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Abstract

In the framework of nowadays challenges in the automotive catalysis, directed to the mitigation of
pollution caused by the emissions of internal combustion engines, a series of LaAll-xCoxO3
perovskites were investigated with the purpose of enhancing the oxidation of soot in the presence
of NOx. Perovskite oxides LaAll-xCoxO3 (x=0; 0.25; 0.5; 0.75 and 1) were synthesized by a sol-
gel route and characterized by different methods: X-Ray diffraction (XRD), H2-temperature
programmed reduction (H2-TPR), N2-sorption, O2/NOx-temperature programmed desorption
(TPD) and X-ray photoelectron spectroscopy (XPS). The perovskite oxides were tested as catalysts
for NO oxidation in isothermal mode and for NOx-assisted soot oxidation in temperature
programmed reaction. Structural results reveal that Co is well incorporated in the perovskite
structure expanding the unit cell, and doping Co may result in the distortion of the BO6 octahedra
of the general ABO3 perovskite structure. An increase in Co substitution with x up to 0.75
remarkably promotes the oxidation activity, whereas total replacement of Al by Co degrades the
catalytic performance. Among the prepared solids, LaAl0.25C00.7503 is the most active for NO
oxidation, with a conversion of 78% at 320 °C, and it also exhibits the highest activity for NOx-
assisted soot oxidation, with a T10% of 377 °C while maintaining high NO2 production (71%).
The outstanding performance of LaAl0.25C00.7503 is associated with the high mobility of lattice
oxygen species and the role of surface adsorbed oxygen seems not to be prominent. The strong
correlation of catalytic activity with NOx-TPD profiles suggests that NOx adsorption on catalyst
surface is an essential step in soot oxidation. It is also shown that higher calcination temperature
promotes the crystallinity of perovskite phase and leads to the improvement in the catalytic
activity. The present work indicates that the prepared perovskite catalysts are competitive with
noble-metal rivals for NOx-assisted soot oxidation and outperform them in NO2 production for
further NOx abatement.

1. Introduction

Perovskite oxides have general formula ABO3, where the 12-fold cubo-octahedral A site is usually
occupied by alkaline earth/alkaline or larger cations and the octahedral B-site by smaller cations
[1]. The ideal structure of perovskite is cubic with tolerance factor t (so-called Goldschmidt factor)

of 1 (t=(ry+71y)//2(rg + 1p)), where rA, B and rO are ionic radii of A, B, and oxygen,



respectively) [2]. A t parameter between 0.75 and 1 is necessary to form perovskite structures,
with decreasing symmetry for t < 1 [1]. Thanks to the wide range of metals able to adapt in the
perovskite structures (about 90 % of metallic elements in the periodic table), the physicochemical
properties of perovskite oxides can be finely tuned and they find enormous applications in catalysis
for, e. g., steam reforming of toluene [3-5], ethanol [6,7], CH4 [8-10] and bioglycerol [11];
valorization of bio-oil [12—15], biomass [16] and HMF [17], lignin partial oxidation [18,19] and
environmental treatments [20-24].

Particulate matter (PM), which is normally referred as soot (although the latter strictly refers only
to its carbonaceous fraction), is a noxious emission of diesel engines, which find enormous
applications thanks to their high energy efficiency in fuel consumption [25]. PMs can cause a
number of respiratory diseases [26] and deactivation of post-treatment’s catalysts for the NOx (NO
and NO2) reduction processes [27]. Thus, the control of PM’s emission is necessary for diesel
engine future developments. Generally, there are two steps of PM’s treatment: filtration and
regeneration [28]. Filtration consists of capturing soot in a Diesel Particulate Filter (DPF),
followed by the regeneration which refers to the combustion of soot at relatively high temperature
(around 600 °C [29]) to avoid backpressure across the filter [25]. Alternatively, the Continuously
Regenerating Trap (CRT) is able to continuously oxidize soot at lower temperature by using NO2
as a stronger oxidant instead of O2 [30,31]. On the other hand, NOx gases, which are also included
in diesel exhaust in extremely small quantity, are highly toxic pollutants. NOx elimination is a
technical problem because of mandatory requirements to add extra elements to aftertreatment
systems, leading to an increase in overall cost of vehicles. A conventional diesel aftertreatment
system combines both oxidation catalysts to oxidize trace substances (unburnt hydrocarbon, soot,
CO, NO) and a consecutive NOx reduction catalyst. Many efforts have been made to reduce NOx
in lean-rich exhaust cycles such as using lean NOx trap (LNT) or NOx storage/reduction (NSR)
catalysts. An alternative way is to employ Selective Catalytic Reduction (SCR) by using extra
reductants such as NH3 from injected urea solution [32]. These treatments are only productive in
case of a large proportion of NO2 present in the exhaust gases [25,33,34]. Therefore, finding
catalysts for soot combustion at low temperature while maintaining a high proportion of NO2 for
further reduction processes is highly desirable. NOx-assisted soot oxidation is a simultaneous
approach which involves NO to NO2 conversion and subsequent soot oxidation by the formed
NO2 from the gas phase, at relatively low temperature [28].

Many works have investigated this reaction using noble metal catalysts, which are able to reduce
the ignition temperature of soot oxidation (T10% - temperature when 10% of soot is combusted)
down to 370 °C, depending on the operating conditions [28,35-38]. However, no high NO2 yields
of the soot oxidation reaction have been reported whereas a high proportion of NO2 is beneficial
for further NOx elimination processes (for instance, NH3-SCR). Obviously, the applications of
noble metals are limited by their prohibitively expensive cost and strategic limitations of
availability. Recently, Kim et al. suggested that perovskite La0.9Sr0.1CoO3 can be reasonably
priced alternative since it can oxidize about 86% of NO at lower temperature (300 °C) than noble
metal rival Pt/A1203 [39]. The study has been followed by other works on doped perovskites for
low temperature soot oxidation such as LaMn0.9Co00.103 [40], BaMn0.7Cu0.303 [41],
La0.9AC003 (A=Na, K and Rb) [23], Lal-xBxO3 (B=Ce and Sr) [27] and BaCoO3-A [42],
focusing on the substitution of A- or B-sites to promote redox properties of perovskite oxides by
generating either defective structure or multiple oxidation state cations. Furthermore, modified
LaCoO3 is generally accepted as a highly active catalyst for NO oxidation [20,43,44], whereas
Al203 supported oxides are reportedly able to catalyze NOx-assisted soot oxidation at relatively



low temperature [45]. The combination of Al and Co in La-based perovskite oxides may be a
promising approach for the NOx-assisted soot oxidation at low temperature. The present work
investigates Co-doped LaAlO3 perovskite oxides for soot oxidation in the presence of NOx gases
to correlate the catalytic activity with crystallinity, redox properties and the role of lattice oxygen.

