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ABSTRACT

Catalytic soot oxidation is a key process for particulate filter regeneration, yet catalyst performance is often
evaluated using a single soot type, overlooking the strong influence of soot physicochemical properties on
oxidation behavior. In this work, the impact of intrinsic soot reactivity on catalytic oxidation was systematically
investigated using soot samples with distinct structural, textural, and chemical characteristics. Model flame soots
and commercial carbon blacks with different initial reactivity were oxidized over three ceria-based nano-
structured catalysts, i.e. pure ceria, equimolar ceria—praseodymia, and equimolar ceria-lanthana. Catalytic ac-
tivity was assessed under loose and tight contact conditions by temperature-programmed oxidation,
complemented by kinetic analysis and stepwise oxidation experiments combined with high-resolution trans-
mission electron microscopy. Regardless of the catalyst, soot reactivity was primarily governed by nanostructural
order, as reflected by fringe length, primary particle size, and C/H ratio. Rare earth-doped ceria catalysts
exhibited enhanced activity compared to pure ceria, with ceria-lanthana showing the lowest oxidation tem-
peratures in all conditions and the smallest sensitivity to contact degree. This behavior mainly arises from its
higher surface acidity, combined with highly abundant surface oxygen species, improved oxygen storage and
release capacity, and morphology-induced contact enhancement. HRTEM observations revealed that Ce50La50
dynamically restructures during oxidation, continuously generating new soot-catalyst contact sites that sustain
activity under limited-contact conditions. These results highlight the critical interplay between soot properties,
catalyst surface chemistry and contact dynamics, thus providing guidance for the rational design of soot
oxidation catalysts combining high activity with robustness under operating conditions.

1. Introduction

and removing soot particles [4,5]. These filters rely on periodic regen-
eration through soot oxidation, which requires temperatures above 600

Particulate matter generated as a byproduct of hydrocarbon com-
bustion poses significant threats to both human health and the envi-
ronment. Its fine particles, especially those with diameters below
2.5um, are linked to severe cardiovascular and respiratory diseases,
such as stroke or lung cancer [1,2], and can contribute to climate change
through effects like altering albedo and affecting cloud formation [3]. To
mitigate these harmful emissions, exhaust after-treatment systems, and
especially particulate filters (such as diesel and gasoline particulate fil-
ters), have been widely adopted as effective technologies for capturing
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°C and is hence a fuel-consuming process. Nevertheless, the use of
proper catalysts to promote soot oxidation can make regeneration less
energy-intensive [6].

The catalytic oxidation of soot is a complex gas-solid-solid reaction,
in which the physical contact between soot particles and catalyst is a
crucial factor influencing overall performance [7,8]. Although the total
specific surface area of the catalyst is relevant, the accessibility of active
sites is far more critical [9,10]. Since catalyst morphology plays a pivotal
role in promoting effective contact, materials with various structures
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have been engineered to optimize solid-solid interactions. For instance,
three-dimensionally ordered macroporous (3DOM) catalysts with large
and uniform pores (>50 nm) allow soot particles to penetrate the cata-
lyst structure, thereby enhancing contact efficiency [11,12]. Other
tailored morphologies, such as mesoporous structures, hollow frame-
works, nanoflower-like particles, and fibrous catalysts, have also been
explored to improve contact and active site accessibility [13-16].
Additionally, catalysts with low melting points, particularly those con-
taining alkali metals, can exhibit enhanced mobility of surface atoms at
high temperature, leading to improved contact between the catalyst and
soot particles, which is especially beneficial in poor contact conditions
[17,18]. In the last years, Mei at al. proposed an electrification strategy
for low temperature soot oxidation using conductive oxide catalysts,
reporting that electrostatic interactions between catalyst and soot ac-
count for enhanced contact efficiency [19,20].

Multiple interconnected mechanisms are involved in catalytic soot
oxidation, primarily linked to the generation and transfer of active ox-
ygen species [21-24]. Effective catalysts are able to produce highly
reactive species at their surface, such as superoxide (03) and peroxide
(037) ions, which can migrate towards soot particles via spillover. In
case of metal oxides with multiple ion valency states, the Mars-van
Krevelen-like (MvK) mechanism can also occur in parallel [21,25].
This redox pathway involves two key steps: first, soot is directly oxidized
by lattice oxygen from the catalyst, creating a region enriched with
oxygen vacancies and reduced cations at the soot-catalyst interface; the
catalyst surface is subsequently reoxidized by gaseous O, with oxygen
vacancy replenishment possibly leading to the generation of additional
active oxygen species [26]. Oxygen vacancies can indeed serve as active
sites, enhancing both oxygen mobility and activation [27].

Various catalyst formulations have been studied for their ability to
promote these mechanisms, including noble metals (e.g., Ag, Pt
[28-31]), transition metal oxides (e.g., Co, Mn, Cu, Cr, Fe [7,14,
32-35]), rare earth oxides (e.g., Ce, Pr, La [36-39]), and alkali metals (e.
g., K, Na [17,26,40]). Among them, CeO, is a particularly important
redox oxide, commonly employed due to its excellent oxygen storage
and release capabilities [36,41]. The morphology of ceria-based mate-
rials can be tuned to produce nanoparticles with different exposed
crystal facets, each exhibiting distinct reactivity and soot-contact char-
acteristics [42,43]. Furthermore, doping ceria with other cations can
significantly enhance lattice oxygen mobility, thereby fostering the
catalyst redox cycle and the MvK mechanism [37]. However, most cat-
alytic studies evaluate activity only against a single soot sample with a
defined reactivity, rather than systematically exploring how soot
morphology and structural properties influence catalyst performance.

Actually, the soot oxidation process is also influenced by the physi-
cochemical properties of soot, including its nanostructure, degree of
graphitization, and functional groups [44-47], which undergo contin-
uous transformation during catalytic oxidation [48,49]. A particle
nanostructure characterized by small-sized fringes under TEM obser-
vation is associated with high reactivity, whereas extended and more
ordered fringes are linked to lower reactivity [45-47].The outer shells of
soot particles are typically involved in the initial stages of catalytic
combustion, with possible formation and consumption of
oxygen-containing functional groups on the soot surface [50,51]. Oxy-
gen adsorbed in the early stages can accelerate soot depletion later.
However, after oxidation of the soot surface in close proximity to the
catalyst, weakened contact can lead to reduced reaction rate or even to
non-catalytic oxidation of part of the residual soot [52]. Understanding
the structural evolution of catalyst and soot particles during oxidation
and the mechanisms leading to the formation of new contact sites is
hence crucial for the design of durable and efficient catalysts.

