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Abstract

In this work, copper and cobalt oxides supported on a ceria-yttria-stabilized zirconia (Ce-YSZ) have
been studied as alternative to noble metals for the soot removal in diesel engines. The Ce-YSZ support
was activated in order to obtain a catalyst with a high redox performance. The resulting catalysts were
characterized by N» physisorption, ICP, XRD, TPR-H>, TPR-CO, HAADF-STEM and XEDS.
Additionally, their catalytic performance was evaluated in the NO oxidation to NO2 and in the
combustion of soot in presence/absence of NOx. The Co/Ce-YSZ catalyst shows a maximum NO>
production activity higher than 70%, very close to that obtained with a commercial Pt catalyst used
as a reference, and largely better than that of Cu/Ce-YSZ. A similar trend is observed in the
combustion of soot in the presence of NOXx, thus indicating the prevalence of the NO,-assisted
mechanism for the oxidation of soot when NO: is present. Results obtained with unsupported Co3O4
and CuO oxides suggest that Co-containing catalyst is not only a better NO2 generator but also
exhibits a more efficient utilization of NOx. Co304 entities would act as a pseudo-platinum phase
allowing fresh supply of NO. along the catalytic bed, thus accelerating the soot combustion reaction.
However, if NOx is absent, the order of soot combustion rate matches with the performance in
reducibility (“active oxygen” mechanism), the Cu catalyst being the most active in comparison with
Co or Pt. Under these conditions, Ce-YSZ supported catalysts benefit from the excellent oxygen-

exchange properties of surface Ce-Y-Zr oxide nanostructures.
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1. Introduction

Engine technologies are advancing rapidly in response to the fuel consumption and CO- regulations
across major markets. A wide range of technology pathways exist, both on the light and heavy-duty
side, to meet the upcoming GHG regulations. Government mandates on zero emission vehicles and
novel schemes to limit vehicle growth and protection of city centres from pollution are also
influencing consumer choices and ultimately OEM (Original Equipment Manufacturers) strategies

on improving fleet-wide fuel efficiencies [1].

In heavy-duty applications the range of choices are limited to the ambit of fossil fuel types, with diesel
fuel developments still holding an advantage. Therefore, during the past few decades, and probably,
in the short term, diesel engines equipped with direct fuel injection will go on as a main power source
for passenger cars and other forms of transportations (locomotives, ships and so on...) due to their
high durability, improved fuel efficiency, and low cost compared to gasoline engines of similar
features [2, 3]. However, PM, as one of the major pollutants can have a strong impact on human
respiratory system being carcinogenic in nature [4-7]. Therefore, diesel soot particles need to be
eliminated by effective exhaust treatment strategies [8-10]. One of the most effective ones for soot
removal in the diesel context is the use of active soot combustion catalysts, which can oxidise soot
particles at low ignition temperature (because the exhaust gases from diesel engine are normally in
the temperature range of 150°-500°C), and present high thermal stability for further integration in
diesel particulate filters (catalysed-DPF) [11,12]. This stimulates the invention of catalytic materials
with excellent inherent reactivity. In the effort to design very efficient catalysts, noble metals have
been widely investigated as the main components of catalytic systems used for soot oxidation in the
presence of NOx. Despite their great activity, the main drawback in implementing noble metals for
this application is the high cost, which limits the economic feasibility and prevents their widespread
use in the oxidation of soot [13]. Therefore, to reach the present emission standards of PMs, the search

of novel low-cost and highly effective nanostructured catalysts remains a primary challenge [14, 15].

Among various low-cost metal oxides, CeO. has been proposed in the catalytic diesel soot



combustion [16-20]. The activity of ceria-based materials depends on their chemical composition,
structural features, defects, morphology and particle size generated by doping and non-stoichiometry
[21,22]. Among a variety of cerium-containing oxides, pyrochlore-type materials are known as useful
and practical materials applied in many fields, and also in catalysis. In the past years, there has been
an increasing interest in using pyrochlores as catalysts in several environmental-related processes
because of their unique structure with excellent thermal stability and potential catalytic activity in a
wide range of temperatures [23]. One alternative to obtain a family of these pyrochlore structures is
based on anchoring individual ceria-zirconia nanostructures onto the surface of a carrier material
(YSZ). It was recently reported by some of the authors of the present article that these nanostructures
present not only an outstanding redox performance as a function of OSC and reducibility [24], but
also an impressive stability under high-temperature conditions [25]. The optimum redox properties
and catalytic response in oxidation reactions can be further improved with the incorporation of

transition metals onto their surfaces.