2. Experimental section
2.1. Catalyst preparation

LaAl1-xCoxO3 were prepared by the sol-gel method with citric acid. La(NO3)3-6H20 (Sigma-
Aldrich,99%), AI(NO3)3-9H20 (Sigma-Aldrich, 99%), Co(NO3)2-6H20 (Sigma-Aldrich,99%)
were used as metal precursors and citric acid C6H80O7-H20 as a gel-forming agent. Stoichiometric
amounts of nitrate salts were dissolved in deionized water. A suitable amount of citric acid (citric
acid:metal =2 mol/mol) was added to the solution where the pH was kept at 7.5 + 0.5 by dropwise
addition of ammonia. The solution was stirred and evaporated at 80 °C until the gel was formed.
The gel was then kept at 150 °C for 3 h and at calcination temperature (500, 600 and 700 °C) for
5 h with rampup of 5 °C min ™",

2.2. Catalyst characterization

The BET surface area was determined by N2 adsorption at -196 °C using a Micrometrics Tristar
instrument with improved vacuum system. Samples were previously degassed at 250 °C until
stable 10 Pa pressure was reached. XRD diffractograms were recorded using Cu Ka (A=0.15418
nm) radiation in a Bruker D8-Advance device. The reducibility of perovskite oxides was studied
by H2-temperature programmed reduction (H2-TPR) using ThermoQuest TPDRO 1100
equipment equipped with TCD detector. The quartz tube reactor was loaded with about 50 mg of
sample and pretreated with 10 mL min~' N2 at 500 °C for 30 min and then cooled down to 50 °C.
Samples were then heated from room temperature to 950 °C with 5 °C min! heating rate under 20
mL min ' 5% H2/Ar. O2-Temperature Programmed Desorption (O2-TPD) was conducted in the
same instrument. The samples were previously treated under pure O2 flow (40 mL min ') at 600
°C for 30 min before cooling down to ambient temperature under O2 flow. The desorption was
performed from room temperature to 950 °C under He flow (20 mL min ') with heating rate of 5
°C min'. The NOx-TPD experiments were conducted in a flow-gas reactor system equipped with
ABB Limas and Uras UV and NDIR analyzers to detect NO, NO2, N20O, CO, and CO2 gases
separately. Catalysts were placed at the middle position of a 10mm i.d. tubular reactor with
thermocouple inserted into the catalytic bed to measure the reaction temperature. In a typical
experiment, 200 mg of sample was used. For the NOx desorption tests, NOx (250 ppm NO; 250
ppm NO2, balance N2; total flow 300 mL min™') was adsorbed at 250 °C until stable concentration
of NOx and cooled down to room temperature under N2 flow. The sample was then heated under
N2 flow (300 mL min!) from room temperature to about 600 °C at 5 °C min '. The XPS
experiments were done as reported elsewhere [46]. Briefly, XPS analysis was carried out on an
XPS PHI 5000 Versa probe apparatus, using the band-pass energy of 187.85 eV, a 45° take off
angle and a 100.0 um diameter X-ray spot size for survey spectra. High-resolution XP spectra were
recorded in the following conditions: pass energy of 23.5 eV, resolution of 0.1 eV, and a step of
0.2 eV. Sample charging effects were eliminated by referring to the spectral line shift of the C 1s
binding energy (BE) value at 284.5 eV.

2.3. Activity tests



The NO oxidation tests were conducted in isothermal mode in the same system for NOx-TPD
experiments mentioned above. The feed gas contained 650 ppm NO and 5% O2 in N2 (total flow
254 mL min!) and 200 mg of catalyst was used. The temperature range for the oxidation was 150—
400 °C. At each temperature, the stabilization time was about 20—30 min for reaching the steady
state reaction in order to avoid the adsorption/desorption effect of NOx on catalysts. NO oxidation
was also performed in the temperature ramping mode, in this case the reaction conditions matched
those of the NOx-assisted soot oxidation: the feed gas contained 500 ppm NO and 4% O2 in N2
with total flow 600 mL min ' and 200 mg of catalyst with ramping rate 5 °C min™'. Besides the
LaAll-xCoxO3 catalysts Pt/Al1203 with 5% Pt loading (Sigma-Aldrich 205974) was used as
commercial reference.

The activity of the catalysts in NOx-assisted soot oxidation tests was determined by Temperature
Programmed Reaction (TPR) with heating rate of 5 °C min"!. The soot oxidation was studied by
mixing 20 mg of soot (Printex U, a carbon black used as model soot) with 180 mg of catalyst or
SiC for the reference non-catalytic test (catalyst:soot=9:1) in loose contact. Feed gas contained
500 ppm of NO and 4% oxygen in a flow of N2 as balance gas, the total flow being 600 mL min™".
The tests were conducted between 200 °C and 700 °C with a ramp of 5 °C min—1. The soot
conversion and CO?2 selectivity were calculated as followed:

YE(co,+co yt(co
Soot conversion (%) = o(coz+co) 100  CO; selectivity (%) = 6(coz) 100
(coz+c0)¢otal (co2+C0)¢otal

