C/3h in air

600°C/3h + 650°C/4h in air

Synthesised by sequential co-ppt in the 400°C/2h in air

400°C/2h + 650°C/4h in air

As received

calcined at 650°C/4h in air

Synthesised by co-ppt in the large volume 400°C/2h in air

400°C/2h + 650°C/4h in air

As received

Synthesised by ppt using commercial 400°C/2h in air

Zr0; in the large volume synthesis reactor

23. Ce80Zr20AI120 CepsZ19202.5-0.2A1,04

24. CESOZlQOA]ZO(a) Ce()‘gzl'()‘zoz.f, . 02Al20;
25. Ce80Zr20A140 CesZ1020:.5- 0.4A1,0;
26. Ce80Zr20Al140(a) Ce)sZr)20:5-0.4A1,05

large volume synthesis reactor

large volume synthesis reactor

Synthesised by sequential co-ppt in the 400°C/2h in air

400°C/2h + 650°C/4h in air

Synthesised by sequential co-ppt in the 400°C/2h in air

400°C/2h + 650°C/4h in air

The abbreviations — or combination of them — in parenthesis denote the followings: (lit) literature, (ppt) precipitation, (p) precursor, (sim) simultaneous,
(seq) guential, (a) aged, (comm) commercial, (b) small volume synthesis reactor, i.e. beaker, (r) large volume special synthesis reactor.

compositional analysis and for the distribution analysis of the
doped cations. Moreover, Transmission Electron Microscopy
(TEM) observations were carried out (Jeol 2000 EX Instru-
ment). The TEM was equipped with a LINK probe LZ-5

EDSX detector for EDS spectroscopy analysis, as well. Sam-
ples were prepared by sonicating the nanophase powders in
ethanol and dropping a small volume onto a carbon-coated cop-
per grid.
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Table 2

The pH values within which the precursor of each sample was (co-) precipitated
#  Precursor pH range
2. CexCy04)3 5.0-6.5
6. Ce90CalO(p) 6.0-7.0

9. Ce90Cal0Al50(p-seq-b) 6.0-7.0 during the co-ppt of Ce-Ca particles; 7.5-8.5 during the sequential ppt of AI(IIT)

12. Ce90Cal0Al50(p-sim-b) 7.0-8.5
15. Ce90Cal0Al50(seq-1)

19. Ce80Zr20 4.5-6.5

22, Ce80Zr20(Zr0s) 45-6.5

23. Ce80Zr20AI120

25. Ce80Zr20Al140

2.4. Oxygen storage capacity measurements

2.4.1. System set-up

The Temperature Programmed Reduction (TPR) set-up con-
sists of digital mass flow meters, a quartz tube reactor in a tubular
furnace, and a mass spectrometer. The sample was placed as a
fixed bed above a layer of quartz wool in the tube reactor, while
the temperature was measured directly above the sample. During
each run, the evolved gases were analysed by a quadropole mass
spectrometer (minilab LM80, Spectra) monitoring the partial
pressure of water vapour.

2.4.2. Experimental procedure

Amount of 0.10 g of each sample was properly positioned
inside the TPR reactor, after pelletising, crushing and sieving it to
diameters between 0.075-0.500 mm. The samples were first oxi-
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Fig. 2. The characteristic XRD profiles of precursor and calcined materials of
the Ce/Ca system.

6.0-7.0 during the co-ppt of Ce-Ca particles; 7.5-8.5 during the sequential ppt of AI(III)

5.0-7.5 during the co-ppt of Ce-Zr particles ; 7.5-8.5 during the sequential ppt of AI(III)

5.0-7.5 during the co-ppt of Ce-Zr particles ; 7.5-8.5 during the sequential ppt of Al(I1I)

dised into Ce_,M,O; during heating up to 500°C with a heating
rate of 20°C min~! under a flowing gas mixture of 10 vol% O,
and 90 vol% He at a total flow rate of 70 mlmin~!. Then, the
sample was cooled down to room temperature under flowing He
at 50 mlmin—!. Afterwards, a gas mixture of 15vol% H, and
85 vol% He was introduced at a total flow rate of 70 ml min~'
into the system. After all the signals of the control system were
stabilised at room temperature, the sample was heated up to
650°C at 10°Cmin~! for its reduction into Ce1_xM,Op_s.
There, it remained for 1 min, and then cooled down to room

temperature under flowing He at 50 mlmin~!.