In contrast to most previous catalytic studies that focused on a single
soot sample with fixed reactivity, the present work explicitly addresses
the impact of initial soot reactivity on catalytic performance. To this
end, we investigated the catalytic oxidation of various soot samples,
characterized by distinct structural properties and reactivity, using three
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ceria-based nanostructured materials. Pure ceria was selected as a
reference material, while equimolar ceria-praseodymia (Ce50Pr50) was
chosen as a well-established system for soot oxidation, known for its
enhanced redox properties [37,41,53-56]. Finally, equimolar
ceria-lanthana (Ce50La50) was included as a promising candidate for
improved performance [38,57]. The soot samples and the catalysts were
thoroughly investigated, and the soot oxidation performance was
assessed at different degrees of solid-solid contact. Consecutive stepwise
oxidation, tracked by high-resolution transmission electron microscopy
(HRTEM), enabled direct observation of the evolving catalyst-soot
contact sites and provided insights into nanoparticle restructuring
mechanisms.

2. Materials and methods
2.1. Synthesis of the catalysts and soot particle systems

Pure ceria (CeO3), equimolar ceria-praseodymia (Ce50Pr50), and
equimolar ceria-lanthana (Ce50La50) were prepared through a hydro-
thermal synthesis procedure described elsewhere [38]. Ce(NO3)3-6 HyO
(99.99%), Pr(NO3)2:6 HoO (99.9%), and La(NO3)3-6 HoO (99.99%),
provided by Sigma-Aldrich, were employed as metal precursors. Briefly,
20 mmol of nitrates in appropriate relative amounts were dissolved in
deionized water. This first solution was added dropwise to a second
solution containing 48 g of NaOH (98%, Sigma-Aldrich) in 70 mL of
deionized water. After stirring at room temperature (RT) for 1h, the
mixture was aged at 180 °C for 24 h in a steel autoclave. The thus ob-
tained slurry was rinsed with ethanol and deionized water several times
to remove Na traces, dried at 70 °C, and finally calcined in air at 650 °C
for 4h.

In this work, five different soot particle systems were investigated.
They were deliberately selected to span a broad range of reactivity. To
this end, both model flame soot (MFS) and commercial carbon blacks
(CB) were included. MFS-CyH, was produced in a low-pressure (200
mbar) flat premixed laminar acetylene/oxygen flame with equivalence
ratio of 2.7 and collected on quartz fiber filters. A portion of sampled
MFS-CyH; was subjected to Soxhlet extraction with dichloromethane
(DCM) to remove soluble organic compounds, ensuring that only the
insoluble carbonaceous fraction was analyzed. MFS-T103p,, Was syn-
thesized in a premixed elevated-pressure (3 bar) flame of a prevaporized
fuel mixture containing 10 vol% toluene in iso-octane with Oy/Ar on a
McKenna burner. The premixed fuel-oxidizer mixture at an equivalence
ratio of 2.3 was preheated to 150 °C. The soot was collected downstream
on filters. For the CB samples, three grades from Orion Engineered
Carbons were used: CB-S170 (Color Black S170, gas black method), CB-
SB250 (Special Black 250, furnace black process), and CB-P90 (Prin-
tex®90, furnace black process).

2.2. Catalyst and soot characterization

Powder X-ray diffraction (XRD) was performed in a Philips X'Pert
PW3040 diffractometer, using Cu Ka radiation (4 = 1.5418 x 10719 m).
XRD patterns were compared with reference data from the International
Centre for Diffraction Data (ICDD) database. The diffraction profiles
were analyzed by means of HighScore Plus software, and peak decon-
volution was performed using pseudo-Voigt functions. The average
crystallite size was estimated through the Scherrer’s equation, while the
unit cell size was calculated using the Nelson-Riley function. Instru-
mental peak broadening was corrected using a LaBg calibration
standard.

The specific surface area (SSA) of the catalysts was measured
through nitrogen physisorption at —196 °C in a Micromeritics Tristar II
3020, using the Brunauer-Emmett-Teller (BET) method in the 0.1 - 0.3
range of relative pressure (p/p°). The total pore volume (V,) was
determined from the quantity of nitrogen adsorbed at p/p° of 0.98. The
average pore diameter (Dp) was estimated by applying the Barrett-
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Joyner-Halenda (BJH) method to the desorption branch. A pretreatment
at 200 °C for 2 h in N, flow was carried out prior to the analysis. The SSA
of the soot samples was measured using a BELSORP-mini analyzer (BEL
Japan Inc.) with nitrogen physisorption at —196 °C. The instrument was
calibrated with internal standards, and samples were degassed under
vacuum at 105 °C before analysis.

The C/H ratio of the soot samples was determined by elemental
analysis using a Vario Micro Cube analyzer (Elementar Analysensysteme
GmbH). Carbon, hydrogen, and nitrogen contents were quantified with
thermoconductivity (TCD) and infrared (IR) detectors. Approximately
2.5 mg of soot were analyzed, and carbon and hydrogen mass fractions
were converted into molar percentages to calculate the atomic C/H
ratio.

Raman spectra of the samples were recorded using a Renishaw InVia
Raman microscope with a 514.5nm excitation wavelength and a 5x
objective. Three spectra with an acquisition time of 225 s were collected
in different regions and averaged. Spectral deconvolution (performed
according to the procedure reported in [58]) allowed to calculate the
D/Faq ratio between the areas of the defect band and the main Faq peak
of ceria, indicative of defect abundance.

The morphology of the three catalysts was studied using a Zeiss
Merlin field emission scanning electron microscope (FESEM), equipped
with an Oxford X-Act detector for energy dispersive X-ray spectroscopy.
Prior to the analysis, the powder was coated with a 5-nm-thick Pt layer
via sputter deposition.