3. Results and discussion
3.1. Characterization
3.1.1. Structural properties

X-ray diffraction patterns of all catalysts LaAll-xCoxO3 (x=0, 0.25, 0.5, 0.75 and 1) calcined at
700 °C are shown in Fig. 1. All catalysts exhibit a well-crystallized perovskite phase, which is the
only phase present from x=0 to 0.5 and is accompanied in LaAl0.25C00.7503 and LaCoO3 by
two minor peaks at 26 of about 36.7 and 28.1°, which belong respectively to Co304 and La203.
The perovskite phase presents symmetric diffraction peaks in the case of LaAlO3, whereas peak
splitting is observed with increasing cobalt. Rietveld analysis has been conducted on all catalysts
calcined at 700 °C to understand the lowering of symmetry with Co-doping. The refinement was
done with the Thompson-Cox-Hastings pseudo-Voigt peak profile and two space groups:
rhombohedral R-3¢ and cubic Pm-3 m. The refinement data, reported in Table 1, confirm the
change of perovskite symmetry with the composition, LaAlO3 being cubic and all other samples
being rhombohedral. Interestingly, all samples would be expected presenting R-3¢ space group at
room temperature [47]. Rhombohedral perovskite normally evolves towards cubic structure when
the octahedral tilting is reduced at higher temperature. LaAlO3 is normally rhombohedral at room
temperature, reaching space group Pm-3m at nearly 530 °C [47,48]. The presence of cubic phase
at room temperature is probably due to a metastability effect. Substituted LaAl perovskites remain
rhombohedral also at very high temperature and, in the case of LaCoO3, the rhombohedral
structure is also stable above 970 °C [48,49]. In the case of solid solutions intermediate between
LaAlO3 and LaCoO3, Aswin et al. observed that the rhombohedral phase was accompanied by a
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Fig. 1. X-Ray diffractions of LaAll-xCoxO3
calcined at 700 °C: (a) x=0; (b) x=0.5; (c) x=0.5;
(d) x=0.75; (e) x=1.

secondary monoclinic perovskite phase [50]. No
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(x) group (A% Refinement parameters of
LaAll-xCoxO3 calcined at
0 Pm-3m 3.7927(1) - 54.556(2) 700 OC
0.25 R-3¢ 5.3673(2) 13.117(1) 54.542(3) :
0.5 R-3¢ 5.3772(2)  13.101(1) 54.882(1)
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Fig. 2. (a) Volume of the formula units LaAll-xCoxO3 as a function of the cobalt fraction; (b)
diffraction patterns of LaAl0. 25C00.7503 calcined at different temperatures.

26 (deg.)



The effect of calcination temperature on the formation of the perovskite phase is highlighted in
Fig.2b, in which the diffraction patterns of LaAl0.25C00.7503 calcined at 500, 600 and 700 °C
are shown. The diffraction pattern at 500 °C present no perovskite peaks but exhibits broad bands
of Co304 and La203 phases. Evaluation of the peaks of these phases by the Scherrer method
suggests sizes of 27 nm for Co304 and 2.6 nm for La203, a signature of nano-crystalline form for
this last phase. At 600 °C, the perovskite structure emerges beside traces of La203 phase, better
crystallized than at 500 °C. La203 disappears altogether at a calcination temperature of 700 °C,
leaving perovskite as the only crystalline phase.

The textural properties of LaAll-xCoxO3 calcined at 700 °C are listed in Table 2. The average
crystallite size of LaAll-xCoxO3 is calculated from the Rietveld refinement by the Williamson-
Hall method. Crystallite size dc slightly varies around 30 nm for x=0 to 0.75, before jumping up
for the total introduction of cobalt. The surface areas of all samples, measured by N2 sorption, are
between 10-15 m2 g !, as expected for samples annealed at high temperature [52]. It can be
observed that the observed variation in crystallite size does not correspond to any equivalent
change in surface area. Indeed, taking into account the density of the perovskite, the observed
surface areas correspond to grain size between 60 and 80 nm, in good agreement only with the
crystallite size of LaCoO3. It is tempting to advance the hypothesis that, in the case of all other
samples, the 30 nm crystallites are the result of splitting of larger grains during the thermal
treatment.

LaAl, .Co,04(x) d. (nm) Saer (m? g=") V., (an“g™") Table 2 TeXtural propertles Of
LaAll-xCoxO3 calcined at 700

0 30.5 14.4 0.10 oC

0.25 3121 11.4 009 .

0.50 6.8 11.6 0.09

0.75 28.7 13.1 0.08

1.0 73.7 12.3 0.08

3.1.2. Redox properties

Fig. 3 summarizes the H2-TPR profiles of LaAll-xCoxO3 (x=0, 0.25, 0.5, 0.75, 1) calcined at 700
°C and LaAl0.25C00.7503 calcined at 500, 600 and 700 °C. In the literature, the reduction of Co>*
in LaCoO3 was generally proposed by two different pathways, implying one or two steps. In the
two-steps route, Co3" is converted to Co0 via Co?" in two distinguished temperature regions at
around 420 °C for Co*" to Co?" and 550 °C for Co2" to Co® with the formation of intermediate
brownmillerite LaCo02.5 [16,53—-57]. This two-steps mechanism should be confirmed by the area
ratio of the first peak to the second one of 1:2 [58]. However, the H2 consumption in the high-
temperature reduction region is usually found lower than expected [44,55,59], suggesting that Co°
might be partially formed in the first stage at lower temperature [55,60]. Indeed, the Co®* reduction
was also proposed as one-step mechanism, in which Co0 can be produced directly from Co** with
the formation of oxygen-deficient compound LaCoO3-y, bypassing the Co*" species [60], and
splitting of the reduction peak can be attributed to different structural Co3+ species related to the
distortion of perovskite structure and oxygen defects [61].

