POLITECNICO DI TORINO
Repository ISTITUZIONALE

Nanostructured Ceria-Based Materials: Effect of the Hydrothermal Synthesis Conditions on the
Structural Properties and Catalytic Activity

Original
Nanostructured Ceria-Based Materials: Effect of the Hydrothermal Synthesis Conditions on the Structural Properties and
Catalytic Activity / Piumetti, Marco; Bensaid, Samir; Andana, Tahrizi; Dosa, Melodj; Novara, Chiara; Giorgis, Fabrizio;
Russo, Nunzio; Fino, Debora. - In: CATALYSTS. - ISSN 2073-4344. - ELETTRONICO. - 7:6(2017), pp. 1-18.
[10.3390/catal7060174]
Availability:
This version is available at: 11583/2676571 since: 2017-07-17T19:05:22Z
Publisher:
MDPI AG
Published
DOI:10.3390/catal7060174
Terms of use:
openAccess
This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

09 January 2023

catalysts
Article

Nanostructured Ceria-Based Materials: Effect of the
Hydrothermal Synthesis Conditions on the Structural
Properties and Catalytic Activity
Marco Piumetti, Samir Bensaid *, Tahrizi Andana, Melodj Dosa, Chiara Novara, Fabrizio Giorgis,
Nunzio Russo and Debora Fino
Department of Applied Science and Technology, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Turin,
Italy; marco.piumetti@polito.it (M.P.); tahrizi.andana@polito.it (T.A.); melodj.dosa@polito.it (M.D.);
chiara.novara@polito.it (C.N.); fabrizio.giorgis@polito.it (F.G.); nunzio.russo@polito.it (N.R.);
debora.fino@polito.it (D.F.)
* Correspondence: samir.bensaid@polito.it; Tel.: +39-011-090-4662
Academic Editors: Agustín Bueno-López, Enrique Rodríguez-Castellón and Elisa Moretti
Received: 7 April 2017; Accepted: 27 May 2017; Published: 2 June 2017

Abstract: In this work, several nanostructured ceria catalysts were prepared by means of a
hydrothermal procedure, in which the synthesis conditions (i.e., temperature and pH values)
were varied. CeO2 samples of different shapes and structural properties were obtained, namely
cubes, rods, cube and nanorod mixtures, and other polyhedra. The prepared materials were
tested using four probe catalytic reactions: CO oxidation, NO oxidation, NOx -free soot oxidation,
and NOx -assisted soot oxidation. The physicochemical properties of the prepared catalysts
were studied by means of complementary techniques (i.e., XRD, N2 -physisorption at −196 ◦ C,
CO-TPR (temperature-programmed reduction), field emission scanning electron microscopy (FESEM),
micro-Raman spectroscopy). The abundance of defects of the catalysts, measured through in-situ
Raman spectroscopy at the typical temperatures of each catalytic process, was correlated to the CO
and NO oxidation activity of the prepared catalysts, while the soot oxidation reaction (performed in
loose conditions), which was hindered by a poor soot-catalyst contact, was found to be less sensitive
to the observed structural defects.
Keywords: ceria; nanostructures; hydrothermal; basicity; aging temperature; defect; catalytic
oxidations; high temperature Raman spectroscopy