The primary particle sizes and the size distributions of the fringes
embedded in soot particles were determined by high-resolution trans-
mission electron microscopy (HRTEM). Soot samples were dispersed in
ultrapure water using ultrasonication and deposited onto carbon-coated
copper grids. HRTEM images were acquired with a Philips CM200 mi-
croscope (ThermoFisher Scientific Inc.) operated at 200 kV. Primary
particle size distributions were obtained from HRTEM images using an
image analysis algorithm based on a Circular-Hough-Transformation, as
described in detail in [46,47]. Log-normal size distributions with geo-
metric standard deviations of about 1.34 and 1.47, depending on the
soot system, were fitted to the data to derive the count median diameter
(CMD). Nanostructure analysis was performed by fringe evaluation
using an image pattern algorithm [46,47], from which the distribution
of the fringe lengths was obtained, and the mean of this distribution
(Amean) as well as the ninth decile (Agg) were calculated. Further details
on the fringe analysis workflow are reported in the Supplementary
Material (Fig. S1).

A PHI 5000 Versa Probe equipment with a monochromatic Al k-
alpha X-ray source (1486.6eV) was employed to carry out X-ray
photoelectron spectroscopy (XPS) measurements. The high-resolution
spectra were charge-corrected with respect to the C 1 s peak at 284.8 eV.

Temperature programmed desorption (TPD) analyses were carried
out in an Altamira Ami-300Lite equipped with a thermal conductivity
detector (TCD). NH3 and CO, were used to study the surface acidity and
basicity, while the oxygen storage capacity was compared by performing
O,-TPD. The catalyst powder (100 mg) was pretreated in He at 550 °C
for 30 min, then saturated with pure O at this temperature for 30 min
(0,-TPD), or cooled and saturated for 60 min under a flow of 10 vol%
NH;j in He at 100 °C (NH3-TPD), or under a flow of pure CO, at 50 °C
(CO,-TPD). After a 30 min He flush, the TPD analysis was performed
under a 25 mL min~! He flow, by heating the sample from 100 to 600 °C
with a 10 °C min~? ramp.

2.3. Activity tests

Two approaches were employed to quantify activity: temperature-
programmed oxidation (TPO) was performed for both catalytic and
non-catalytic soot oxidation, while thermogravimetric analysis (TGA)
was used to determine kinetic parameter sets of the initial soot types and
to assess catalyst stability.

The activity of the catalysts towards the oxidation of the various soot
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samples was assessed through TPO tests. A catalytic bed containing
45 mg of catalyst, 5 mg of soot, and 150 mg of SiO, (Sigma-Aldrich) was
placed in a quartz U-tube reactor, close to a K-type thermocouple, and
then inserted in a PID-controlled furnace. Two different degrees of
contact were considered: tight contact (TC) conditions were achieved by
mixing the solid powders in a ball mill (15 min at 290 rpm), while loose
contact (LC) conditions were reached by gently mixing the powders for
few minutes using a spatula. During the test, a mixture with 10 vol% of
O5in N (100 mL min~!) was sent to the reactor. After a pre-treatment at
100 °C for 30 min, the temperature was raised from 100 up to 700 °C
with a 5 °C min~! ramp, while continuously monitoring the CO and CO,
concentrations in the reactor outlet using an ABB A02020 infrared gas
analyzer. CO selectivity was calculated as the ratio between the total
amount of CO produced during the test and the total amount of CO+CO4
formed. Blank tests of soot oxidation were carried out by inserting only
silica and soot in the reactor, after gently mixing them with a spatula.

TGA was employed for the initial soot samples to determine kinetic
parameter sets. Measurements were conducted with a TG 209 F1 Libra
(Netzsch Geratebau GmbH) under non-isothermal conditions. About
2.0 £ 0.2 mg of soot were heated from ambient temperature to 1000 °C
at a rate of 5 °C min~! in 10 vol% O, in N at ambient pressure and a
total flow rate of 0.1 Lmin~!. The resulting profiles were analyzed by
non-linear regression using a single-step kinetic model with Arrhenius-
type temperature dependence, as described in [47] and in SI.

Catalyst degradation was investigated in the same way. Catalyst-soot
mixtures with a 1:1 mass ratio were subjected to ten consecutive non-
isothermal TGA runs up to 700 °C, each time with fresh soot added to
the recovered catalyst. After every run, the apparent activation energy
was determined to quantify the progressive loss of catalytic activity.

2.4. Tracking catalyst-soot interfaces by stepwise oxidation

Stepwise oxidation experiments were performed to investigate the
structural evolution at catalyst-soot interfaces. The methodology, re-
ported in [59], involves preparing soot-catalyst suspensions in water,
followed by drop-casting on high-temperature SiO, TEM grids and
subsequent drying prior to oxidation experiments. Selected catalyst-soot
interfaces were first analyzed by HRTEM (see Section 2.2) and their
exact positions on the grid were recorded for re-identification. The grids
were then subjected to consecutive ex-situ oxidation steps of 200 s in the
TGA (see Section 2.3), at 575 °C in 10 vol% O3 in Ny. This temperature
was chosen as a compromise between grid stability and sufficiently
resolvable oxidation kinetics. After each oxidation step, the same
catalyst-soot interfaces were re-identified and reanalyzed by HRTEM.
This approach allowed direct tracking of the evolution of catalyst-soot
interfaces and provided insights into restructuring processes during
oxidation.

3. Results and discussion
3.1. Structural and textural properties of the catalysts

All the catalysts were obtained using the same hydrothermal syn-
thesis procedure. However, as shown by the FESEM micrographs in
Fig. 1, the addition of Pr and La significantly affected the ripening
process of the crystals and the final morphology of the powder. While
pure ceria consists of cubic nanoparticles, the incorporation of Pr and La
ions modifies the relative growth rates of specific crystallographic
planes, promoting anisotropic growth and leading to the formation of
rod-like structures in addition to nanocubes in the doped catalysts. En-
ergy dispersive X-ray spectroscopy confirmed that the actual composi-
tion of the mixed oxides matches the nominal composition. However,
previous investigations on the Ce50La50 sample revealed that nano-
cubes are richer in Ce while rod-like particles contain a relatively higher
amount of lanthanum [38].

The X-ray diffractograms of the synthesized catalysts are displayed in
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Fig. 1. FESEM images of the synthesized catalysts: CeO, (A), Ce50Pr50 (B), and Ce50La50 (C).
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Fig. 2. X-ray diffractograms (A) and Raman spectra (B) of the synthesized catalysts. Reference diffraction patterns of pure oxides obtained from the ICDD database
are included for comparison. Raman spectra were normalized with respect to the intensity of ceria Fy; peak.