2.4.3. Data treatment

During a TPR measurement, both the temperature of the fur-
nace and the thermocouple, which was placed just above the
sample, were recorded. On the surface of the sample, hydrogen
is combusted to produce water, which is a highly exothermic
reaction. The ignition temperature (Tign) is defined as the tem-
perature when the thermocouple above the sample indicated that
the exothermic reaction has set off, by showing a higher increas-
ing rate for the temperature above the sample, compared to the
increasing rate of the temperature, measured by the thermocou-
ple located inside the furnace walls.

The peak area of each TPR profile was utilised to determine
the OSC. This area was determined as the area below the peak
of the TPR profile and a straight line, starting at the Tg, to end
up at the next lowest temperature point of the profile. Accord-
ing to the literature, 2’ pure CeO» can get reduced to CeOj g33,
while maintaining its fluorite structure in a form of CeO,, so
that the OSC is the maximum § of 0.167 mol (atomic) O, that
can be released/uptaken from 1 mol CeO,. Herein, 0.097 mmol
(atomic) O is released from 0.1 g (=0.581 mmol) of pure CeO;
during its reduction to reach its full OSC. The peak area of
the OSC curve was 1.57E—6 (a.u.) for pure CeO, according to
our TPR data. Thereby, the OSC of each Ce|_,Zr,Os_5-yAl,03
sample (in mmol H, consumed/g catalyst) was calculated by cor-
relating the respective peak area with that of pure CeO;, known
as the above (cf. Table 3).
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Table 3
The OSC features of the synthesised nanostructured powders
# Sample OSC (H2 mmole/g catalyst) Tign (°C)
3. CeO, 0.970 240
4. CeOi(a) 0.914 240
15 Ce90Cal0 1.144 180
8. Ce90Cal0(a) 0.627 180
10.  Ce90Cal0AIl50(seq-b) 0.906 210
11.  Ce90Cal0AIl50(a-seq-b) 1.040 195
13. Ce%90Cal0AIS0(sim-b) 1.063 170
14.  Ce90Cal0AI50(a-sim-b) 1.028 180
15. Ce90CalO0Al50(seq-r) 0.924 200
17.  Ce63Zr37(comm) 0.717 235
18.  Ce63Zr37(comm-a) 0.455 285
19. CeB80Zr20 1.162 190
20. CeB80Zr20(a) 1.032 170
23. CeB0Zr20AlI20 1.019 230
24. CeB0Zr20AlI20(a) 0.766 170
25. CeB80Zr20Al40 1.551 215
26. CeB80Zr20Al40(a) 1.458 180

The TPR experiment was performed using 0.10 g of each sample.

3. Results and discussion
3.1. Powder characteristics

The materials included in the present study along with
their OSC features and physicochemical properties are col-
lected in Tables 1, 3 and 4, respectively. Crystallographic data
along with the theoretical density o (0the) data?8 of the oxides
involved in the present study are given altogether in Table 5.
In the present work, Zr(IV) and Ce(Ill) were precipitated as
ZrO, and Cey(C;04)3, respectively, because the precipitation
of Zr,(C,04)4 was found difficult to be controlled due to its
relatively high solubility.”® Additionally, the sample Ce80Zr20
was also synthesised using ZrO, powder which served as seeds,
on which Ce(III) precipitated as Ce;(C,04)3, denoted herein as
Ce80Zr20(Zr0»).