1. Introduction
Diesel and gasoline-type engines are important sources of outdoor air pollutants, such as volatile
organic compounds (VOCs), NOx , and particulate matter (PM) [1–4]. Diesel particulate is suspected of
causing several health problems, including lung cancer, and as a result studies on diesel engine exhaust
have received a great deal of interest over the last few years [1–8]. As a whole, the soot that forms
diesel exhaust particulates can be burnt off above 600 ◦ C, and diesel engine exhaust temperatures
fall within the 200 to 500 ◦ C range [9]. Thus, many solid catalysts have been developed to carry out
oxidation processes at moderate temperatures. In this scenario, ceria-based catalysts have been used
for several catalytic processes, i.e., diesel soot combustion, CO oxidation, and VOC abatement [1,4].
Among the physicochemical properties that favor the reactivity of ceria-based materials, both the redox
capacity and the availability of surface oxygen species (oxygen storage capacity, OSC) are probably the
most important ones [1]. Moreover, recent studies have shown that nanostructured ceria with (100) and
(110) planes are usually more active for oxidation processes than conventional (polycrystalline) ceria
nanoparticles (NPs) with the preferred exposure of (111) planes [10]. Thus, over the last few decades,
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there has been significant progress in the controlled synthesis of CeO2 -based nanomaterials. Different
shapes and structures of CeO2 -based catalysts have been synthesized using methods designed by
various research groups. In general, CeO2 -NPs can be mentioned, because of their small (featured) size,
which endows them with size- and shape-dependent properties, due to the high surface-to-volume
ratio (=high fraction of coordinatively unsaturated sites) and unique electronic features (quantum size
effects) [11–16]. Therefore, the surface reactivity of CeO2 -NPs depends not only on the crystal size,
but also on their shape and thus on their exposed planes. Moreover, the structural defects (i.e., anion
Frenkel pairs and oxygen vacancies) can favor the mobility of charged species, such as electrons or
oxygen anions in the solid, and they can therefore be considered pivotal for the generation of catalytic
active centers [17,18].
On the other hand, soot-catalyst contact points also affect the soot oxidation activity, and it is
therefore necessary to maximize the interaction between the soot particles and the catalyst surface [19].
In the present work, ceria nanomaterials, with different geometric and textural features (i.e.,
nanocubes, nanorods, high-surface area CeO2 ), were synthesized to investigate the relationship
between the synthesis conditions and their structural features, as well as their catalytic activities
towards CO, NO, soot, and NOx -assisted soot oxidations. The physicochemical properties of the
prepared catalysts were studied by means of complementary techniques (i.e., XRD, N2 -physisorption at
−196 ◦ C, CO-TPR (temperature-programmed reduction), field emission scanning electron microscopy
(FESEM), micro-Raman spectroscopy).
2. Results
The nanostructured ceria samples were synthesized via a hydrothermal synthesis, using NaOH
as the precipitating agent. In the present work, two synthesis parameters, namely basicity and aging
temperature, were varied to obtain ceria with different shapes, i.e., nanocubes and nanorods.
2.1. Textural Properties
Some of the main physical features of the prepared samples, derived from N2 physisorption at
−196 ◦ C and X-ray diffraction (XRD), are reported in Table 1.
Table 1. Textural properties of the samples obtained from N2 physisorption at −196 ◦ C and X-ray
diffraction (XRD) analysis.
Catalyst
180 ◦ C-10 M
180 ◦ C-8 M
180 ◦ C-4 M
170 ◦ C-10 M
170 ◦ C-8 M
170 ◦ C-4 M
150 ◦ C-10 M
150 ◦ C-8 M
150 ◦ C-4 M

SBET

1

(m2 g−1 )
9
10
14
8
11
28
11
17
52

Vp

2

(cm3 g−1 )
0.02
0.03
0.08
0.02
0.04
0.11
0.03
0.05
0.17

(200)/(111) 3

(220)/(111) 3

0.30
0.30
0.27
0.29
0.28
0.28
0.30
0.26
0.26

0.51
0.51
0.52
0.54
0.49
0.53
0.47
0.46
0.51

1

Specific surface area measured by the Brunauer-Emmett-Teller (BET) method; 2 total pore volume; 3 XRD peak
intensity ratio.

Figure 1 shows the XRD diffractograms of the catalysts. These samples exhibit similar patterns, as
far as the cubic fluorite structure is concerned, and are marked by (the existence of) (111), (200), (220),
(311), (222), and (400) planes [20,21]. The relative amount of the (110), (100), and (111) surfaces was
estimated from the XRD peak intensity ratios. As reported in Table 1, the (200)/(111) ratios have a
tendency to increase as a function of the temperature (from 150 to 180 ◦ C) and of the basicity values
(NaOH concentration: from 4 to 10 M) adopted during the synthesis; this trend does not appear for the
(220)/(111) ratios. On the other hand, the specific surface area (SBET ) and the total pore volume (Vp )

nanocubes (length = 30–50 nm), regardless of the temperature used during the aging step. However,
higher temperatures (i.e., 180 °C) seem to favor the creation of larger rods along with a few
well-defined nanocubes (side ≈ 100 nm). Conversely, the higher basicity favors the development of
well-defined cubes when the temperature ranges from 170 to 180 °C. Moreover, both the
temperature and the basicity lead to larger and more stable CeO2 cubes, with sizes of up to 200–300
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Figure 1. X-ray diffraction (XRD) patterns of the prepared samples.