Fig. 2A. The eight sharp peaks in the CeO profile correspond to the
fluorite crystal structure typical of ceria [60,61]. The Ce50Pr50 pattern
features the same reflections, indicating that Pr ions are well incorpo-
rated in ceria lattice [62,63]. However, the latter sample shows slightly
broader peaks, associated with a smaller average size of the crystallites
(see Table 1). This effect is even more visible for Ce50La50, and it is
accompanied by splitting of the fluorite peaks. As shown in Fig. 2A, each
pair of peaks is located between the characteristic features of pure CeOy
and LapOj3 patterns, suggesting the formation of two Ce-La solid solu-
tions. A similar splitting behavior has been previously ascribed to a
bimodal distribution of the fluorite unit cell size, i.e. to the presence of
two main mixed phases showing the same type of cubic fluorite structure
but with different lattice parameters [38]. In particular, Ce-rich nano-
cubes (NC) contain smaller cations (mainly Ce‘”) and are hence char-
acterized by a smaller unit cell size, corresponding to the right-hand
series of peaks in the XRD pattern. Instead, La-rich nanorods (NR),

Table 1
Structural and textural properties of the synthesized catalysts.

containing larger La>* cations, show an expanded unit cell size and give
rise to a second series of peaks shifted towards lower diffraction angles.
The smaller crystallite size in the doped materials is likely due to crystal
growth inhibition in the presence of Pr or La ions. This results in a higher
specific surface area for the mixed catalysts, as reported in Table 1, and
in a lower average pore diameters, as the pores in these materials arise
primarily from interparticle voids (No physisorption isotherms are re-
ported in Fig. S2).

Fig. 2B reports the Raman spectra of the synthesized catalysts. All the
samples exhibit the typical Fo; peak arising from the symmetric
stretching mode of the cerium-oxygen bonds in the fluorite structure of
ceria [64,65]. This component, however, presents a significant shift,
from 465 cm ™! for CeO, to 457 cm™! for Ce50La50 and 451 cm™! for
Ce50Pr50. It also becomes broader and asymmetric in the mixed oxides,
with a low frequency tail. These changes are related to the incorporation
of Pr and La ions, which causes distortion in the anion framework

Catalyst Crystallite size” (nm) Unit cell size” (nm) SSA"(m? g’l) Vl,b(cm3 g’l) pr(nm) Raman D/Fy ratio(-)
CeOy 169 0.5412 6.3 0.029 24 0.03

Ce50Pr50 50 0.5406 7.9 0.026 18 2.15

Ce50La50 — NC* 32 0.5462 10.8 0.034 16 0.87

Ce50La50 — NR© 15 0.5593

@ The average crystallite size and the unit cell size were estimated using XRD data.
> The specific surface area (SSA), the total pore volume (V},) and the average pore diameter (D,) were measured through N,-physisorption (isotherms reported in

Fig. S2).

¢ For Ce50La50 the crystal properties were determined separately for the nanocube (NC) and nanorod (NR) phases, using the right and left series of diffraction peaks,

respectively.
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symmetry of ceria [37]. Structural alteration is also evidenced by the
increased intensity of the D band in the 550 — 600 cm ™! range, which is
related to the presence of different types of lattice defects, such as
Frenkel sites and oxygen vacancies [58,66]. Vacancies can indeed form
upon substitution of Ce** by Pr®* or La3" ions [37]. The D/Fyg ratio
between the areas of the D band and the Fyg peak is particularly high for
Ce50Pr50 (Table 1); nevertheless, in addition to defect formation, other
phenomena are likely to contribute to this result, albeit to a lesser extent
[67]. Firstly, some Pr**-containing sites have been claimed to give rise
to a resonance Raman effect, which would strongly increase the signal at
570 cm™! [68]. Secondly, the dark color of Pr-doped ceria entails a
reduction of the light penetration depth, limiting Raman measurements
to more superficial regions, which are naturally more defective than the
bulk [69].

3.2. Chemical properties of the catalyst surface

The acidity and basicity of the catalyst surface were investigated via
NH3-TPD and CO,-TPD, respectively. The thus-obtained desorption
profiles, displayed in Fig. 3, provide information about the quantity and
strength of the acidic/basic sites (see Table 2). The NH3-TPD profile of
pure CeO, is almost flat (Fig. 3A), indicating a lack of acid sites on this
oxide, which is indeed generally considered to be predominantly basic
[70]. Instead, intense ammonia desorption bands between 150 and 500
°C were clearly detected for Ce50Pr50 and Ce50La50, revealing the
presence of medium-strong acid sites at the catalyst surface [71,72].
These sites are slightly stronger and significantly more abundant for
Ce50La50 (Table 2), and according to previous literature can be mainly
assigned to Lewis acid sites [70,73-75]. Consistently, FTIR analysis of
pyridine adsorption on the catalysts confirmed the prevalence of Lewis
sites on Brgnsted sites [76] (see Fig. S3). For reference, La-doped ceria
exhibits an acid site density (107 pumolnps g;&) comparable to that
measured for alumina-based materials and Ce-modified alumina (20 —
200 pmolyws gey) [77,78], but significantly lower than that typically
reported for strongly acidic supports such as zeolites (300 — 1000
umolyis geat) [79-811.

All the CO,-TPD profiles in Fig. 3B feature a first desorption peak
centered at 100 °C, which signals the presence of weak basic sites in all
the catalysts. Furthermore, Ce50Pr50 profile also shows an additional
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Table 2

Density of acid and basic sites (expressed as probe molecule adsorption capacity
per unit of catalyst mass) estimated from NH3-TPD and CO,-TPD, and quantity of
oxygen released during O,-TPD.

