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Abstract Nanosized Ceg 5Zr( 50, solid solution has been
synthesized by microwave-induced solution combustion
method (MWCZ) and compared with that of a Ce,Zr;_,0,
solid solution with the same composition but prepared by
the conventional coprecipitation method (CPCZ) and cal-
cined at 773 K. X-ray diffraction and cell parameter studies
revealed the incorporation of more zirconia and formation
of more defect sites in the ceria lattice of the material
prepared by microwave method. Raman spectroscopic
measurements suggested the presence of oxygen vacancies,
lattice defects and displacement of oxygen ions from their
ideal lattice positions. X-ray photo electron spectroscopic
studies indicated a high reducibility and surface enrichment
of Ce®" ions in the MWCZ sample. Better oxygen storage
capacity and CO oxidation activity was observed for
MWCZ in comparison to that of CPCZ sample. The sig-
nificance of the microwave method lies mainly in its
simplicity, flexibility, and easy control of different factors
that determine the activity of the mixed oxide.
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1 Introduction

In recent years, lots of nanomaterial-based catalysts have
been investigated for catalytic oxidation of CO at low
temperatures due to wide applications. Particularly, these
applications include air-purification devices for respiratory
protection, pollution control devices for reducing industrial
and environmental emissions, removal of trace quantities
of CO from the ambient air in closed atmospheres such as
submarines and space crafts, exhaust abatement for CO,
lasers, automotive emission control, and CO preferential
oxidation for proton exchange membrane fuel cells [1].
Neutralization of gas emissions containing CO and toxic
organic compounds by catalytic combustion is a widely
used method based on the complete oxidation over suitable
catalyst systems in the presence of oxygen or ozone [2-6].
Precious metals are well-known oxidation catalysts with
high activity and stability, and are widely used for CO
oxidation. However, due to high cost of precious metals
and their sensitivity to sulphur poisoning, attention has
been given to improve the catalytic performance of metal
oxide catalysts.

In order to obtain a good oxide-based catalyst for CO
oxidation, two ionic valence states must transpire with
sufficient electrochemical potential (thermodynamic
aspect), and also the switching between them must occur
very promptly (kinetic aspect). Migration of oxygen on the
surface of catalysts is most important in oxidation reactions
where catalysts are subjected to repeated oxidation-reduc-
tion cycles [7]. Amongst all catalytically active oxides,
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ceria (CeQ,) is quite apart due to its exceptional properties.
During the last two decades ceria has been widely used as
an active ingredient in automotive three-way -catalysts
(TWC) and also in electrochemical systems such as fuel
cells [8]. Ceria, which has a fluorite type structure, is known
to show large deviation from its CeO,-stoichiometric
composition. However, one of the major drawbacks of ceria
is its poor resistance towards sintering. Ceria having a cubic
related structure is known to sinter equally along the three x,
y and z axes [9]. According to a rule established some years
ago, sintering of oxides is favoured for metals having a high
atomic weight, as is the case of cerium. There has been a lot
of research to hinder or retard sintering by doping or mixing
ceria with other oxides. Unlike the non-stoichiometric
cerium oxide, the doped cerium oxide is stable in atmo-
sphere and is often used as a solid-state electrolyte because
it has enormous inborn oxygen vacancies and superior
oxygen-ion conductivity. One of the main breakthroughs
was the use of zirconia as a dopant [10]. ZrO, is a refractory
oxide having the same fluorite (8:4) structure. Zr*" ions
enter the ceria network without too much stress and solid
solutions of ceria—zirconia whatever the composition have
been synthesized and used with success [11, 12]. This has
been valuable for enhancing the thermal stability, the sin-
tering resistance, oxygen storage capacity (OSC),
electrochemical and catalytic properties [13, 14]. The origin
of the enhanced reducibility and improved OSC may be due
to several reasons including the presence of structural
defects, which induce high mobility of bulk oxygen ions,
even at moderate temperatures.