Figure 2 shows the FESEM micrographies of the samples prepared at different synthesis conditions:
x-axis = aging temperature (150–180 ◦ C); y-axis = NaOH concentration (4–10 M). As expected,
both the aging temperature and the basicity influence the structural and textural properties of the
nanostructured CeO2 . It has in fact been observed that, the presence of nanorods (length = 300–500 nm)
at lower NaOH concentrations (i.e., 4 M) prevails over the formation of nanocubes (length = 30–50 nm),
regardless of the temperature used during the aging step. However, higher temperatures (i.e., 180 ◦ C)
seem to favor the creation of larger rods along with a few well-defined nanocubes (side ≈ 100 nm).
Conversely, the higher basicity favors the development of well-defined cubes when the temperature
ranges from 170 to 180 ◦ C. Moreover, both the temperature and the basicity lead to larger and more
stable CeO2 cubes, with sizes of up to 200–300 nm. On the other hand, a low aging temperature (i.e.,
150 ◦ C) leads to a mixture of polyhedra with different shapes and sizes (rods, truncated cubes, etc.).
Finally, it should be pointed out that the hydrothermal conditions used for catalyst preparation are not
very selective, in terms of morphology, as a multimodal distribution of the cube sizes even appears for
samples synthesized at 10 M NaOH and 180 ◦ C.
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Table 2. Estimated quantity of surface oxygen and specific reaction rate (calculated at 300 °C)
obtained from the CO-TPR (temperature-programmed reduction) curve deconvolution.
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The samples were further analysed by means of micro-Raman spectroscopy to study how
the synthesis parameters affect their structural features and thus their catalytic activity. Raman
scattering is a powerful tool that can be used to directly probe the defect sites in doped and undoped
ceria particles [22–24]. In order to improve the reliability of the characterization, in-situ Raman
measurements were performed at several temperatures, starting from room temperature (r.t.) to 700 ◦ C,
in order to cover the range in which catalytic phenomena take place.
Figure 4a reports the typical behavior of the vibrational modes of a representative ceria NP sample
(180 ◦ C-8 M) at different temperatures. Four features can be identified in the room temperature spectra:
the main Ce-O8 crystal unit vibration around 464 cm−1 , which is the characteristic F2g mode of the

cm−1, due to oxygen vacancies at a Ce3+ site [23], cannot be resolved, thus pointing out that this set of
ceria NPs mainly contains oxidized Ce4+.
Upon increase in temperature, the most significant Raman spectral changes are observed for the
peak position, linewidth, and intensity of the F2g mode. An enlarged view of the temperature
Catalysts 2017,
7, 174 in the F2g region is shown in Figure 4b. A red-shift of the F2g mode occurs,
6 of 18
dependent
spectra
together with an asymmetric broadening of its line shape and an intensity decrease, when the
samples are heated. This phenomenon has been observed for several
materials [27–29] as well as for
fluorite lattice [25], and three weaker Raman peaks at 261 cm−1 , 598 cm−1 , and 1165 cm−1 . The first and
ceria nanocrystals [30,31], and has been explained considering two different contributions: thermal
the third ones can be assigned to the higher order modes of ceria, namely to the second order transverse
expansion and lattice anharmonicity [29]. While the former only influences the peak position, both
acoustic mode, that is, 2TA [24] (although a different assignment to a Ce-OH related vibration has
Raman shift and linewidth variations are consequences of the phonons anharmonic decay at higher
recently been suggested [26]), and to the second overtone of the longitudinal optical band (2LO) [26].
temperatures, which may involve
three- or four-phonon interactions [31].
The Raman peak at 598 cm−1 is instead a disorder induced mode arising from Frenkel-type anion
Figure 4c provides a zoomed view of the region of the defect peaks.
Similarly to the F2g mode,
defects, consisting of a vacancy, originated by the motion of an O2− ion to an interstitial octahedral
the defect band at 598 cm−1 is subjected to a red shift
and
to
a
relevant
linewidth
broadening when
site [17,23]. Defect related bands around 550 cm−1 , due to oxygen vacancies at a Ce3+ site [23], cannot
the temperature is increased.
be resolved, thus pointing out that this set of ceria NPs mainly contains oxidized Ce4+ .

Figure
4. (a)
spectra
of theof180
sample
acquired
from room
to 700 °C.
(b) ◦ C.
Figure
4.Raman
(a) Raman
spectra
the°C-10
180 ◦M
C-10
M sample
acquired
from temperature
room temperature
to 700
(c) Enlarged
Ov bandOregion.
Enlarged
F2g band
(b) Enlarged
F2gregion.
band region.
(c) Enlarged
v band region.

