In situ Environmental HRTEM Discloses Low Temperature Carbon
Soot Oxidation by Ceria-zirconia at Nanoscale
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The very close contact between ceria-zirconia and carbon soot
allows detection of oxygen transfer from ceria-zirconia to carbon
by in situ Environmental HRTEM already at low temperatures. This
highlights the outstanding redox behavior and soot oxidation
potential of ceria-zirconia when suitable carbon-catalyst
arrangements are generated at nanoscale.
Carbon soot oxidation is one of the most important functions of a
diesel exhaust aftertreatment system; under oxygen containing
atmosphere it generally requires temperatures above 600°C, and the
use of a catalyst is mandatory to lower the onset temperature for
combustion. Thus, looking for active and robust carbon soot
oxidation catalysts is a priority in the development of compact and
efficient exhaust aftertreatment systems for diesel engines. Ceria has
become one of the most interesting materials in catalysis due to the
combination of several effects including its unsurpassed ability to
release and uptake oxygen while maintaining structural stability1. For
these reasons, ceria-based materials, and particularly CeO2-ZrO2
solid solutions, have a great soot oxidation potential and over the
last years a large number of studies have investigated the behavior
and the role of CeO2 in this complex reaction environment, where
both catalyst and carbon are in solid phase2-4. The mechanism of
carbon soot oxidation over CeO2 goes through the formation of
oxygen vacancies at the interface between catalyst and carbon which
then act as sites for activation of oxygen with formation of peroxide
and superoxide species which spill over the soot surface to oxidize
carbon atoms5, 6. This mechanism deeply relies on the degree of
contact between CeO2 and carbon because this affects both the
vacancy formation at the interface, where carbon acts as reductant
for ceria, and the spilling of active oxygen species, which need a large
contact area to display their oxidation potential. Therefore, it is of
great importance to investigate the morphology of catalyst and
carbon contact at nanoscale, to highlight the promotion of soot
oxidation in the interfacial region7, 8. We recently reported that the
high degree of contact achieved by high-energy milling of CeO2-ZrO2
and carbon resulted in the formation of a narrow layer of carbon
displaying a large interface with CeO2 at nanoscale increasing the
number of contact points and boosting soot oxidation rate to low
temperatures9. Here, we use in situ environmental transmission
electron microscopy to look at nanoscale for the first time the
outstanding soot oxidation potential at low temperatures of ceria-
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zirconia in the above configuration. It is shown that the creation of a
“supertight” contact at nanoscale between soot and catalyst
activates oxygen transfer already at room temperature; in contrast,
the same catalyst under loose contact conditions, requires
temperatures close to 500°C to start burning soot. This is a further
piece of evidence in favor of the important role of active oxygen
species in low temperature oxidation and confirms the need of a
large ceria-soot contact area for this active species to display their
oxidation potential.
Two samples of Ce0.8Zr0.2O2 (CZ80) solid solutions with a different
degree of contact between carbon and catalyst were investigated.
The synthesis and the characteristics of the starting CZ80 material
are summarized in the supporting information (Figures 1S and 2S and
Table 1S). In one sample, the contact is achieved by gently mixing
with a spatula the catalyst and carbon, in the so called “loose contact
mode”. These conditions, that are more representative of the real
application, are characterized by the presence of bigger soot
particles mixed with the oxide catalyst with a poor degree of contact
(Figure 3S). On the opposite, in the second sample, to achieve a high
contact area, the catalyst and carbon soot were put in contact in a
high energy mill for a period of 8h9. This allows the formation of a
morphology were thin carbon layers and small soot particles
surround ceria-zirconia crystallites (Figure 3S). This configuration is
characterized by the absence of large carbon particles and contact
area is optimized at nanoscale level. Although this configuration is
not representative of the real condition, the robust contact
generated can offer a way to disclose important characteristic of
carbon-ceria interaction that cannot be detected when contact is
achieved by the usual methodology. Figure 1 shows the carbon
oxidation profiles in the two contact configurations as measured in a
temperature programmed oxidation mode. Carbon in loose sample
is oxidized to CO2 at higher temperature, with a maximum at ca.
550°C and a small unresolved peak at 630°C, likely due to some
carbon not in contact with Ce0.8Zr0.2O2 that typically burns at a
temperature of ca. 650°C10. Sample after milling shows CO2
formation with a maximum at ca. 275°C. The onset of oxidation is
observed at relatively low temperature, indicating that under these
conditions, active oxygen species can be formed and are active
already in the range 50-150°C. In order to evaluate the specific effect
of milling, a sample of Ce0.8Zr0.2O2 was initially milled for 8h and then
mixed with carbon soot under conventional loose conditions. The
oxidation temperatures in this case do not differ from those
observed for Ce0.8Zr0.2O2 in loose contact mode, indicating that the
milling of ceria-zirconia solid solution does not induce any
modification in the material that can be responsible for the
promotion of the oxidation behaviour. The lack of material
modifications after milling comes also from the XP profile of Ce3d
and Zr3p photoelectrons in bare Ce0.8Zr0.2O2 which does not show