The aim of this work focuses on the study of these nanostructured ceria-yttria-zirconia materials
(CeO2-YSZ) as supports of copper and cobalt oxides catalysts. These systems have been evaluated in
the oxidation of NO to NOz and the soot combustion under NOx/O2 and Oz. The ability of these
catalytic formulations to promote the NO:-assisted and/or the “active oxygen”-assisted soot
combustion is analysed. The catalytic behaviours are compared with those obtained for a Pt/Al>O3

commercial catalyst and, finally, the mechanistic implications deduced are presented.

2. Experimental
2.1 Preparation of samples.

A commercial YSZ oxide (Tecnan-Nanomat S.L., 15% molar of Y, Sger = 89 m?-g%) was
impregnated with an aqueous solution of Ce(NOs3)3-6H20 to obtain the 13% mol CeO2/YSZ oxide
used as support. After impregnation, this oxide was dried overnight at 110°C and further calcined at

500°C for 1 h. The specific surface area of the resulting CeO2/YSZ oxide was 73 m?-g=.



This material was activated by using a SRMO-SRSO-SRMO redox-aging cycle already described in
previous works [25]. Briefly, it consists on a combination of the following treatments:

(1) Severe Reduction (SR): heating in Hz(5%)/Ar (60 cm3-min™1) up to 950 °C. After 2 h at this
temperature, the gas flow is switched to He (1 h), and finally the sample is cooled down to room
temperature.

(2) Mild Oxidation (MO): heating in O2 (5%)/He up to 500 °C (1 h), followed by cooling to room
temperature.

(3) Severe Oxidation (SO): heating in Oz (5%)/He up to 950 °C(1 h), followed by cooling to room
temperature.

For all these treatments we used heating rates of 10 °C-min~* and flow rates of 60 cm®-min.,

Thus, the activation cycle consisted of 3 consecutive steps: 1° SRMO (SR+MO), 2° SRSO (SR+S0O)
and 3° SRMO (SR+MO). In order to prevent overheating of the reduced samples, they were always
passivated after SR pulsing Oz (5%)/He at 25 °C. A schematic representation of the complete cycle is
included in the Supporting Information (S1).

To illustrate the effect of this activation treatment, Table 1 summarises the Oxygen Storage Capacity
(OSC) of the fresh and the activated oxides at 350°C and 500°C. According to these values, the
SRMO-SRSO-SRMO treatment significantly improves the OSC in terms of both Ce** reduced to
Ce** and mmol O, adsorbed per gram of sample. It should be noted that the percentage of Ce**
reduced at low temperature is almost 100% in the cycled sample. This oxide was used as catalytic

support and will be hereafter referred as Ce-YSZ.

< near Table 1 >

Cu/Ce-YSZ and Co/Ce-YSZ catalysts were prepared by incipient wetness impregnation of Ce-YSZ,

with aqueous solutions of the corresponding nitrates. The Cu and Co molar content was 11%. After



impregnation, the samples were submitted to drying overnight at 110 °C and calcination at 500 °C for

1h.
2.2 Characterization of the samples.

The chemical composition of the catalysts was determined by using inductively coupled plasma-
atomic emission spectrometry (ICP-AES). Textural properties (surface area and porosity) were
analysed by N adsorption isotherms at -196 °C, on a Quantachrome Autosorb iQ automatic
equipment. Prior to measurements, the samples were degassed at 200 °C for 2 h. The BET method
was used to calculate the surface area, and pore volume and width were calculated by the BJH method.
Powder X-ray diffraction (XRD) patterns of the catalysts were obtained on a Bruker (DSADVANCE)

diffractometer, with Cu Ka radiation (40 kV and 40 mA).

Oxygen storage capacity (OSC) values were estimated from oxygen chemisorption isotherms at 200
°C, in the oxygen partial pressure range 0-300 Torr. The isotherms were recorded on a Micromeritics
(ASAP 2020) device. The samples were pre-reduced by heating in 5% H,/Ar at the selected reduction
temperature (350°C or 500°C) for 1 h, then evacuated under vacuum at 500°C (1h) and finally cooled
down to 25 °C also under high vacuum, to guarantee the removal of any amount of chemisorbed

hydrogen.