So far several preparative routes were employed to make
ceria—zirconia solid solutions. Each method has its own
advantages and disadvantages. Compared with conven-
tional methods, microwave synthesis has the advantages of
very short reaction times and production of small particles
with narrow size distribution and high purity [15-17].
Because of its novel thermal heating mechanism, micro-
wave energy heats the entire sample volume almost
uniformly. The surface of sample radiates energy, resulting
in high temperature at the interior of the sample [18]. The
effect of heating is created by the interaction of the dipole
moment of the molecules with the high frequency elec-
tromagnetic radiation. Water has a very high dipole
moment which makes it one of the best solvents for
microwave combustion synthesis [18, 19].

The primary objective of the present investigation was
to explore the usefulness of microwave-solution combus-
tion method to synthesize homogeneous Ce sZr( 50, solid
solutions adopting the simple and cost effective processing
route. For comparison purposes, an identical molar com-
position of Ce,Zr,_,0O; solid solution was also prepared by
conventional coprecipitation method followed by calcina-
tion at 773 K. Samples obtained by both methods were
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characterized by means of X-ray diffraction, BET surface
area, Raman spectroscopy, X-ray photoelectron spectros-
copy, oxygen storage/release capacity measurements and
eventually tested for their CO oxidation activity.

2 Experimental
2.1 Sample Preparation

To synthesize Ce,Zr,_,O, (1:1 molar ratio based on oxi-
des) solid solutions by microwave-induced solution
combustion method, cerium and zirconyl nitrates were
chosen as the precursors since nitrates favour combustion.
In a typical experiment, the required quantities of cer-
ium(III) nitrate (Aldrich, AR grade) and zirconyl(IV)
nitrate (Fluka, AR grade) were dissolved separately in
deionised water and mixed together in a Pyrex glass dish
(150 mm diameter x 80 mm height). A stoichiometric
quantity (as per the concept used in propellant chemistry)
of solid urea (Fluka, AR grade) was added to the afore-
mentioned mixture solution and stirred rigorously to obtain
a clear solution. The dish containing the reaction mixture
was introduced into a modified domestic microwave oven
(BPL, India Limited, BMO-700T, 2.54 GHz, 700 W).
Initially, the solution boils and undergoes dehydration
followed by decomposition and spontaneous combustion
with the evolution of large amounts of gases, including N,
CO,, and H,0 along with some traces of NH3 and NO,
followed by a spontaneous flame resulting in a light yellow
residual mass. The entire process of liquid evaporation,
thickening of the solution and combustion in the micro-
wave oven took around 40 min to produce highly
voluminous Ce,Zr;_,O, powders. Three to four experi-
ments were conducted under identical conditions to check
for reproducibility. Properties of all the synthesized pow-
ders were found to be identical.

Ce,Zr_,O, (1:1 mole ratio) solid solution was also
prepared by a coprecipitation method with dilute ammo-
nium hydroxide (0.1 M). In a typical experiment, the
required quantities of cerium(IIl) nitrate (Aldrich, AR
grade) and zirconyl(IV) nitrate (Fluka, AR grade) were
dissolved separately in deionised water and mixed together.
Dilute liquid ammonia solution was added drop-wise to the
mixture solution with vigorous stirring until the precipita-
tion was complete. The resulting precipitate was filtered
off, washed with deionised water, oven dried at 383 K for
16 h, and calcined at 773 K for 5 h in air atmosphere.

2.2 Characterization

The BET surface areas of the powders were determined by
N, adsorption at liquid nitrogen temperature using a
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Micromeritics Gemini 2360 instrument. Prior to analysis,
samples were oven dried at 393 K for 12 h and flushed
with Argon gas for 2 h. XRD patterns were recorded on a
Bruker (Karlsruhe, Germany) D8 advanced system using a
diffracted beam monochromated Cu Ko (0.15418 nm)
radiation source. The intensity data were collected over a
20 range of 3-80° with a 0.02° step size and using a
counting time of 1 s per point. Crystalline phases were
identified by comparison with the reference data from the
International Centre for Diffraction Data (ICDD). The
average crystallite size of the oxide phases was estimated
employing Scherrer equation and considering the XRD
data of all prominent lines [20]. The lattice parameters
were calculated by a standard cubic indexation method
using the intensity of the most prominent peak (111) [21].
The Raman spectra were recorded on a triple subtractive
Jobin Yvon T64000 Raman spectrometer equipped with a
liquid nitrogen-cooled charge-coupled device (CCD)
detector. The emission line at 514.5 nm from the Ar" ion
laser was focused on the sample under the microscope,
with the width of the analyzed spot being about 1 um. The
power of the incident beam on the sample was about
5 mW. The XPS measurements were performed using a
CEMUP-LAS (SECALAB 200A) spectrometer by using
Mg Ko (1,253.6 eV) radiation as the excitation source. The
charging of the powders was corrected by setting the
binding energy of the adventitious carbon (C 1) at
284.6 eV. The XPS analysis was done at ambient tem-
perature and at pressures typically below 107° Pa.
Quantification of the atomic ratios was achieved by
determining the elemental peak areas, following a Shirley
background subtraction by the usual procedures docu-
mented in the literature [22].

