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This paper reveals the key importance of surface oxygen defects in the oxidation catalytic activity of
nanostructured ceria. A series of nanostructured rods and cubes with different physico-chemical prop-
erties have been synthesized, characterized and tested in the total toluene oxidation. The variation of the
temperature and base concentration during the hydrothermal syntheses of nanostructured ceria leads not
only to different ceria morphologies with high shape purity, but also to structures with tuneable surface
areas and defect concentrations. Ceria nanorods present a higher surface area and a higher concentra-

IC(ZJr/i\g/ords: tion of bulk and surface defects than nanocubes associated with their exposed crystal planes, leading to
Nanotubes high oxidation activities. However, for a given morphology, the catalytic activity for toluene oxidation
Nanoparticles is directly related to the concentration of surface oxygen defects and not the overall concentration of
Nanorods oxygen vacancies as previously believed.

Nanocubes © 2015 Z. Published by Elsevier B.V. This is an open access article under the CC BY license
Nanostructures (http://creativecommons.org/licenses/by/4.0/).
Crystal size

Morphology

Toluene

Surface oxygen vacancies

1. Introduction oxygen storage capacity [9-12]. The catalytic activity of nanostruc-

tured ceria is strongly related to the exposed surface crystal plane.

Ceria-based materials have been intensively studied in the catal-
ysis field, either as pure dioxide (CeO,) or doped materials, due
to its high abundance and desirable combination of chemical and
physical properties [1,2]. Especially, ceria-containing oxides have
been researched and employed in a wide range of catalytic appli-
cations including the three-way catalytic system for exhaust gases
[3], water gas shift reaction [4], VOC oxidation [5], steam reform-
ing of alcohols [6], photocatalysis [ 7] and electrocatalysis [8] among
others. In the recent years, research has focused on the understand-
ing of the properties of nanostructured ceria as a way of tuning and
further improving its redox activity, surface to volume ratio and
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Computer modeling has shown that surface energy increases on the
ceria surfaces from (11 1) plane to (110)<(100)<(210)<(310),
the former one being the most stable. Sayle et al. [13] have shown
that, theoretically, the (100) surface plane is catalytically more
active than the (111) and (110) surfaces and Campbell and Esch
[11,14] gave evidence of the surface oxygen vacancies on CeO,
(111) being immobile at room temperature while clusters are
formed at high temperatures. These theoretical predictions have
been experimentally demonstrated in a series of studies. Mai et al.
[9] have shown that ceria structures with (100)/(110) dominating
planes present a higher activity toward the CO oxidation reaction
due to their higher lattice oxygen migration from bulk to surface
compared to the (111) dominated ceria. More recently, we have
observed a similar trend for the full oxidation of volatile organic
compounds [5] in accordance with the enhanced oxygen storage
capacity of the (100) exposed surface [15].

Selective surface plane exposure can be successfully achieved
by controlling the morphology of the material at the nanoscale.

0926-3373/© 2015 Z. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. TEM images and diameter and length histograms of ceria nanorods A). CeO,.nr_A, B) CeO,.nr.B and C) CeO,.nr_C. A minimum of 200 rods were measured for each

histogram.

Consequently, a variety of methods have been developed to synthe-
size nanosized ceria including the use of templates, special organic
reagents, hydrothermal treatment, electrochemical methods, etc.
[16,17] to form a wide range of morphologies from particles [10],
polyhedrons [18], rods [19], tubes [20,21], spheres [6], cubes [22],
etc.

