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Abstract

This paper deals with the preparation (by combustion synthesis), the characterization (by XRD, AAS, BET, SEM, TEM, TPD/R, and XPS
analyses), the catalytic activity testing (in a temperature-prograhwm@bustion microreactor and in a DSC analyzer), and the assessment of
the reaction mechanism of a series of nanostructured soot combustion catalysts based on La—Cr substoichiometric or alkali-metal-substitute
perovskites (Lg.gCrOs, Lag gCrOg, Lag gNag 1CrOs, Lag gKg.1CrO3, Lag gRbg 1CrO3, Lag gCrg.gLip.103), whose performance is com-
pared with that of the standard LaCyC5ome conclusions are drawn concerning the role of each single constituting element on the activity
of the most promising catalyst, baCrp gLig 103, which is already active well below 40@. The role of weakly chemisorbed Gsurface
species in particular is pointed out as crucial for the soot combustion process. This indicates the way for the development of new, more active
catalysts, possibly capable of delivering amounts of these oxygen species even higher than those obtained (abouyigy®r jineonost
active Li-substituted lanthanum chromite catalyst developed.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction culation (EGR) rates and tackle the problem of high diesel
particulate emissions with the combined use of traps and ox-

An intensive research has been carried out in the lastidation catalyst¢l].

decade to find catalysts active for the abatement of diesel ex- Pi€sel particulate filters (DPFs) based on wall-flow-type
haust pollutants. The main contaminants emitted by this type MOnoliths are generally recognized as the most viable so-
of engine are nitrogen oxides and soot particles. However, lUtion to the related pollution problefz]. The filter dura-
while the formation of nitrogen oxides in internal combus- Pility is closely related to the successful control of the pe-
tion engines is well understood, the formation of soot is by "odic regeneration by combustion of the deposited particu-
far more complicated and difficult to examine. The fulfill- 1at€. A timely regeneration prevents undesired backpressure
ment of stricter emission regulations without affecting the buildup related to the soot accumulated in the filter. Since the

fuel economy of diesel engines represents a real Cha”enge.temperature of the exhaust gases of modern diesel enginesis

Soot and nitrogen oxides behave here like antagonists. Lim_relativefl):jl_ow (|150_.40|GC)'.W€|.| bg?g\' g%%ignri]tion t%mper-
ited soot production is generally obtained at the price of a aturelo lese partlc.u ate in air (550-600), the oxi atlon.
large NO formation, and vice versa. The current tendency reaction might be fruitfully supported by a catalyst deposited

is to minimize NQ production by high exhaust gas recir- !‘n the. tr?p. Howevgr, any attempt to achieve a completgly
passive” regeneration of the trap has been frustrated by in-

sufficient catalyst activity or stability3—12]. Hence, fuel
* Corresponding author. Fax: +39 011 5644699. post-injection via a proper control of the common rail sys-
E-mail address: debora.fino@polito.i(D. Fino). tem and its combustion in an oxidation catalyst placed ahead
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of the trap is the commonly adopted procedure for occasion-  The synthesis process can be formally split into two steps
ally increasing the trap temperature. This helps ignite the (the preparation of lanthanuchromite is here considered as
catalytic combustion of the trapped soot, eventually leading an example):

to filter regeneratioril3]. Any catalyst to be placed over
the trap should possess higretmochemical stability and 2La(NG3)s + 2Cr(NGs)s — 2LaCrQs + 6Nz + 150, (1)

intrinsic activity, to reliably ignite the soot as early as possi- 10CO(NH) + 150, — 10CG + 20H,0 + 10N, )
ble, thereby limiting the amount of post-injected fuel (a net

loss from the economic viewpoint). It should also possess  This is a very simplified view of a much more complex
a microstructure capable of maximizing the contact points process that is far from being completely understood. Some
with the trapped soot without increasing the pressure drop deeper details of the present level of understanding of the
too much. Therefore, a rational catalyst design for this sys- process are provided [5]. Reaction(1) is endothermic and
tem has been addressed. From this perspective, a previougepresents the perovskite synthesis starting from the metal
paper of ourd14] addressed the development of very ac- nitrate precursors, and reacti¢®) is exothermic and ac-
tive perovskite (ABQ) catalysts for the combustion of soot counts for the reaction between the oxygen derived from ni-
and analysis of the role played by suprafacial and intrafa- trate decomposition and urea. Some direct urea decomposi-
cial oxygen species over the catalyst surface in the carbontion and combustion with atmospheric oxygen cannot be ex-
combustion process. cluded. The preparation is in fact carried out in air within an
In this work, starting from the basic LaCg@erovskite,  €lectric oven kept at 60T, in which is placed a porcelain
several quite active catalysts, outperforming previously de- vessel that holds the precursors mixture (4 for further
veloped one$14], are achieved by induction of charge de- details). Stoichiometric amounts of metal nitrates (Fluka)
ficiency at the A or B site by introduction of alkali metal Wwere employed in the preparations, whereas the amount of
elements or simply by promotion of A-site substoichiometry. urea used was 3.5-fold higher than stoichiometry so as to
An analysis of the reaction mechanism, mainly based on thecompensate for the effect of the above-mentioned parasitic
interpretation of TPD/R and XPS characterization results, is 'éactions.