H>-TPR and CO-TPR studies were carried out in an experimental device coupled to a quadrupole
mass spectrometer (Pfeiffer, model Thermostar QME-200). The reactive gas compositions were 5%
Ha/Ar or 5% CO/He, respectively. Before starting TPR runs, the samples were cleaned under flowing
5% Oo/He at 500 °C for 1h; then, they were cooled down to 150 °C under the same flow and finally
to 25 °C in He. Flow rates of 60 cm®-min’ and heating ramps of 10°C -min’ were always used. The
results are presented in the form of water (m/z=18) or carbon dioxide (m/z=44) evolution as a function
of temperature. Consistency with hydrogen or carbon monoxide consumption profiles was in all cases

confirmed.



For the STEM analysis, the samples were dispersed in ethanol and deposited by dripping on carbon-
coated TEM grids. HAADF-STEM images were acquired in a FEI Titan3 microscope operated at 300
kV. A semi convergence angle of ~21 mrad was used together with a camera length of 115 mm.
Energy Dispersive X-ray Spectroscopy (XEDS) measurements with a resolution at the atomic scale
were carried out using the same microscope, which was equipped with a ChemiSTEM system.

Analysis was performed using the Bruker ESPRIT software.
2.3 Catalytic Activity measurements.

The catalytic tests were performed at atmospheric pressure in a fixed-bed tubular reactor coupled to
specific NDIR-UV gas analysers for NO, NO», CO, CO; and O> determinations (Fisher-Rosemount,
models BINOS 100, 1004, 1001).

Catalytic NO oxidation experiments were carried out using 80 mg of catalyst diluted with 320 mg of
SiC. For the soot combustion tests, a carbon black from Evonik-Degussa GmbH (Printex-U) was used
as model soot. In a typical run, 80 mg of catalyst and 20 mg of soot were mixed with a spatula in the
so-called loose contact mode. This mixture was further diluted with 300 mg of SiC. In both cases, the
reactive gas mixtures contained 0.05% NOx/5% O: (or just 5% O, for the case of soot combustion
experiments in absence of NOx) and N as balanced gas. The total flow used was 500 ml-min~* and

the space velocity was 30000 h2.

3. Results and Discussion
3.1 Characterization of samples

The values of the BET surface area and chemical composition of the samples are gathered in Table
2. The low surface area of these samples is a consequence of the high temperature redox-aging cycles
to which they were submitted. Concerning the chemical composition obtained by ICP, both Cu and
Co contents are below the nominal values, the difference with respect to these values being slightly

higher in the case of Cu. As it can be seen in this table, Cu and Co catalysts show a very similar



surface area, a little bit lower than that obtained for the bare support, probably due to the partial filling

of the pores after impregnation.
< near Table 2 >
<near Figure 1 >

Fig. 1 shows the pore size distribution curves of Barrett-Joyner-Halenda (BJH) model for the support
and the Cu and Co catalysts. The pore diameters of Cu and Co catalysts mainly distribute within the
range 10-30 nm.

Fig. 2 shows the XRD diagrams of the investigated samples. For the Ce-YSZ support, the XRD
pattern shows the tetragonal reflections peaks corresponding to the YSZ oxide (JCPDS 30-1468). The
absence of peaks corresponding to fluorite CeO, suggests that, after the SRMO-SRSO-SRMO
activation treatment, the cerium has been incorporated into the YSZ structure, at least at the surface
level. This conclusion is supported by the results obtained in a previous study, focused on the
investigation of the influence of these singular activation pre-treatments on the structural properties
of Ce/YSZ oxides. By using advanced electron microscopy techniques, the formation of surface
nanostructures of Ce>Zr,O7 with a pyrochlore-like structure was illustrated [24].

The Cu/Ce-YSZ pattern shows the presence of new diffraction peaks at 35.5° and 38.7° corresponding
to the monoclinic structure of CuO (JCPDS 48-1548). In the case of the Co/Ce-YSZ catalyst,

reflections at 37° and 65.2° which can be indexed as cubic Coz04 (JCPDS 15-0806) were detected.
< near Figure 2 >
3.2 Reducibility of the catalysts.