Despite the importance of morphology in the final chemical
and physical properties of ceria, particle and crystallite size are
also believed to play a key role, especially determining its catalytic
activity. However, this role is still not fully understood leading to
the current debate in the literature. On the one hand, some stud-
ies show that the concentration of Ce3* increases as the crystallite
size decreases imparting unusual characteristics to the nano-sized
material [22-24]. However, Xu et al. [10] claimed that the struc-
tural and chemical variations observed in ceria at sizes below 5 nm
are due to the strain effect of higher surface energy associated
with its lattice expansion with no relation to increasing the Ce3*

surface concentration. The oxygen storage capacity of the nano-
sized ceria seems to show a clear quantum effect [10], the smaller
the particle size, the higher the observed reducibility, in terms of
the utilization of surface oxygen [16]. It is important to highlight
that particle size does not seem to be directly related to reducibil-
ity in zirconium-doped ceria [15]. However, most of these studies
refer to particulated ceria and there is still a lack of understand-
ing of the relative dependency of crystallite size and surface and
bulk properties to catalytic activity of different ceria morphologies
in which different surface planes are selectively exposed. In this
paper, we show that crystallite size plays a key role in the reactivity
of ceria rods with enclosing (1 10) and (1 00) facets, while it has the
modest effect on the catalytic activity of ceria cubes with exposed
(100) facets. More importantly, we demonstrate that the oxidation
catalytic activity of nanostructured ceria shows a linear relation-
ship with the concentration of surface oxygen defects playing a
key role in the reaction mechanism, however, the concentration of
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Fig. 2. HRTEM images (a) of a single nanorod of sample CeO,_nr_A and its localised EDX analysis; (b) HRTEM images of a single nanorod of sample CeO,_nr-C. Inset figure in

HRTEM image is the digital electron diffraction pattern.

bulk oxygen defects is not directly related to the resulting catalytic
activity.

2. Experimental
2.1. Synthesis and characterization of nanostructured ceria
Nanostructured ceria was synthesized by an alkali hydrothermal

synthesis carried out inside an acid digestion bomb equipped with
2100 mL PTFE liner. 1.2 g of Ce(NO3 )3 - 6H,0 was dissolved in 80 mL

of NaOH of varying concentration between 5 and 15 M in deionised
water [9]. The unstirred vessel was heated under autogenous pres-
sure for 10h inside an air-circulating oven to avoid temperature
gradients. The synthesis conditions used for the different nanos-
tructures are shown in Table 1.

After the reaction time, the autoclave reactor was allowed
to cool to ambient temperature and the powder was filtered
and washed with copious deionised water before being dried at
120°C. Powder agglomerations were ground up to a fine powder
using a pestle and mortar prior to characterization. Finally, the
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Fig. 3. TEM and diameter size distribution of ceria cubes A) CeO,_nc.D and B) CeO,-nc.E.

catalysts were calcined under 100 mLmin~! of synthetic air flow
(80% N,/20% 03) at 400°C for 4 h.

For comparative purposes ceria nanoparticles supplied by
Sigma, pre-treated under the same conditions (calcination at 400 °C
for 4 h) was also used.

Surface area was determined using low temperature nitrogen
adsorption measurements at —156°C on a Micromeritics ASAP
2020 apparatus. The specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) theory (associated error of +0.5%).
Transmission electron microscopy (TEM), high resolution TEM
(HRTEM), selected area electron diffraction (SAED) and energy-
dispersive X-rays spectroscopy spectral (EDX)was carried out using
a Field Emission Gun (FEG) TECNAI G2 F20 microscope operated at
200 kV. X-ray diffraction (XRD) characterization was done using an
X'Pert PRO diffractometer by PANalytical with a Cu Ka radiation
and the crystalline phases were identified by matching the exper-
imental patterns to the JCPDS powder diffraction file database.

Table 1
Physical properties of nanostructured CeO, catalysts.