also provided, which shows the importance of suprafacial ~The overall set of reactions is markedly exothermic,
oxygen species for the soot oxidation activity. which leads to a thermal peak within the reacting solid

mixture well exceeding 100TC for a few seconds. Some

NH4NO3 was added to the precursors mixture (1 giNiD3/

g perovskite) to emphasize this sudden heat release, as in-

dicated in[15]. Under these conditions, nucleation of per-

ovskite crystals is induced, their growth is limited, and nano-

2.1. Catalyst preparation sized grains can be obtained. About 2 g of each perovskite
catalyst was produced per preparation run.

The following perovskite catalysts were prepared: LaCr-  After preparation, all catalysts were ground in a ball mill
O3, Lao oCrOs, Lao gCrOs, Lag oNag 1CrOs, Lag gKo.1CrOs, atroom temgerature and submitted to physical and chemical
Lag 9Rbo 1CrOs, and La.gCrooLio 10s. The rationale for ~ characterization.
this selection was the introduction of an equal molar amount A SPecific aging treatment was performed on the best per-
of alkali metal (0.1 mole per perovskite mole) in the per- forming catalyst (Lg.sCro.oLio.10s) to check preliminary its
ovskite structure. Most alkali metals considered (Na, K, Rb) potential deacuvapon in th? presence of some gaseous com-
are hosted at the A site of the perovskite because of theirPOnents present in real diesel exhaust gases. A sample of
comparatively large size, wheas the small Li ion naturally ~ the catalyst was keptin an oven at 6@for 24 h under
becomes located at the B site. As La substoichiometry was@ 9as flow of the following composition: $G= 500 ppm;
found to pay off in terms of catalytic activity, as discussed water vapor= 12%; CQ = 20%; oxygen= 4%; nitrogen=
later, it was maximized in the perovskite sample containing balance.

Li. The two substoichiometric LgggCrOz and La gCrOs cat-

alysts, holding no alkali metals in their structure, were then 2-2. Fresh/aged catalyst characterization

synthesized to provide a suitable reference for the assess-

ment of the effect of alkali metal presence in the perovskites. ~ Catalyst characterizatiowvas accomplished through sev-

The preparation method employed was the so-called eral techniques:
combustion synthesis, based on a highly exothermic and
self-sustaining reactiofl5]. This technique is particularly  2.2.1. X-Ray studies
suited for the production of nanosized particles of catalyst.  X-ray diffraction (PW1710 Philips diffractometer equip-

A nanostructured catalyst coating over the trap could ef- ped with a monochromator for the Cugkadiation) was
fectively improve the local catyst—soot contact conditions, used on all fresh catalysts to determine whether the desired
a critical issue in this field, as mentioned earlier. perovskite structure was actually obtained.

2. Experimental
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2.2.2. BET surface area A detailed description of thEPC equipment has appeared in
The BET specific surface areas of the prepared catalystsa previous paper of oufd4]. This equipment mainly con-
were evaluated from the linear parts of the BET plot of the sists of a fixed bed inserted in a quartz microreactor (i.d.
N2 isotherms with a Micromeritics ASAP 2010 analyzer. For 4 mm). We prepared the fixed bed by mixing 50 mg of a
bulk and nonporous catalysts, such as the perovskite type,1:9 mixture (by weight) of cdron and powdered catalyst
the specific surface area can be directly related to the averagevith 150 mg of silica pellets (0.3-0.7 mm in size); this

crystal size. inert material was adopted to reduce the specific pressure
drop across the reactor and to prevent thermal runaways.
2.2.3. TEM studies Amorphous carbon particles by Cabot Ltd. were used for

Direct observation of the nanosized perovskite crystals the sample preparation (about 45 nm in diameter; BET spe-
was performed by transmission electron microscopy (TEM) cific surface area 200 n?/g; 0.34% ashes after calcination

