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diesel soot oxidation: synthesis and effect of
structure
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Nanostructuredmaterials have been used in several branches of science and technology. Particulate matter

is one of the major air pollution concerns. In this work, nanorods and nanoparticles of Ce0.8Zr0.2O2 (CZ)

mixed oxides were prepared by different routes, and the use of an organic template was evaluated in

diesel soot oxidation. The catalysts were characterized by several techniques including structural analysis

(XRD, TEM, N2 adsorption–desorption) and activity (TPR/MS, TPO/MS). A fast TPR/MS method is

proposed to calculate hydrogen consumption that can be correlated to the oxygen storage capacity

(OSC). It was demonstrated that CZ-nanorods with twice the amount of template in the syntheses (CZ-

NRs-2X) were very active for soot oxidation with T50% at 351 �C, and CO2 and H2O were the only

oxidation products from Printex®-U (Evonik). This catalyst, reported for the first time, was subjected to

up to three cycles and it showed fair activity, proving that this morphology is one of the best mixed

oxides of CZ for oxidation.
1. Introduction

The development of nanostructured materials has been pointed
out to be useful for future applications in materials science. The
main properties of nanomaterials compared to their similar
bulk materials are ascribed to their high surface area to volume
ratio, modication of lattice parameters, connement effect,
and symmetry.1–3 Nonetheless, the morphology of solid-state
materials is an important factor for their unique properties
and utilization.4–9

Diesel soot particulate matter is a major pollutant of the
atmosphere, and many efforts have been developed to improve
the quality of engine combustion and minimize the amount of
exhaust gases in the air.10–13 A combination of diesel particulate
lters (DPFs) and catalysts to retain and react with carbona-
ceous deposits exiting the exhaust system should be developed
to increase their efficiency and lifetime.14–16 Because of the
relatively high diameter of the particulates (10 to 100 nm),
penetration into microporous catalysts is not favorable, and
additional aspects of reactivity must be sought for improved
performance.14–18 One important class of nanomaterials for
diesel soot oxidation comprises ceria-based catalysts, because
they show high activity in soot combustion. There have been
many publications in the literature on the different
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characteristics of thesematerials that are related to their activity
in a variety of oxidation processes such as CO and soot oxida-
tion.7 In addition, there are many studies related to the
synthesis and characterization of ceria nanomaterials with
different morphologies (e.g., rod, tube, wire), because these
structures have the facets (100), (110) and (111) that are
considered to be most active for oxidation reactions.19–26

One of the main properties to be analyzed on cerium oxide-
based materials is the oxygen storage capacity (OSC), that is,
how much the material is capable of donating oxygen to the
external environment and thus oxidizing the substrate and
performing the facile redox cycle of the cerium atom
(Ce3+/Ce4+). OSC is also related to the large number of oxygen
vacancies in the framework, which can be usually measured
based on surface reduction under H2 or CO gases followed by
oxidation with dioxygen.21–23 This property is a balance between
theoretical descriptors, such the vacancy formation energy
surface (E,) and the surface reduction energy (Ered), which
describes the ability of a cation to accept an electron.20 Thus,
OSC inuences the catalytic capacity in reactions involving
oxidation. Increased OSC has been associated with the exposure
of the more reducible {100} and {110} planes in nanoshaped
ceria, and it follows the order of nanocubes > nanorods [

nanopolyhedra.22 On the other hand, the addition of another
metal in the framework decreases E, and facilitates the diffu-
sive mechanism and consequently increases OSC.20 High values
of OSC are closely related to easier oxidation of CO or diesel
soot. However, the comparison between different OSC values is
This journal is © The Royal Society of Chemistry 2020
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difficult due to the variety of experimental procedures for its
calculation.22

To improve the exposition of those planes, synthetic proce-
dures can be used that lead to a greater OSC and consequently
to a better redox cycle.8 The generation of nanostructures that
have active preferential planes5,9,10 and the insertion of another
transition metal to generate a mixed oxide is one of the most
common strategies that has been used.27–38 For instance, cobalt,
copper, zirconium, manganese, silver, gold, lanthanum, etc.
have been reported to help improve the catalytic capacity.
However, the insertion of another metal alone is not enough
because there is a loss of activity as recycles occur. It is neces-
sary to generate a true mixed oxide nanostructure for such an
improvement; this has seldom been reported in the literature.
One of the major difficulties is the choice of the right synthetic
methodology because of formation of unwanted intermediates
during the synthesis (e.g., hydroxides of the transition metals).
The fundamental synthesis used to generate ceria nano-
structures is the hydrothermal method in a strong basic
medium, i.e., there is the formation of a reactive intermediate,
Ce(OH)3, and the subsequent formation of CeO2.23 On the other
hand, the methodology using an organic template, i.e., leveling
agents,32 has gained notoriety for the preferential formation of
nanostructures as well as better redox properties. It is worth
noting that most of the literature uses the initial formation of
ceria for the subsequent insertion of themetal atom, i.e., ceria is
used as a support.33 Actually, in most of those cited publica-
tions, only ceria materials have been developed, and a few
publications have been devoted to ceria mixed oxides in nano-
structured forms.