Temperature programed reductions (TPR) were carried out under a
50 mL min~! 5% H, /Ar flow from room temperature to 1000 °C with
a heating rate of 10°Cmin~!. X-ray photoelectron spectroscopy
(XPS) measurements were made on a Kratos Axis ultra DLD photo-
electron spectrometer using a non-monochromatized Mg Ko X-ray
source (hv=1253.6eV). Analyzer pass energy of 50eV was used
for survey scans and 20 eV for detailed scans. Binding energies are
referenced to the Cl1s peak from adventitious carbonaceous con-
tamination, assumed to have a binding energy of 284.5eV. XPS
data were analyzed using CasaXPS software. All the peaks of the
corrected spectra were fitted with a Gaussian-Lorentzian shape
function to peak fit the data. Iterations were performed using
the Marquardt method. Relative standard deviations were always
lower than 1.5%. Unpolarised Raman spectra were obtained using
a Renishaw system-1000 dispersive laser Raman microscope. The
excitation source used was an argon green ion laser (532 nm) oper-
ated at a power of 20 mW and at room temperature. The laser was

Catalyst Synthesis conditions Predominant morphology BET surface area/m? g~! Crystallite size?/nm
[NaOH] /M T/C

CeO,.nr A 15 70 Rods 98.4 6.4

CeO,.nr_B 10 100 Rods 63.6 9.9

CeO,.nr C 15 100 Rods 53.6 14.6

CeO,._nc.D 10 180 Cubes 5.2 373

CeOy.nc.E 15 180 Cubes 6.7 35.2

2 Mean value determined by XRD using the Williamson-Hall method.
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Fig. 4. HRTEM images of CeO,_nr.D in [001] zone axis and its corresponding digital electron diffraction pattern and line profile along (200) direction.

focused on powdered samples placed on a microscope slide to pro-
duce a spot size ca. 3 wm in diameter. A backscattering geometry
with an angle of 180° between illuminating and collected radiation
was used for recording data. The acquisition time was 60 s for each
spectrum with a spectral resolution of one cm~1.

2.2. Toluene oxidation reactions

In each toluene oxidation test, 50 mg of nanostructured ceria
powder (volume of ca. 115 mm?3) were loaded into a quartz micro-
reactor (inner diameter 7 mm) operating under plug flow regime.
The gas mixture consisted of 80 ppmv of toluene in synthetic
air (20% of O, and Ar for balance). The total gas flow rate was
fixed at 100 mLmin~!, with a gas hourly space velocity (GHSV)
of 52000h~!. Experiments were conducted between 100°C and
400°C. The temperature was varied in 50°C after which, steady
state conditions were achieved prior gas analysis. The reaction feed
and product were analyzed through gas chromatography using a
TCD detector, with two columns for appropriate analysis (molec-
ular sieve 5A and Porapak Q). Only CO, was obtained as product.
The carbon balance was closed in all the experiments, with values
of 100 & 3%.

Additional experiments were conducted at 225°C using the
same gas mixture shown above but modifying the contact time in
order to compare the reactivity of the different ceria catalysts syn-
thesized with the aim of achieving appreciable catalytic activity but
lower than 15%.

Blank tests in an empty reactor for toluene were conducted at
the highest reaction temperature employed (400 °C) showing no
conversion.

3. Results and discussion

Nanostructured ceria rods and cubes were synthesized by
hydrothermal treatment. Variation of reaction temperature
(between 70 and 180 °C) and base concentration (NaOH, from 10 to
15 M) results not only in different predominant morphologies, as
previously shown by us with the establishment of a morphological

— o -
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Fig. 5. XRD patterns of nanostructured ceria with different morphologies and crys-
tallite size. Nomenclature and synthesis conditions given in Table 1.
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diagram [5], but also in different sizes and aspect ratios. Table 1
shows the predominant morphology and physical properties of
the different nanostructured materials. Ceria nanorods with high
morphological purity were synthesized by varying the hydrother-
mal treatment temperature between 70 and 100°C and the base
concentration between 10 and 15 M.