According
to the existing
literature,the
themost
defect
density in
the catalyst
can
be estimated
on the for
Upon increase
in temperature,
significant
Raman
spectral
changes
are observed
basis
the intensity
between
the
Ov and of
F2gthe
bands,
Ov/F2g (the
cumulative
Raman
areas
theofpeak
position,ratio
linewidth,
and
intensity
F2g mode.
An enlarged
view
of theband
temperature
ascribed
to
the
different
defect
sites
are
usually
considered)
[22,32].
dependent spectra in the F2g region is shown in Figure 4b. A red-shift of the F2g mode occurs,
Such a parameter
is particularly
useful,ofasits
it line
has been
correlate
well with
the catalytic
together
with an asymmetric
broadening
shapeshown
and antointensity
decrease,
when
the samples
performances
of
the
analyzed
materials
[32,33].
Nevertheless,
the
room
temperature
Raman
spectra
are heated. This phenomenon has been observed for several materials [27–29] as well as
for ceria
of the
catalysts
are
usually
analyzed,
while
more
reliable
information
could
be
provided
by
high
nanocrystals [30,31], and has been explained considering two different contributions: thermal
temperature
measurements.
Table[29].
3 reports
Ov/influences
F2g ratio atthe
300peak
°C, 400
°C, and
expansionRaman
and lattice
anharmonicity
While the
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temperatures, which may involve three- or four-phonon interactions [31].
Figure 4c provides a zoomed view of the region of the defect peaks. Similarly to the F2g mode,
the defect band at 598 cm−1 is subjected to a red shift and to a relevant linewidth broadening when the
temperature is increased.
According to the existing literature, the defect density in the catalyst can be estimated on the
basis of the intensity ratio between the Ov and F2g bands, Ov /F2g (the cumulative Raman band areas
ascribed to the different defect sites are usually considered) [22,32].
Such a parameter is particularly useful, as it has been shown to correlate well with the catalytic
performances of the analyzed materials [32,33]. Nevertheless, the room temperature Raman spectra
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of the catalysts are usually analyzed, while more reliable information could be provided by high
temperature Raman measurements. Table 3 reports the calculated Ov /F2g ratio at 300 ◦ C, 400 ◦ C, and
500 ◦ C. Because of the intensity decrease in the F2g and defect bands during heating, the ratios can
only be compared at a fixed temperature. The influence of anharmonicity on a collective vibrational
mode, such as the F2g one, is in fact stronger than that observed for localized modes, such as defect
induced vibrations, and as a result, the ratio generally increases at higher temperatures.
Table 3. Intensity ratios between the F2g and Ov bands derived from micro-Raman spectroscopy.
Spectra recorded at 300, 400, and 500 ◦ C.
Catalysts

Ov /F2g
300 ◦ C

Ov /F2g
400 ◦ C

Ov /F2g
500 ◦ C

150 ◦ C-10 M
170 ◦ C-10 M
180 ◦ C-10 M
150 ◦ C-8 M
170 ◦ C-8 M
180 ◦ C-8 M
150 ◦ C-4 M
170 ◦ C-4 M
180 ◦ C-4 M

0.038
0.031
0.029
0.040
0.036
0.031
0.080
0.052
0.035

0.041
0.035
0.035
0.044
0.037
0.031
0.093
0.052
0.036

0.039
0.036
0.040
0.048
0.037
0.032
0.100
0.063
0.038

Figure 5 shows the Raman spectra of the catalysts collected at 300 ◦ C. The best discrimination of the
catalytic performances towards the CO oxidation is in fact expected around that temperature window.
The spectra are normalized to the F2g peak and grouped according to the main synthesis parameters:
NaOH concentration (top) and aging temperature (bottom). It can be inferred from the figure, which
is the graphical equivalent of the Ov /F2g ratio, that an increase in the NaOH concentration or aging
temperature tends to reduce the number of defects, and the influence of the synthesis temperature is
greater. Additionally, as shown in Table 3, when specimens with different NaOH concentrations are
compared, the highest variability is observed for the samples synthesized at 150 ◦ C, while the ratios
are closer for the NPs prepared at 180 ◦ C. Figure 5 also highlights that highly defective surfaces are
characterized by the broadest F2g linewidth. These results can clearly be correlated to the morphological
and textural features of the NPs. Actually, smaller nanoparticles usually show larger F2g linewidths,
due to the combination of phonon confinement and strain effects [24]. Accordingly, the linewidth of
the F2g band decreases moving from lower (small rods and cubes) to higher aging temperatures, the
latter of which produce larger nanoparticles. Moreover, the comparative analysis of the FESEM images
and of the Raman spectra reveals that as the NPs dimension increases, the defect density measured by
the Ov /F2g ratio is reduced. Such behavior was previously observed for samples of different sizes,
but with the same composition and morphology [24,32]. In the present study, a direct correlation has
been found between the Ov /F2g ratio and the specific surface area of the CeO2 NPs (Figure 6), as the
latter parameter decreases when the size of the NPs increases. In contrast to previous works, the defect
density measured by Raman spectroscopy is weakly influenced by the exposed crystal planes, while
the dependence on the specific surface area is dominant.
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Higher temperatures should be considered for the soot conversion reaction. For this reason, the
normalized spectra at 500 °C are reported in Figure 7. Although the defect bands are significantly
broader and differences between the samples are partially mitigated, the Ov/F2g trend is analogous to
the one detected for the 300 °C measurements. It should be noted that no evident shoulder can be
detected at 550 cm−1, due to the formation of oxygen vacancies associated to the reduction of Ce4+,
during heating. Moreover, after the thermal cycle from r.t. to 700 °C, a reversibility of the spectral
features can be observed for all the CeO2 NPs, not only for the F2g peak, as already reported for CeO2
nanoparticles with a size >20 nm [24], but also for the defect band. This suggests that the spectral
changes revealed at high temperatures are due more to temperature effects on the vibrational
properties of the samples than to an evolution of the microstructure of the samples. The observed
reversibility is also in agreement with the reported stability of Frenkel-type anion defects, for which
the onset of recombination phenomena was shown to be over 700 °C [34].

