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Abstract. Ce0,-Gd,03 oxides were synthesized by a modified coprecipitation method and subjected to ther-
mal treatments at different temperatures to understand their thermal behaviour. The obtained samples were char-
acterized by XRD, BET, TEM, Raman and TPR techniques. Catalytic efficiencies for oxygen storage/release
capacity (OSC) and soot oxidation were evaluated by a thermogravimetric (TG) method. XRD and Raman
results indicated the formation of Ce(gGdj,0,_s (CG) solid solutions at lower calcination temperatures, and
TEM studies confirmed nanosized nature of the particles. Raman studies further confirmed the presence of
oxygen vacancies and lattice defects in the CG sample. TPR measurements indicated a facile reduction of ceria
after Gd>* addition. Activity studies revealed that incorporation of Gd** into the ceria matrix favoured the

creation of more structural defects, which accelerates the oxidation rate of soot compared to pure ceria.

Keywords.

1. Introduction

In recent years, diesel engines have been prevalent
power sources for vehicles owing to their superior effi-
ciency, durability, and reliability in comparison with
gasoline-powered vehicles. However, emission of toxic
gases should be tackled before its wide utilization. One
of the major pollutants in diesel exhaust is particulate
matter (PM), mainly composed of soot.! Abatement
of soot particles has become a topic of great concern
due to its potential health risks such as mutagenic and
carcinogenic activities and new environmental legisla-
tions on exhaust specifications.? This calls for efficient
exhaust gas treatment systems in diesel engines. As a
consequence, various emission—reduction technologies
have been developed and among them, particle traps
combined with oxidation catalysts to convert soot par-
ticles into gaseous products is one of the most effi-
cient. Catalytic performance of soot oxidation gener-
ally depends on the contact efficiency between catalyst
and soot particles. In general, transfer of active oxygen
species from the catalyst to soot particle becomes rela-
tively easier under tight contact conditions. Particularly,
the ability of nanoparticles to adsorb and activate oxy-
gen for these reactions is stronger than bigger particles.’
In recent times, a good number of catalytic materials
such as precious metals, transition metal oxides, rare
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earth oxides etc., have been proposed.*> Nanosized
ceria (CeQO,) is one of the most active catalytic mate-
rials in various aspects. Effectiveness of soot oxida-
tion over ceria is due to its excellent redox property
(Ce*'«>Ce’"), in which soot is oxidized by the surface
‘active oxygen’ from the catalyst which is then reoxi-
dized by the gas phase oxygen. It is associated with its
oxygen storage capacity (OSC) and the ease of forma-
tion of labile oxygen vacancies.® However, pure cerium
oxide has poor thermal resistance and sinters rapidly
above 873 K and thereby loses its crucial oxygen stor-
age/release capacity. Instead of ceria alone, several
studies indicate that doping of ceria with certain transi-
tion or rare earth metal (Zr, Fe, La, etc.,) cations partially
improves thermal resistance. In addition, it improves
redox properties, OSC and oxygen mobility of ceria
within the framework.These characteristics are very
important to enhance the participation of ‘active oxy-
gen’ in oxidation processes.®” Recently, Shen et al.®
investigated iron-doped ceria for soot oxidation.
According to their study, soot oxidation activity was
improved by improvement of oxygen vacancies in the
ceria matrix.

Over the last decade, our group has been actively
engaged in the design of novel ceria-based material
for various applications.!® It has been established that
incorporation of gadolinium into the ceria lattice greatly
enhances the reducibility of Ce*" in the catalyst mate-
rial, which generated considerable interest about the
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Ce-Gd system. Substitution of Gd*" in the ceria lat-
tice could create structural defects, induce more sur-
face active oxygen species, and accelerate oxygen
diffusion,'!*!? since the charge and ionic radius are dif-
ferent from that of host ion. The present study was
undertaken against the aforesaid background. To the
best of our knowledge, Gd-containing ceria-based soot
combustion catalysts have never been reported in open
literature. In this study, gadolinium-doped ceria solid
solutions were synthesized by a modified coprecipi-
tation method and subjected to thermal treatments at
different temperatures to evaluate catalytic efficiency
of Ce-Gd-oxides towards soot oxidation. Synthesized
materials were characterized by using X-ray diffrac-
tion (XRD), BET surface area, transmission electron
microscopy (TEM), Raman spectroscopy (RS), and
temperature programmed reduction (TPR) techniques.
The main objective of this study was to investigate the
relationship between physicochemical properties and
catalytic activity, which will provide information about
the key factors that control the activity.