Fig. 1 shows representative TEM images of the three ceria
nanorods materials. CeO,_nr-A and CeO,_nr_B rods present similar
size distributions, where most of the rods have a length between
40 and 150 nm and diameters between 8 and 16 nm (mean diam-
eter size is 11.6 nm in both cases). The mean length values are 107
and 114 nm for the CeO,_nr_A and the CeO,_nr_B respectively. As
the hydrothermal base concentration is increased, a higher average
length (201 nm) and diameter (17.9 nm) sizes are achieved in sam-
ple CeO,_nr_C, with also broader distributions. The variation of the
diameter size follows the expected trend with respect to temper-
ature and base concentration during the synthesis in accordance
with the well-known dissolution/recrystallization mechanism of
nanostructured ceria [25,26]. A decrease in the diameter size of the
nanorods implies an increase in their specific surface area ranging
from 98.4 m?2 g~ for the thinnest one to 53.6 m2 g~ for the thickest
one (Table 1).

Fig. 2 shows HRTEM images of a single ceria nanorod of the
CeO,_nr_A and CeO,_nr_C materials. CeO,_nr_A shows the clear
(111),(200),and (220),(311)and (22 2) lattice fringes with the
interplanar spacing of 0.312,0.272, and 0.192, 0.164 and 0.157 nm,
respectively. In contrast, sample CeO,_nr_C exhibits higher inter-
planar distances of about 0.314, 0.273 and 0.194 nm corresponding
to(111),(200), and (22 0) lattice fringes, respectively, which are
indexed as the cubic phase structure of cubic CeO, (JCPDS: 34-0394)
with space group Fm3m. The electron diffraction pattern of the
CeO,_nr_C is shown in the inset of Fig. 2b, exhibiting at least five
well-defined diffraction rings, characteristics of a polycrystalline
nature of ceria powder. The concentric rings in the zero order Laue
zone (ZOLZ) are produced by the ceria nanorods randomly dis-
persed providing a continuous angular distribution of (hkl) spots
at a distance 1/dhkl from the (000) spot. The radius of the ring,
r(hkl) and the interplanar lattice spacing, d(hkl), are related by
r(hkl) x dhkl=L\, where LA =1, is the camera constant of the trans-
mission electron microscope. From the electron diffraction pattern,
ris measured and the lattice spacing is determined. No appreciable
differences in the SAED patterns were found on samples CeO,_nr_A,
CeO,.nr_B and CeO,_nr_C. It is important to note that no obvious

rings corresponding to metallic cerium or other cerium oxides com-
pounds were observed in SAED patterns and the obtained cerium
oxide nanorods are pure CeO, phase products. In agreement to this,
thelocalized EDX spectrum of an individual ceria nanorod of sample
CeO,_nr_Ais shown in Fig. 2a, where no significant amount of other
elements were detectable apart from Ce (35.3% at.)and O (64.7% at.).
The C and Cu peaks correspond to the Cu TEM grids. Similar EDX
spectra were obtained on samples CeO,_nr_B and CeO, _nr_C, how-
ever, important differences between the different ceria nanorod
samples were observed in terms of lattice parameter. Thus, the
measured lattice parameter from interplanar distance of samples
CeO,_nr_A, CeO,_nr_B and CeO,_nr_C were 5.408, 5.413 and 5.438 A,
respectively. The lattice parameter values for samples CeO,_nr A
and CeO,.nr_B were comparable to the standard value (5.411A)
of cubic CeO, JCPDS: 034-0394, whereas CeO,_nr_C presented an
expanded crystal structure.

Similarly, two ceria cube samples (CeO,_nc.D and CeO,_nc_E)
were synthesized at the same hydrothermal temperature of 180°C.
Fig. 3 shows representative TEM images of the cubic ceria materials
and their size distribution. The average size of the cubes increased
from 48 to 72 nm as the base concentration increased from 10 to
15 M although in both case, a broad size distribution was observed.
Apart from the different mean particle size, a remarkably different
size distribution was observed between both cubic samples. In the
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CeO2_nr_C
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Fig. 7. Temperature program reduction of A. ceria nanorods and B. ceria nanocubes
with different sizes.
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CeO,_nc_D sample, most of the cubes were 40 nm and smaller, but
there were some large ones with sizes above 150 nm. However, the
CeO,_nc_E sample has a higher mean particle size, with most of the
cubes have sizes between 40 and 70 nm, with few large particles.
The specific surface areas for cubes present values c.a. 5-7m?2g~!
(Table 1).In both cases, a small amount of particulated material was
observed surrounding the cubic structures, an intermediate stage of
the previously mentioned dissolution/recrystallization mechanism
[21].