Figure 6. Logarithmic plot of the Ov /F2g ratio versus the specific surface area of each CeO2
Figure
6. Logarithmic
plot of the O
v/F2g ratio versus the specific surface area of each CeO2 sample,
sample,
showing
a good correlation
between
the two parameters. The red line is a linear fit of
showing
a
good
correlation
between
the two parameters. The red line is a linear fit of the
the experimental data.
experimental data.

Higher temperatures should be considered for the soot conversion reaction. For this reason, the
normalized spectra at 500 ◦ C are reported in Figure 7. Although the defect bands are significantly
broader and differences between the samples are partially mitigated, the Ov /F2g trend is analogous
to the one detected for the 300 ◦ C measurements. It should be noted that no evident shoulder can
be detected at 550 cm−1 , due to the formation of oxygen vacancies associated to the reduction of
Ce4+ , during heating. Moreover, after the thermal cycle from r.t. to 700 ◦ C, a reversibility of the
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spectral features can be observed for all the CeO2 NPs, not only for the F2g peak, as already reported
for CeO2 nanoparticles with a size >20 nm [24], but also for the defect band. This suggests that the
spectral changes revealed at high temperatures are due more to temperature effects on the vibrational
Figure 6. Logarithmic plot of the Ov/F2g ratio versus the specific surface area of each CeO2 sample,
properties of the samples than to an evolution of the microstructure of the samples. The observed
showing a good correlation between the two parameters. The red line is a linear fit of the
reversibility is also in agreement with the reported stability of Frenkel-type anion defects, for which
experimental data.
the onset of recombination phenomena was shown to be over 700 ◦ C [34].

Figure 7. Raman spectra of the CeO2 samples at 500 ◦ C. The spectra are grouped according to the
Figure 7. Raman spectra of the CeO2 samples at 500 °C. The spectra are grouped according to the
synthesis conditions: NaOH concentration (top); aging temperature (bottom).
synthesis conditions: NaOH concentration (top); aging temperature (bottom).

2.3. Catalytic Activity
2.3. Catalytic Activity
The catalytic activity for CO oxidation was studied in the 75–500 ◦ C temperature range. Figure 8
The catalytic activity for CO oxidation was studied in the 75–500 °C temperature range. Figure 8
shows the CO conversion to CO2 as a function of the reaction temperature of the prepared catalysts
shows the CO conversion to CO2 as a function of the reaction temperature of the prepared catalysts
along with the uncatalyzed reaction. All the catalysts exhibit positive conversion trends for increasing
temperature, and total oxidation of CO is reached at about 250 ◦ C for the 150 ◦ C-4 M sample.
This sample in fact exhibited the best results in terms of T10%-50%-90% values (197, 218, and 231 ◦ C,
respectively) (Table 4), thus confirming the beneficial role of the textural properties on the overall
activity of this set of CeO2 nanostructures. In other words, a higher surface area means more abundant
surface defects (i.e., oxygen vacancies) which in turn are accessible to the reactants. According to
the literature [35], CO molecules reach the Cen+ -O species and form CO2 , and then the O vacancy is
readily refilled by subsurface (lattice) oxygen. As expected, poor textural properties lead to lower
catalytic performances (i.e., in terms of CO2 conversion), and the least performing catalyst was found
to be the ceria 180 ◦ C-10 M, which exhibits low SBET and Vp . These catalytic results are moderately
correlated to the CO-TPR profiles, thus suggesting that the presence of molecular oxygen plays a role
in this reaction.