(Philips CM 30 T). at 800°C; 12.2% adsorbed water moisture; no adsorbed hy-
drocarbons and sulfates). This type of carbon was used be-
2.2.4. FESEM analysis cause it burns at temperatures close to those characteristic of

A field emission scanning electron microscope (FESEM) diesel particulate combustion. The catalyst—carbon mixture
(Leo 50/50 VP with Gemini column) was used to analyze was obtained by careful grinding in an agate mortar. This
the microstructure of the crystal aggregates of the catalysts. corresponds to contact conditions that are generally referred

to as “tight” [18], which are too intensive compared with
2.2.5. Atomic absorption analysis (AAS) what is actually achievable in@talytic soot trap, but they

Compositional analysis (dissolution in HN®ICI fol- permit a much higher degree of reproducibility, which sets a
lowed by atomic absorption analysis with a Perkin—Elmer good basis for activity screening studies.
1100B spectrometer) was performed on all prepared samples The catalyst/carbon/Simixture was inserted in the re-
to confirm that the expected elemental compositions were actor and confined between two quartz-wool layers. The

achieved. reactor was placed in a PIDgelated oven, and a K-type
thermocouple was inserted in the packed bed. We carried
2.2.6. XPSstudies out the tests by heating the fixed bed to 7@0(heating

X-ray photoelectron spectroscopy was used to character-rate 5°C/min) with a mass flow meter that fed an air flow
ize the surface composition of some perovskite-based cat-to the microreactor (100 Nminin). The carbon conver-
alysts: the basic LaCrperovskite, the most active cata- sion was indirectly monitored with a NDIR analyzer (Elsag-
lysts developed (i.e., lgaCro.oLio.103), a representative of  Bailey for NO, CO, CQ, SQ,) that measured the carbon
the A-site-substituted perovskites (.giNag 1CrOs), and the monoxide and dioxide concentration in the outlet gases. The
reference LagCrOs substoichiometric perovskite. The XPS carbon mass balance was always verified within a 4% er-
analyses were carried out with a VG Escalab 200-C X-ray ror. A computer recorded botlne fixed-bed temperature
photoelectron spectrometer and a nonmonochromatic Mg-and the CO and C&outlet concentrations as a function of
Ky source. A pass energy of 20 eV, a resolution of 1.1 eV, time. The CQ outlet concentration at the beginning of the
and a step of 0.2 eV were used for high-resolution spectra.run increases, starting from the carbon ignition temperature,
We eliminated the effects of sample charging by referring reaches a maximum, and then decreases as a consequence of
the spectral line shift to the C 1s binding energy value of carbon consumption. The temperature corresponding to the
284.6 eV. The XPS measurements were performed on theCO; peak () was taken as an index of the activity of each
catalysts after two differenhermal treatments: 60 min at tested catalyst: the lower tHg value, the more active the
600°C in pure oxygen with a pressure value of 1.1 bar (ox- catalyst. The runs were repeated three times, and the average
idizing condition) and 2 h at 40TC in ultrahigh vacuum Ty value was assumed for each catalyst. The maximum devi-
(< 2 x 102 mbar; reducing condition). ation between the threg, values never exceeded 20. To

This XPS apparatus could also provide a quantitative fully examine the catalytic edfct of the perovskites, blank
analysis of the catalyst surface composition. For this pur- soot combustion runs in the absence of any catalyst and in
pose, the areas below the XPS peaks were determined withthe presence of only inert SjQvere also carried out.
the software ECLIPSE v3.1 VG Scientific and the peak-
fitting techniques for the Cr 2, La 3d;,2, and O 1s re- 2.4. Activation energy assessment by the Ozawa method
gions; peak areas were then normalized, with the Shirley

background[16] and the Scofield17] sensibility factors The activation energy of soot combustion over the pre-

taken into account. pared catalysts was measured according the Ozawa method
(described below) on the basis of DSC runs carried out in