changes before and after milling (Figure 4S). The promotion of soot
oxidation is only observed when soot and catalyst are milled
together, indicating a strong interaction between the two species
with creation of an extremely reactive interface and large structural
disorder of carbon (Figure 5S). Soot oxidation process was followed
in situ by using a latest generation ETEM (Titan 80–300 kV from FEITM)
equipped with an aberration corrector between room temperature
and 550°C, both in the presence and absence of oxygen. A
preliminary observation has confirmed the stability of the small CZ80
crystallites under the electron beam (Figure 6S, video 1).
Characterization of the soot-CZ80 loose contact mixture was first
performed at room temperature with 1 mbar of O2 in the ETEM.

Figure 2: ETEM images of CZ80/C mixture in loose contact mode
extracted from video 2 recorded under 1 mbar of O 2 at RT with a
beam voltage = 300 kV; a) starting time t0, b) t0 +10s, c) t0 + 20s;
ETEM images extracted from video 3 recorded under 1 mbar of O2 at
500°C with a beam voltage = 300 kV; d) starting time t0, e) t0 +60s, f)
t0 + 300s.

Figure 1: Temperature programmed oxidation profiles of CO 2
evolved from CZ80/C mixtures under loose contact (blue curve) and
under supertight contact (red curve). In the inset, carbon dioxide
production in the low temperature range is shown, indicating that
the onset of reaction in the presence of air is located as low as 50150 °C for the sample with contact achieved by milling.
Figure 2 (a-c) and video 2 show that a soot grape (in light grey) in
poor contact with CZ80 crystallites (in dark) is not oxidized by the
oxygen even after 20 s under the electron beam at RT. The
temperature of the sample was raised up to 550°C to investigate the
reactivity of these big soot particles. From 500°C (Figure 2 (d-f) and
video 3), soot grapes start to be slowly oxidized mainly at the contact
points with CZ80 crystallites in good agreement with previous similar
ETEM observations11, 12. The soot oxidation rate at the catalyst
interface is much higher at 550°C (video 3) in excellent agreement
with TPO profiles (Figure 1) that show a maximum at 550°C. The
lower oxygen partial pressure used in the ETEM (1 mbar) compared
to TPO measurements (100 mbar) is most probably counter-balanced
by the electron beam effect. Thin carbon layers were observed on
samples after milling and were found to be stable under the electron
beam at RT under ultra high vacuum (Figure 3, video 4). A low oxygen
partial pressure (0.37 mbar) was then introduced in the ETEM at RT.
Figure 4 and video 5 clearly demonstrate that the carbon layers can
be already oxidized from room temperature in contact with CZ80
crystallites. TEM images highlight the presence of isolated CZ80
nanoparticles embedded into carbon globules (Figure 4, video 5 and
6, Figure 7S), most probably due to the high energy milling. This
strongly increases the contact area between the catalyst and the
soot.

Figure 3: ETEM images extracted from video 4 recorded under UHV
at RT. Beam voltage = 300 kV; a) starting time t0, b) t0 +2.5 s. CZ80/C
mixture after 8h milling.
As shown in videos 5 and 6, these CZ80 nanoparticles, surrounded
with a colored circle on Figure 4 and 7S, are moving with the carbon
globules which can be gradually consumed at various contact points.
The observed temperature shift between in-situ ETEM oxidation at
room temperature and TPO experiments (where oxidation starts at
around 50-100°C) can be explained by an enhanced production of
active oxygen species with CZ80 under the electron beam at low
temperature. This likely occurs through formation of oxygen
vacancies mainly at the carbon ceria-zirconia interface which then
promote reaction with gas phase oxygen to form active superoxide
species5.
In summary, the unprecedented low temperature oxidation of
carbon soot by ceria-zirconia in a so called “supertight” contact mode
has been shown to occur at nanoscale level. Although this type of
contact is not typical of the real conditions, it might help
understanding the low temperature behavior of ceria-based
catalysts, and particularly the ability of ceria to activate oxygen at low
temperature with the help of unique arrangements at nanoscale.
More generally, this shows that the building of an appropriate
interface at nanoscale can result in unexpected chemical
functionalities.

Figure 4: ETEM images extracted from video 5 recorded under 0.37
mbar of O2 at room temperature. Beam voltage: 300 kV; a) starting
time t0, b) t0 +5s, c) t0 + 10s, d) t0 + 15s, e) t0 + 20s and f) t0 + 25s.
CZ80/C mixture after 8h of milling.
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