Therefore, in this work, we will compare four synthetic
samples of CZ (Ce0.8Zr0.2O2) that form different nanostructures:
nanorods and nanoparticles. These structures were character-
ized, and some parameters (e.g., crystallinity, size particle, and
specic surface) were correlated with the activity of these
materials in diesel soot oxidation. The use of temperature
programmed reduction (TPR) is proposed to be a fast and easy
tool to calculate the OSC capacity based on the hydrogen
consumption. The choice of Ce0.8Zr0.2O2 stoichiometry is based
on previous studies by our group27 and the literature,28 which
showed that this sample was the most active for the oxidation of
soot in a series of CexZr1�xO2. Moreover, the synthesis of
a mixed oxide of Ce0.8Zr0.2O2 nanorods is reported for the rst
time, to the best of our knowledge.

2. Experimental
2.1 Preparation of Ce0.8Zr0.2O2 nanorods (CZ-NRs)

First, 0.96 g of diammonium hydrogen citrate ((NH4)2C6H6O7,
Vetec, Brazil, 98%) was weighed, diluted in 20 mL of deionized
water, and kept under stirring until total solubilization (10
min). Then, 0.82 g of CeCl3$7H2O (Aldrich, USA, 99.9%) and
0.17 g of ZrOCl2$8H2O (Sigma-Aldrich, USA, 98%) were diluted
in 10 mL of deionized water (Quimis, reverse osmosis system,
model Q842-210, Brazil) and stirred until complete solubiliza-
tion (10 min). In the citrate solution, 1.20 g of urea ((NH2)2CO,
Vetec, Brazil, 99%) was added under stirring until total
This journal is © The Royal Society of Chemistry 2020
solubilization. Finally, the solution with the Ce and Zr precur-
sors was added to the citrate solution. This nal solution was
stirred for 30 min before transferring it to a Teon autoclave (75
mL). The solution in the autoclave was placed in a vacuum oven
with a microprocessor (Quimis, model Q819V2, Brazil) to
control the temperature at 120 �C for 24 h without stirring. The
same synthesis was repeated using the same proportion of
reagents but with twice the amount of (NH4)2C6H6O7, (CZ-NRs-
2x). The mixed oxides were ground and further calcined at
500 �C for 4 h prior to all characterizations.
2.2 Preparation of Ce0.8Zr0.2O2 nanoparticles (CZ-NPs)

A total of 0.86 g of CeCl3$7H2O and 0.18 grams ZrOCl2$8H2O
were weighed and dissolved in 30 mL of ethanol (Vetec, Brazil,
99.5%) under vigorous stirring. Then, 1.0 g of oxalic acid was
added and fully dissolved, and the solution transferred to an
autoclave (75 mL), which was placed in the vacuum oven at
160 �C for 24 h without stirring. The same synthesis was
repeated using the same proportion of reagents but with twice
the amount of oxalic acid, (CZ-NPs-2x). The mixed oxides were
ground and then calcined at 500 �C for 4 h prior to all charac-
terization methods.
2.3 Nanocatalyst characterization

The composition of the samples was calculated by energy
dispersive X-ray uorescence (EDXRF) in a Shimadzu EDX 720
spectrometer (Japan) using a rhodium X-ray tube. The spectra
were collected under vacuum (<45 Pa) using 2-channels where
the X-ray source was set at 50 and 15 kV for Ti–U and Na–Sc
ranges, respectively. The powder samples were placed inside the
sample holder using a polypropylene lm, and the Ce and Zr
contents were obtained by the Quali-Quant method of funda-
mental standards.

Powder X-ray diffraction (XRD) were obtained in a Bruker D8
FOCUS diffractometer (Germany) between 5� < 2q < 70� (0.02�

per step and integration time of 10 s per step) with Cu-Ka
radiation of 1.5418 Å (40 kV and 30 mA) and a graphite
monochromator.