2.3. Catalytic activity tests a Perkin—Elmer DSC-Pyris equipment. Ten milligrams of a

9:1 (by weight) catalyst/carbon mixture was analyzed (with
The catalytic activity of the prepared catalysts was tested the same weight of alumina as a reference) during a temper-
in a temperature-programmed combustion (TPC) apparatusature scan from 50 to 72 (heating ratesp = 5, 10, 20,
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30, and 50C/min). An air flow (10 m}min) provided the sandwiched between two quartz wool layers; before each
oxygen required for carbon combustion. Thus DSC patternstemperature-programmed desorption (TPD) run, the catalyst
were processed to obtain the onset and maximum temperawas heated under anyGlow (40 Nml/min) up to 750C.
tures of the exothermic combustion peak. DSC scans wereAfter 30 min at this temperature as a common pretreatment,
also performed (under the exjpeental conditions reported  the reactor temperature was then lowered to room temper-
above) on an alumina/carbon mixture, so as to estimate theature with the same flow rate of oxygen, thereby allowing
activation energy of the noncatalyzed carbon combustion. complete oxygen adsorption over the catalyst. Afterward,
The activation energy can be evaluated through the so-helium was fed to the reactor at a rate of 1¢’min, which
called Ozawa proceduf#9,20]by a proper interpretationof ~ was kept up for 1 h at room temperature to purge any excess
thermal analysis data. According to this method, the follow- oxygen molecules. The catalyst was then heated to 1C00
ing relationship links the values of the heating rate with the at a constant rate of P@&/min under a helium flow rate
corresponding values of temperatui®,j at which a fixed of 10 Nml/min. The total amount of ®desorbed during

fractiona of carbon is burned during each run: the heating protocol was anagaby the TCD detector after
proper calibration.
Ing=B — 0.4567< Ea > (3) Temperature-programmed reduction (TPR) experiments
o were carried out in the same apparatus. After the same oxi-

whereB is a constant lumping-dependent terms. Ifthe heat ~ dation pretreatment as adopted for the TPD runs, the sample
released by the combustion is assumed to be proportional towas reduced with a 4.95%gAr mixture (10 Nm}/min) as

the fractiona of converted carbon, once a referencealue it was heated at a rate of 1@/min to 1100°C. Once again

is chosen (e.g., 25, 50, 75%), tiig value correspondingto  the amount of K converted could be monitored via the TCD
such anx value can easily be derived from the DSC curves detector.

by evaluation, via a simple integration, of the amount of heat ~ X-ray diffraction was once again used on the catalysts,
released by the combustion. Estimates of the activation en-which underwent TPD or TPR analysis, to check whether the
ergy can be calculated from the slope of the best-fitting line perovskite structure had been retained or not, and to check
by least-square fitting of the -vs-1/ T, data series. for the possible appearance of new phases.

2.5. TPD-TPRanalysis
3. Resultsand discussion
Some further analyses were performed on all of the pre-
pared perovskites in a Thermoquest TPD/R/O 1100 ana- Fig. lillustrates the diffraction spectra recorded for all of
lyzer, equipped with a thermal conductibility (TCD) detec- the catalysts synthesized in the present study: it confirms the
tor and a quadrupole (MS) detector (Baltzer Quadstar 422). presence of a crystalline lanthanum chromite phase (JPCDS
A fixed bed of catalyst was enclosed in a quartz tube and card: PDF 83-1328). However, since the detection limit of
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Fig. 1. XRD diffraction patterns of all the catalysts dyesized; vertical dot lines aredated according to PDF 83-13283.gg5CrO» g775card.
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this technique is 4 wt%, the presence of amorphous or mi- Table 1

nor crystalline phases cannot be excluded. Atomic absorp-Chemical composition of the prepared perovskite catalysts as detected by
: : - AAS (molar ratios referred to La)

tion analysis (AAS) confirmed that the overall amount of the

various elements of interest (La, Rb, K, Na, Cr, Li) was con- Catalyst La Cr Li Na Rb K

sistent with that used in the precursors and was compatibleLaCrO; 1 1008 - - - -

with the phases detected by X-ray diffraction. The results of -20.9Cr0s 1 1115 - - - -

atomic adsorption analysis are listedTiable 1 Lao gCrOs Lootesr - - - -

_ P ysIs _ LaggCroolio10s 1 1127 Q126 - - -

Fig. 2a shows a TEM picture of LggCro gLio 103 per- Lag gNag 1CrO3 1 1113 - 0112 - _

ovskite catalyst produced via combustion synthesis. It refers Lag gRbp 1CrOs 1 1114 - - 0113 -
1 1113 - - - 0112

to the catalyst that showed the highest activity among those-20.9K0.1CrOz
prepared. However, it is representative of all of the crystal
sizes of the prepared catalysts, except fog ¢Rn 1CrOg,

D)

100pm Signal A = SE1 Date :16 May 2003
EHT =20.00kV  WD= 7mm Photo No.= 1620  Time :16:32:08

Fig. 2. Electron microscopy results concerning the §@rg gLig 103 catalyst: (a) TEM micrograph of the catalyst crystals; (b) FESEM view of the catalyst
microstructure.
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Table 2 between the catalyst and the soot. In the present context,

Collection of results of catalyst characterization tests concerning catalytic perovskite crystals with a size on the same order of mag-

activity, activation energy, BET specific surface area and temperature pro- nitude as that of the particulate (100 nm on average for the
rammed desorption of oxygen . . .

g P v last generation of Common Rail Engin@?]) are expected

Catalyst Tp  Fa BET  Desorbed (umob) to provide the highest specific number of contact points be-
Q) (ymol) — (m’/g) w0, B Oz tween these two counterparts.