2.3 Activity Measurements

The potential OSC was examined by oxygen release
characteristics of the powders in the temperature range
573-1,073 K. The change in the weight of the sample was
monitored by thermogravimetry (TG) under cyclic heat
treatments in flowing nitrogen and dry air. A commercial
Mettler Toledo TG-DTA analyzer was employed for this
purpose. The heat cycle consisted of heating the sample to
1,073 K in N,, cooling down to 423 K in dry air, and again
heating to 1,073 K in N, environment. All heating and
cooling rates were at 5 K min~'. The weight loss of the
sample during second heating cycle was used to measure
the oxygen release properties [21]. CO oxidation was
conducted in a fixed-bed microreactor under normal
atmospheric pressure at 300-773 K under a heating ramp
of 5K min~'. About 100 mg catalyst sample (250—
355 pum sieve fraction) diluted with quartz particles of the
same sieve fraction was placed in a quartz reactor for

evaluation. The following gases and gas mixtures were
used (supplied by Air Liquide): argon (>99.999% purity),
9.98% CO in argon (CO purity, >99.997%; argon purity,
>99.99%), and 10.2% O, in argon (oxygen purity,
>99.995%). The total flow rates maintained by three mass
flow controllers were in the range of 50—100 NmL min~"
(millilitres normalized to 273.15 K and 1 atmosphere). The
CO and CO, gas concentrations were measured using an
Uras 14 infrared analyzer module, and the O, concentration
was measured using a Magnos 16 analyzer (Hartmann &
Braun). Prior to oxidation of CO, the catalysts were heated
to 773 Kin 10.2% O,/Ar gas mixture, using a heating ramp
of 10 K min™', and kept at the final temperature for 1 h.
The oxidized sample was then purged in argon and cooled
to the desired starting temperature. The CO/O, reactant
feed ratio was 1, and partial pressures of CO and O, were
in the range of 10 mbar [23].

3 Results and Discussion

The X-ray powder diffraction patterns of the two samples
prepared in the present study are shown in Fig. 1. It can be
seen that a cubic fluorite type solid solution with the
composition Ce(sZrys0, (PDF-ICDD 38-1436) has been
formed in the microwave-synthesized sample. However,
the CPCZ sample prepared by coprecipitation and calcined
at 773 K exhibited relatively poor crystallinity and only