The TPR profile of the as-prepared LaCoO3 reveals two separate peaks with maxima at ca. 395
and 580 °C (Fig. 3a). The H2-consumption, reported in Table 3, corresponds to a 1.5 H2/Co ratio,
indicating that all Co3+ has been reduced to Co0. The H2-consumption ratio between the first and
second reduction peaks is 1.04/1, indicating that the first peak does not correspond only to the
reduction of Co>" to Co?* but includes some further reduction of Co?*. The mechanism of reduction
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seems hence to be a mixed one-step and two-steps process. The first reduction peak presents
several components: the small shoulder located at 310 °C can be ascribed to microcrystalline part
or chemisorbed oxygen in the catalyst surface [20]. The two overlapping components at 391 and
418 °C probably include the formation of Co° at relatively low temperature [55,60].

When Al partially replaces Co in LaCoO3, the H2-TPR profiles of LaAl1-xCoxO3 follow the one—
step reduction mechanism from around 210 °C to 600 °C. The H2/Co ratio (Table 3) is close to
the values of total reduction for LaAl0.25C00.7503, indicating that Co** is completely reduced to
Co° up to around 600 °C. This suggests that, in bimetallic Al-Co perovskites, Co>" can be reduced
to metallic species at low temperature without any clear intermediate formation of Co**, and the
asymmetry of peak shape may be due to variously distinct Co>" species in perovskite lattice [61].
LaAl0.5C00.503 and LaAl0.75C00.2503, the most Al-rich mixed samples, present a H2-
consumption lower than the value expected for complete reduction of Co** (Table 3). This effect
could be attributed to a lower than expected average oxidation state of cobalt, probably related to
cation vacancies. In the case of the Co-free LaAlO3, a small peak observed above 800 °C is not
related to reduction phenomena but corresponds to CO2 release from decomposition of carbonate
species from the surface of this highly basic solid.

Fig. 3b shows H2-TPR profiles of LaAl0.25C00.7503 calcined at 500, 600 and 700 °C. The
sample annealed at 500 °C exhibits two peaks at 388 and 646 °C. The first peak closely correspond
to the expected temperature for reduction of the Co304 phase observed in the sample [62]. The
second peak does not correspond to a reduction peak but it is at the temperature expected for the
decarbonation of the carbonate species at the surface of the extremely dispersed La203 evidenced
by the XRD pattern [63]. LaAl0.25C00.7503 calcined at 600 °C reveals two overlapped peaks at



350 and 398 °C. This corresponds to the formation of Co0O by reduction of perovskite
LaAl0.25C00.7503 at a temperature nearly 90 °C lower than in the case of the same material
calcined at 700 °C. This may be linked with lower surface area, narrower crystal size distribution
and higher crystal size with higher calcination temperature, which leads to more diffusional
resistance [24].

It 1s generally accepted that perovskite LaCoO3 exhibits two type of desorbed oxygen. The a-
oxygen, which is desorbed below 750 °C, is usually ascribed to oxygen weakly bound to perovskite
surface. B-oxygen is lattice oxygen which diffuses from bulk and it is considered as an indicator
of oxygen mobility in the structure [54,59,64,65]. The latter species can come from inner bulk
oxygen vacancies or can be directly associated with the B-site cation reduction in the perovskite
oxide framework [56]. LaCoO3 shows two desorption peaks at around 650 °C and 827 °C,
probably corresponding to a- and B-oxygen, respectively (Fig. 4). LaCoO3 releases 77.5 pmol g !
of B-oxygen (nearly 2% of bulk oxygen), as a result of Co®>" to Co?* reduction and anion vacancy
generation [20,64]. The amount of B-oxygen release from LaCoO3 and the desorption temperature
are comparable with the results of other groups [66,67]. Decreasing the cobalt fraction x from 1 to
0.75 significantly raises the quantity of p-oxygen, LaAl0.25C00.7503 releasing 158.1 umol g ! at
a lower desorption temperature of 849 °C. The oxygen species in LaAl0.25C00.7503 occupies
almost 3.7% of total oxygen anion in perovskite, revealing the highest oxygen mobility among the
studied samples.

Fig. 4. O2-TPD profiles of LaCol-xAIxO3 samples

LaAl 15Coo2s0s calcined at 700 °C.
LaAlsCoos0s
LaAlsCoars0s

—— LaCo0s

It should be noticed that Royer et al. suggested that 3-
oxygen is likely to originate from grain boundaries
between two neighbor crystal domains due to higher
oxygen diffusivity within boundaries than bulk, and the
feature was significantly enhanced by substituting 20%
200 300 400 500 600 700 800 goo Of Co by Fe to form LaCo0.8Fe0.203 [66]. Therefore,
Temperature (°C) the highest amount of lattice oxygen for
LaAl0.25C00.7503 may be related to the smallest
crystallite size among the studied samples. For further decrease of cobalt content, the oxygen
evolution dramatically drops to 9.1 umol g ' when 50% of Co is replaced by Al and no B-oxygen
is measured when only 25% cobalt is left (Table 4). LaAl0.75C00.2503 exhibits no oxygen
evolution during the experiment, as it is the case for LaAlO3 due to non-reducibility of aluminum
cations. The decrease of B-oxygen with the increase of cobalt content closely matches the decrease
of H2-consumption in H2-TPR and confirms that the cobalt-richest samples present abundant
cation vacancies and a lower than expected cobalt oxidation state.

Intensity (a.u.)

Table 4. Calculated quantity

Samples (-Oy-desorption O-percentage Temperature

(umol g™ (mol.%) C) of desorbed oxygen of LaAll-

xCoxO3 obtained by

28075002505 5 o . integration  of  O2-TPD
LaAl, sCopsa0s 9.1 0.2 827 gratl
LaAly 25C007503 158.1 3.7 849 profiles.