LaCrQg 495 1470 1753 80 153 Shifting to the activity screening resultsig. 3shows the

Lag.oCroOs 447 1338 1646 1880 1435 TPC plots obtained with each catalyst tested, the peak tem-

Lo gCroz - 44l 1302 1354 1031 740 peratures of which are listed Fable 2together with thef},

Lag gCrp.gLlip.103 408 1255 1296 5290 2097 . .

LagoNag1CrOs 455 1345 1709 509 3641 value of noncatalytic combustion (65G). As expected, all

Lag gRbp 1CrOs 448 1489 772 184 2152 of the catalysts significantly lower the combustion peak tem-

Lap.gKo.1CrO3 454 1277 1762 347 2114 perature compared with that tife noncatalytic combustion.

Non-catalytic 650 1590 - - - An activity order can be outlined as

combustion

1) the LagCrgglip. 103 shows the best activity by far
whose crystals are slightly larger than those of the other per-  (Tp =408°C);
ovskites. Most of the perovskite crystals range between 20 2) the aging treatment in the presence of;SB,0, and
and 50 nm in size, which is perfectly in line with the BET CO;, leads to a limited deactivation of this catalys &
specific surface areas measured (about 45gon average; 422°C);
seeTable 2. In fact it is easy to calculate that the above 3) the other perovskite catalysts characterized by lantha-
range size should correspond approximately to specific sur- ~ num deficiency (i.e., L&gCrOs, Lag.oCrOs, Lag.oNag.1-
face areas in the range of 8-2% fg, once we assume the CrOs, LagoRbp 1CrOs, LaggKo.1CrOs) exhibit quite
average density of the catalyst particles is 6500kg[21], similar activities ([, ranging from 441 to 455C),
and we assume an average value for the perovskites tested4) the unsubstituted LaCeOchromite is by far the least
and a spherical shape for the particles themselves. Finally,  active catalyst{p = 495°C).
no indications of the possible presence of amorphous or mi- 5) the CQ selectivity of the best performing catalyst

nor crystalline phases is perceivablé-ig. 2a orin any TEM (Lag.sCro.gLip.103) as prepared was 96%, the other cat-
observation made on baCrpoLip.1O3 or any other cata- alysts being characterized by lower values but never less
lyst. than 87% (LaCr@).

The microstructure of the calist crystals agglomerates
looks rather spongyHig. 2b). This is a consequence of the In line with an earlier paper of ouf23], it can be de-

sudden release of a large amount of gases during the comduced that replacement of some of the lanthanum with
bustion synthesis, owing to the decomposition/combustion a lower valence alkali metal brings about the formation
of the reacting precursors. 8&u a microstructure fosters of high-valence chromium (&) to maintain electro-
the formation of highly corrugad interfaces of the catalyst neutrality and possibly to obtain more active or more con-
powder agglomerates, which in turn intensifies the contact centrated oxygen species over the catalyst surface.

1.40
Perovskite catalysts
1201 | ——— Lacr,
———————— Lay4Cro,
3'_'3 1.00 —_————— e La,4Rb,,Cro,
5 —rm ~ LaygKo,Cro,
.ﬁ 0804 |........ LaggNa, ,Cro,
_E ---------------- Lag4CrO,
[+
g 0.60 Lag 4Croqliq 10,
8 —— Lay4CryeLiy 405
? i (aged)
o 0.40
(&)
0.204

250 300 350 400 450 500 550
Temperature [°C]

Fig. 3. Results of the TPC runs performed waththe selected perovskite catalysts.
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Fig. 4. Ozawa plots for the determination of thetivation energy of soot combustion over the k&rg gLig 103 catalyst.