The digital diffraction pattern and HRTEM image (Fig. 4) showed
the monocrystalline quality of the CeO, cubes with the preferential
exposure of the (1 00) crystal planes. The measured interplanar dis-
tances were found to be 0.27 nm and 0.19 nm corresponding to the
(200) and (22 0) interplanar distance of the cubic phase structure
of cubic CeO, (JCPDS: 34-0394) with space group Fm3m. Both cubic
materials CeO,_nc_D and CeO, _nc_E show the same interplanar dis-
tances. According to the EDX results, sodium was not detected in
any of the ceria materials (nanorod or nanocube).

All the samples, independently of their morphology, present
a crystalline structure as shown by XRD (Fig. 5) with diffrac-
tion peaks at 26 angles of 28.5°, 33.0°, 47.4°, 56.3°, 69.6° and
76.7° corresponding to the crystalline planes of the pure cubic
phase (ceria fluorite structure, JCPDS 34-0394). The broadening of
the reflections ascribed to the nanorods distinctly indicates their
nanocrystalline nature, and the sharper reflections for nanocubes
implied their larger sizes. Nanorod samples A and B present
the smallest crystallite size calculated using the Williamson-Hall
method (6.4 and 9.9nm) followed by sample C that shows a
higher crystallite size (14.6 nm). On the other hand, nanocube sam-
ples present the largest crystallite size (over 35 nm). These values
obtained by XRD are lower but follow the same trend that the mean
crystallite sizes determined by TEM.

Toluene oxidation reaction was used to assess the catalytic
oxidation activity of the different nanostructured ceria materi-
als (Fig. 6). Generally, ceria nanorods present an activity (mol
toluene kg.,.ai~' h™1) of an order of magnitude higher than ceria
nanocubes. Additionally, and relevant for industrial applications,
ceria nanorods present activity for toluene full oxidation at tem-
perature as low as 125 °C while ceria cubes can only oxidize toluene
at temperatures above ca. 250°C.

Despite the difference in activity among the ceria rods, the
similarity in the minimum temperature of activity suggests the
presence of similar active sites among the tubular materials. A simi-
lar observation applies to the ceria cubes. As expected, the catalytic
activity increases as the surface area increases and as the crys-
tallite size decreases, being the ceria rods materials more active
than the cubes counterparts. Focusing on the oxidation activity of
different ceria nanorods at 200 °C, it can be observed that the cata-
lyst with the highest surface area (CeO,_nr_A), presents the highest
reaction rate followed by CeO,_nr_B and finally CeO,_nr_C, with the
lowest surface area and consequently, activity. However, normal-
ization of the catalytic activity per unit of surface area (mol toluene
m~2 h~1)reveals the importance of other physical properties on the
determination of the intrinsic catalytic activity (Table 2).

While CeO,_nr.C presents the lowest specific activity per sur-
face area among the different ceria rods, the difference in activity
between CeO,_nr_A and CeO,_nr_B cannot be ascribed only to the
variations in surface area. Moreover, for a given reaction tempera-
ture (e.g., 225 °C), the toluene conversion achieved for the ceria rods
is two orders of magnitude higher than that achieved with ceria
nanocubes, while the difference in surface area between both mor-
phologies is only one order of magnitude higher. Ceria nanorods are
remarkably more active than ceria nanocubes and the difference is
not only the result of the higher surface area.