Transmission electron microscopy (TEM) images were
acquired by a JEOL JEM 2100 transmission electron microscope
(Japan) operating at 200 kV. The powder was dispersed in ethyl
alcohol using an ultrasonic bath. Then it was placed on a TEM
copper grid of 400 mesh, covered with carbon, and dried at
room temperature.

Textural properties (e.g., specic surface area, volume of
pores, porosity) of the samples were measured based on
adsorption and desorption isotherms of nitrogen obtained at
�196 �C in a Micromeritics model ASAP 2020C instrument
(USA). Degasication was performed under vacuum at 200 �C
for 4 h before the adsorption measurements. The BET
(Brunauer–Emmett–Teller) specic surface area was calculated
from the adsorption branches in the relative pressure range of
0.06–0.20, and the average pore size and pore volume were
calculated from the desorption branches using the Barrett–
Joyner–Halenda (BJH) method.
RSC Adv., 2020, 10, 27428–27438 | 27429
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2.4 Preparation of a mixture of nanocatalyst with diesel soot

Prior to themeasurements of the catalytic activities of themixed
oxides, each one was mixed with a standard soot produced in
a fuel burner (Printex®-U by Evonik). This model soot was
analyzed, and it showed a composition in agreement with the
literature.27 The Printex®-U was mixed with the mixed oxide at
a mass ratio of 1 : 20.27 A tight contact was used, considering
that the type of contact between the catalyst and the soot is very
important in the reaction. Themixing process was carried out in
an agate mortar and pestle for 5 min to promote rm contact
between the components. Then, the catalyst-soot was placed
into a dark glass ask to be further used in the reactor. This
procedure was used in triplicate measurements for studies of
the oxidation, and it showed excellent reproducibility.
2.5 Catalytic oxidation of diesel soot

The oxidation of diesel soot was evaluated by temperature
programed oxidation coupled with a mass spectrometer (TPO/
MS), which was performed on a reaction system from Alta-
mira Instruments (model AMI-90R, USA). This equipment had
a TCD detector and it was also coupled to a Dycor Ametek mass
spectrometer (range 0–100 m/z) with continuous and simulta-
neous detection in up to eight channels. The catalyst-soot (100
mg) was placed in a U quartz reactor tube that was inserted into
the furnace of the equipment. The TPO experiment was pro-
grammed using three steps. First, the catalyst was dried at
150 �C (25 to 150 �C, heating ramp of 5 �C min�1) for a total of
40 min under argon (Ar) ow at 20 cm3 min�1. Then, a heating
ramp of 10 �C min�1 up to 750 �C was applied while switching
the gas to 10% O2 on Ar under a ow of 10 cm3 min�1. The third
step was a calibration of the O2 consumption using different
pulses of 10% O2 on Ar at a ow of 20 cm3 min�1. The reaction
products were monitored via their respective mass fragments
(m/z), according to NISTWebbook.39 Mass-spec: 18 (base peak of
water); 28 and 29 (base and additional peak of CO); 32 (base
peak of oxygen); 44 and 45 (base and additional peak of CO2).
Individual fragmentation for CO or CO2 were followed in
separate experiments in order to check the correct assignment
of products.
Fig. 1 XRD patterns of: (a) CZ-NRs, (b) CZ-NRs-2x, (c) CZ-NPs, and (d)
CZ-NPs-2x.
2.6 Catalytic reduction of nanocatalysts

The characterization of the reducibility of the catalysts was
measured by temperature programed reduction coupled with
a mass spectrometer (TPR/MS) using the same apparatus
employed for TPO/MS experiments. The TPR experiment was
programmed using three steps. First, the catalyst was dried at
150 �C (25 to 150 �C, heating ramp of 5 �C min�1) for a total of
40 min under argon (Ar) ow at 20 cm3 min�1. Then, a heating
ramp of 10 �C min�1 up to 900 �C was applied while switching
the gas to 10%H2 on Ar under a ow of 10 cm3 min�1. The third
step was a calibration of the H2 consumption, using different
pulses of 10% H2 on Ar at a ow of 10 cm3 min�1. The reaction
products were monitored via their respective mass fragments
(m/z) according to NIST Webbook.39 Mass-spec: 2 (base peak of
hydrogen); 18 (base peak of water); 40 (base peak of argon).
27430 | RSC Adv., 2020, 10, 27428–27438
3. Results and discussion
3.1 Considerations about the synthetic procedures