The reducibility of the catalysts was investigated using H> (and CO)-TPR technique. Fig. 3 shows the
H>-TPR profiles obtained for the Ce-YSZ oxide and for the Cu/Ce-YSZ and Co/Ce-Y SZ catalysts. In
the case of Ce-YSZ support, water production (mass / charge ratio = 18) started at a temperature as
low as 200 °C, in the form of a sharp profile peaking at 244 ° C. The low-temperature reducibility of

this oxide has previously been associated with its surface nature, which consists mainly of nanolayers



of Ce»Zr,Og with pyrochlore-like structure, and in particular with its ability to activate the hydrogen

molecule, which is thought to be the rate controlling step in the overall reduction process [26, 27].
< near Figure 3 >

With respect to the reducibility of the Cu/Ce-YSZ and Co/Ce-YSZ catalysts, complicated TPR
profiles with overlapping contributions were obtained. The onset of reduction occurs at 133 °C and
178 °C for Cu/Ce-YSZ and Co/Ce-YSZ, respectively. The TPR profile of the Cu/Ce-YSZ catalyst
shows two sharp reduction peaks with maxima at 200 °C and 267 °C, followed by a broad band
extending up to 700 °C. A small shoulder at the low temperature side of the first peak is also observed.
The signal at 267 °C and the high temperature band could be assigned to the reduction of the Ce-YSZ
oxide, according to the results obtained for the bare support. The low temperature shoulder and the

signal centred at 200 °C would account for the reduction of CuO species.

On the other hand, the Co/Ce-YSZ catalyst shows a profile characterized by a maximum at 267 °C,
presumably corresponding to the reduction of the support, and a second contribution formed by
several overlapping reduction peaks centred at 400 °C, attributable to the transformation of C0304
into Co. The reducibility of CosO4 has been extensively studied and many authors suggest that the
spinel phase is usually reduced in a stepwise process, giving a low temperature peak in the range 200—
300 °C, corresponding to the reduction of Co®* to Co?*, and a higher temperature one, at 400-500 °C,

corresponding to the reduction of Co?* to Co® [28,29].

The deconvolution of the TPR profiles in Gaussian type functions has allowed us to confirm the
proposed reduction sequences. Thus, the interpretation of each peak can be made from the estimation
of the ratio between its area and the total area, assuming that the samples become fully reduced after
the TPR experiment. Thus, assuming that after TPR runs the samples are fully reduced (in form of
Cu, Co and Ce*"), the quotient between the area of the Gaussian peaks and the total area obtained for
the m/z=18 signals can be used to assign the origin of each contribution. The results are shown in Fig.

3 and Table 3. In this table, the theoretical amounts of H20 expected from the reduction of different



species (CuO, Co304, support) as well as the values obtained from the integration of the deconvoluted
patterns are gathered.
The sum of the areas of the peaks 1,2 and 4 in the deconvoluted pattern of Cu / Ce-YSZ (solid gray
line) represents an amount of water of 0.64 mmol H>O/gcat, very similar to that theoretically required
for the complete reduction of CuO (0.66 mmol H2>O/gcat). The reduction of CuO species at different
temperatures may be associated with the presence of CuO crystallites of different sizes, in different
locations and / or with different degrees of interaction with the support. [30,31]. Likewise, the amount
of H>O obtained from the integration of peaks 3 and 5 (dotted grey line, 0.50 mmol H20/gcat) agrees
with that calculated for the total reduction of Ce* to Ce** in the Ce-YSZ support (0.48 mmol
H20/gcat). The former could correspond to Ce** in Ce,Zr,0Os nanoparticles, while the very large one
centred at around 500 °C can be associated with a very limited amount of cerium cations in isolated
CeO2 particles.
Five contributions were also considered to decompose the Ho>-TPR profile of the Co/Ce-YSZ catalyst.
Peaks 2 and 5 would account for the total reduction of Ce** in the Ce-YSZ support (0.48 mmol
H20/gcat, dotted line). The remaining area (sum of peaks 1, 3 and 4) coincides quite closely with that
expected for the reduction of Coz04. The signal at 200 °C might account for the reduction of the
smaller Co3O4 particles. On the other hand, the reduction peaks at around 300 °C and 400 °C would
be associated with the consecutive steps to transform Co®* into Co?* and Co?* into Co, respectively
[28].