Catalyst Density of acid sites  Density of basic sites  Oxygen released
(umolyus geal) (umolcon geat) (umolos geat)

CeOy 11 7 9

Ce50Pr50 49 16 227

Ce50La50 107 63 28

evaluated through O»-TPD, whose results are visible in Fig. 3 C. Doping
significantly increases the quantity of oxygen that ceria can release up to
550 °C (see Table 2). The incorporation of La®" ions in ceria structure
can be expected to create oxygen vacancies (as confirmed by Raman
spectroscopy), which can weaken the Ce — O bonds and facilitate oxygen
mobility from the bulk to the surface [83]. However, a much more
intense increase of oxygen storage capacity (ca. 25 times) was detected
in the case of Ce50Pr50, likely due to the coupling of Ce>t/Ce** and
Pr3*/Pr*t redox cycles, with praseodymium being more reducible than
cerium [39,67,84]. Interestingly, distinct Oy desorption features were
observed for the two mixed oxides. The main oxygen release peak
around 300 °C for Ce50La50 can be attributed to surface active oxygen
species, as also supported by XPS results (see below). In contrast, the
higher temperature of the main peak observed for Ce50Pr50 suggests
that this is also associated with the release of sub-surface lattice oxygen,
which is less directly involved in surface reactions [85,86].

The synthesized catalysts were further investigated through XPS, to
gain insights into the chemical states of the elements in the surface. The
XPS spectra are reported in Fig. S4, while the results from deconvolution
are summarized in Table 3. Concerning the O 1 s core level (Fig. S4 A-C),
two main peaks were detected for all the catalysts: a first component at
529.0 eV (slightly shifted at 528.3-528.4 eV in the doped samples [87,
88]) is related to lattice oxygen (Op), while a second peak at
531.1-531.3 eV corresponds instead to surface capping oxygen species
(Oq), which can include hydroxyls (OH ™) and highly reactive superoxide

Table 3
Relative abundance of the different surface chemical species as detected by XPS.

band in the 200 - 350 °C range, resulting from basic sites with inter- Catalyst  Oxygen species (%)  Cerium species Praseodymium species
mediate strength, such as O%~ sites that can form monodentate car- (%) (%)
bonates upon interaction with CO, [82]. The remarkable desorption O o o, Cedt  Cett Pt prit
peak above 250 °C reveals instead that Ce50La50 is rich in CeO %1 677 42 221 779
2 . . . . . - -
medium-strong basic sites (Table 2), which can form rather stable Ce50Pr50  37.8  58.0 4.2  23.0  76.0 718 28.2
bidentate and polydentate-like carbonates [82]. Ce50La50 58.8 327 85 257 743 - -
The oxygen storage capacity of the three ceria-based catalysts was
(A) NH,-TPD (B) CO,-TPD (C) O,-TPD
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Fig. 3. NH3-TPD (A), CO,-TPD (B), and O,-TPD (C) profiles of the synthesized catalysts. All the curves started from 0 mV but were vertically shifted for the sake

of clarity.
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(03) or peroxide (O%’) ions [89-91]. A third less intense shoulder at
533.4-534.8 eV was also detected (O,), likely due to traces of adventi-
tious species such as adsorbed water, carbonates or formates [85,92,93].
As visible in Table 3, the two doped catalysts feature a significantly
higher quantity of O, and O, species at their surface with respect to
pristine ceria, especially in the case of La doping. This is consistent with
the O,-TPD results, showing a significant release of labile oxygen species
at medium-low temperature for Ce50La50. Since these O, and O, species
can promote oxygen spillover and play a role during catalytic oxidation,
their increased presence might be associated with enhanced soot
oxidation activity [22,88,94].

From the deconvolution of the Ce 3d XPS spectra, ten peaks can be
identified: six of these can be ascribed to Ce** ions, while the remaining
four are related to the Ce®" oxidation state (Fig. S4 D-F) [22,93,95]. A
similar 10-peaks approach can be used for the deconvolution of Pr 3d
core level too (Fig. S4 G) [67,96]. A slight increase in the quantity of
reduced cerium was observed upon doping (from 22% to ca. 23-26%,
Table 3), likely due to better compatibility of this state with the trivalent
ions of La and Pr. Accordingly, Pr®* is the main praseodymium species in
the Ce50Pr50 sample (71.8%), in line with the higher reducibility of this
element with respect to cerium [67]. The abundance of reduced cations
and oxygen vacancies at the surface can be associated with promoted O5
activation and Mars-van Krevelen mechanism [26,27].

Finally, the La 3d XPS spectrum of Ce50La50 is characterized by two
separate groups of peaks related to the La 3ds/» and La 3ds/» levels
(Fig. S4 H). The central peak in the La 3ds/, region falls at 834.3 eV and
is characterized by a spin-orbit splitting of 16.8 eV with the corre-
sponding La 3d3,, component, which is typical of the LapO3 phase [97].
However, while pure LayO3 only exhibits two couples of peaks, deriving
from multiplet splitting, an additional couple of peaks at lower binding
energies was detected in Ce50La50, likely arising from La in strong
interaction with ceria within the mixed oxide (La—O-Ce) or bonded to
OH and other O, species [38,98]. Finally, two La LMM Auger peaks are
also visible in the spectrum.

3.3. Structural and textural properties of soot

The structural and textural properties of the different soot types are
summarized in Table 4, while representative HRTEM images are re-
ported in Fig. S5. Nanostructure analysis, performed according to the
workflow reported in the Supplementary Material (Fig. S1), shows that
the mean and the ninth decile of the fringe length distribution scale
closely, indicating that both parameters reflect the same structural
trend. The fringes represent polyaromatic clusters that constitute the
basic building blocks of the primary soot particles, and their length is
strongly linked to the C/H ratio: longer fringes reflect more condensed
aromatic structures with fewer hydrogen-terminated edge sites [99]. On
the particle level, a clear relation emerges between size and nano-
structure, as soot with a larger count median diameter (CMD) tends to
exhibit longer graphene-like fringes, consistent with previous observa-
tions [47]. In contrast, the specific surface area does not scale with CMD
or other particle-level metrics, since SSA is governed by the fractal
aggregate morphology rather than by primary particle size alone.
Together, the results reveal a diverse set of structural and textural

Table 4
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characteristics, suggesting that the reactivity of the different soot types
toward oxidation can be expected to vary accordingly [46].