Hydrothermal and solvothermal methods were used for the
synthesis of the mixed cerium oxides. This allowed the use of
high temperatures even in the liquid state without boiling water
or ethanol. In particular, the hydrothermal method was used to
form nanorods, and the solvothermal method was used to
prepare the nanoparticles. The great advantage of using these
methods when compared to the coprecipitation method is the
formation of nanostructures as well as a signicant increase in
crystallinity. Moreover, a weak base, such as urea, was used
instead of a strong base (e.g., NaOH). However, an organic
template35 is required for the formation of nanostructures. In
particular, citric acid and oxalic acid were used for nanorods
and nanoparticles,40 respectively. These organic acids partici-
pate in the formation of nanostructures by promoting favorable
crystalline planes that improve the catalytic capacity.35,40

Another important factor is the nature of the ions in solution
(i.e., the source of the metal ions).41 In both cases, precursors
coming from chlorides were used, not phosphates or nitrates,
because these ions favor the formation of undesired nano-
octahedra or nanocubes.23,41 An important step in the
synthesis is calcination, and increasing the temperature may
cause the loss of crystalline planes that are active but unstable.
In addition, sintering is a concern regarding the loss of activity
by the decrease of specic area. Thus, 500 �C was used to ensure
that the chloride ions and the organic template degraded
without appreciable loss of important crystal facets.19,42,43
3.2 Structural and morphological characterization

Elemental analysis of Ce and Zr by EDXRF in all prepared
materials demonstrated the actual formula (Ce0.78Zr0.22O2),
which was very close to the nominal representation
(Ce0.8Zr0.2O2). The nominal formula will be denoted in this
work.
This journal is © The Royal Society of Chemistry 2020
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Table 1 Average crystal size domain (DXRD), relative crystallinity (%)
and textural parameters (specific surface area (SBET) and average pore
volume (PV)) of the cerium–zirconium (CZ) nanomaterials

Catalyst DXRD (nm) Crystallinity (%) SBET (m2 g�1) VP (cm3 g�1)

CZ-NRs 1.9 38 36 0.06
CZ-NRs-2x 1.7 47 70 0.17
CZ-NPs 1.2 52 21 0.09
CZ-NP-2x 1.3 48 69 0.18
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The crystalline structure of ceria is the same as that of
uorite (CaF2), i.e., face-centered cubic with the space group
Fm3m, where the oxygen atoms occupy the tetrahedral inter-
stices. The structure of the mixed oxide is the same as that for
Fig. 2 TEM images of CZ-nanocatalysts: (a) CZ-NRs, (b) CZ-NRs-2x, (c)

This journal is © The Royal Society of Chemistry 2020
ceria, differing only from the substitution of the cerium atoms
by zirconium in the chosen proportion. The crystalline structure
of the materials can be obtained by XRD (Fig. 1).

In the XRD powder analysis, all diffraction peaks can be
attributed to a uorite cubic unit similar to the ceria crystal
structure. No other crystalline phase was detected, and no
phase segregation (e.g., tetragonal zirconia) was observed.27 The
characteristic diffraction peaks at 2q values of 28.6, 33.1, 47.5,
56.3, 59.1, and 69.4� were well identied and indexed as the
(111), (200), (220), (311), (222), and (400) planes. Using the
Scherrer equation, we calculated the particle size (DXRD) from
the FWHM (full width at half maximum) of the main peak (111).
The crystallinity of solids is also a concern aer synthesis. Thus,
a calculation of the crystalline content was performed using the
ratio of the area of crystalline peaks to the total area of the
CZ-NPs, and (d) CZ-NPs-2x.

RSC Adv., 2020, 10, 27428–27438 | 27431
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diffractogram. It should be mentioned that this calculation is
only relative since no standard pattern was attributed to 100%
crystallinity. These parameters are shown in Table 1. In general,
no regular trend was observed among the DXRD and crystallinity
results related to the synthetic procedure, except that increasing
the template concentration decreased the particle size and
increased the crystallinity with respect to each synthetic
procedure. Nonetheless, there was a similarity in these param-
eters, ranging from 1.9 to 1.2 nm and 38 to 52% in size and
crystallinity, respectively (the errors are within 0.5 nm and 5%
in those measurements). The very low DXRD values are an
important indicator of the reactivity of these solids. It has been
established in the literature1 that the smaller the particle size is,
the higher the Ce3+ concentration is. Cerium(III) is present in all
ceria-based materials, and its content is reected in the (OSC)
and ultimately in the oxidation capacity of the soot.1,19,21

A detailed morphological and structural analysis of the
samples was developed using transmission electron microscopy
(TEM) with the typical results shown in Fig. 2. A more compli-
cated situation exists with rod-shaped morphologies due to the
higher reactivity of the Ce(OH)3 precursor and the strong
inuence of reaction conditions on the nal morphology.21 The
synthetic methodology using organic templates modies the
structure of the reaction intermediates. For example, when
dibasic ammonium citrate was used, nanorods were obtained
(Fig. 2a and b), but when oxalic acid was used, almost spherical
nanoparticles were formed (Fig. 2c and d). A careful analysis of
TEM pictures reveals that the interplanar spacings of 0.308 and
0.271 nm are assigned to facets (111) and (110), respectively.40