2. Experimental

2.1 Sample preparation

The investigated Ce,_,Gd,O,_; (CG, x = 0.2) solid
solutions were prepared by a modified coprecipitation
method in a 20 g batch. In a typical procedure, to syn-
thesize the CG sample, a 0.38 M solution was pre-
pared by dissolving 33.05 g of cerium (III) nitrate
(Aldrich, AR grade) in 200 mL of deionized water and
a 0.18 M solution by dissolving 17.17 g of gadolinium
(IIT) nitrate (Fluka, AR grade) separately in 200 mL
deionized water and mixed together under stirring con-
ditions for 1 h. Dilute aqueous ammonia was added
dropwise until precipitation was complete and the solu-
tion mixture was diluted to 4000 mL with deionized
water and stirred for 24 h.'* After 3 days ageing, the
obtained precipitates were filtered off, washed thor-
oughly until free from anion impurities, and dried at
393 K for 12 h. After grinding, the obtained sample was
subsequently calcined at 773, 873, 973, and 1073 K for
5 h at a heating rate of 5 K min~' in air atmosphere to
obtain the final oxide materials. The obtained samples
were labelled as CG 773, CG 873, CG 973, and CG
1073. For comparative purpose, pure cerium oxide was
also prepared in a similar way.

2.2 Characterization

Powder X-ray diffraction data were acquired on a
Rigaku multiflex diffractometer utilizing nickel-filtered
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Cu Ko (0.15418 nm) radiation source and a scintilla-
tion counter detector. The step size and the time per step
were, respectively, fixed at 0.02° and 1 s in the range of
2 — 80°. The mean crystallite size of the solid solution
phases was estimated with the help of Scherrer equa-
tion from the line broadening, and the lattice parameter
was calculated by a standard cubic indexation method
using the intensity of most prominent peaks. Textu-
ral properties of the prepared samples were determined
by N, adsorption—desorption isotherms at liquid N,
temperature (77 K) on a Micromeritics (ASAP 2000)
analyser via a thermal conductivity detector (TCD).
Specific surface area and pore size distribution were
calculated by Brunauer-Emmett-Teller (BET) and
Barrett—Joyner—Halenda (BJH) methods, respectively.
Prior to the measurements, the samples were pre-treated
in vacuum at 473 K for 2 h to remove any residual
moisture.

The TEM images were recorded on Philips CM200
and JEOL 2000EX electron microscopes with 0.23 and
0.21 nm point-to-point resolutions, respectively. For
these studies, a suspension of the sample in ethanol was
placed in an ultrasound bath and then a drop of it was
supported on a holey carbon grid. The specimen was
examined under vacuum at room temperature.

The Raman spectra were collected on a Horiba Jobin-
Yvon HR800 Raman spectrometer equipped with a
liquid-nitrogen cooled charge coupled device (CCD)
detector and a confocal microscope.

The H,-TPR was carried out in a tubular quartz reac-
tor coupled to a TCD of a gas chromatograph (Shi-
madzu) and performed in a conventional apparatus by
monitoring H, consumed. The sample (30 mg of fresh
catalyst) was heated at a rate of 10 K min~! from room
temperature to 900 K in 20 mL min~! flow of 5% H,
in Ar. Hydrogen consumption during reduction was cal-
culated by passing the effluent gas through a molecu-
lar sieve trap to remove the produced water and was
analysed by gas chromatograph using TCD.

The OSC of the catalysts was determined by TG
method by employing a commercial Netzsch TG-DTA
(Luxx, STA, 409 PC, Germany) analyser under repeated
thermal treatments in the temperature window of 573—
1073 K. About 20 mg of the catalyst was used for the
OSC measurements under dynamic conditions. Before
the measurement, the samples were held in flowing air
to 1073 K to remove residual water and other volatile
organics and cooled to 423 K and again heated to
1073 K. Weight change during thermal treatments was
monitored by TG. OSC of the catalyst is measured in
terms of the amount of oxygen released during heat
treatments from the obtained graph. Weight loss of
the sample during the second stage of heat treatment
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was used to measure the oxygen release properties. All
heating and cooling rates were in the steps of 5 K min~!.

2.3 Activity measurements

Catalytic activity for soot oxidation was determined by
thermogravimetric (TG) method with a Mettler Toledo,
TGA/SDTA 851e instrument. Activity measurements
were performed with O, in ‘close contact’ (ground in
agate mortar) conditions with catalyst—soot mixtures
in 4:1 w/w ratio. The model soot used is Printex-U
provided by Degussa. A weighed amount of sample
was placed in a TG crucible and heated to 1273 K in
100 mL min~! flow of air and the heating rate was
10 K min~".