In the case of Cez(C204)3, the decomposition occurs between
300 and 350 °C, and therefore this sample was calcined at 400 °C
for 2h. In the case of the Ce90CalO(p), the TGA analysis
— not included herein — showed an additional weight drop at
580-600 °C which is likely attributed to the CaC,04 decompo-
sition. Therefore, this sample along with few others was calcined
at 600 °Cfor 3 h. Besides, the XRD patterns of the precursors and
the calcined oxides of CeO; and Ce80Zr20A140, along with the
aged material Ce80Zr20Al140 are presented in Fig. 3. As can be
seen, the XRD pattern of the precursor Ce80Zr20A140(p) shows

£B1)

Ce80Zr20A140(a)

*(222)

g Ce80Zr20A140 |
= ? t
2 3 ]
o ' m | | CeB0Zr20AI40(p)
[ = i
/ : CeQ,,
T * T ¥ ‘I : L T * T . T . T
10 20 30 ' 40 50 60 70
2 theta ()

Fig. 3. The XRD patterns of the precursor and calcined CeO,_s, the precursor,
calcined and aged Ce80Zr20A140 sample.

XRD-amorphous characteristics. After the heat-treatment, this
powder became crystalline with the main characteristic CeO»
peaks.

3.1.1. Particle size and morphology

In another study, it was reported that the (co-)precipitated
precursor and calcined particles of CeO; had a shape of long-
narrow plate-sheets,> which was also confirmed at the present
one (cf. Fig. 4); the same also holds for the Al,O3-coated and
uncoated Ce;_,Ca,O;,_;s particles (cf. Fig. 5). The decomposi-
tion of the oxalate precursor to its corresponding oxide — with
the simultaneous release of carbon oxides gases — results in a
dramatic decrease of the crystallite size, as determined by XRD,
and a consequential increase of the surface area (cf. Table 4).
In other words, during calcination the large particles of the pre-
cursors were broken down, as a result of the thermochemical
decomposition of the metals-oxalate precipitated powder.

The morphology and microstructure of the synthesised par-
ticles were also studied by SEM and TEM, and showed the
formation of primary, large agglomerates with average size in
the order of 1 wm, which is in agreement with the data measured
by the DLS particle sizer. Moreover in the case of doped sam-
ples, SEM backscattering investigation shows that the elements
are homogeneously distributed through the individual particles,
as the mapping of the samples Ce80Zr20 and Ce80Zr20A120
reveal (cf. Fig. 6). The same observation holds for the rest of the
Ce|—_xZr,Oy_s samples.

3.1.2. Effect of doping

Comparing the physicochemical properties (cf. Table 4) of
CeO; to Ce90Cal0 samples, both calcined at 600 °C for 3 h, it
is evident that Ca-doping altered neither the specific surface area
nor the density, but decreased its crystallite size (Dxrp) and had
a little influence on the lattice parameter. According to the XRD
patterns (cf. Fig. 3), most of the Ce_,Zr,Oy_5-yAl,O3 samples
consist of a single phase, indicating that Zr was incorporated into



O. Adamopoulos et al. / Journal of the European Ceramic Society 29 (2009) 677—-689

Table 4
The physicochemical properties of the synthesised materials presented herein

#  Composition Sper(m¥/g) p(glem®)  pee” (gfem®) Dgpr(nm) Dxgp(nm) Dpis(nm)  axgp(A)
1. CeOz(lit) - 7.2 7.2 - - - 5.4120
2. CexC204)3 3 2.7 - 652 38 - -

3. CeO: 104 6.3 73 9 8 715 5.3986
4.  CeO2(a) 19 - L5 - 20 - 5.3337
5. CeOx(600/3) 49 6.6 iz 19 15 1200 5.4046
6.  Ce90CalO(p) 5 2.6 - 480 - - -