O vacancy is readily refilled by subsurface (lattice) oxygen. As expected, poor textural properties
lead to lower catalytic performances (i.e., in terms of CO2 conversion), and the least performing
catalyst was found to be the ceria 180 °C-10 M, which exhibits low SBET and Vp. These catalytic results
are moderately correlated to the CO-TPR profiles, thus suggesting that the presence of molecular
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Figure 9 summarizes the results derived from the NO oxidation tests, in which the NO2 percentage
in the NOx mixture is represented as a function of the temperature. The catalysts synthesized at 180 ◦ C
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(green curves) generally demonstrate lower NO oxidation activity. A maximum NO conversion of
about 35% was reached over these catalysts at about 475 ◦ C. The catalysts synthesized at 170 ◦ C and
150 ◦ C at a higher basicity (namely, 8 M and 10 M) exhibit a similar conversion trend: the maximum
conversion values are centered at ≈475 ◦ C, with the intensity narrowly varying between 35% and
38%. Surprisingly, the 170 ◦ C-4 M and 150 ◦ C-4 M samples give the highest conversion of NO to NO2 .
The peak of the former sample is centered at 447 ◦ C (conversion ≈ 40%), while that of the latter is
centered at 421 ◦ C (conversion ≈ 49%). The catalytic performance of the 150 ◦ C-4 M sample is in fact
rather similar to that of several Pt-based catalysts reported in the literature [4,36]. The high activity
of the last two catalysts may be attributed to their relatively high surface area (28 and 52 m2 g−1 for
170 ◦ C-4 M and 150 ◦ C-4 M, respectively). The other samples in the set, irrespective of the morphology
and particle size, exhibit similar oxidation activities, most likely because they exhibit comparable
surface areas (8–14 m2 g−1 ). Moreover, the NO oxidation trend is similar to that of the CO-TPR profiles
in the 200–450 ◦ C range, and a good correlation is thus shown between the NO oxidation reaction and
Catalysts 2017, 7, 174
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The 150 °C-8 M sample appears to be the most promising catalyst, and this shows that small
polyhedra (≈50 nm in size) with abundant (111) planes (see Table 1) can be much more effective than
larger cubes (i.e., samples calcined at 170–180 °C, with a basicity of 8–10 M). It has in fact been
confirmed in other studies [19], that the soot-catalyst contact conditions play a key role in this
solid-solid reaction mediated by gas phase oxygen. On the other hand, the textural properties of the
soot oxidation catalysts (i.e., specific surface area, total pore volume) have less effect on the overall
oxidation activity.
The multimodal distributions of the CO2 and CO formations are reported in Sections B and C,
respectively. In agreement with the literature [19], the “low-temperature peak” (centered at ca. 500
°C) would seem to reflect the COx produced by surface redox-type mechanisms, whereas the peak
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Figure 10. Soot oxidation catalytic tests: (A–C) in the absence; and (D–F) in the presence of NOx .
Figure 10. Soot oxidation catalytic tests: (A–C) in the absence; and (D–F) in the presence of NOx.
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for the most effective catalyst (peak centered at ca. 500 ◦ C) along with a shoulder at ca. 610 ◦ C, due to
the production of COx via radical (almost non-catalytic) processes.
Figure 10 (Sections D–F) and Table 4 summarize the results obtained from the soot oxidation tests
in the presence of NO. Interestingly, all the catalysts exhibit better performances (in terms of T10% ,
T50% and T90% ) for NO-assisted soot combustion than in the absence of NO. The co-presence of NOx
and soot on the ceria surface promotes the oxidation activity via multiple (synergistic) effects. Ceria
acts as a storage means of NOx under the form of nitrate at moderate temperatures (below 400 ◦ C).
Above these temperatures, NO oxidation would be limited, due to thermodynamic equilibrium, while
the stored NO2 can be released from the ceria to the soot oxidation site [9]. As shown in Scheme 1,
NOx -assisted and active oxygen mechanisms (O* derived from spillover phenomena, nitrate, and
lattice oxygens) may occur simultaneously during the soot/NO/O2 oxidation reaction. The beneficial
role of Figure
NOx on
over ceria
greater
for catalysts
higher specific
10.soot
Sootcombustion
oxidation catalytic
tests: appears
(A–C) in the
absence;
and (D–F)with
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Figure 11. Summary of T50% obtained during the test with NOx -free and NOx -assisted soot oxidations.
Figure 11. Summary of T50% obtained during the test with NOx-free and NOx-assisted soot oxidations.

Finally,
ratio in the
Finally, the
the correlation
correlation between
between the
the catalyst
catalyst defects
defectsmeasured
measuredthrough
throughthe
theOOv /F
v/F2g
2g ratio in the
Raman
spectra
(presented
in
Table
3)
and
the
onset
temperature
of
the
investigated
reactions
Raman spectra (presented in Table 3) and the onset temperature of the investigated reactions is
is
reported
The catalysts
catalysts are
are grouped
grouped according
according to
reported in
in Figure
Figure 12.
12. The
to the
the molarity
molarity of
of the
the NaOH
NaOH used
used during
during
the
the synthesis
synthesis procedure,
procedure, while
while the
the x-axis
x-axis reports
reports the
the aging
aging temperature.
temperature.