3. Results and discussion

The XRD patterns of CG oxides calcined at different
temperatures are illustrated in figure 1. For comparison
purpose, pure ceria is also included. All the cata-lysts
exhibited well-resolved X-ray diffraction peaks and are
very similar to the pure ceria lines, which are indexed to
(111), (200), (220), (311), (222), (400), and (420).'4-1©
No diffraction peaks pertaining to gadolinium oxide
were observed and the change in lattice parameter
(table 1) is an additional evidence to confirm the substi-
tution of Ce** ions by Gd**. A non-monotonous peak
shifting was observed in the samples owing to stress
relaxation, which is caused by & mismatch (mismatch
of linear thermal expansion coefficients of CeO, and
Gd,0;. as shown in figure 1b)!"" narrowing of peaks
associated with the fluorite phase has been observed
upon increase in calcination temperature implying a
growth in the crystallite size and is estimated by Scher-
rer formula, which is in the range of 6.96 to 10.76 nm.
In case of pure ceria, it is 8.9 to 32.5 nm.'? In general, an
increase in the crystallite size is expected with increase
in calcination temperature due to crystallization. Inter-
estingly, no such pronounced influence on the crystallite
size of the doped ceria is observed compared to pris-
tine ceria, since formation of solid solutions between
Ce- and Gd-oxides retards crystallite growth. Calcu-
lated BET surface area of samples calcined at different
temperatures is listed in table 1. From this, it is clear
that when Gd,O; is incorporated into CeQ,, the surface
area increased and it is more for CG 773. At high calci-
nation temperature, a systematic decline in the surface
area was observed due to agglomeration. However, this
is more in the case of pristine ceria in contrast to CG
solid solution. Figure 2 shows the isotherms and pore
size distribution curves of the CG samples. From the
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Figure 1. (a) Powder XRD patterns of ceria (C) and ceria—
gadolinia samples (CG) calcined at various temperatures
and (b) enlarged XRD patterns of the synthesized ceria
(C) and ceria—gadolinia samples (CG) calcined at various
temperatures.

2-Theta (degrees)

relative pressure range, it is noticed that the obtained
samples belong to type-IV isotherm, typical of meso-
porous materials'® and the BJH desorption cumulative
pore volume for CG 773 is 0.17 cm® g,

Figure 3 shows the TEM micrographs and selected
area electron diffraction (SAED) patterns of CG cat-
alysts calcined at 773 and 1073 K. The SAED pat-
terns of these two samples show that both consisted
of cubic ceria nanocrystals and had better crystallinity.
It can be observed from the images that nanocrystals
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Table 1. BET surface area, crystallite size and lattice parameter values of
the prepared CeO,-Gd,03; (CG) oxides and ceria (C) calcined at different
temperatures.

BET SA Crystallite Lattice
Sample (mz/g) size (nm)?* parameter (10%)‘1l
C773 41 8.9 5.410
C 1073 08 32.5 5.410
CG 773 74 6.96 5.412
CG 873 67 7.58 5.349
CG973 41 9.49 5.439
CG 1073 37 10.76 5.440
2 From XRD analysis

were uniformly dispersed and weekly aggregated and
the average particle size calculated is consistent with
XRD results.

Raman spectra of the CG solid solutions obtained
with 632.81 nm laser line are shown in figure 4. Nor-
mally, pure ceria shows a sharp peak at 465 cm™!
ascribed to F,, vibration of the fluorite type lattice and
reveals the structure of symmetric breathing pattern of
the oxygen atoms around Ce*" ions.'” However, a slight
shift was observed from 465 cm™' in pure ceria to
455.5 cm™! in the mixed oxides, indicating decrease in
particle size at the surface region. This may be due to
the change in bond length, lattice spacing, and atomic
geometry of ceria on doping. In addition to this main
feature, the spectra showed two broad Raman bands
at about 570 and 600 cm~' (mentioned as o and B in
figure 4) in the tail of the main band. These could
be due to oxygen vacancies or structural defects intro-
duced into the ceria lattice by two ways (i) to main-
tain charge neutrality when Ce** ions are replaced
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with Gd**(extrinsic vacancies) and (ii) intrinsic oxy-
gen vacancies due to the presence of Ce*' ions,
respectively.’:?! These distortions are important factors
that help to explain high catalytic activities of these
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Figure 2. N, adsorption—desorption isotherms (Insets rep-
resent pore size distribution curves) of ceria—gadolinia sam-
ples calcined at 773 and 1073 K.

Figure 3. Transmission electron microscopy images of
ceria—gadolinia (CG) samples calcined at 773 and 1073 K.
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Figure 4. Raman spectra of ceria—gadolinia (CG) samples
calcined at various temperatures.

materials in diesel soot oxidation. On the other hand, a
vibrational mode for free Gd,O5 (band at 375 cm™") is
observed for CG 1073 sample that reflects the influence
of high temperature treatment.”! Raman results indicate
formation of oxygen vacancies even with the existing
mixed phases of ceria and gadolinium.