MWCZ
4
* Ce0‘75 Zr0.25 02
CPCZ
10 20 30 40 50 60 70

2 Theta(°)
Fig. 1 X-ray powder diffraction patterns of Ce,Zr;_,O, samples

(MWCZ ceria—zirconia prepared by microwave method; CPCZ ceria—
zirconia prepared by coprecipitation method)
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broad diffraction lines due to cubic fluorite type phase with
the composition Ceg75Zr9,50, (PDF-ICDD 28-0271) has
been identified. Within the detection limits of XRD tech-
nique there is no evidence about the presence of t-ZrO, or
m-ZrO, phases. It appears that the remaining zirconia is
mostly in amorphous form probably segregated at the grain
boundaries. Ceria crystallizes in a cubic fluorite structure
and exposes the thermodynamically most stable (111)
surface. This surface is the oxygen termination of the
stoichiometric O—Ce-O tri layers stacked along the [111]
direction and also represents a major fraction of the active
surface in catalytic nanocrystallites [24]. Lattice parameter
estimations provide information whether the foreign cat-
ions enter into the ceria lattice resulting in the formation of
solid solutions or remain as separate phases demarcated by
a phase boundary [21]. Using the most intense line (111) of
the pattern, cubic indexation and calculation of unit cell
parameters have been carried out and the values are pre-
sented in Table 1. The decrease in the cell parameter “a”
of MWCZ sample (5.30 A) compared to CPCZ sample
(5.35 10\) is a clear indication of the incorporation of more
Zr*" cations into the ceria core fcc lattice (space group
Fm3m) [25], which is in line with XRD results. The N,
BET surface areas and OSC in terms of oxygen vacancy
concentration pertaining to MWCZ and CPCZ samples are
also presented in Table 1. MWCZ sample exhibits less
surface area than CPCZ sample. This is due to the fact that,
during the course of combustion synthesis the MWCZ
sample is subjected to higher temperatures, however, for a
limited period of time. It is suggested that the surface area
may not be the only parameter that determines the catalytic
efficiency of ceria because in pure ceria weakly bound
active oxygen species are present in the bulk rather than on
the surface [26, 27].

Raman spectra of both samples prepared in the present
study are collected in Fig. 2. The samples MWCZ and
CPCZ show strong bands at 470 and 468 cm™', respec-
tively, and a less prominent broad band at 625 cm ™", while
a band at 300 cm™" is detected only for the MWCZ sam-
ple. The band at 470 cm™' can be attributed to the Fy
vibration of the fluorite type lattice [28]. It can be viewed

Table 1 BET surface area, crystallite size, cell parameter, and oxy-
gen storage capacity values of Ce,Zr;_,O, samples prepared by co
precipitation (calcined at 773 K) and microwave combustion methods

Ce Zr,_,0, BET Crystallite Cell 0SC
sample surface size (nm) parameter L moles O,/g
area (m%/g) A) Ce0,-Zr0,
Microwave 56 12.7 53 278
method
Coprecipitation 84 4.7 5.35 211
method
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Fig. 2 Raman spectra of Ce,Zr;_,O, samples (MWCZ ceria—zirconia
prepared by microwave method; CPCZ ceria—zirconia prepared by
coprecipitation method)

as a symmetric breathing mode of the oxygen atoms around
the cerium ions [29]. The slight shift in the Raman fre-
quency to higher wave numbers in case of MWCZ sample
could be due to incorporation of more zirconium into the
ceria lattice compared to CPCZ, as evidenced by XRD
results. As presented in Fig. 2, the peak at 470 cm™" is
more intense in case of MWCZ sample. It should be
mentioned here that the intensity of the Raman band
depends on several factors including grain size and mor-
phology [30]. It is known that high temperature preparation
conditions enhance the formation of oxygen vacancies,
which perturb the local M—O bond symmetry leading to the
relaxation of symmetry selection rules. The presence of a
weak and less prominent broad band near 625 cm ™' can be
attributed to a non-degenerate longitudinal optical (LO)
mode of ceria arising due to relaxation of symmetry rules,
which in turn is linked to oxygen vacancies in the ceria
lattice [31-33]. In particular, the enhanced substitution of
zirconium into the ceria lattice with an increase in tem-
perature gives rise to oxygen vacancies, which are
responsible for the emergence of this band [28]. This band
is more intense in case of MWCZ sample, which indicates
the incorporation of more zirconium into ceria lattice and
formation of more oxygen vacancies in the MWCZ sample.
The band at 300 cm ™' of MWCZ sample can be attributed
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to displacement of oxygen atoms from their ideal fluorite
lattice positions [34]. As per the literature reports, this band
further reveals the presence of t” phase, which could not be
identified by XRD. The presence of this phase is expected
to enhance the catalytic performance of this system [35,
36]. The presence of this band together with a high
intensity band at 625 cm™' clearly reflects the enhanced
oxygen vacancy concentration in the MWCZ sample as
determined by OSC measurements (Table 1).
Photoelectron spectroscopy has been used to obtain
further information about the valence/oxidation state of the
elements and surface composition of the Ce-Zr mixed
oxides by inspecting the spectral line shapes and the
intensities of the Ce 3d core level electrons. Figure 3
compares the Ce 3d spectra of the ceria—zirconia solid
solutions prepared by two different methods. The binding
energy values are presented in Table 2. The bands labelled
v collectively represent the Ce 3ds, ionization, while
bands labelled u represent the Ce 3d5,, ionization [37]. The
bands with unprimed labels represent the primary Ce 3ds,,
and Ce 3ds;,, transitions, while the primed labels represent
ionization satellite features. Specifically, the band (uy, u) is
the Ce 3d5,, ionization and the band (v, v) is the Ce 3ds,,
ionization for Ce>" and Ce**. The bands labelled v/, v,
v and W/, u”, v are satellites arising from the Ce 3ds,
ionization and Ce 3d;,, ionization, respectively [38—40].
The observed binding energy values presented in Table 2
are in good agreement with those reported in the literature
[41]. The shift in the binding energy to higher values in
case of microwave-synthesized sample may be due to
better reducibility of the sample. The Ce/Zr atomic ratios
presented in the Table 2 clearly indicate that the sample
prepared by microwave method has a more extended
incorporation of zirconium into the ceria lattice in com-
parison to the sample prepared by coprecipitation method,
corroborating with the XRD and Raman spectroscopic
results. In Fig. 3, the peaks labelled ug, u’, vy, and v’ cor-
respond to Ce*" oxidation state and the remaining peaks
correspond to Ce*" oxidation state. Generally, the Ce>"
content (reducibility) is determined by calculating the area
under the peaks ug, U, vy, and v'. But the v, line appears as
a shoulder in the main v contribution, thus being difficult to