To further investigate the cause of this variation in activity,
the three nanorod samples were characterized by temperature

programme reduction (TPR) up to 1000°C to quantify their oxy-
gen storage capacity potential as shown in Fig. 7A. The first broad
peak starting at ~250°C is related to the reduction of the readily
reduced ceria oxygen while the second one at ~620 °C corresponds
to bulk oxygen [10]. Highly reducible oxygen is more readily avail-
able and as such reduces at a lower temperature than the ceria bulk
oxygen. At 1000 °C, almost all of the ceria is fully reduced to Ce;0s.
Independently of the different diameter sizes, the three nanorod
samples present a similar proportion of surface (ca. 40%) and bulk
ceria (ca. 60%), as shown in Table 2. However, close inspection of
the TPR profiles suggested the presence of different forms of sur-
face oxygen present in the ceria nanorod surfaces, likely due to the
presence of OH and carbonate species as discussed below. Conse-
quently, the increase in oxidation catalytic activity as the crystallite
size is decreased cannot be directly related to the concentration of
highly reducible oxygen detected by TPR.

CeO,_nr_B

Intensity / a.u.

CeO,_nc E

925 920 915 910 905 900 895 890 885 830 875
Binding Energy / eV

B.
CeO_nr A

CeO_nr_B

CeO,_nr C

Intensity / a.u.

CeO_nc D

535 534 533 532 531 530 520 528 527 526 525
Binding Ene1gy / eV

Fig. 8. XPS spectra for nanostructured ceria with different morphologies: (A) Ce3d
spectraand (B) O1s spectra. Nomenclature and synthesis conditions givenin Table 1.
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In contrast to ceria nanorods, almost no readily reducible oxy-
gen is present in any of the nanocube samples as suggested by the
very small reduction peaks starting at ca. 450°C in Fig. 7B. Only
10% of the oxygen reduced in the TPR is readily reducible oxygen,
whereas most of the cubic materials are reduced at temperatures
above 700°C, corresponding to bulk ceria oxygen [10].

X-ray photoelectron spectroscopy characterization of the dif-
ferent nanostructured ceria was carried out to provide information
about the oxidation state of cerium and the nature of the O species.
Itisimportant to notice that XPS is a surface analysis technique with
a sampling volume that extends from the surface to a depth of only
~50-70A. The interpretation of the XPS spectra of Ce3d, shown
in Fig. 8A, is highly complex with overlapped peaks, however,
according to previous published methods [5,27,28] an accurate
deconvolution can be made. The analysis revealed two principal
signals at binding energies about 882.5 and 901.1 eV correspond-
ing to Ce 3dsp, and Ce 3d3), respectively. These two peaks and
four additional satellite peaks at 889.2, 898.5, 907.8 and 917.1eV
associated with their ionization processes are characteristic of Ce#*,
whilst peaks at 880.7, 884.4, 898.8 and 902.6eV are characteristic
of Ce3*,

The amount of reduced, non-stoichiometric cerium (Ce3*) in
each of the samples is quantified in Table 2. In general, the toluene
oxidation intrinsic catalytic activity of the nanostructured ceria
increases as the amount of Ce3* increases, as the presence of Ce3*
ions implies the formation on the surface of non-stoichiometric
Ce0,. Ce3* jons associated with the presence of oxygen vacancies
play a critical role in the oxidation mechanism participating in both
the activation of toluene (surface oxygen vacancies) and migration