The activation energies of carbon combustion over all of is strictly linked to redox transitions of the valence state of
the catalysts can be analyzed to better elucidate this point. Inthis ion, which is chromium in the present case.
this contextFig. 4 shows, as an example, a typical Ozawa The TPD curves irFig. 5a thus seem to suggest that
plot related to the most active catalyst glg&ro.oLio.103), and notg-type oxygen should be responsible for the supe-
whereasTable 2lists the activation energy values calcu- rior activity of chromites toward soot combustiofable 2
lated for all of the catalysts studied. It has to be admitted lists the amount o& andg oxygen species evaluated by in-
that, on the grounds of the basic assumptions of the Ozawategration of the TPD curves.
method, and taking into account the high exothermic nature  If attention is focused on the temperature range below
of the reaction studied and the fast heating rates adopted500°C, well inside thex oxygen region, where the most
the activation energies measured by this method might con-active perovskites tested displayed their best soot combus-
tain an error of about-5%. Under these circumstances, one tion activities (see the COpeaks inFig. 3), Fig. 5a shows
may nonetheless conclude that all the catalysts lower thethat the three most active perovskites {lg@ro oLio 103,
activation energy compared with the noncatalytic combus- Lag gCrOs, Lag.oCrOgz) display significant oxygen desorp-
tion. However, their activation energy values are not very tion in this temperature range (see the superior amount of
different from one another, which seems to entail the possi- « oxygen desorbed by the §gCrOz and L& gCrp.oLig.103
bility that the different perovskites are capable of delivering in Table 2, or, at least, as for the kaCrOs sample, they dis-
oxygen species of a similar nature or reactivity to the car- play significant oxygen desorption at very low temperatures.
bon particulates. As a consequence, the main reason for theBoth the amount and the temperature at whicloxygen
superior activity of chromites should lie in a significantly is released seem thus to be the governing parameters for
different surface concentration of active oxygen species. It the catalytic activity. In line with earlier studig¢$4], such
should be pointed out, however, that the most active catalysta-type, weakly chemisorbed “sugifiacial” species are likely
(Lag.sCro.gLip.103) also shows the lowest activation energy those responsible for soot combustion. It is perhaps possi-
value (125.5 kdmol). ble that these-type oxygen species could undegpillover

Transient thermal analysssudies (TPD/TPR) were quite  [1,28]over the carbon agglomerates in contact with the cata-
helpful in elucidating this issue. In particul&tig. 5a shows lyst. This would resultin an increase in the number of sites in
the results obtained during oxygen TPD runs. As thoroughly which oxygen reacts with the carbon particles per unit time,
discussed in a review by Seyarf#] and in a number of  which entails a significant increase in reaction kinetics.

papers (e.g.[25-27)), perovskites can desorb two differ- By comparing the temperatures at which the TPC and
ent types of oxygen species at high temperatures: a low-TPD curves of the most active catalyst glg&ro oLio.103)
temperature species, namegddesorbed in the 300-60C take place, it might be questioned whether th@xygen

range, and a high-temperature one, napatesorbed above  spontaneously desorbed by the catalyst at temperatures
about 600C. Thea desorption peak is not always perceiv- higher than 450C might actually be responsible for carbon
able in TPD plots and strongly depends on the concentrationoxidation in the temperature range 300—480 at which

of surface oxygen vacancies. In particular, its onset and in- most of the CQ@ production occurs during the TPC run.
tensity depend primarily on the degree of substitution of the A specific TPD analysis, performed under pure He flow on
Aion with ions of lower valence, but also on the nature of the a 9:1 catalyst-to-carbon mixture equal to that used in TPC
B metal of the ABQ structurg[25]. Conversely, thgg peak experiments, clarified that, even in the absence of oxygen
is strictly related to the nature of the B ion, and its occurrence in the gas phase, the soot is capable of reacting away the
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Fig. 5. Results of the temperature-programmed desorption ¢ajeatuction (b) tests on all the selected perovskite catalysts.

surface oxygen species to form @ a detectable extent, off seems to hold for most alkali-metal-substituted catalysts
already slightly above 20TC. tested: the higher the amount@foxygen, indicated by an
Conversely, in line with the literature da29], it has to early and intensive TPD peak, the stronger the binding of
be stressed that chromite catalysts, beyond the suprafaciaB oxygen, indicated by a late TPR peak. Conversely, a dif-
oxygen (), do lose intrafacial oxygerg( at high tempera-  ferent behavior was shown by substoichiometric samples
tures. A non-negligible fraction of oxygen is indeed released carrying no alkali metals (i.e., lbaCrOs and La oCrOz),
by most catalysts at temperatures higher than°@@nly which release oxygen in both TPD and TPR runs at rather
in the case of the basic LaCg@oes the total amount of re-  low temperatures.