7. Ce90Cal0 49 6.6 6.8 19 11 - 54130
8.  Ce90CalO(a) 38 - 6.8 - - - -

9.  Ce90Cal0Al50(p-seq-b) 47 3.0 - 43 - - -
10. Ce90Cal0AIS0(seq-b) 78 49 59 16 14 2000 5.3948
11. Ce90Cal0Al50(a-seq-b) 64 49 5.8 19 14 - 5.4078
12, Ce90CalOAIS0(p-sim-b) 25 29 - 82 - - -
13.  Ce90Cal0AI50(sim-b) 35 42 5.8 41 16 1000 5.4063
14.  Ce90Cal0AI50(a-sim-b) 26 4.5 5.9 51 20 - 5.3889
15. Ce90Cal0AI50(seq-r) 169 - 5.8 - W - 5.4147
16. Ce90Cal0AI50(a-seq-r) 101 - - - - - -
17. Ce63Zr37(comm) 183 53 6.9 6 8 384 5.2861
18. Ce63Zr37(comm-a) 61 - 6.9 - 8 - 5.2949
19. Ce80Zr20 78 5.6 7.0 14 i 877 5.3707
20. Ce80Zr20(a) 25 - 6.9 - 16 - 5.3996
21, ZrO; 84 53 5.8 13 13 - -
22, Ce80Zr20(ZrOz) 65 - 6.8 - 8 1266 54071
23. Ce80Zr20AI120 117 510 6.3 9 ¥ 1007 5.4270
24, Ce80Zr20A120(a) 64 - 6.3 - 12 - 5.4138
25.  Ce80Zr20Al40 129 4.7 59 10 ) - 5.4237
26. Ce80Zr20Al40(a) 82 7.8 6.0 9 6 - 5.4015

“The theoretical density (pge) is calculated from the equation: pge = ZM,,/ a3 N4, where ‘@’ is the cubic cell dimension of

Ce_xM;0;_;5-yAl,O3 as determined by the XRD measurement.

Table 5

Summary of some crystallographic data of few oxides
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Oxide zZ M, o (A) b (A) c(A) B () Crystallographic system Cell volume (x10~2* cm Density (gcm™?)
CeO, 4 172.12 5.4110 - - - Cubic 158.43 7.2150
CaO 4 56.08 4.8109 - - - Cubic 111.34 3.3453
710, 4 123.22 5.1454 5.2075 5.3107 99.23 Monoclinic 140.46 5.8270
AlL,O3 6 101.96 4.7591 - 12.9894 - Hexagonal 254.78 3.9872
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(b)

Fig. 4. SEM micrographs of the particles morphology of (a) Cez(C204)3 and (b) CeO,_; calcined at 600 °C for 3 h. The bar with one and two dots below each

micrograph denotes for 1 and 10 pm, respectively.

(b)

Fig. 5. SEM micrographs of the particles morphology of the samples Ce90Cal0(p) (a), Ce90Cal0AI50(p—seq—b) (b) and Ce90Cal0AIS0(seq-b) (c). The bar with

one dot below each micrograph denotes for 1 . m.

the CeO, lattice forming solid solution. The retained fluorite
structure of doped CeO, was slightly distorted, as revealed by
their lattice parameters ‘o’ given in Table 4. On the other hand,
the XRD pattern of the sample Ce80Zr20(ZrO;), synthesised
by precipitation of Ce(C204)3 with ZrO, powder, did not only
have a phase of CeQO,, but an additional phase of ZrO; as well
(cf. Fig. 7). As shown in Table 4 and Fig. 8, Zr-doped CeO,
maintained much higher specific surface area than the undoped
one after aging, though it was the opposite before aging. This
observation agrees also with the literature, which indicated that
doping CeO, with Zr enhanced its thermal stability.??3!

3.1.3. Effect of Al,O3-coating

Regarding the Ce/Ca system, the specific surface area of the
sequentially precipitated samples, no matter if it is a precursor,
calcined or aged material, is more than double compared to that
of the simultaneously co-precipitated sample, manifesting the
effect of Al;O3-coating (cf. Table 4). Alumina seems to prevent
the growth of the particles when heated at high temperature,
by maintaining the CeO; particles separated from each other;
thereby maintaining high specific surface area even after the
heat treatment. This is also verified by the comparison of the
SgeT of CeO; calcined at 600 °C for 3 h and Ce90Cal0, which
is the same, whilst the SggT was increased by 60% in the case
of the sequential precipitation, i.e. Ce90Cal0A150(seq—b). That
can be a result of the high Sggt of Al,O3 itself and/or by the role
of Al,O3-coating to prevent the growth of the Ce—Ca—oxalate
particles.