Table 2 XPS data obtained for the Ce,Zr,_,O, samples prepared by
co precipitation (calcined at 773 K) and microwave combustion
methods

Ce Zr,_,0, Ce Zr Ols U” (%) CelZr atomic
sample 3ds,  3dsp ratio
Microwave 882.7 1823 5303 7 3.46

method
Coprecipitation  882.5 1822 530.1 9.5 4.04

method

231
MWCZ
/'\/ CPCZ
<
g / / M
Z R
g /
= o’
ul" " ul VIII vII VI
v (uuy) (A}
[ [ [ [
920 910 900 890 880
Binding energy (eV)

Fig. 3 Ce 3d XPS spectra of Ce,Zr;_,0, samples (MWCZ ceria—
zirconia prepared by microwave method; CPCZ ceria—zirconia
prepared by coprecipitation method)

detect. The ug line cannot be detected directly and is thus
estimated from the intensity of v, [42]. Therefore, the % of
intensity of u””’ peak to the total area was used to determine
the surface concentration of Ce*" or reducibility of the
mixed oxide in the literature [43, 44]. The % of intensity
values of u”’ peaks of the two samples prepared in the
present study are presented in Table 2. Interestingly, both
the mixed oxides exhibit relatively small intensity com-
pared to pure ceria (14%), suggesting that both the
materials contain Ce®" jons in some reasonable quantities
[43, 44]. The values presented in Table 2 clearly suggest an
enhanced reducibility and a more extended surface
enrichment of Ce®" ions for the MWCZ sample.

As presented in Fig. 4a, the O 1 s peak is generally broad
and complicated, because of the non-equivalence of surface
O ions. As per the literature, the O ions in pure CeO, exhibit
intense peaks at 528.6, 528.8, 529.6, and 530.1 eV [45-48],
respectively. The O 1 s binding energy value reported for
71O, is 530.6 eV [22]. The O 1 s binding energies per-
taining to CPCZ and MWCZ samples are observed at 530.1,
and 530.3, respectively. The broadening of the peak and
slight increase in the binding energy in the case of MWCZ
sample can be taken as an evidence for incorporation of
zirconium into the CeO, lattice. As shown in Table 2 and
Fig. 4b, the binding energy of the Zr 3d photoelectron peak
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Fig. 4 XPS spectra of Ce,Zr;_
L0, samples a O 1 s, b Zr 3ds; (a) (b)
(MWCZ ceria—zirconia prepared MWCZ ' MWCZ
by microwave method; CPCZ
ceria—zirconia prepared by CPCZ CPCZ
coprecipitation method)
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ranged between 182.2 and 182.6 eV, which agrees well
with the values reported in the literature [49]. The core level
spectra of Zr 3d in case of the MWCZ sample showed a
slight broadening along with a small shift towards higher
binding energy, indicating the incorporation of more zir-
conium into the ceria lattice.