leasedB oxygen seem to be quite limitedgble 2. To evaluate the valence state of the mentioned oxygen
This type of oxygen should indeed dominate the behavior ions, as well as those of the transition metal Cr, core-
of the various perovskites during TPR rufsy. 5b). In gen- level XPS spectra were measured for four samples (listed

eral, the presence of hydrogen seems to anticipate the loss ohere in order of increasing catalytic activity): LaG;O
oxygen compared with the TPD experiments. This anticipa- Lag.gNag.1CrOs, Lag sCrOs, and L& gCrg gLig.103. As men-
tion leads to a very sharp and intensive reduction peak, likely tioned earlier, the samples were characterized after calcina-
lumping bothy- ands-species. As opposed to carbon, which tion in pure oxygen at 600C for 1 h (label: “600°C O;")
can only come in contact with suprafacial oxygen, hydrogen and just after the second heat treatment at°4D ultra-
canindeed easily react away also the intrafacial oxygen type,high vacuum (label: “400C UHV"). These two treatments
without destroying the perovskite structure in the tempera- were performed to simulate, within the XPS apparatus, the
ture range of interest. This was actually checked by XRD catalyst behavior before and after the oxidation activity to-
analysis. ward diesel soot.

As for the alkali-metal-substituted catalysts, it might be Let us first compare the results of the samples display-
guessed that the presence of the electropositive alkali ionsing the lowest (LaCr@) and the highest (LgsCro.gLio,103)
in the perovskite structure stabilizes the™rspecies and  catalytic activity. The photoelectron peaks of Crs2pfor
renders its bonding t@-type oxygen stronger than that for the two catalysts after both the oxidation and reduction ther-
the basic chromite. The higher this strengthening effect, the mal treatments are depictedfing. 6. By performing a peak
more evident the shift toward high temperatures of the TPR fitting deconvolution, we separated the chromium spectrum
peak, as compared with that of LaGrOrhis feature does  into two peaks: the “low valence” €f occurring at about
not seem to have any role in the combustion of soot, in which 576 eV and the “high valence” €Y, characterized by an
a-type oxygen should play a prevalent role. A sort of trade- average binding energy of about 579 eV. The first peak is
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a c

Intensity [a.u.]

T T T T 1 1 1 1 i
582 580 578 576 574 582 580 578 576 574
Binding energy [eV]

Fig. 6. X-ray photoelectron spectra in the Crs2pregion of: (a) LaCr@, 600°C, Op; (b) LaCrG3, 400°C, UHV; (c) L&y gCro.glio.103, 600°C, Op;
(d) Lag gCrg.gLip 103, 400°C, UHV. Dotted line: low valence Cr, dashed—dotted line: high valence Cr.

a

Intensity [a.u.]

T T T T 1 i i i
534 532 530 528 526 52 534 532 530 528 526 524
Binding energy [eV]

Fig. 7. X-ray photoelectron speatin the O 1s region of: (a) LaCe) 600°C, Op; (b) LaCrO;, 400°C, UHYV; (c) LaggCrg gLig 103, 600°C, Oy;
(d) Lag.gCro gLig 103, 400°C, UHV. Dotted line: G~ species; dashed—dotted liner O

unequivocally assigned to &r [29-31] The second peak, stituted and unsubstituted ABQype perovskitd36—40]
defined as “high valence,” should be assigned to a higher va-The peak with lower binding energy was generally assigned
lence chromium state, perhaps’€ror C5*. XPS data for ~ to a normal O 1s (&) signal that corresponds to the lat-
the latter species are reported to lie in the range of 578.0—tice 8-oxygen type. The peak at about 531 eV could instead
578.8 eV for CP* in LaCrQy [32—34]and 579-580 eV for  be attributed to adsorbed oxygen, in the form of, @eakly
compounds containing €t [35,36] bound to the catalyst surface-pxygen).

ConverselyFig. 7 shows the O 1s spectra of the same Incidentally, at about 526 eV the Auger peak of lan-
catalysts. Also in this case the signal deconvolution gave athanum was observed only for the LaGr€ample because
double peak consistent with the reported data regarding sub-of the higher La surface atomic concentration with respect to
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Table 3
Atomic percent concentrations of La, Cr and O species as derived from XPS analyst<C(680= sample pre-treated at 60C under @ atmosphere;
400°C UHV = sample pre-treated at 40C under high-vacuum conditions)