Table 2

of oxygen toward the surface material (sub-surface oxygen vacan-
cies) [24]. The ratio between both types of oxygen vacancies is
determined by the exposed surface planes. While the (100) plane,
present in both rods and cubes morphologies, is cerium terminated
with almost no surface oxygen vacancies in its surface (except in
defects such as corners or steps), a high proportion of surface oxy-
gen vacancies is expected in the partially reduced (110) plane,
present in the rod morphology, which is oxygen terminated. Tak-
ing these crystallographic aspects into consideration the oxidation
catalytic activity was plotted vs the concentration of surface Ce3*
(Fig. 9A). It must be noted that as the reactivity of nanocubes and
nanorods is very different, a proper comparison of catalytic activ-
ity at a fixed reaction temperature is not straightforward with a
simple light-off curve. For this reason, we conducted new catalytic
experiments fixing a reaction temperature in 225 °C and using dif-
ferent residence times in the reactor depending on the catalyst
tested, with the objective of achieving conversions between 5 to
20% in all cases. Therefore, for nanocubes, high catalyst loadings
were used and low loadings for nanorods. Thus, a clear relationship
between the concentration of Ce3* and oxidation catalytic activity
was observed regardless of the structure of the ceria catalysts tested
(rods or cube). Ceria nanoparticles supplied by Sigma were also
tested for toluene oxidation to validate this relationship. Positively,
it was seen that this catalyst fits well with the previous observed
trend in Fig. 9A. A similar relationship has been previously observed
with particulated ceria [25,29].

The O1s XPS spectra are shown in Fig. 8B where two differ-
ent bands are mainly observed, the first band at 529.0eV (called
Oa) and the second band at 531eV (called OB3). Oa is commonly

Characterization of nanostructured ceria and their catalytic activity in the oxidation of toluene.

Catalyst TPR XPS Raman Activity at 225 °C
Surface (0) % Bulk (O) % Ce?* (at~%) Oa (at'%) OB (at-%) FWHMyeo 1600/’460 Etoluene kgcataf] h-1 Etoluene m~2h-! x 104
(cm™1)
Nanorods
CeO,.nr A 40.4 59.6 35 59 41 39 0.026 234 238
CeO,.nr.B 37.2 62.8 37 63 37 31 0.021 22.6 35.7
CeO,-nr_C 41.6 58.4 29 54 46 72 0.045 3.71 6.9
Nanocubes
CeO,.nc.D 7.0 93.0 29 62 38 12 0.007 0.32 6.1
CeO;.nc.E 13.5 86.5 28 59 41 12 0.009 0.077 1.5
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Fig. 10. DRIFTS spectra of ceria nanorods and nanocubes

associated with lattice oxygen whilst Of3 with oxygen vacancies.
However, the latter can should also be associated with surface
adsorbed oxygen, hydroxyl groups and carbonates [30]. This fact
could explain the lack of correlation found in this work between the
relative contribution of this band and the number of oxygen vacan-
cies. DRIFTS studies were carried out to get further information
of the OH and carbonate species present in the different nanos-
tructured ceria surfaces, probing that the contribution of these
species strongly diverges for these samples. The DRIFTS spectra
corresponding to the OH region of the dehydrated ceria catalysts
are shown in Fig. 10A after in-situ treatment with synthetic air at
150°C. The spectra of the ceria nanorods (CeO2_nr_A, CeO2_nr.B
and Ce02_nr_C) presented three bands in the OH vibrational region.
The band peak at 3700 cm~! was assigned to mono-coordinated OH
(type I); the band at 3653 cm~! was assigned to bridging OH (types
II); and a broad band centered at 3517 cm~! was assigned to triply
bridging OH (III) species [31]. Although similar hydroxyl species are
present on the ceria nanorod surfaces, significant differences on the
relative intensities of these band peaks can be observed.

It should be pointed out that mono and bridging coordinated
hydroxyl groups are clearly more apparent for CeO2_nr.A and
CeO2_nr_B, which are those samples with the highest surface area.
Therefore, it could be tentatively proposed that the these OH sites
could act as adsorption points in the first reaction step at low tem-
perature, in the agreement with the results previously published
for naphthalene oxidation [31]. Conversely, the intensity of the OH
species bands is negligible in the Ce0O2 nanocube samples, what
could also be related to the low activity of these samples at low
temperature.

On the other hand, although the assignment of stretching
vibration modes of the O—C—0 group of carbonate species is com-
plicated, and their detailed analysis is beyond the scope of this
manuscript, it can be observed that all nanostructured ceria, both
rods and cubes, presented broad bands in this region (Fig. 10B),
which can be tentatively assigned to different types of surface car-
bonate and carboxylate groups [32].