LaCoOy 77.5 1.9 B27




3.1.3. Surface properties

The Fig. 5a shows XPS profiles of LaAll-xCoxO3 (x=0, 0.25, 0.5 and 0.75) with Co 2p3/2 and
2p1/2 binding energy at 780—780.4 eV and 795.4 eV respectively, both ascribed to Co3+ species
[67,68]. Moreover, distorted 2p3/2 Co pattern is distinctive for Co®" species [69], with a similar
gap between 2p1/2-2p3/2 of 15.4 eV [70] and no Co?" shake up peaks at 785-788 eV [69] [71],
suggesting that mainly Co’" species can be detected at the surface of the prepared samples.
However, the satellite signal at 790.2 eV and broadening region at about 805 eV can be seen in
LaAl0.5C00.503, and more pronounced in the sample with more cobalt: LaA10.25C00.7503. This

@ 1o - ® o . Fig. 5. XPS spectra of Co
‘,:_fp " o = h 2p (a) and O 1Is (b) of
a0 <, = “=' LaAll-xCoxO3 (x=0, 0.25,
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Table 5. Relative abundances of oxygen species derived from the deconvolution of O Is XPS
spectra and Co/Al surface ratio.

Sample (Co/Al) s, Co 2py,2 Ohags Ot Oats Ot

BE (eV) BE (eV) Yp-atom BE (eV) Yp-atom

LaAlOy 0 - 531.1 435 529.3 56.5 0.77
LaAly75Cog 2503 0.4 780.4 531.2 44.4 5202 55.6 0.80
LaAlgsCogsOa 0.6 780.4 531.3 39.4 529.1 60.6 0.65
LaAlg 26 Cog 7504 3.2 780.0 531.1 429 5201 57.1 0.75
LaCoOy - 7795 531.2 66.2 528.7 25.4 260

profile is reported for Co304 [72], indicating that there may be some cobalt oxides not
incorporated in perovskite structure when more than 50% of Al is replaced by Co, which is in
agreement with XRD profiles. Table 5 listed the ratios of surface Co/Al which increase from 0.4
for LaAl0.75C00.2503 to 3.2 for LaAl0.25C00.7503. This ratio for LaAl0.75C00.2503 is higher
than its bulk composition (0.33) by around 20% and the surface is slightly enriched with Co. By
contrast, LaAl0.5C00.503 has surface Co lower than in the bulk composition: 0.6 in comparison
with theoretical 1.0.

The O 1s XPS spectra are deconvoluted to two oxygen species: peaks at 529.1-529.3 eV are
characteristic of surface lattice oxygen (denoted as Olat) and signals at 531.1-531.3 eV can be
ascribed to oxygen adsorbed on perovskite surface (denoted as Oads) [73,74] (Fig. 5b). Concerning
the LaCoO3 sample, its O 1s curve was satisfactorily curve-fitted by using 3 peaks. Besides the
two components previously described, the signal at higher BE (533 eV) has been assigned to O
species in some segregated oxide phases. Such an assignment is in agreement with the XRD pattern



of the sample, in which the main peak of the La203 and Co304 phases was detected (see Fig. 1).
The ratios Oads/Olat of LaAll-xCoxO3 with x=0, 0.25, 0.5 and 0.75 are 0.77, 0.80, 0.65 and 0.75,
respectively (Table 5). These four samples, with similar surface area, show Oads/Olat ratios in the
same range, whereas the LaCoO3 sample, with much lower surface area, shows a much higher
Oads/Olat surface ratio. These data clearly indicate that the oxygen distribution at the surface in
non-reactive conditions poorly reflects the bulk mobility of oxygen as revealed by H2-TPR or O2-
desorption experiments. The quantity of Oads is relatively correlated to surface area values which
are similar for LaAlO3.

3.1.4. NOx-temperature programmed desorption

For the NOx-TPD measurement, the samples were adsorbed by equal quantities of NO and NO2
(about 250 ppm of each balanced by N2) at 250 °C until the saturation, cooled down under N2,
and followed by heating up under N2 atmosphere with a rate of 5 °C min'. Fig. 6a reveals the
NOx-TPD profiles of LaAll-xCoxO3 (x up to 0.75), while a similar figure for LaCoO3 is plotted
in Fig. 6¢. The first small NOx desorption can be ascribed to physically adsorbed species which
peaks at about 150 °C for LaAlO3, and decreases by around 60 °C when Al is substituted by Co.
It is reported that the NOx desorption below 250 °C is mostly related to B-site of perovskite, while
at high temperature the basic A-site may take a role [44]. The adsorbed species is reportedly in
dependence with adsorption temperature [75]. When NOx is adsorbed below 250 °C, it is mainly
stored as nitrite species, which can convert Fig. 4. O2-TPD profiles of LaCol-xAlxO3 samples
calcined at 700 °C. into nitrate at higher adsorption temperature [75]. In contrast, at high
temperatures NOx can be released by the nitrate decomposition followed by the oxides formation
and the destruction of perovskite structure. [42]. It is also suggested that at low adsorption
temperature NOx is stored as chemisorbed NOx and converted to nitrate by interaction with
surface hydroxyl groups [76]. This chemisorbed species may be unstable, and it can be released
during TPD experiment up to 350 °C.
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Generally, NO2 is desorbed at a lower temperature in all studied samples compared to NO [77],
and its desorption temperature drops with increased Co doping, from 351 °C for LaAlO3 to 275
°C for LaAl0.25C00.7503, and almost disappears in case of LaCoO3 (Table 6). The quantity of
desorbed gases is similar in all cases except LaCoO3, varying from around 53 to 75 umol g '. The
values partially depend on the surface area which may be not promoted by high calcination
temperature of perovskite oxides. Furthermore, deficient perovskites favor NO adsorption on
oxygen vacancies before oxidizing to NO2 [43,78] which may not be found in our compounds
persevering charge neutrality.