As to the Ce/Zr system, the AlpOs-coating results in an
increase of the specific surface area of the calcined materials;

the higher the AlOs3-coating, the higher the specific surface
area, as shown by the comparison of the calcined and aged sam-
ples Ce80Zr20, Ce80Zr20AI120 and Ce80Zr20A140 (cf. Table 4
and Fig. 8). In particular, 20% and 40% Al,Os3-coating over
the Ce80Zr20 sample resulted in 50 and 65% further increase
of the specific surface area, respectively. Furthermore, in the
case of Cej_,ZryOr_s5-yAl,O3 samples, no Al,O3 peak could
be observed, probably because Al,O3 was X-ray amorphous.
As to the crystal structure of both systems, Al,O3-coating does
not seem to affect the phase formation of CeO5, as shown from
the XRD profiles of the Al,O3-coated samples (cf. Fig. 9 and
Fig. 3).

3.1.4. Effect of aging

The effect of aging on the physicochemical properties is
revealed by comparing the Sggt of CeO, calcined at 400 °C
for 2 h, at 600 °C for 3 h and aged at 650 °C for 4 h (cf. Table 4).
The Spgt of the CeO, samples calcined at 600 °C for 3 h and
aged at 650 °C for 4 h decreased more than 50 and 80% respec-
tively, compared to the one calcined at 400 °C for 2 h, due to the
particles growth effect. Besides, aging results in a decrease of
the Sgger due to particles growth, but this drop is restrained by
the Al,O3-coating. For instance, the relative Spgr after aging
of the Ce90Cal0 and Ce90Cal0Al(seq—b) samples decreased
22 and 18%, respectively. This significant effect of the Al,O3-
coating on the SggT of the calcined and the aged samples is also
revealed in Fig. 10, where the specific surface area of calcined
and aged materials of the Ce/Ca system is presented.

The XRD profiles of the calcined (cf. Fig. 9) and aged
(cf. Fig. 11) Ce/Ca samples show that the thermal treatment
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Fig. 6. Mapping of the Ce80Zr20 and Ce80Zr20A120 samples calcined at 400 °C for 2h in air. Fig. (a) and (e) show the micrograph of the overall particles area
of the Ce80Zr20 and Ce80Zr20AI120 samples to be mapped, respectively. The Fig. (b), (c) and (d) show the elemental mapping of Al, Ce and Zr, respectively, for
Ce80Zr20 sample. The Fig. (f) and (g) show the elemental mapping of Ce and Zr, respectively, for the Ce80Zr20A120 sample. The elements are homogeneously

distributed in the particles mass, as the micrographs reveal.

% (111)

)
1
o

*

Ce80Zr20

£ (311)

7| Ce80Zr20(zr0,)

Intensity (a.u)

10 20 30; 40 50 60 70
2 theta (°)

Fig. 7. The XRD patterns of the calcined CeO;_s, ZrO,, Ce80Zr20(ZrO;) and
Ce80Zr20. Note the extra peak of ZrO, at the pattern of the Ce80Zr20(ZrO,)
sample at 31.6°.

increases the crystallinity, as manifested by the narrowing and
the increase of the XRD peak heights. The same holds for the
samples of the Ce/Zr system, as their XRD patterns of the cal-
cined and the aged samples reveal (cf. Fig. 3). Additionally, the
aged samples consist of only a single phase, i.e. CeO, denot-
ing that Ca or Zr is still incorporated inside the CeO» fluorite
structure (cf. Figs. 11 and 3, respectively).