Catalyst samples Atomic concentrations (%)
La o o o~ 0~/0 cr chv crtv ctV/cr

Lag gCro.gLig 103, 600°C O, 19.0 621 385 236 0.61 189 104 85 122
Lag.gCro.oLig 103, 400°C UHV 187 623 513 110 0.21 190 54 136 0.40
Lag gCrOz, 600°C O, 232 600 325 275 0.46 167 58 110 0.35
Lag gCrO3, 400°C UHV 239 596 494 102 0.17 165 35 130 021
Lag gNag.1CrOz, 600°C O, 17.0 588 294 275 0.47 146 77 6.9 0.53
Lag.gNag 1CrO3, 400°C UHV 182 57.2 285 260 0.45 149 7.0 7.9 047
LaCrOgz, 600°C Oy 253 607 451 156 0.25 140 4.8 9.2 0.30
LaCrO;z, 400°C UHV 25.8 602 456 146 0.23 140 4.4 9.6 0.29

Lag.gCro.gLio.103. The XPS peak of lithium at about 55 eV becomes less and less significant. This is a sign of the preva-
was also observed for the substituted perovskite after the dif-lent role of the redox cycles of Cr in the catalytic activity
ferent thermal treatments. Unfortunately, quantitative analy- itself.

sis of Li was not possible due to the overlap of the above

characteristic peak with the satellite peak of La 4d from

Mg-Kg. 4. Conclusions
As anticipated, the atomicoocentrations at the surface
of the catalysts could be determined; these are listekain Several chromite catalysts (LaCfOLao.oCrOs, Lag.g-

ble 3for all of the catalysts aalyzed by XPS, accordingto  cro, | ayoRby 1CrOs, Lag oKo 1CrOs, LaggNag 1CrOs,
decreasing gatalytlc activity order. Lag gCro.oLio.103) were prepared by combustion synthesis,
The data inTable 3generally reveal an excess of lantha-  characterized, and testedaalysts for soot combustion.
num, with respect to the stoichiometry, on the surface of the  The Li-substituted chromite catalyst (¢.6Cro.oLio.103)
LaCrO; and La.gCrO; catalysts and surface concentration  exhibits the highest activity as a consequence of its greater
values equivalent to bulk values for the alkali-metal-substi- 5 mount of weakly chemisorbed Ospecies ¢-0xygen),
tuted perovskites (LgoNao.1CrO; and L& Cro.oLio.103). which were pointed out as the key player in the soot oxi-
Conversely, the chromium surface concentration was found gation state. This catalyst is currently being tested on real
to be significantly less than stoichiometric for the La@rO e gases in innovative catalytic wall-flow traps.
Lao.gCrO;, and La.gNao 1CrOs compounds, whereas the In a parallel effort, catalytic materials characterized by
oxygen content was found in slight excess only for the the highest possible-oxygen type concentration are cur-
Lao.gCro.9Li0.103 perovskite, which is perfectly in line with  rently being developed, with attention to their compatibil-
the large amount of oxygen desorbed by this material during ity with either trap material or the poisoning components

TPD. _ . _ _ present in diesel exhaust gas (e.g., sulfur oxides).
The partial atomic concentrations of both chromium and

oxygen with different valences are also reported as evaluated
from the plot inFigs. 6 and 7or from equivalent plots for Symbols
the Lay sCrOz and La gNag.1CrOs catalysts. The LaCr®
and L& gCrp oLig.103 catalysts Figs. 6 and Yshowed quite

different behavior when submitted to the two different ther- ? Z(():tri]\?;?ir:r:r;;he? Oz(%v%etoﬁethod,

mal treatments. The surface composition of the unsubsitutedRa ideal 0as const%%t:(B 314’1 J(molK))

perovskite remained practibaunchanged. In contrast, the T absolgte temperature‘ ) ’

Lag sCro.oLio.103 sample showed a deep difference between . . .
20.8-10.9-10.1% P P Ty temperature at which a givem value is reached

the reduced and the oxidizedst, according to the analysis
of the ratios CFV/Cr and O/O, which decreased dramati- (K), . .

cally after exposure to highacuum conditions. The higher  “P peak temperature of GQproduction during soot
catalytic activity toward carbon combustion of the lithium- combustion K.

substituted chromite could thus be correlated with the capac-

ity to enrich the surface with the more reactive Gpecies,

corresponding to the earlier mentioneaxygen type. Greek letters

To further strengthen this hypothesis, it can easily be no-
ticed that as long as the catalytic activity decreases (from the« fraction of converted soot,
top to the bottom oTable 3, the variationinthe CtV/Crpa- ¢ heating rate (Ks),

rameter from the oxidized to theduced state of the catalyst © diffraction angle.
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