All of the synthesized nanostructures in this article have shown
Fig. 3 N2 adsorption–desorption isotherms at �196 �C of the nanocata

27432 | RSC Adv., 2020, 10, 27428–27438
these facets. The formation of nanorods is extremely relevant
due to the activity of the exposed planes. The organic template
makes the nanorods grow in the direction [110], so that this
nanostructure is geometrically surrounded by facets {110}, {100}
and {111}.21,40,44–46 In this work, the leveling agent promotes
nanorods growth in direction [110], and it is surrounded by the
main planes according to the model proposed in the litera-
ture.41 Furthermore, crystalline defects can be identied from
white dots in the TEM images. Such defects may be due to the
absence of an atom or deformation of crystalline planes,42

which can be observed on the surface of the catalysts. The
presence of dark pits1 is also an important factor to be analyzed
because these represent a roughness factor and therefore dene
how Printex®-U comes into contact with the surface of the
catalyst.

Additional information about the nanostructures could be
found by textural analysis, which was obtained by the analyses
of nitrogen adsorption–desorption isotherms (Fig. 3). The
aspect of these curves resembles isotherms of type II and type
III, according to IUPAC classication.47 The major characteris-
tics of these isotherms are the presence of large pores. Type H3-
hysteresis can be tentatively assigned, which is related to slit-
shaped pores formed by nonrigid plate aggregates. In addi-
tion, a curve distribution of the incremental pore sizes
conrmed the presence of pores within 2 and 50 nm (meso-
porous) and above 50 nm (macroporous) with no regular shape
or narrow size distribution. The BET areas and the average pore
volumes (Table 1) increased with the same trend as increasing
the template concentration in the syntheses. These facts agree
with the described effect of the organic templates on favoring
lysts: (a) CZ-NRs, (b) CZNRs-2x, (c) CZ-NPs, and (d) CZ-NPs-2x.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 TPR/MS (m/z ¼ 2, H2) curves of the nanocatalysts: (a) CZ-NRs,
(b) CZ-NPs, (c) CZ-NRs-2x, and (d) CZ-NPs-2x.

Table 2 Hydrogen consumption, n(H2), calculated OSC for the CZ
nanocatalysts, and oxygen consumption, n(O2)

Catalyst n(H2) (mmol g�1) OSC (mmol g�1) n(O2) (mmol g�1)

CZ-NRs 0.77 513 14.7
CZ-NRs-2x 0.34 710 9.5
CZ-NPs 0.60 234 11.3
CZ-NPs-2x 0.22 381 10.9
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the respective growth of nanostructures, increasing the specic
surfaces and pore volumes.
3.3 Temperature-programmed reduction coupled to mass
spectrometry (TPR/MS)

The potential application of the catalysts probed by hydrogen
(m/z ¼ 2) using TPR/MS is shown by the curves in Fig. 4 and the
corresponding formation of water (m/z ¼ 18, Fig. 5). The rst
peak (Fig. 4) was characteristic of the surface oxygen reaction
with hydrogen, whereas the second peak (or a shoulder) was
attributed to the bulk oxygen reaction. It could be noted that the
CZ-NRs had H2 consumption under a lower temperature range
than the similar CZ-NPs. In addition, in the materials contain-
ing twice the concentration of leveling agents, there was
a decrease in the hydrogen consumption and temperature
range (Table 2).
Fig. 5 TPR/MS (m/z ¼ 18, H2O) curves of the nanocatalysts: (a) CZ-
NRs, (b) CZ-NRs-2x, (c) CZ-NPs-2x, and (d) CZ-NPs.