The Raman spectra for all the nanostructured ceria catalysts
are shown in Fig. 11. Two main peaks can be observed, the peak
centered around 460 cm~! is characteristic of the CeO, vibrations
(the triply degenerated TO mode) [33], whilst the broad peak at
around 600 cm~! (see Fig. 11 insets) is characteristic of the defect
induced (D) mode associated with the presence of oxygen vacan-
cies due to the existence of Ce3* ions [29]. The intensity ratio of
these two peaks, Iggo/l460, represents the relative oxygen vacancy
concentration (Table 2). Additionally, the full width at half maxi-
mum of the main peak at 460 cm~! (FWHMyg) is affected by both
the crystallite size and the amount of oxygen vacancies [23,24].
Thus, a high FWHM value is associated with a low crystallite size
and/or a high amount of oxygen vacancies in the CeO, structure.
The ceria nanorods CeO,_nc_C present by far the highest Iggo/l460

ratio and the highest FWHM value among all the ceria nanorods
materials. However, XRD and TEM characterization shows that the
Ce0,_nc_C material has the bigger average size and crystallite size
which suggest that the high Iggo/l460 ratio and FWHM values are
mainly associated with a high concentration of oxygen vacancies
in the material. The discrepancies of the concentration of oxygen
vacancies within the ceria nanorods materials estimated by XPS
and Raman spectroscopy is associated with the characterization
volume of both techniques, the former being more superficial than

A T
- ceo, nr_A &
CeO_nr_B

CeO,_nr_C

htersity {as.)
o
e

- o 3o sde | eso 700
g RAMAN s hift (em™)

~—

‘@

c

2

=

-~
T T T g T T
200 300 400 500 600 700 800 200

RAMAN shift (cm™)

B' —Oeoz_nc_D
——CeO_nc_E 3
= ES
E
- hroagd
:' 500 600 K
N- RAMAN shift em)
)
b4
[7]
c
[
2
£
— e e——
200 300 400 500 600 700 800 900
RAMAN shift (cm”)

Fig. 11. Raman spectra for nanostructured ceria with different morphologies: (A)
nanorods (B) nanocubes.
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the latter. In this way, it can be concluded that the specific oxida-
tion catalytic activity of the ceria nanorods is directly related to the
concentration of surface oxygen vacancies involved in the toluene
activation, rather than the concentration of bulk oxygen vacan-
cies involved in the migration of oxygen to the surface during the
catalytic cycle [1] as can be observed in Fig. 9B. Thus, the relation-
ship between concentration of bulk oxygen vacancies, estimated
by Igo0/1460 ratio and the FWHM, with the catalytic activity follows
an erratic trend. All this observations suggest that the most impor-
tant step in the toluene oxidation is the adsorption/chemisorption
of toluene on the surface of the catalyst rather than the migration
of oxygen species from bulk and the further oxidation. Additional
investigations are needed to elucidate whether these observations
are reaction-dependant or whether they are applicable to other
oxidation reactions (e.g., CO oxidation).

Finally, it is important to highlight that ceria nanorods not only
present a high activity, activating toluene at temperatures ~125°C
but this nanostructured material also presents a high stability at
higher temperatures (250 °C), maintaining its activity under reac-
tion conditions for at least 48 h.

4. Conclusions

Modifications to the synthetic route of nanostructured ceria
leads to a variation of ceria nanorods and nanocubes with different
physicochemical properties, mainly surface area, crystallite size,
surface reducibility (presence of Ce3*) and concentration of surface
vacancies. Among them, the concentration of surface defects and
the exposed crystal surface planes play a key role in the toluene
oxidation catalytic activity. Interestingly, it has been observed that
for this oxidation system, the catalytic activity does not show a
direct relationship with the amount of bulk/sub-surface defects as
suggested previously in the literature.
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