The CO oxidation activity, expressed as T10%, is compared with the structural defect abundance
profile obtained with Raman spectroscopy at 300 °C, which is an average value of the representative
temperature window for CO oxidation with these materials. As can be seen, a direct correlation
exists between activity and defects: the more defective the catalyst structure is, the higher the
activity (and therefore the lower the T10%). This evidence applies to the entire group of catalysts (4 M,
8 M, and 10 M). Moreover, it can be observed that an increase in molarity leads to a number of
defects that are progressively independent of the aging temperature. As a result, T10% shows a
considerable variability at 4 M, according to the aging temperature, while it is almost constant at
10M, where neither the defects nor the CO oxidation activity are influenced by the aging
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at 4 M, according to the aging temperature, while it is almost constant at 10M, where neither the defects
nor the CO oxidation activity are influenced by the aging temperature.
A similar trend can be observed for the NO oxidation activity. In this case, T30% (that is, the
temperature at which NO2 /NOx is equal to 30%) is compared with the number of vacancies at 400 ◦ C,
which is a value that falls within the range of plotted representative temperatures for NO oxidation.
The same conclusions that were previously reported for CO can be drawn, although the slope of T30% is
lower than that of T10%, with reference to CO oxidation (at an equal ∆T scale in the two sets of graphs).
Finally, the third set of plots refers to soot oxidation: both O2 - and NOx -mediated reactions,
expressed as T10% in Table 4, are reported, and are compared with the abundance of defects at 500 ◦ C.
The relationship between activity and defects is much weaker than in the other two cases (CO and NO,
which are gaseous reactants), presumably because of the poor contact between the catalyst and soot in
loose conditions. In this regard, it is known that the morphology of a catalyst plays a relevant role in
the degree of contact between the catalyst itself and soot, although this effect is not easy to predict [19]
or optimize [37,38]. However, it is interesting to note that when NO is introduced, the slope of the
T10% curve generally increases, although marginally, as the NO oxidation promotes a reduction in T10%
which, as previously mentioned, is influenced by the abundance of defects.
3. Materials and Methods
3.1. Catalyst Preparation
A set of nine CeO2 samples was prepared, via a hydrothermal procedure, using different
temperatures (150, 170, and 180 ◦ C) and NaOH concentrations (4, 8, and 10 M) [18,37]. During a
typical synthesis, appropriate amounts of NaOH and Ce(NO3 )3 ·6H2 O (99%, Sigma-Aldrich, Steinheim,
Germany) were dissolved in 70 mL and 10 mL of bi-distilled water, respectively. The two solutions
were then mixed together and stirred for 1 h, and a milky slurry was thus obtained.
The final mixture was transferred to an autoclave (volume = 150 mL), which was 75% filled with
deionized water. The mixture was aged at 150, 170, or 180 ◦ C for 24 h. The precipitate was then
centrifuged, washed and dried at 70 ◦ C overnight. Finally, the powder was calcined at 550 ◦ C for 4 h.
3.2. Catalyst Characterization
The powder X-ray diffraction patterns were collected on an X’Pert Philips PW3040 diffractometer
using Cu Kα radiation (2θ range = 20◦ –70◦ ; step = 0.05◦ 2θ; time per step = 0.2 s). The diffraction
peaks were indexed according to the Powder Data File database (PDF-2 1999, International Centre of
Diffraction Data, PA, USA).
The Specific Surface Area (SBET ) and total pore volume (Vp ) were measured by means of N2
physisorption at −196 ◦ C (Micromeritics Tristar II 3020, v1.03, Micromeritics Instrument Corp.,
Norcross, GA, USA, 2009) on samples previously outgassed at 200 ◦ C for 4 h. The specific surface area
of the samples was calculated using the Brunauer-Emmett-Teller (BET) method.
The morphology of the samples was investigated by means of field emission scanning electron
microscopy (FESEM Zeiss MERLIN, Gemini-II column, Oberkochen, Germany).
The reducibility of the catalysts was analyzed by means of CO-TPR (Temperature-Programmed
Reduction). Amounts of 45 mg of powdered catalyst and 150 mg of silica were introduced into a quartz
U-tube reactor. The reduction was started by flowing 200 mL min−1 gas containing 2000 ppm of CO in
N2 through the reactor. The temperature increased from room temperature to 700 ◦ C at a programmed
rate of 10 ◦ C min−1 .
Temperature dependent Raman measurements were performed using a Linkam TS1500 stage,
under a 5x objective of a Renishaw InVia Reflex micro-Raman spectrometer, with laser excitation at
514.5 nm in backscattering light collection mode. The samples were kept at each temperature for 15 min
before the spectra were acquired in order to reach thermal equilibrium. The Ov /F2g value, which is
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representative of the density of the oxygen vacancies, was calculated as the ratio of the integrated