< near Table 3 >
The reducibility of the catalysts under CO atmosphere was investigated as well. The results
corresponding to CO-TPR are shown in Fig. 4. In this case, the formation of CO, (m/z=44) was
followed to monitor the reduction processes. As it can be seen on this Figure, the reducibility of Ce-

YSZ by CO is not as high as that observed in the experiment with H.. The CO-TPR profile obtained

for this oxide shows a low intensity peak at 360 °C and a second one at about 730 °C, which can be

10



ascribed to different Ce** locations (with respect to the surface) in the Ce2Zr,Os layers, or to the

presence of layers with different thickness.
< near Figure 4 >

With regard to Co/Ce-YSZ and Cu/Ce-YSZ catalysts, complex CO-TPR profiles were also observed
that can be properly assigned to the constituents of the catalysts after deconvolution of the TPR signals
(Fig. 4). Thus, in the case of Co/Ce-YSZ catalyst, the first three gaussian peaks resulting from this
process can be ascribed to the reduction of the CozO4 particles [32]. Once metallic Co is formed, it
activates the reduction of the support, which occurs at 570°C (peak 4) in this catalyst. In the case of
Cu/Ce-YSZ, the reduction onset occurs at lower temperature. Four consecutive peaks in the range 80-
200°C would account for the reduction of CuO, thus indicating the presence of different forms
(locations, aggregates size, ...) of Cu?* species in this sample [33]. The peak centred at 480°C can be
ascribed in this case to the reduction of the support. These assignments demonstrate a good
quantitative accordance between experimental (integrated area) and theoretical (calculated) values,
for both support and metallic phase reduction processes involved, as shown in Table 4.
According to these whole results, it can be confirmed that the presence of metallic Cu or Co activates
the reduction of the Ce-YSZ oxide by CO, as demonstrated by the displacement of its main reduction
peak from 730°C (in the bare support) to 578°C and 278°C, for the Co/Ce-YSZ and Cu/Ce-YSZ
catalysts, respectively.

<near Table 4>
3.3. Compositional analysis by EDS.
With the aim of exploring the distribution of elements in the catalysts investigated, energy-dispersive
X-ray spectroscopy (EDS) analyses were carried out. EDS-mappings of Cu and Co catalysts are
presented in Fig. 5 and 6, and the chemical composition obtained from the EDS spectra is shown in
Table 5. In the case of Cu/Ce-YSZ (Fig. 5), the EDS mapping shows that Ce, Y and Zr are
homogeneously distributed, while the Cu X-ray signal mainly comes from aggregates with different

morphologies and sizes located at the surface of the Ce-YSZ particles. Fig. 6 illustrates a

11



representative image of the Co/CYSZ catalyst, as well as the EDS mappings for Co, Ce, Y and Zr. In
this case, and probably due to the particle thickness, we can clearly identify the surface nature of Ce
species, which appear mainly concentrated at the edges of the particle. Aggregates of Co, smaller in
size than those observed for Cu, are also better dispersed on the particle surface and, therefore, in

greater contact with Ce.
< near Figure 5 >

The overall chemical composition obtained from EDS (Table 5) does not coincide with the results
obtained from ICP (Table 2), which is expected because the EDS analyses were taken in small areas
surrounding Cu (or Co) metal particles, where the metal content is not representative for all the
sample. However, the values obtained for the Ce/(Ce+Y+Zr) ratio are rather similar to those obtained
by ICP, thus indicating a very good compositional homogeneity of the Ce-YSZ support also on a

nanoscopic scale.
< near Table 5>

3.4 Catalytic Activity measurements.

The NO to NO> oxidation activity of the selected catalysts was evaluated in Temperature Programmed
Oxidation reactions (TPO) and Fig.7 compiles the NO2 production profiles obtained as a function of
temperature (solid lines). It is important to underline that the un catalyzed NO oxidation reaction
occurred at very low extent under the same experimental conditions. The predicted NO> level
considering the thermodynamic equilibrium of the NO oxidation reaction to NO is also represented
in the same Figure as a dotted black line, showing that this reaction is thermodynamically favoured

at low temperatures but not at high temperatures.
< near Figure 7 >

The most remarkable feature illustrated on Fig. 7 is the outstanding activity of the cobalt-containing
catalyst (solid orange line). Both the pattern and the maximum amount of NO> production achieved

are similar to those shown by the commercial Pt-catalyst (but being a little bit lower) thus revealing

12



its high reactivity towards the mentioned oxidation reaction. The Co/Ce-Y SZ synthesized presents a
maximum NO2 production activity higher than 70% and very close to that of Pt. The pronounced
slope of the representation is very similar to that of Pt as well and differs considerably from the
smooth slope observed for the copper-containing catalyst and the support.