Caalysts Total Table 6. Desorbed NOx quantity and

= . = wmde ) relative desorption temperature of
|._ J g " lI |.:'.\--; g ' ) LaAl]'xC0x03

LaAlO: 268 151 26.2 112

Laal Ci (] 27h 294 258 347

LaAl. .Cioe « 0 365 RO 7T 150

LaAl i i 24.7 75 6.3 120 &1.0

NO desorption temperature has the same trend of NO2 but at a higher temperature. It decreases
with Co content from 412 °C for LaAlO3 to a similar range of 347-350 °C for both
LaAl0.75C00.2503 and LaAl0.5C00.503, and drops to the minimum of 320 °C for
LaAl0.25C00.7503. Surprisingly, a decrease in Al quantity weakens the bond with acidic NOx,
leading to lower desorption temperature. The introduction of Co may induce some modifications
of the perovskite surface which leads to variation in desorption temperature of NOx [44]. It is
reported that calcination temperature up to 1000 °C induces the formation of oxygen-deficient
BaCoO3-A which promotes the trap of NOx on oxygen vacancies; however, when the synthesis
temperature is lower than 700 °C, surface areas may significantly contribute to the quantity of
absorbed species [42]. For the sample LaAl0.25C00.7503 calcined at different temperatures (Fig.
6b), the one annealed at 500 °C releases the most NOx with a value of 258 umol g ! in comparison
with 45 and 61 umol g of LaAl0.25C00.7503 calcined at 600 and 700 °C respectively. On the
other hand, the specific surface areas of the sample decrease from ~22 to ~16 m2 g ' with
calcination temperature from 500 to 600 °C, and drops to 13.1 m? g ! at 700 °C. Furthermore, it
can be seen that calcination temperature from 700 to 600 °C shifts the desorption peak of NOx by
around 96 °C, whereas sample calcined at 500 °C possesses the highest desorption temperature at
420 °C. The presence of La203 in the samples calcined at low temperatures may be attributed to
a stronger bond with NOx and higher adsorbed quantity since La203 is supposed as the main NOx
storage site [43].

In many works for NOx storage and reduction, NO is fed with O2 to be oxidized to NO2 which is
more readily trapped by basic catalysts [77]. In the present study, NO and NO2 are supplied in an
approximately equal amount at 250 °C without the presence of O2. However, NO2 almost
disappears while NO is higher than its original value (250 ppm) during the adsorption process over
LaCoO3 (Fig.6d). This behavior cannot be found in other samples (for example
LaAl0.25C00.7503 in Fig. 6d) where both NO and NO2 gets saturated after around 10 min. This
suggests that during the NOx adsorption at 250 °C, NO2 may be adsorbed and partially reduced
to NO. This is confirmed by the presence of more intense peaks of Co304 and La203 phases in
XRD pattern of LaCoO3 after TPD treatment, which may be a result of Co** to Co*" oxidation by
NO2 reduction. Moreover, the NOx-TPD of LaCoO3 shows no NO2 peaks whereas NO is



desorbed at significantly higher than those of other samples (Fig. 6¢). The difference between NO
adsorption (calculated by integration of NO adsorption curve with time) and desorption is 88.2
pumol g !, indicating the additional amount of NO from NO2 reduction. It should be mentioned
that NO2 can be adsorbed by basic La203 observed in XRD pattern for LaCoO3 to form nitrate
salt, which can be decomposed at higher temperature than that in the experiment [79]. It may be
suggested that NO2 may be adsorbed on LaCoO3 and completely reduced to other species together
with both Co*" formation and partially perovskite structure collapse.

3.2. Catalytic activities
3.2.1. NO oxidation

The NO oxidation tests aim at investigating the NO2 production at low temperatures, which is
beneficial for the NOx storage/reduction process and soot combustion [77]. Fig. 7a shows NO to
NO2 conversion profiles obtained from the isothermal mode, whereas the dashed line represents
the thermodynamic equilibrium of NO oxidation reaction as a reference. The peaks of the curves
indicate the temperatures where maximum NO2 generation is achieved. At temperatures below the
peak temperature the NO oxidation is kinetically limited, while at higher temperatures the
thermodynamic equilibrium is the limiting factor. Among the as-prepared samples,
LaAl0.25C00.7503 perovskite presents the best performance (Table 7), with a maximum NO
conversion of about 78% at 320 °C.
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Table 7. NOx performances of

Catalysts LaAl ,Co, 04 (x]) NO2/NQ, (%) Temperature
0 LaCol-xAIxO3 calcined at 700 °C.
LaAlOy 0 38 399
LaAly75C0og 2503 0.25 56 346
LaAlpsCops0a 0.5 60 356
LaAly 25Cog 7503 0.75 78 320

LaCoOq 1 68 339




In contrast, LaAlO3 exhibits the worst activity with 38% at a remarkably high temperature of about
399 °C and the NO conversion increases with Co, from 38% for LaAlO3 to 56 and 60% for
LaAl0.75C00.2503 and LaAl0.5C00.503 catalysts, respectively. The conversion reaches the
maximum value for LaAl0.25C00.7503 before reverting to 68% when Al is totally substituted by
Co as reported for LaCoO3 [20]. The same catalysts were also tested in the temperature ramping
mode and under lower residence time (Fig. 7c and d) in order to obtain the same test conditions as
the soot oxidation tests and to get a closer correlation between the two kind of experiments. As
can be appreciated, the order of the catalytic performance (LaAl0.25C00.7503 > LaCoO3 >
LaAl0.5C00.503 > LaAl0.75C00.2503 > LaAlO3) was the same in both steady state and dynamic
conditions.

Furthermore, by comparing the LaA10.25C00.7503 sample with a Pt/A1203 commercial oxidation
catalyst, the NO oxidation rate of the perovskite is obviously lower although the equilibrium is
reached by both catalysts at almost the same temperature, which is the one of interest for the soot
oxidation, offering a viable alternative for the PGM-based catalysts under certain conditions. It
should be noticed that NO-to-NO2 oxidation ability is due to the generation of oxygen defects and
redox property [80], which can be created by adjusting cation doping at A or B sites in the
perovskite compounds. Others suggest that higher oxidation capacity is associated with higher
oxygen mobility and exchange between lattice oxygen and gas phase oxygen [20]. This may be
related to LaAl0.25C00.7503 with the higher amount of f-oxygen desorption (Table 4), implying
the pivotal role of lattice oxygen species in the improvement of the oxidation reaction.