3.4. Reactivity of the initial soot samples

The reactivity of the initial soot samples was studied with a double
approach, including TGA and TPO tests. TGA profiles were employed to
determine the apparent activation energy of soot oxidation (see
Table 4), following the method described in [47] and in SI. At the same
time, TPO tests were carried out without catalyst addition, monitoring
CO and CO;, evolution during non-catalytic oxidation. As shown in Fig. 4
and S6, the CO and CO;, profiles follow the expected trends, in line with
earlier demonstrations that TPO reflects TGA results [45]. For all soot
types, the selectivity toward COg is limited, with nearly half of the
carbon oxidized to CO. The position of the CO and CO; emission maxima
as a function of temperature reflects the intrinsic reactivity of the soot
types: peaks at lower temperatures indicate higher reactivity, whereas
peaks shifted to higher temperatures correspond to lower reactivity.
MFS-C,H; showed CO and CO; emission peaks at the lowest tempera-
tures, consistent with its lowest activation energy of 143 kJ mol~!
whereas CB-SB250 peaked at the highest temperatures above 650 °C, in
line with its highest activation energy of 162 kJ mol~!. The other sam-
ples fell in between, with activation energies of 146 kJ mol~! for
MFS-T103p, and CB-S170, and 154 kJ mol~! for CB-P90. Removing
surface polycyclic aromatic hydrocarbons (PAHs) from MFS-CyH, by
DCM extraction shifted the COx emission peak maximum by about 50 °C
toward higher temperatures (see Fig. S6), while the overall profile shape
remained unchanged. This indicates that extractable surface species,
most likely adsorbed PAHs, contribute to the onset and moderate tem-
perature shift of oxidation, while the nearly unchanged profile shape
suggests that the oxidation pathway of the underlying soot nano-
structure remains unaffected.

When comparing these results with the structural parameters sum-
marized in Table 4, a clear pattern emerges. Soot particles with extended
fringes exhibit higher apparent activation energies and thus lower
reactivity, in line with earlier findings that nanostructural order de-
termines the soot oxidation process [46,47,59]. The same trend is re-
flected in the C/H ratio, as structures with longer graphene-like fringes
and fewer hydrogen-terminated edge sites require higher temperatures
for oxidation. The primary particle size distribution reflected in the CMD
also follows this behavior, as smaller particles tend to show shorter
fringes and lower apparent activation energies [47], i.e., they are more
reactive. In contrast, the BET SSA does not show a systematic trend with
reactivity in the present dataset. This suggests that the measured total
SSA, largely governed by aggregate morphology and pore accessibility,
is not by itself a sufficient descriptor for the intrinsic oxidation rate.
Instead, nanostructural metrics such as fringe length distributions and
the atomic C/H ratio appear to be more decisive.

3.5. Catalytic oxidation of soot samples

To cover a wide range of particle properties and reactivity, catalytic
oxidation experiments with the three catalysts were performed with one
MFS sample, i.e., MFS-CyHo, together with the three CB samples. Two

Properties of different soot types, including count median diameter (CMD), specific surface area (SSA), mean fringe length (Apean), goth percentile fringe length (Ago),

atomic C/H ratio, and apparent activation energy.

Soot type CMD(nm) SSA(m? g™1) Amean(A) Ago(A) C/H ratio(-) Activation Energy(kJ mol 1)
MFS-CoHy" 16 96 5.2 7.1 8.0 143
MFS-T103par 25 68 5.1 7.4 6.0 146
CB-SB250 42 48 6.6 9.9 20.0 162
CB-P90 23 293 5.5 8.1 17.0 154
CB-S170 18 263 5.2 7.1 8.7 146

 Soot particle properties of Soxhlet-extracted via DCM soot particles, referred to as MFS-CoH, (DCM extracted), are identical.
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Fig. 4. Evolution of the concentration of CO5 (A) and CO (B) at the outlet of the reactor during non-catalytic oxidation of the soot samples.

degrees of contact between catalyst and soot were probed: loose contact
(LC) was obtained through gently mixing the two powders, while tight
contact (TC) was achieved in a ball mill. LC is considered more repre-
sentative of actual operating conditions in catalytic particulate filters,
where soot is deposited along the filter channels with limited physical
contact; in this case, the number of contact points mainly depends on the
catalyst morphology and specific surface area [39]. Conversely, TC aims
to create numerous and intimate contact points between the solid par-
ticles, so to assess the intrinsic activity of the catalyst, avoiding mass
transfer limitations [36].

The soot conversion curves obtained during the catalytic tests are
displayed in Fig. 5, while the profiles of CO and CO, concentration in the
outlet are reported in Fig. S7-S10. As shown by the comparison with
uncatalyzed tests in LC, the presence of a catalyst always allowed to
reduce the temperature required for soot oxidation, confirming the
suitability of ceria-based materials for this application. However, the
catalyst efficiency is highly dependent on the degree of contact between
catalyst and soot. In LC, the transfer of reactive oxygen from the catalyst
to the soot particles is hindered due to the lower number of contact

points, leading to a wider temperature range for complete oxidation.
Conversely, in TC active oxygen species can efficiently migrate to the
soot surface, and soot itself can act as a driving force for extracting
lattice oxygen, promoting the MvK-like mechanism [39]. As a result,
intimate contact leads to significantly lower soot oxidation tempera-
tures, as clearly shown in Fig. 6 reporting the T50% obtained in the
different tests, i.e., the temperatures required for reaching 50% of soot
conversion by mass.

Interestingly, the catalytic activity trend observed for the three cat-
alysts, i.e., CeOy < Ce50Pr50 < Ce50La50, remained consistent
regardless of the soot type or contact mode. The systematic enhance-
ment in catalytic performance upon Pr and La addition arises from the
combination of various factors. First, the different morphology can
contribute to the superior activity of Ce50Pr50 and Ce50La50 in LG, as
their rod-like structures can better host soot particles with respect to
ceria nanocubes. This results in an increased quantity of effective solid-
solid contact points, thanks to enhanced physical contact efficiency and
improved accessibility of the catalyst active sites to soot particles [100].
Moreover, as evidenced by O,-TPD, rare earth elements like Pr and La
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Fig. 5. Conversion curves as a function of the temperature resulting from the catalytic oxidation of the different soot samples: CB-SB250 in LC (A) and TC (B), CB-
$170 in LC (C) and TC (D), CB-P90 in LC (E) and TC (F), MFS-C,H, in LC (G) and TC (H).
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Fig. 6. Evolution of the T50% temperature as a function of the type of soot and catalyst in LC (A) and TC (B).

can significantly improve the oxygen storage and release capacity of
ceria, as well as the redox properties of the oxide. This could also ac-
count for the higher abundance of capping oxygen species revealed by
XPS (Table 3), which have a primary role in soot oxidation. At the same
time, the increased surface acidity of the two mixed samples is also a
relevant factor (see Table 2). The presence of medium-strong Lewis acid
sites can indeed promote the formation of highly reactive carbocation
intermediates through electronic interactions at the soot-catalyst inter-
face [81,101]. These unstable species can then easily react with oxygen
from either the gas phase or the catalyst lattice, contributing to effective
soot conversion at lower temperatures. Consistently, an inverse corre-
lation could be found between the concentration of acid sites and the
T50%, as depicted in Fig. 7A, proving that surface acidity has a positive
and tangible impact on soot oxidation. A similar trend was observed
when comparing T50% with the density of basic sites (Fig. 7B), sug-
gesting that these centers may also play a role in promoting catalytic
activity [17].