It is worth commenting that one of the most active catalysts prepared until now was a sample
consisting of nano-particles of ceria-praseodymia synthesized by a sophisticated surfactant-aided
method based on the obtention of a reverse micro-emulsion [20]. The performance of the Co/Ce-YSZ
catalyst is also remarkable in comparison with that shown by this Ce-Pr oxide (see corresponding
comparative on Fig. S2 on Supplementary Information).

Fig. 8 depicts the soot conversions profiles versus temperature using the selected catalysts (solid lines)
under the mode of loose contact. The implications of the NO> production capacity of the investigated
catalysts on their soot combustion activities under NOx+O, are very obvious for this series of
catalysts. Since NO- is required to initiate and propagate the soot oxidation under loose contact
conditions, the conversion of NO to NO: is an important step during catalytic soot combustion in the
presence of NO and O [34]. Even though some studies reported that for a set of Ce-Zr catalysts a
direct relationship between NO: production and soot combustion was not found because of the
contribution of the active oxygen-assisted mechanism, being more relevant as the reaction
temperature is higher [35], for the present case reported (where some of the catalysts present

remarkable activity for NO2 production at low temperatures), the correlation is evidenced.
< near Figure 8 >

Nevertheless, the attempts to establish correlations among the redox activities (reducibility
behaviour) of both transition metal-catalysts and the soot combustion performance failed. Some
studies reported that direct relationships among easiness of catalysts’ reduction under reducing
atmospheres (monitored by TPR-H2 or TPR-CO) and catalytic performance’s under oxidative
atmospheres are not fulfilled [36]. This is a clear example showing this lack of correlation. For the

catalysts considered, a whole reduction is achieved both under H> and CO for the two supported

13



catalysts investigated in the TPR experiments. However, the reducibility is promoted to lower
temperatures for Cu/Ce-YSZ with regard to Co/Ce-YSZ (under H» atmosphere) and more
dramatically under CO atmosphere due to the different processes involved in both reactions. The own
oxidised pyrochlore phase is characterized by a large ability to activate the H> molecule [26]. On the
contrary, it can be accepted that the presence of metallic entities of copper and cobalt activates the
reduction of the Ce-YSZ oxide by CO. In this sense, copper seems to be much more active in this
system under CO presence than cobalt.

In an attempt to gain more insight into the reasons of the lack of correlation concerning reducibility
properties and soot combustion activity, the corresponding soot combustion curves under a NO-free
atmosphere (only containing 5% O,) are displayed on Fig. 9. The observed activity trend is quite
different to that found under NOx/O> (in agreement with previous works comparing different sets of
catalysts [37]) and now the Pt-based catalyst is the least effective, followed by Ce-YSZ, Co/Ce-YSZ
and Cu/Ce-YSZ. Not surprisingly, these four curves move towards higher temperatures in the NO-
free stream, due to the inoperativeness of the NO2-assisted mechanism, again evidencing the role of
NO: as originator and propagator of the soot combustion reaction under loose contact. If NOXx is
absent, the order of soot combustion rate matches with the performance in reducibility. In other words,
when the “active oxygen”-assisted mechanism is the only pathway governing the catalytic activity
for soot combustion, the most reducible sample under Hz, but specially under CO, (that containing
copper) is that most active under these experimental conditions, as seen by comparing Fig. 9 with
Fig. 3 and 4. It is important to take into account that under CO-TPR the most important steps consist
of the activation of the CO molecule and the corresponding transfer of O (from the own catalyst) to
CO. An effective delivery and transfer of active oxygen from the catalyst to the soot surface are the

main factors governing the soot combustion under O alone as well [38,39].
< near Figure 9 >

With the aim of exploring the specific mechanisms playing in the catalytic oxidation of soot and to

investigate more deeply how NO: is specifically produced and effectively utilised in this reaction,

14



Fig. 10 A) represents the NO: slip percentage, which is the unreacted NO> emerging during a soot
combustion experiment, in terms of temperature, for the three metal-supported catalysts (Pt, Co and
Cu, in dotted lines). For comparison purposes, the NO2 produced levels during the corresponding

blank experiments (previously shown on Fig. 7, in solid lines) are also compiled.
< near Figure 10 >