The potential OSC of both the mixed oxides were eval-
uated by thermogravimetry. The oxygen vacancy
concentration pertaining to these two samples are shown in
Table 1. It can be noted that the MWCZ sample exhibits
more OSC than CPCZ sample. The difference in OSC may
be due to better reducibility of the MWCZ sample owing to
more incorporation of zirconium that has led to higher
defective sites. The presence of Raman band at 300 cm ™
and another intense band at 625 cm™ "' also supports this
observation. The CO oxidation results of MWCZ and CPCZ
samples as a function of reaction temperature are shown in
Fig. 5. Catalytic oxidation is known to be influenced by
mass transfer at high conversions, and comparison of
activity was made in terms of “light-off” temperature. Note
that light-off means a jump of the activity to over 50%
conversion very quickly, and this characteristic is very
important for automobile emission control. As can be noted
from Fig. 5, the MWCZ sample exhibits more CO conver-
sion than CPCZ even at lower temperatures. The MWCZ
sample reaches a light-off (50% conversion) temperature
44 K lower than that of the CPCZ sample. Furthermore, the
MWCZ sample exhibited 100% CO conversion at 750 K,
whereas the CPCZ showed 85% conversion at 773 K, the
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highest temperature investigated. It is generally accepted
that CO oxidation under stationary conditions occurs over
pure ceria by a Mars—van Krevelen-type mechanism, where
the reaction involves alternate reduction and oxidation of the
surface with the formation of surface oxygen vacancies (as
the key step) and their successive replenishment by gas-
phase oxygen [50, 51]. During the course of catalytic CO
oxidation, one has to activate either of the reactants and this

90 -
80 -
- MWCZ
S
5 601 652K
=]
3 S 696 K
5]
>
=
=]
S
o CPCZ
O

ottt Sapmed . . . .
400 450 500 550 600 650 700 750

Temperature (K)

Fig. 5 Conversion of CO versus temperature profiles of Ce,Zr;_,0,
samples (MWCZ ceria—zirconia prepared by microwave method;
CPCZ ceria—zirconia prepared by coprecipitation method)
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occurs preferentially with oxygen. Thus in catalytic CO
oxidation molecular oxygen is generally dissociated into
radicals, which are strong oxidizers as well as strong elec-
trophiles. From these observations, we may conclude that
the higher is the OSC of the catalyst, the better will be the
activity for CO oxidation. More than the total OSC, the local
concentration of sites for O, adsorption would be a deter-
mining factor in CO oxidation. A close correlation between
OSC and catalytic activity may, however, be found since a
high concentration in anionic vacancy is a prerequisite for a
high OSC value of the sample. The higher conversion and
higher reducibility observed for the MWCZ sample could be
due to the enhanced oxygen mobility in the defective fluorite
structure generated by introduction of more Zr*" cations
into the ceria core lattice in comparison to the CPCZ sample.

4 Conclusions

Nanostructured homogeneous Ceg sZrys0, solid solution
has been synthesized by adopting a simple and cost effec-
tive single step microwave-induced combustion process.
The Ce,Zr;_,0O, solid solution with the same composition
was also synthesized by a coprecipitation method and cal-
cined at 773 K for comparison purpose. The results of XRD
and cell parameter revealed that more zirconia was incor-
porated into the ceria lattice and higher defective sites were
formed in the case of microwave-synthesized sample. The
XPS results enable concluding that MWCZ exhibits higher
reducibility and surface enrichment of Ce®" ions. Raman
and OSC measurements established that oxygen vacancies
were more abundant in the sample prepared by microwave
method. CO oxidation results showed that MWCZ sample
exhibits lower light-off temperature as well as higher CO
conversion (100%) compared to that of CPCZ sample under
an identical set of experimental conditions. Higher reduc-
ibility, better OSC, and formation of higher defect sites in
its crystal lattice due to incorporation of more zirconia are
considered responsible for the better activity observed for
MWCZ sample. In summary, it can be concluded that the
synthesis of Ce,Zr;_,O, solid solution by microwave-
induced solution combustion method is a cost effective
technique for low temperature CO oxidation in comparison
to coprecipitation route.
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