The specific surface area of pure CeO, decreases more
than 80% after aging (cf. Table 4). This aging effect was
reduced by Zr-doping, but not very remarkably, e.g. 67% for the
Ce80Zr20(a) and the commercial Ce63Zr37(comm-a), though
the latter exhibited the highest specific surface area before
aging (cf. Fig. 8). However, the Al,O3-coating has shown a
significant enhancement for the maintenance of the specific
surface area after aging. After aging, the Ce80Zr20Al40(a)
sample maintained 64% of its specific surface area, whilst
Ce80Zr20(a), Ce63Zr37(comm-a) and CeOy(a) did only 32,
33 and 18%, respectively. These results demonstrate that
Al>,O3-coating prevents the particles growth at the high tem-
perature, maintaining the particles to separate from each other,
and consequently hinder the decrease of the specific surface
area.
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Fig. 8. The specific surface area of the calcined and aged synthesised materials of the Ce/Zr system.
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Fig. 9. Characteristic XRD profiles of a few calcined Ce|_,Ca,Oy_5-yAl,O3
samples. The samples Ce90Cal0A150(seq—b) and Ce90Cal0A150(sim—b) were
calcined at 600 °C for 3h, while the Ce90Cal0Al50(seq—b) was calcined at
400 °C for 2 h. Note that no Al,O3 peaks appeared.

3.2. Oxygen storage capacity

3.2.1. Effect of doping
The doping of CeO, with Ca enhances its OSC (cf. Table 3
and Fig. 12), which is in agreement with earlier studies.? In par-
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Fig. 11. Characteristic XRD patterns of few aged Ce|_,Ca,Oy_s-yAl,O3 sam-
ples.

ticular, the sample Ce90CalO calcined at 600 °C for 3h has
higher OSC and lower Tjg, than pure CeOs, i.e. calcined at
400 °C for 2h. The ionic radii of Ce(IV), Ce(IIl) and Ca(Il)
are 0.97, 1.143 and 1.12 A32, respectively, in their correspond-
ing oxides with the same coordination number of O around Ce
in CeO; lattice, i.e. 8. That is to say, these metal cations are

200
Calcined at 400°C for 2h
160 |

120

80 |
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Tle ,Wmm
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DOcalcined Oaged

Ce02 Ce90Ca10AI50(seq-r)

Ce90Ca10

CeS0Cal0AIS0(seq-b)  CeS0Cal0A50(sim-b)

Fig. 10. The Sggr of several calcined and aged Ce|_,Ca,O,_s-yAl,O3 samples.
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Fig. 12. Histograms showing the ratios [OSC Ce;_,Ca,Os_s-yAlo03/0OSC CeO;,_5] and [OSC Ce;_,Ca,0s_5-yAl,03(a)/OSC CeOy_5].

expected to be miscible in CeO; lattice and can be the substi-
tution for Ce(IV) cations. That was also confirmed by the XRD
data (cf. Fig. 2 and Fig. 9), which indicated the formation of
a single phase of CeO;. The Ca-doping of CeO» results in the
formation of a non-stoichiometric compound containing oxygen
vacancies and structural defects; the OSC enhancement is likely
attributed to these vacancies and defects (cf. Table 3).

When introducing Zr to the CeO; lattice, the OSC is
enhanced as shown in Table 3 and Fig. 13, where the relative
OSC of the calcined and aged Ce|_,Zr,Os_;5-yAl,O3 sam-
ples compared with that of CeO, are presented, i.e. the ratios
[OSC of Ce|_Zr,0_5-yAl,03]/[OSC of CeO;] and [OSC of
Ce1_xZr,0y_5-yAl,03(a)]/[OSC of CeO,]. Doping CeO, with
Zr results in a decrease of the Tjg,, and the synthesised by co-
precipitation samples showed better OSC features compared to
the commercial one. The commercial sample showed a much
lower OSC, though it had a higher percentage of Zr-doping.