While exhibiting the best soot oxidation activity, the Ce50La50
sample also showed the highest CO selectivity (ranging from 3% to 13%,
as visible in Fig. S11) compared to the other catalysts. This behavior can
be attributed to the increased basicity of the Ce50La50 sample, as
revealed by CO2-TPD (Table 2). The presence of strong basic sites is
associated with the formation of rather stable carbonate-like species,
and this hinders the desorption of CO5 from the catalyst surface, slowing
down the reaction rate of CO to CO, oxidation [88]. In fact, the con-
version of carbonates into physisorbed CO: has been identified as the
rate-determining step of the carbonate-mediated Mars-van Krevelen
mechanism for CO oxidation over rare earth-doped ceria [102].
Consequently, the presence of stronger basic sites is expected to raise the
energy barrier of this step, thereby hindering the overall CO oxidation
rate. Instead, the Ce50Pr50 sample generally exhibits the lowest CO
selectivity (0.5% — 5%). While the intermediate basicity of this catalyst
may hinder CO» desorption, the high oxygen storage capacity and
reducibility of Ce50Pr50 promote CO oxidation [56]. As a result, for
Ce50Pr50 the positive effect of oxygen availability exceeds the influence
of basicity, leading to lower CO selectivity.

When comparing the reactivity of the different soot samples, a
consistent trend was observed, irrespective of the catalyst: CB-
SB250 <CB-P90 < MFS-CyH; < CB-S170 (Figs. 5 and 6). This order
agrees with the intrinsic reactivity derived from non-catalytic TPO (see
Section 3.3), confirming that the physicochemical properties of soot
dominate the oxidation process. Soot reactivity is mainly governed by
nanostructural order, and thus the C/H ratio, with shorter fringes
embedded within primary particles being more reactive, i.e., less
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graphitic structures showing higher reactivity.

Between MFS-CoH, and CB-S170, the structural parameters are
strikingly similar: CMD of the primary particle size distribution of 16 nm
versus 18 nm, mean fringe length of 5.2 A for both, and C/H ratios of 8.0
versus 8.7 (see Table 4). The only pronounced difference is the specific
surface area, amounting to 96 m? g~ ! and 263 m? g1, respectively. This
difference may explain why CB-S170 exhibits higher reactivity than
MFS-CyHs in the presence of catalysts, in contrast to the uncatalyzed
conditions. The larger specific surface area of CB-S170 likely facilitates
more effective soot-catalyst-contact, which could account for its higher
reactivity under catalytic conditions despite otherwise comparable
intrinsic properties.

The impact of contact mode was also modulated by the catalyst
composition. Notably, Ce50La50 was most effective at minimizing the
performance gap between LC and TC, as shown by the reduced differ-
ence in T10% and T50% between the two contact modes (illustrated in
Fig. 8). This behavior suggests that this catalyst is particularly effective
at interacting with soot and promoting its oxidation even when physical
contact between the catalyst and soot is limited. As will be shown in the
next section, stepwise oxidation experiments with HRTEM tracking of
catalyst-soot interfaces demonstrate that this catalyst can restructure
during oxidation, forming new contact points that are particularly
beneficial under LC conditions where contact is limited.

3.6. Tracking catalyst-soot interface evolution by stepwise oxidation and
HRTEM and its implications for stability

The structural evolution of soot-catalyst interfaces during oxidation
was investigated by stepwise oxidation experiments combined with
repeated HRTEM analysis. After each oxidation step, the same catalyst-
soot regions were re-imaged by HRTEM, allowing direct visualization of
the progressive oxidation of soot and possible restructuring of the
catalyst. CeOy and Ce50La50 were selected as representative catalysts:
CeO-, as a reference with stable cubic morphology and lower activity,
and Ce50La50 as the most active catalyst. Among the soot samples, MFS-
CoHy was chosen because it most closely resembles engine soot and
contains PAHs adsorbed on its surface [46,47].

Fig. 9 shows the CeO2/MFS-CyHj system during stepwise oxidation.
The high-contrast regions in HRTEM images correspond to CeOy nano-
particles, while the surrounding areas of lower contrast represent soot
aggregates. Colored arrows were added to facilitate the identification of
the same catalyst-soot contact regions across the image sequence. The
catalyst particles preserve their cubic morphology and remain at their
initial positions throughout the oxidation sequence. A progressive
thinning of the soot around the CeO, particle surface was observed,
demonstrating how oxidation proceeds directly at the catalyst-soot
interface. As the reaction progresses, small soot bridges, marked by
the red dotted arrows, remain temporarily attached to the catalyst
before being consumed, while the yellow dotted arrows indicate the
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gradual emergence of fully exposed catalyst surfaces. In contrast, adja-
cent soot regions, highlighted by the white dashed contours, persist and
undergo slower non-catalytic oxidation. These observations confirm
that soot is preferentially oxidized at catalyst-soot interfaces, but that
CeO, particles do not restructure to generate new contact points. This
limited ability to renew interfaces contributes to the comparatively
lower catalytic activity of CeO,. However, it is not the only reason: the
weaker acid-base properties and lower oxygen storage and release ca-
pacity of pure ceria also limit its reactivity compared to the mixed
oxides.