It is worth of mention that even though the soot combustion is significantly accelerated in the case of
the Pt-catalyst (Fig. 8), the difference between the NO- profile (obtained from a TPO experiment)
and the NO: slip profile is very small (4% in the maximum, approximately). These ideas, joined to
the lowest activity shown by the Pt-containing catalyst under O2/N2 stream, lead to assess that the
high activity towards soot combustion originated by the noble metal catalyst is not only due to its
highest NO> production. This remarkable activity is also attributed to the high effectiveness of the
commercial Pt-catalyst to recycle the NO molecules derived from the NO,-soot reaction again to NO»,
acting as source of NO. along the catalytic bed, thus providing these molecules continuously at a
temperature relevant to be used for soot combustion, as reported in previous publications [33, 40-44].
Therefore, NO can have a catalytic role, as well, according to this global scheme of reactions proposed
[34]:
NO+% 0, NO; (1)
2NO2+C <> CO2+2NO (2)

Comparing now Co/Ce-YSZ and Cu/Ce-YSZ profiles on Fig. 10 A), an interesting indirect evidence
can be deduced. Despite of the fact that the differences between the NO produced in a blank
experiment and the NO: slip in the soot-catalyst experiment are very similar for both catalysts (0.64
mmol NO2/gca: for the Co-containing catalyst and 0.60 mmol NO2/gcat for the Cu-containing catalyst),
the soot combustion activity for the former is considerably more accentuated even though the
potential active-oxygen assisted contribution to the whole activity is also lower (Fig. 9). A rational
explanation for that is as follows: mainly for the case of Co/Ce-YSZ catalyst, the NO molecules are

being used multiple times, in a similar way than Pt, but in a lower extension. This would explain the
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significantly high combustion rate for this catalyst compared with its counterpart containing Cu and
would imply a better utilization of NOx for the soot combustion purpose. A better understanding of
the catalytic function leads to conclude that the Co-containing catalyst is not only a better NO>
generator than the Cu-containing catalyst but also exhibits a more efficient utilization of NOx. Under
a loose contact configuration of soot/catalyst, NO produced as a consequence of soot oxidation
reaction (reaction 2) can go through the reaction cycles defined (1-2) and oxidise soot along the
catalytic bed multiple times.

The impact of catalyst formulation and the role of the different components of the X/Ce-YSZ systems
is evaluated now. For this purpose and trying to shed light on the reasons why the Co/Ce-Y SZ catalyst
IS S0 active interacting with the NO molecules despite of their redox properties are worse than those
showed by the Cu-catalyst, the corresponding metallic oxide phases found on both catalysts (Coz0a,
spinel phase and CuO, tenorite phase, respectively) were synthesised by means of the corresponding
nitrate precursors in order to obtain the bulk compounds and testing them in the catalytic reactions
analysed.

For comparative purposes with the supported-metal catalysts, the corresponding representations of
the bulk phases were included as dotted curves on Fig. 8 and in a separate graph on Fig. 10B).
Interestingly, the Co3O4 phase per se is an excellent NO2 producer, better than its supported
counterpart and this is reflected in an improved soot combustion activity as well, yielding a
conversion profile curve very close to that of Pt. On the contrary, concerning CuO phase, even though
its NO oxidation activity (blue dotted line on Fig. 10B) is better than that characteristic of the metal-
supported version (Fig. 10A), its corresponding soot combustion profile is moved towards very high
temperatures, and only from 550 °C on, (due to the presence of a higher amount of remaining soot in
the catalytic bed), the soot combustion rate presents a pronounced slope.

Consistently with these sequences of soot combustion activity, the NO recycling efficiency of the
Co304 phase is very high, suggesting a relevant function of the redox pair (Co?*/Co*") to interact with