3.2.2. Effect of AlO3-coating

The effect of Al»O3z-coating through the subsequent pre-
cipitation of AI(IIl) on the preformed precursor has been
studied. The sequential precipitation of AI(OH)3; results in

the formation of materials with higher Tigy and 15% lower
OSC compared to the simultaneous one—compare the OSC of
Ce90Cal0Al150(seg-b) to Ce90Cal0AISO(sim-b) (cf. Table 3).
A likely explanation is that during the sequential precipitation,
more active sites are covered by Al(OH)s, resulting in a lower
catalytic activity. As can be noticed from Fig. 12, Ca-doping
in CeO; — i.e. Ce90Cal0 sample — improves the OSC, which
decreases 55% after aging. However, after the Al,O3-coating
the OSC of the Ce90Cal0AI50(seq—b) sample is at the same
level before and after aging.

The Al,O3-coating over the Ce80Zr20 particles affected the
OSC and increased the Tigy. In particular, comparing the OSC of
Ce80Zr20 and Ce80Zr20A120 samples, it is shown that addition
of Al,O3-coating decreases the OSC by 12%, and increases Tjg,
from 190 to 230 °C (cf. Table 3). However, the addition of more
Al,O3 (Ce80Zr20A140 sample) increases the OSC by 34% and
Tign from 190 to 215°C.

3.2.3. Effect of aging

In the case of the Ce/Ca system, the Tig, of almost all samples
decreases after aging (cf. Table 3). The lower Tjg,, the bet-
ter, since Ce|_,Ca,0;_5-yAl,O3 can buffer oxygen at lower

2.0

Ocalcined Baged

Relative OSC
>

0.5

0.0

Ce80Zr20

Ce63Zr37(comm)

Ce80Zr20A120 Ce80Zr20AI40

Fig. 13. The effect of doping of CeO, on its OSC is demonstrated by the ratios [OSC of Ce;_,ZryOs_5-yAl,03])/[OSC of CeO,_5] and [OSC of
Cej—xZry02_5-yAl,03(a))/[OSC of CeO,_s, where CeO,_s has been synthesised by ppt and calcined at 400 °C for 2 h.
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temperature. In that case, the amount of the produced toxic
gases can be treated at lower temperatures. The aging results
in decrease of the OSC and Tig, of all samples of the Ce/Zr
system, whether or not coated with Al,O3 that were synthe-
sised by co-precipitation (cf. Table 3). However, the Tig, of the
Ce63Zr37(comm) increased after aging, whilst that of CeO, did
not alter at all. This decrease in OSC can be attributed to the
particles growth during the aging, resulting in the subsequent
decrease of the specific surface area of the samples. Interestingly,
the fresh and aged commercial materials Ce63Zr37(comm) and
Ce63Zr37(comm-—a) have the lowest OSC. Decrease of the crys-
tallite size results in an increase of the OSC of the samples
synthesised by co-precipitation (cf. Tables 3 and 4). This occurs
due to the increase of the active sites of Ce|_,Zr,O_s when the
crystallite size decreases and consequently the specific surface
area increases.

After aging, the OSC of CeO,, Ce80Zr20, Ce80Zr20A120
and Ce80Zr20A140 samples decreased 6, 11, 25 and 6%, respec-
tively. Nevertheless, compared to that of CeOy(a) sample, the
OSC of the last three aged samples is +12%, —16% and +60%
higher. The Ce80Zr20A140 sample showed the highest OSC
after aging (cf. Fig. 13). On the other hand, Tig, of these samples
decreased after aging.

4. Conclusions

A novel method for the synthesis of nanosized Al,O3-coated
Ce1—xM,Oy_5 (M=Zr or Ca) has been developed. It is based
on a sequential co-precipitation under controlled chemical and
hydrodynamic conditions, resulting in oxides with a crystallite
size on the order of 10 nm. The doping of CeO; enhanced its
OSC, while the simultaneous Al,O3z-coating restrained the par-
ticles growth. Thereby, its thermal stability was improved with
respect to the specific surface area and the OSC upon aging.
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