Furthermore, all samples have negligible a-oxygen quantity released during O2-TPD experiment,
but still possess comparable NO oxidation activity. This result indicates that surface oxygen may
not play a critical role in NO oxidation but the diffusion of lattice oxygen to the surface is more
important [81]. However, LaCoO3 desorbs significantly more oxygen than its rivals
(LaAl0.75C00.2503 and LaAl0.5C00.503) but its oxidation activity worsens despite more Co
content. The higher NOx desorption temperature for LaCoO3 indicates strong interactions between
NOx and the catalyst, while partial doping Al slightly weakens the bonds facilitating the NOx
release at low temperatures. Thus, oxygen mobility may be not the only factor for NO oxidation
but the synergetic interaction between two B-site cations (Al and Co) may enhance oxidation
performance of the catalysts, as suggested by Ma et al. with a small substitution of Co by Fe to
promote NO conversion [82]. Furthermore, under H2/Ar flow in the H2-TPR experiment,
LaAl0.25C00.7503 is reduced at a temperature of 437 °C, higher than 394 °C for
LaAl0.75C00.2503. However, the NO conversions of these samples reveal different trend for the
reduction temperature, which may imply the negligible effects of reducibility on NO oxidation.
Furthermore, LaCoO3 produces less NO2 at low temperatures but higher above 275 °C than
LaAl0.75C00.2503 and LaAl0.5C00.503 (Fig. 7a). This may be related to the fact that LaCoO3
can adsorb NO2 at low temperatures and partially reduce to NO, as can be seen in the NOx-TPD
experiment. Besides, the temperature of maximum NO2 production is lowest for
LaAl0.25C00.7503 at 320 °C, and increases by around 30 °C with x=0.25 and 0.5 (Table 7). A
similar trend can be found for NO desorption profiles (Table 6), where NO desorbs at 320 °C for
LaAl0.25C00.7503 and increase to 350 and 347 °C for LaAl0.5C00.503 and LaAl0.75C00.2503
respectively. This highlights the suggestion in which the oxidation reaction commences with the
chemisorption of reactants NO and O2, followed by the dissociation of O2 and NO2 on the surface
[28].

Many works have found that substitutions of A-site generate oxygen vacancies, for example Lal-
xSrxBO3 [20,43], or of B-site to support the co-existence of multivalent states, e.g. LaCol-



xMgxO3 [67], in order to promote NO oxidation. Furthermore, it was shown that the partial
substitution of cations can promote the formation of preferential oxidation active states (e.g.
metallic isolated or biactive sites) that can promote the NO oxidation [83,84]. However, there are
fewer investigations regarding the effect of the degree of perovskite crystallinity on the NO
oxidation. Fig. 7b shows profiles of NO2 molar percentage in the NOx mixture of
LaAl0.25C00.7503 which is calcined at 500, 600 and 700 °C. It is clear that the sample annealed
at 500 °C reveals the lowest oxidation activity, with about 66% at ~ 350 °C despite the highest
surface area (21.9m2 g—1), probably due to the presence of segregated phases such as Co304 and
La203 [20]. The samples calcined at 600 °C show superior oxidation performances at low
temperatures, but at above 300 °C the solid calcined at 700 °C slightly outperforms. Despite the
reduction in surface area, the calcination temperature up to 700 °C has positive effects on oxidation
activity, which may be associated with higher crystallinity and less minor phases as detected in
XRD profiles (Fig. 2b). However, further increase calcination temperature beyond 700 °C may
lead to deterioration of oxidation activity due to low surface area as studied elsewhere [20].

3.2.2. Soot oxidation

Fig. 8 reveals the results of soot oxidation tests over LaAl0.25C00.7503 (calcined at 700 °C) in
the presence and absence of NOx gas. Table 8 shows the testing outputs: T10% represents the
ignition temperature, when 10% of soot is burnt; T50% and T90% are the temperatures when 50%
and 90% of soot is consumed respectively; Tmax is the temperature when maximum CO2
production is achieved, and (NO2/NOx)max/T is the maximum percentage of NO2 over NOx
mixture and its temperature. Generally, the NOx-assisted soot oxidation reaction starts with the
oxidation of adsorbed NO to produce NO2, which is a stronger oxidant than O2 [38,45,85]. Soot
can be also oxidized by O2 but at a relatively higher temperature than with NO2. In the presence
of NO2, it interacts with soot surface to form surface oxygen complexes (SOC), which decomposes
further to CO, CO2 and NO [28,86]. O2 is first adsorbed at the catalyst’s surface and undergoes
the dissociation to form active oxygen species. This species is possibly transferred to the surface
of soot forming SOC via spill-over mechanism [86]. The results clearly show that soot is oxidized
at a significantly lower temperature in the presence of NOx (T10% are 377 and 513 °C for with
and without NOx respectively).
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Fig. 8. (a) Soot conversion and (b) CO2 and CO concentration as function of temperature during
soot oxidation catalytic tests with and without NOx supply over LaAl0.25C00.7503 catalyst.



Table 8. Catalytic performances of LaCol-xAIxO3 calcined at 700 °C.

LaAly ,Co,04 x Thon Tsos Tinax (°C) Tonss ('C) (NO3/NO ) e/ T('C) CO; selectivity (%)
(c) [§]
LaAlo; 0 470 562 563 623 0.08/376 82.3
LaAly 75C0p.2503 0.25 402 484 481 560 0.39/383 98.7
LaAly 5Co 504 0.5 401 487 482 570 0.44/379 98.1
LaAly 25C0p 7503 0.75 377 467 467 585 0.71/321 99.8
LaCoO4 1 389 467 493 624 0.40/352 93.8
Without NO, - 513 578 587 612 -/- 98.5
SiC - 532 610 626 640 -/- 50.7

Moreover, NOx also remarkably supports to reduce the temperature of 50% of soot conversion by
around 111 °C although at higher temperatures the role of NOx in soot oxidation becomes less
prominent with the decrease of T90% by only 27 °C because of limited NOx availability (Table
8). In terms of CO2 production, NOx promotes the total oxidation with CO2 selectivity of 99.8%
compared to 98.5% of that without NOx. Without the presence of NOx, the Tmax increases by
around 120 °C and the formation of CO is significant. The results highlight the vital role of NO2
in soot oxidation and its further applications in NOx reduction process by the selective catalytic
reduction reaction.