This journal is © The Royal Society of Chemistry 2020
The hydrogen consumption was analyzed from the signal of
the mass spectra. This initially requires a calibration factor (f)
that is the ratio between the signal area of the gas molecule of
interest (e.g., H2) and the area of the carrier gas, in particular Ar.
These data are obtained by performing a pulse to obtain a signal
of the gas without the presence of the catalyst to emulate the
real situation (Fig. 6). Actually, a series of pulses are obtained
and taken as an average for each gas. Thus, it is possible to
quantify the number of moles of hydrogen (nH2

) from eqn (1),
where A (H2) and A (Ar) are the observed areas of hydrogen and
argon signals and Vinj is the injected hydrogen gas volume in the
experiment.

nðH2Þ ¼ AðH2Þ
AðArÞ f

Vinj

22:400
(1)

The hydrogen consumption and OSC indicates the types of
the respective nanostructures and the mobility of oxygen in
them; so, the ability to generate crystalline defects is strongly
associated with the catalytic activity.20–22 It is well known that
the mobility of oxygen depends on themorphology of the crystal
and follows this order for the nanostructures: rods $ cubes >
octahedra > particles.22 This is related to the planes exposed by
each nanostructure, since the migration associated with oxygen
from the bulk to the surface is much easier on facets of the type
{100} and {110}.20,21 Thus, the temperature that hydrogen
consumption occurs, i.e., the range in which the reaction with
Fig. 6 Examples of standard H2 (m/z ¼ 2) and Ar (carrier gas, m/z ¼
40) that generate mass signal peaks for calculating the calibration
factor (f) of eqn (1).
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surface oxygen takes place, is an indication of the amount of
reactive facet distributions.48 The lower temperature peak
demonstrates the relative distribution of facets for the easiest
oxygen migration on the {110} and {100} surfaces.21,22,42,49,50 In
addition, the lower consumption of hydrogen in the materials
containing twice the concentration of leveling agents suggests
greater distribution of facets (100) and (110); indeed, these
contain fewer reducible surface oxygen species (rods < cubes <
particles).20,51 Therefore, H2-TPR/MS data of the nanocatalysts
containing twice the leveling agents suggest a greater distribu-
tion of active facets.

Then, based on the literature52 and our experimental results,
we could describe the possible mechanism of reduction at the
surface of the ceria-zirconia nanomaterials. At low tempera-
tures, molecular hydrogen physisorption occurs on the surface
of the CZ at the lowest free energy adsorption sites (,).

H2 + , / H2 � , (2)

As the temperature increases, bond cleavage of the adsorbed
hydrogen molecule occurs, forming a hydroxyl group with an
oxygen atom on the CZ surface, which is experimentally fol-
lowed by the consumption of hydrogen (m/z ¼ 2, Fig. 4).

H2 � , + O / HO + H, (3)

Thus, the formed hydroxyl group reacts with the adsorbed
hydrogen atom to generate water, which is detected by MS (m/z
¼ 18, Fig. 5).
Fig. 7 TEM images of CZ-nanocatalysts interacting with soot (Printex-U

27434 | RSC Adv., 2020, 10, 27428–27438
HO + H, / H2O + , (4)

Using the range of bulk oxygen reaction (550 to 750 �C), we
can perform the OSC calculation based on the stoichiometry of
the reaction from the hydrogen consumed (calculated by eqn
(1)). The catalysts synthesized in this work containing twice the
organic template have a higher OSC when compared to
conventional catalysts, showing the greater relative distribution
of the {110} and {100} planes that are more active to reduc-
tion.20,21,23 We know that to maximize vacancy formation, we
should make nanostructures with more exposed active planes,
in particular {110} and {100},21,23 or to produce a distortion of
local symmetry by insertion of smaller atoms in the framework
(e.g., Zr4+) and thus facilitate crystalline defect formation.20 The
results obtained from the proposed technique are similar to
Aneggi et al.,22 Mai et al.,23 Zhang et al.,40 and Wang et al.,53 who
reported an increase in OSC when they measured it in ceria
nanoshaped materials. Thus, the syntheses containing twice as
much organic template promote two important characteristics:
(i) the increase in vacancy formation; (ii) the higher relative
distribution of active planes, which can be inferred by
measuring and calculating hydrogen consumption and OSC,
respectively. Both parameters are directly related to catalytic
activity.
3.4 Temperature-programmed oxidation coupled to mass
spectrometry (TPO/MS)

Soot particles consist of a carbon core with some inorganic
material, adsorbed hydrocarbons, and water.54–56 Fig. 7 shows
): (a) CZ-NRs, (b) CZ-NRs-2x, (c) CZ-NPs, and (d) CZ-NPs-2x.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 TPO/MS curves of Printex®-U oxidation: (a) (m/z ¼ 28, CO, blue line); (m/z ¼ 18, H2O, green line) and (m/z ¼ 44, CO2, red line); (b) soot
conversion to CO2.
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TEM images of the interaction between the nanocatalysts with
soot (Printex®-U) aer they have been mixed by tight contact.
The nanometer particles have an amorphous core surrounded
by graphite shell, and these unique particles agglomerate into
larger entities with sizes typically in the range of 0.1 to 10 nm.54