Redox properties or catalytic ability of the synthe-
sized samples were greatly improved by incorporation
of gadolinium into ceria lattice. This can be understood
from the TPR patterns. Figure 5 shows the evolution
of H, consumption as a function of temperature for the
prepared samples. Stepwise low-temperature (LT) and
high-temperature (HT) reduction of pure ceria are typ-
ically identified at ~790 and 1070 K due to surface-
capping of oxygen and bulk-phase lattice oxygen.?” The
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Figure 5. H,-TPR profiles of ceria (C) and ceria—gadolinia
(CG) samples calcined at different temperatures.
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pattern for these peaks is hard to distinguish in CG sam-
ples since high bulk oxygen mobility leads to a single
peak formation and both surface and bulk reductions
occur concurrently. Hence, a broad H,-consumption
peak was observed.?*?* Results clearly show that for-
mation of Ce0,-Gd,0; solid solution with small crys-
tallite size significantly improved reducibility of ceria.
Here, peaks at around 795 and 844 K represent maxi-
mum H,-consumption for CG 773 and CG 1073 sam-
ples. Observed difference between two catalysts is
probably due to difference in concentration of oxygen
vacancies, crystallite size and specific surface area.?

The OSC has been proven to be an imperative feature
of soot combustion catalysts. OSC values of C 773, CG
773, and CG 1073 are 40, 168, 124 (umol O,/g ceria),
respectively, as shown in figure 6. From this, it is clear
that OSC of mixed oxides is higher than pure CeO, even
at high calcination temperature. Since, defects created
during incorporation of Gd** leads to ease of formation
of labile oxygen vacancies, which facilitate relatively
high mobility of bulk oxygen species within the lattice
cell; thereby, enhancement in the OSC is detected. This
property is responsible for improvement in redox nature
of the material and thereby, increases ‘active oxygen’
species for oxidation process.®

Ceria has the potential to increase the soot oxidation
rate by involving participation of ‘active oxygen’ and
thereby lowers soot oxidation temperature. This is con-
sistent with the fact that intrinsic Ce**/Ce** redox cou-
ple is responsible for the activity. Insertion of Gd,03
into the CeO, lattice significantly improves the sur-
face area, favours the creation of more ‘active oxy-
gen’ species and accelerates the mobility of lattice
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Figure 6. OSC profiles of ceria (C) calcined at 773 K and
ceria—gadolinia (CG) samples calcined at 773 and 1073 K.
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Figure 7. Normalized soot conversion (%) versus reaction
temperature (K) of ceria (C) calcined at 773 K and ceria—
gadolinia (CG) samples calcined at 773 and 1073 K along
with uncatalysed soot.

oxygen.”® Creation of such species starts at 600 K,
thereby decreasing soot oxidation temperature. Under
an intimate contact of soot and catalyst, active surface
oxygen seems to be effectively transferred to soot sur-
face and surface vacancy is replenished by the feed
gas.?” Soot combustion profiles over the prepared sys-
tems along with pure ceria and uncatalysed soot parti-
cles are shown in figure 7. Comparative performances
of different catalysts for soot oxidation are usually
established on the basis of their light-off temperatures
(T'sy = temperature at 50% conversion of soot). The
best results were obtained for Ce 3Gdy,0,_5-773 cata-
lyst with T'sp = 745 K, which is far less compared to
bare ceria (T'5, is 874 K) and uncatalysed soot (T'sy =
920 K). Generation of ‘active oxygen,” induced by Gd**
explains high activity of CG catalysts in relation to
CeO, alone. TG data along with the reducibility and
OSC values support this observation. Bigger crystallite
size and low specific surface area also seems to play a
crucial role in decreasing soot oxidation with increase
in calcination temperature.

4. Conclusion

Formation and structural modifications of CeO,-Gd, 05
oxides were verified from XRD, TEM, Raman, and
TPR. Gd** incorporation into CeO, provokes an
increase in the OSC, which has a positive influence on
catalytic activity. Soot oxidation is also highly depen-
dent on surface area, crystallite size, and the extent of
reducibility of the catalyst which are confirmed from
the above results. As per the results of this study, two
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challenges remain for future research namely, creation
of new materials that produce high amounts of active
oxygen species and identification of suitable cations
to dope into the CeO, lattice with a promising syn-
thesis route. Further, it remains a challenge to design
appropriate catalytic systems that improve contact effi-
ciency between the soot and catalyst in order to favour
constructive utilization of active oxygen.
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