Fig. 9 summarizes soot conversion, NO2/NOx percentage, CO and CO2 concentrations as
functions of temperature during the experiments with NOx-assisted soot oxidation over LaAll-
xCox 03 catalysts. Among the prepared solids, LaAlO3 possesses certainly the lowest activity with
T10%, T50% and T90% of 470, 562 and 623 °C respectively. Doping Co shifts the reaction
temperature to lower ranges, LaAl0.75C00.2503 obviously outperforms LaAlO3 by reducing
these temperature values by about 60—80 °C.
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The improvement in the oxidation activity is likely to be related to not only the better performance
in the NOx oxidation but also the NOx adsorption [35], as the Co doping reduces the NOx
desorption temperature thereby facilitating the oxidation reactions at a lower temperature range
(Fig. 6). As expected, both samples LaAl0.75C00.2503 and LaAl0.5C00.503 (violet and black
curves) exhibit similar soot oxidation activity, which is in line with the NOx-TPD experiments.
This suggests that the NOx-assisted soot oxidation is mainly governed by the adsorption of NOx
on the catalyst’s surface and directed to the soot-catalyst interface before initiation of the oxidation
[35]. LaAl0.25C00.7503 is the most active catalyst with T10% of 377 °C, which is 12 °C lower
than that of LaCoO3. The complete substitution of Al by Co deteriorates the soot oxidation
performance at low temperatures while there is no difference at middle temperature with T50% of
467 °C for both LaAl0.25C00.7503 and LaCoO3. The difference between these two catalysts is
signified in terms of NO2 production which plays an essential role in abatement reduction.
LaAl0.25C00.7503 maintains high formation of NO2 with NO2/NOx of 0.71 at 321 °C compared
t0 0.42 at 352 °C for LaCoO3. The low ignition temperature allows to uninterruptedly oxidize soot
while keeping high NO2 production. In comparison with soot-free NO oxidation, NO2 production
obtained from NOx-soot oxidation for all catalysts is lower, confirming the participation of NO2
as a strong oxidant in the reaction leading to its consumption.

LaAlO3 shows no formation of NO2 at all, explaining that the soot oxidation is practically the
same as non-catalytic [86]. The outstanding performance of LaAl0.25C00.7503 is likely to be
associated with the prominent lattice oxygen mobility which may be facilitated by coincorporation
of Co-Al elements in perovskite structure [86,87]. Fig. 9c and d show the evolution of CO2 and
CO concentration during the NOx-assisted oxidation tests over the catalysts with various Co
content. Obviously, LaAlO3 has the highest Tmax (the temperature at which the maximum CO2
is produced) at 563 °C with low quantity of CO2 formed, evidenced by the CO2 selectivity of
82.3%. The substitution of Co by Al shifts the Tmax to lower range by about 81 °C for x=0.25 and
0.5, and by around 96 °C for LaAl0.25C00.7503. However, LaCoO3 shifts the temperature
towards 493 °C which is similar to that reported elsewhere [27] and produces relatively a large
amount of CO at high temperature. The CO2 evolution profile for LaCoO3 has a relatively similar
trend as NO desorption curve with a broader shoulder at a low-temperature range (Fig. 6c),
indicating the key role of NO adsorption on soot oxidation. When SiC was used as a reference for
the non-catalytic soot oxidation, the promotional effect of NOx was lost as the peak of the soot
oxidation rate was shifted to 626 °C coupled with a very high CO production.

Fig. 10 summarizes soot conversion and NO2/NOx percentage as functions of temperature over
catalyst LaAl0.25C00.7503 calcined at different temperatures, and Table 9 sums up the oxidative
characteristics of the catalyst. The calcination at lower temperatures enhances the surface areas but
deteriorates the oxidation activity. The sample annealed at 500 °C has the highest T10%, T50%
and T90% at 399, 492 and 583 °C respectively, compared to 370, 478 and 578 °C for
LaAl0.25C00.7503 calcined at 600 °C. Moreover, the treatment at 600 and 700 °C shows similar
soot oxidation but the NO2 production of the later is ameliorated with 71% compared to 64.9%
for the former. It has been already mentioned that LaAl0.25C00.7503 calcined at the lowest
temperature adsorbs the largest amount of NO due to high surface area but releases this gas at the
highest temperature, suggesting that stronger interaction between NOx and substrate surface does
not support the oxidation reaction and the products fail to dissociate as it can be described by the
Sabatier principle [88]. This finding emphasizes the crucial role of crystallinity promoted by high
calcination temperature in both NO and NOx-assisted soot oxidation.
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4. Conclusions

Among the prepared catalysts, LaAl0.25C00.7503 exhibits superior catalytic activity for both NO
oxidation and NOx-assisted soot oxidation. For the NO oxidation, NO2 production can reach 78%
at relatively low temperature (320 °C) which is considered as a potential alternative for noble metal
catalysts. Furthermore, LaAl0.25C00.7503 is also the most active catalyst for NOx-assisted soot
oxidation with T10% of 377 °C and NO2/NOx of 0.71, and results in almost 100% of CO2
selectivity. The correlation between NOx desorption and oxidation activity is well established
suggesting that NOx adsorption on catalyst surface is a key role in soot oxidation with NOx. The
effect of NO2 for soot oxidation is obvious, since in its absence the oxidation activity remarkably
decreases. The excellent performance of LaAl0.25C00.7503 is likely to be linked with high lattice
surface oxygen supported by well-crystallized perovskite structure. Full replacement of Al by Co
deteriorates the catalytic activity, suggesting that the combination of Al-Co has synergetic effects
on the catalysis.
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