Fig. 10 shows the Ce50La50/MFS-CoHy system during stepwise
oxidation. Nanocubes amidst rod-like structures, initially embedded
within soot aggregates, reorganize into clusters as oxidation progresses
(see image series in the middle). In this oxidation sequence, soot ag-
gregates and catalyst particles can only be tracked to a limited extent, as
the restructuring continuously transports new catalyst particles into the
field of view, as exemplified by the catalyst particle marked by the
yellow arrow in the right image of the middle series. This particle newly
enters the field of view next to other catalyst particles, such as the one
highlighted by the red contour, that remained within the field of view
throughout the sequence. This restructuring creates new contact sites
with the surrounding soot, allowing oxidation to proceed beyond the
initially accessible interfaces. As soot adjacent to the catalyst is
consumed and clean surfaces appear, new regions of the deposited soot
layer come into contact and are subsequently oxidized. Indeed, as shown
in the lower right image in Fig. 10, the little soot remaining after mul-
tiple oxidation cycles is still in contact with the catalyst surface, as
indicated by the dotted blue arrow. These observations demonstrate that
Ce50La50 can dynamically adapt its contact with soot, which is
particularly advantageous under LC conditions where interactions are
otherwise limited.

The restructuring processes observed by HRTEM are consistent with
the degradation behavior measured in repeated TGA experiments. In TC
with CB-§170, CeO5 quickly reached stable apparent activation energies
after approximately five oxidation cycles, reflecting a relatively fast loss
of activity, as shown in Table S1. Ce50Pr50 shows the same behavior.
Ce50La50, in contrast, retains higher activity over a longer period,
requiring around ten cycles before stabilization. However, it also shows
the largest relative increase in apparent activation energy of about 13%,
approximately twice the increase observed for CeO2 and Ce50Pr50 (see
Table S1). This trend is consistent with the surface area loss caused by
clustering. Together, these results highlight the dual role of Ce50La50
restructuring: it enables high activity by creating new soot-catalyst in-
terfaces, but at the expense of long-term stability.

Restructuring, however, is only one element contributing to the su-
perior performance of Ce50La50: the high density of acid sites,
enhanced oxygen storage and release capacity, and the mixed
morphology of nanocubes and rods are equally decisive. In particular,
the continuous regeneration of soot-catalyst contact points can be
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Fig. 8. Difference between the soot oxidation temperatures measured during catalytic tests in loose and tight contact, considering T10% (A) and T50% (B).
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Oxidation progress

>

200 nm

Fig. 9. HRTEM sequence of CeO, particles in contact with MFS-C,H, soot during stepwise oxidation. The fresh mixture is shown on the left, while the other two
series of images were obtained in the same position after multiple ex-situ oxidation steps in the TGA, each one performed at 575 °C in 10 vol% O, in N, for 200 s (see
Section 2.4). The black dotted arrow pointing to the right marks a catalyst particle, while the black straight arrow pointing to the left highlights the surrounding soot
region. Additional colored arrows were included to guide the reader through the oxidation progress across the image sequence. The red dotted arrows indicate
temporarily remaining soot bridges, while the yellow dotted arrows highlight newly exposed blank catalyst surfaces after local soot consumption. White dashed

contours indicate soot regions throughout the sequence.

associated with the abundance of Lewis acid sites, i.e. electron pair
acceptor sites on the catalyst surface. These sites typically correspond to
coordinatively unsaturated metal cations, often located near oxygen
vacancies. Since they can snatch electrons from carbon atoms at the
soot-catalyst interface, these sites facilitate the formation of highly
reactive carbocation intermediates [81,101]. These activated species
promote the oxidative cracking and progressive decomposition of the
graphitic matrix [30], through reaction with surface active oxygen (O
and O, species) or catalyst lattice oxygen (via MvK-like mechanism).
Hence, the presence of strong Lewis acid sites ensures that carbon par-
ticles are effectively and continuously consumed, preventing the for-
mation of isolated soot aggregates. Overall, all these factors account for
the high catalytic activity of Ce50La50 in soot oxidation, making it an
effective catalyst even under loose contact conditions.

4. Conclusions

In this work, the effect of soot physicochemical properties on cata-
lytic oxidation was systematically investigated using a set of soot sam-
ples with different nanostructure, particle size, and intrinsic reactivity,
combined with three ceria-based nanocatalysts. By varying the soot
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type, the catalyst properties, and the degree of solid-solid contact, a
comprehensive view of the factors governing soot oxidation was
provided.

Non-catalytic oxidation experiments confirmed that soot reactivity is
primarily related to nanostructural order, as reflected by fringe length
distribution, C/H ratio, and primary particle size, while the specific
surface area plays a minor role. These trends were preserved under
catalytic conditions, demonstrating that soot properties remain a
dominant factor even in the presence of active catalysts. Among the
investigated catalysts, rare earth-doped ceria materials outperformed
pure ceria across all soot types and contact modes, following the activity
order Ce50La50 > Ce50Pr50 > CeO,. The enhanced performance of the
mixed oxides arises from a synergistic combination of factors, including
increased oxygen storage and release capacity, higher abundance of
surface oxygen species, and the presence of medium-strength Lewis acid
sites, which facilitate interfacial reactions at the soot-catalyst interface.

Stepwise oxidation experiments combined with HRTEM tracking
revealed that Ce50La50 uniquely undergoes dynamic restructuring
during soot oxidation, forming new contact sites as the reaction pro-
gresses. This ability to renew soot-catalyst interfaces explains its supe-
rior performance under loose contact conditions, which are
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Fig. 10. HRTEM sequence of Ce50La50 nanocubes amidst rod-like structures in contact with MFS-C,H, soot during stepwise oxidation. The fresh mixture is shown
on the left, while the other series of images were obtained in the same position after multiple ex-situ oxidation steps in the TGA, each one performed at 575 °C in 10
vol% Oy in N for 200 s (see Section 2.4). The black dotted arrow pointing to the right marks a catalyst particle, while the black straight arrow pointing to the left
highlights the surrounding soot region. Additional colored arrows and contours were included to guide the reader through the oxidation progress across the image
sequence. White dashed contours indicate soot regions throughout the sequence.

representative of practical particulate filter operation. However, catalyst
restructuring may be accompanied by clustering and surface area loss,
leading to a gradual decline in activity upon repeated use.

Overall, the results demonstrate that catalytic soot oxidation is
governed by a complex interplay between soot nanostructure, catalyst
surface chemistry, and contact dynamics. These findings emphasize the
importance of considering soot variability when evaluating catalyst
performance and demonstrate that the ability of a catalyst to dynami-
cally create new contact sites with soot during oxidation is crucial,
providing useful guidance for the rational design of active soot oxidation
catalysts.
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