On the surface of diesel soot, there are polycyclic aromatic
Fig. 9 TPO/MS curves of soot oxidation using the nanocatalysts: (a) CZ-N
O2, blue line); (m/z ¼ 28, CO, red line); (m/z ¼ 44, CO2, green line) and

This journal is © The Royal Society of Chemistry 2020
hydrocarbons, volatile organic compounds, etc. So, there is
a difference in the combustion temperature of these
components.54–56

A study of pure Printex®-U (Fig. 8) showed two events
correlated to the oxidation of the more volatile organic
compounds that are adsorbed on its surface (lower temperature
Rs, (b) CZ-NPs, (c) CZ-NRs-2x, and (d) CZ-NPs-2x. Signals: (m/z ¼ 16,
(m/z ¼ 18, H2O, black line).
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Fig. 10 Conversion of soot to CO2 over the nanocatalysts: (a) CZ-
NRs-2x, (b) CZ-NPs-2x, (c) CZ-NRs, and (d) CZ-NPs.

Fig. 11 Examples of standard O2 (m/z ¼ 32) and Ar (carrier gas, m/z ¼
40) that generate mass signal peaks for calculating the calibration
factor (f) of eqn (5).
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peak) and the oxidation of black carbon (second peak at higher
temperature). Accordingly, higher amounts of CO are also
produced in the thermal oxidation process of pure soot. The
same reaction catalytically performed and followed by TPO/MS
presents the curve proles displayed in Fig. 9. The soot oxida-
tion was analyzed considering the main products through their
respective masses, i.e., CO2 and H2O. From the integrated CO2

curves (Fig. 10), we obtained the values of T10%, T50%, and T90%,
which are 10, 50, and 90% oxidation of soot, respectively (Table
3). The fragmentation for CO or CO2 were analyzed individually
in separate experiments by using the relative intensities of the
standard fragmentation of CO2 obtained in the NIST Web-
book,39 which indicated that only CO2 was produced in the
catalytic oxidation.

It can be seen that CZ-NRs-2x had the best performance for
oxidation of the particulate material. Actually, cerium oxide
doped with zirconium promotes the formation of Ce3+ ions in
the framework, decreasing the cell parameter. The cubic cell
parameter does not show appreciable expansion, because the
Zr4+ cations (84 pm) are smaller than Ce4+ (97 pm) and the
formation of Ce3+ (107 pm) compensates the tension associated
with the increase in ionic radius due to the difference in the
sizes of Ce4+ and Ce3+.14,20,27 The Ce4+/Ce3+ redox pair is impor-
tant in the oxygen mobility that facilitates the mechanism of
soot oxidation. Thus, CZ-NRs-2x has a larger surface area and
a higher OSC, i.e., two factors that increase the ability to carry
Table 3 Temperature of pure Printex®-U oxidation over various CZ
nanocatalysts

Catalyst T10% T50% T90%

Printex 508 608 667
CZ-NPs 351 402 441
CZ-NPs-2x 281 368 404
CZ-NRs 257 368 408
CZ-NRs-2x 328 351 398
CZ-NRs-2x-rst reuse 350 402 428
CZ-NRs-2x-second reuse 334 412 459

27436 | RSC Adv., 2020, 10, 27428–27438
out oxidation. This indicates that the synthesis containing twice
the leveling agent has a greater distribution of active plans,
corroborating the H2-TPR/MS data.

Another important parameter of the soot oxidation reaction
is the O2 consumption. The O2 consumed in the oxidation
process was obtained from the curves of TPO/MS for each
reaction (Fig. 9, blue line). The method to quantify the number
of moles of oxygen (Fig. 11) that each catalyst consumes is
presented in eqn (5). The terms have the same signicance as
that for hydrogen consumption (eqn (1)), but in this case, the
gas is oxygen.

nðO2Þ ¼ AðO2Þ
AðArÞ f

Vinj

22:400
(5)

Each nanostructured catalyst consumes oxygen differently
because of the presence of more active planes (i.e., more active
surface oxygen) dominates the reactivity. The nanocatalysts
with twice the leveling agent have more active planes to
perform the oxidation of the diesel soot, which is reected in
the lower amount of external oxygen needed to carry out the
oxidation (Table 2). In the case of oxidation of soot particles
where steric/geometric constrains prevent easy access of gas-
phase oxygen, the regeneration of surface oxygen is operated
by sub-surface or bulk diffusion of lattice oxygen. It is there-
fore expected that the nature, dimension, and location of the
soot/catalyst interface will strongly affect this mechanism by
changing the overall degree of participation of bulk oxygen in
soot oxidation.56,57