areas of the Ov and F2g Raman peaks obtained by means of the deconvolution procedure.
3.3. Catalytic Activity Test
Catalytic tests were executed in a quartz U-tube reactor, with an inner diameter = 4 mm, heated
by an electric furnace. The temperature was measured by means of a thermocouple placed in the
middle of the catalytic bed. Each test was repeated to ensure the reproducibility of the obtained results.
Temperatures corresponding to 10%, 50%, and 90% conversion (denoted as T10% , T50% , and T90% ,
respectively) were taken as indices of the activity of the tested catalysts.
CO oxidation reaction: 100 mg of powdered catalyst was introduced into the reactor. The catalytic
bed was pre-treated in He (flow rate = 50 mL min−1 ) for 1 h at 150 ◦ C. The test was started by
introducing 50 mL min−1 gas, containing 1000 ppm of CO and 10% O2 in N2, into the reactor (gas
hourly space velocityof 19,100 h−1 ). The temperature was then raised by 5 ◦ C min−1 over the 50 to
600 ◦ C range.
Soot oxidation reaction: The catalytic bed was prepared by mixing 5 mg of carbon soot (Printex-U),
45 mg of powdered catalyst and 150 mg of inert silica in “loose” contact conditions. The catalyst-soot
mixture was prepared by gently stirring it with a spatula for 60 s. This procedure appears sufficient
to homogenize the mixture, even though the two solids are placed loosely in contact. The test was
started by flowing 100 mL min−1 gas, comprising 50% of air and 50% of N2, through the reactor. The
temperature was increased from 100 to 700 ◦ C at a 5 ◦ C min−1 heating rate.
NO oxidation reaction: the catalytic bed was made up of 150 mg of inert silica and 45 mg of
catalyst, gently mixed with a spatula. The catalyst was pre-treated with 100 mL min−1 of air at 100 ◦ C
for 30 min. The reactor was then cooled to 50 ◦ C, and this was followed by the introduction of the NO
flow (100 mL·min−1 of a mixture of 550 ppmv NO and 10%-v O2 in N2 ) till the gas concentrations
were stable. The reactor was heated from 50 to 650 ◦ C at a programmed rate of 5 ◦ C min−1 .
NOx -assisted soot oxidation reaction: the catalytic bed contained silica (150 mg), a catalyst
(45 mg) and 5 mg of soot (Printex-U from Degussa), gently mixed with a spatula for 3 min. The
catalyst was pre-treated with 100 mL min−1 of 20%-v O2 in N2 at 100 ◦ C for 30 min. The reactor was
then ramp-cooled (5 ◦ C min−1 ) to 50 ◦ C, and this was followed by the introduction of the NO flow
(100 mL min−1 of a mixture of 550 ppmv NO and 10%-v O2 in N2 ). After stabilization of the NOx
concentrations, the reactor was heated gradually at a rate of 5 ◦ C min−1 to 700 ◦ C.
4. Conclusions
In the present work, a set of nanostructured ceria catalysts was prepared, by means of a
hydrothermal procedure, using different synthesis conditions (i.e., temperature, pH values). As a
result, samples with different shapes and structural properties were obtained and their catalytic activity
was tested considering various oxidation reactions (namely, CO oxidation, NO oxidation, NOx -free
soot oxidation, NOx -assisted soot oxidation). The 150 ◦ C-4 M catalyst exhibited the best performances
for both CO and NO oxidation, thus confirming the beneficial role of the textural properties on the
overall activity on this set of CeO2 nanostructures. In fact, a higher surface area means more abundant
surface defects that are in turn spatially accessible to reactant molecules. On the other hand, the
150 ◦ C-8 M sample appeared to be the most promising catalyst for the soot oxidation reaction carried
out in both the absence and presence of NO.
The role of the structural properties on catalytic activity was also investigated. High temperature
in-situ micro-Raman measurements enabled the study of surface defects under the conditions involved
in the catalytic processes. A direct (positive) correlation was observed between CO oxidation activity
and the structural defects of the catalysts (Ov /F2g ratios evaluated at 300 ◦ C): the more defective the
catalyst surface was, the greater the oxidation activity.
Similarly, a positive trend appeared for the NO oxidation activity (Ov /F2g ratios evaluated at
400 ◦ C). Interestingly, these correlations originated from the dependence of the defect density on the
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specific surface area of the catalyst, instead of being related to the type of exposed crystal planes.
On the other hand, a weaker correlation was achieved between the soot oxidation activity and the
presence of surface defects, likely because of the loose soot-catalyst contact conditions. However, the
soot oxidation activity appeared to be slightly more influenced by the abundance of surface defects in
the presence of NO (NOx -assisted soot oxidation).
Author Contributions: M.P. and S.B. conceived and designed the experiments; M.D. performed the sample
synthesis, XRD, BET, and catalytic activity tests; T.A. analyzed the catalytic data, while C.N. performed and
analyzed the temperature dependent Raman spectroscopy measurements; N.R., D.F., and F.G. supervised the work.
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