NO multiple times along the catalytic bed. Conversely, the CuO phase has a null activity for this
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function and NO: slip only emerges at very high temperatures (Fig.10B), coinciding with the nearly
complete consumption of soot in the reactor.
The importance of the high efficiency of NO < NO2 < soot cycle has been reported by some
researchers [34, 39-43] but mainly in the context of Pt-based catalysts. It has been demonstrated that
the NO2 derived from NO oxidation would react with soot and initiate the creation of surface
oxygenated complexes, (SOCs), which are more reactive than the complexes previously existing on
soot’s surface. As a consequence of this, both O> and NO; are able to react with SOCs to finally
generate CO2, which is also a crucial step for the catalytic oxidation of soot [42]. Therefore, if the
recycling efficiency is high, this will provide more chances for the NO2-soot reaction to generate
these SOCs. The whole results obtained demonstrate that the CozO4 entities are the main responsible
(by themselves) of the high recycling function, and in turn, this leads to a high soot combustion
activity under NOx/O>. In this context, Co304 unsupported or supported entities would act as a
pseudo-platinum phase allowing fresh supply of NO, along the catalytic bed, thus accelerating the
soot combustion reaction. As far as these authors are concerned, this finding is quite interesting, since,
in general, non-noble metal catalytic phases (both unsupported or supported) are not so active in NO>
recycling processes, and this can have a relevant impact on the soot combustion activity.
Previous works reported a fast NO oxidation turnover on large CozOs clusters [44,45]. In this sense,
a high dispersion of Coz04 entities was not a requisite in agreement with the present investigation.
Co304 entities have been reported as a more active phase than CeO2 or Ag for NO oxidation under
O- presence [36]. Differently from CeO-based materials, which are expected to follow a Mars-van-
Krevelen route for soot oxidation under Oz presence, this possible route is completely overwhelmed
when NOX is present for the case of Co304 entities, yielding a higher NO2-assisted soot combustion.
NO was reported to be efficiently oxidized by these entities by following an Eley-Rideal mechanism
[44]:

0, + 2% — 20% (3)

NO + O* — NO3z + * (4)
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which was attributed to Pt-catalysed NO oxidation by some authors as well [46]. Hence, some of the
different catalytic behaviors observed could be tentatively explained by mechanistic implications.

On the contrary, CuO bulk phase is not active in the NOz recycling reaction, even though its NO>
production capacity is moderated. These experimental evidences are supported by the trend of the
redox potential pairs. In fact, Co®*/Co?* can be considered as a high electrochemical redox potential
(1.92 V) [44], meanwhile Cu?*/Cu" presents a potential of 0.13 V (not so highly oxidizing). Co3O4
could activate O easily and thereby was a poweful NO oxidizer with a high recycling efficiency,

similar to that exhibited by Pt.

4. CONCLUSIONS

In this work, copper and cobalt catalysts supported on a highly reducible cerium, yttrium and
zirconium oxide have been prepared. The cobalt catalyst shows an excellent NO oxidation behavior,
much better than that of copper and even comparable to that offered by a commercial platinum
catalyst. It is equally more active than copper for soot oxidation in the presence of NOx. According
to the results obtained with the corresponding bare oxides (CosOs spinel phase and CuO tenorite
phase), Coz04 entities would act as a pseudo-platinum phase allowing fresh supply of NO2 along the
catalytic bed, thus accelerating the soot combustion reaction via a NO2-assisted mechanism. When
NOX is absent, the order of soot combustion rate matches with the performance in reducibility, with
the copper catalyst being the most active. In other words, when the “active oxygen”-assisted
mechanism is the only pathway governing the catalytic activity for soot combustion, the most
reducible sample is also the most active. Under these conditions, Ce-Y SZ supported catalysts benefit

from the excellent oxygen-exchange properties of surface Ce-Y-Zr oxide nanostructures.
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Figure captions

Table 1. OSC values after reduction at 350 and 500 °C.

Table 2. Chemical Composition and Surface Areas.

Table 3. Results from Hz-TPR experiments.

Table 4. Results from CO-TPR experiments.

Table 5. Results from EDS-mappings.

Figure 1. Pore Size Distribution obtained by the BJH method.

Figure 2. XRD diffractograms of the catalysts investigated.

Figure 3. H>-TPR diagrams for the catalysts investigated (peak deconvolutions are included in grey).
Figure 4. CO-TPR diagrams for the catalysts investigated (peak deconvolutions are included in grey).
Figure 5.- TEM images and EDS mappings of Cu/Ce-YSZ catalyst.

Figure 6.- TEM images and EDS mappings of Co/Ce-YSZ catalyst.
Figure 7. NO2 production profiles during the blank experiments for the catalysts investigated.

Figure 8. Soot conversion curves obtained under loose contact mode (500 ppm NOx/5% O2/N>) for

the catalysts investigated and the bulk phases.

Figure 9. Soot conversion curves obtained under loose contact mode (5% O2/N2) for the catalysts

investigated.

Figure 10. NO2 slip profiles, obtained during soot combustion experiments under NOx/O> for: A) the
catalysts and B) the bulk phases (solid lines indicating NO. profiles obtained under blank

experiments, without soot).

23