This technique demonstrates the mechanism known as
Mars–van Krevelen oxidation, where the oxygen from the
external environment lls the oxygen vacancy of the framework
aer the oxidation of CO or soot.21,54,55 Because soot particles
make this lling more difficult, the participation of oxygen from
the subsurface is necessary. The nanostructure and the pres-
ence of zirconium facilitate this mobility. Thus, CZ-NRs-2x
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Conversion of soot to CO2 using CZ-NRs-2x nanocatalyst: (a)
fresh, (b) first reuse, and (c) second reuse. Inset shows the XRD of CZ-
NRs-2x after 3 reuses.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 5
:2

0:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
lower consumption of O2 is explained by the difficult access
caused by the better intimate contact (higher specic surface
area) in the particulate oxidation reaction and lower subsurface
energy compared to the other nanostructures; this agrees with
computational data in the literature.20

In addition, the aging of the most active catalyst was studied
by making complete reuses in tight contact between the catalyst
and Printex®-U (Fig. 12). The conversion prole signicantly
changed T50%. This phenomenon can be described by analysis
of the crystalline planes exposed by the nanorods. The fresh
catalyst (calcined at 500 �C) exposed the main active facets to
carry out the oxidation, but the stability of these planes is
inverse with temperature.20–23 Each soot oxidation cycle reached
a high temperature (750 �C), so that partial destruction of the
most active planes occurred, and consequently the performance
of each oxidation cycle decreased, showing a higher T50%. This
is probably related to sintering of the nanocatalyst, since the
same trend has been observed in the literature for other
systems.15,27,28 Nonetheless, it is worth noting that even aer the
third cycle, the CZ-NR-2x has a T50% of approximately 404 �C,
which is lower than that of ceria nano-octahedron or ceria
nanocubes.20,48 The decreased activity showed a 14% loss in
relation to the initial T50% (351 �C), which might be avoided
with a lower temperature of regeneration (between 450 and 500
�C), since at the temperature of 398 �C, 90% of soot was already
oxidized (T90%, Table 3). Powder XRD aer third use and
elemental analysis did not show any detectable differences in
structure and composition.
4. Conclusion

Research on developing materials for soot oxidation is impor-
tant for air pollution control. In this sense, nanostructures of
cerium–zirconium Ce0.8Zr0.2O2 (CZ) mixed oxide were synthe-
sized, because this material is one of the most active for that
reaction. Particularly, mixed oxides of ceria-zirconia with
nanorod morphology were successfully obtained for the rst
This journal is © The Royal Society of Chemistry 2020
time. A simple one-step synthesis in the presence of leveling
agents (organic templates) enabled nanorods (CZ-NRs) and
nanoparticles (CZ-NPs) to be obtained. The effect of their
concentration on the synthesis demonstrated that twice as
much organic template affected the textural, redox and catalytic
properties. In this work, we proposed to use a conventional
technique in the study of reducing properties (temperature-
programmed reduction, TPR) to obtain useful catalytic param-
eters (hydrogen consumption and OSC). Thus, a fast method-
ology for obtaining TPR curves using mass spectrometry
without the need for long pretreatment of the samples was
effective in showing the differences among the nanocatalysts in
the initial diesel soot oxidation. The hydrogen consumption
correlated well with the synthetic methods, the oxygen storage
capacity (OSC), and the oxygen consumption in the series of
nanocatalysts. The lower consumption of hydrogen in the
materials containing twice the concentration of leveling agents
suggested greater distribution of facets (100) and (110). Indeed,
these contain fewer reducible surface oxygen species (rods <
cubes < particles) in agreement with the literature. The
synthesized nanocatalysts containing twice the organic
template have a higher OSC, which shows a greater relative
distribution of the {110} and {100} planes that are more active to
be reduced. The lower consumption of external oxygen needed
to carry out the oxidation with the nanocatalysts with twice
leveling agent corroborate the trend in the hydrogen
consumption, i.e., they have more active planes to perform soot
oxidation. The catalytic test successfully identied the reaction
products with Printex®-U (CO2 and H2O) with no CO detected.
Moreover, the best catalyst (CZ-NRs-2x) underwent three reuses
with a relative activity loss of 14%. This was mostly attributed to
the temperature treatment of the CZ nanorod (750 �C from every
cycle). Therefore, CZ nanorods might be one of the best nano-
structure oxides for the purpose of soot oxidation.
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A. Ramirez and A. Zehe, Fuel, 2019, 250, 17–26.
37 G. Corro, E. Vidal, S. Cebada, U. Pal, F. Bañuelos, D. Vargas
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