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Abstract

A series of rare earth (RE) (La, Nd, Pr) ceria zirconia materials were analysed for
their soot combustion activity in air and in NO/O,. The materials were characterised
using DRIFT spectroscopy. In general the presence of the RE dopant increases the
activity of undoped Ce,Zr1xO». The La and Pr doped catalysts showed increased low
temperature activity in the presence of NO/O, while the effect was less pronounced
in case of Nd — doped samples. FTIR data has shown that the catalysts interact
differently to NO/O, mixtures in that they do not form significant quantities of
adsorbed nitrite-type species. We postulate that this species is a precursor to NO,

formation which in turn increases soot combustion.
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1 Introduction
Diesel lean burn engines are more fuel efficient than gasoline engines. Their biggest
disadvantage is that they emit carbonaceous particulate matter (PM) also called

soot, a pollutant recently regulated by EU and US environmental legislation.

Currently all diesel vehicles Euro four compliant (i.e. registered later than 2005) are
fitted with diesel particulate filters (DPF) which collect soot with efficiencies higher
than 95 % [1, 2]. Although this filtration efficiency might seem high, certain
researchers are concerned that current DPFs completely fail to filter very small

particles (<2.5 um) which pose a serious threat to human health [3].

Ideally, trapped soot is oxidised during high temperatures met while driving on the
highway, when the exhaust temperature is sufficient for un-catalysed PM oxidation

(500 °C). If the driver uses the car only for short urban trips DPF regeneration will not
occur and the on-board diagnostic will inform the driver that the car needs to be

serviced, where the DPF will either be replaced or manually cleaned.

In order to avoid problems related to uncontrolled DPF regeneration (DPF damage,
engine damage, etc.) DPF manufacturers have introduced various ways to either
increase exhaust temperatures (using post combustion injection of fuel, burners,
electric heating the DPF) or decrease soot oxidation temperature using catalysts.
Some manufacturers have opted for catalysed DPFs whose walls are coated with a
layer of catalytic material (usually a ceria based oxide) which decreases the PM
oxidation temperature to ~370 °C (which can be achieved more easily during urban

and extra-urban driving).



CeO,, previously used for its oxygen storage capacity in buffering three way
catalysts against excursions from stoichiometric combustion, has been proposed as
a promising soot oxidation catalyst to accelerate the soot - O, reaction. It has been
reported that the gas-phase O, can replace CeO, lattice oxygen resulting in highly

labile surface oxygen, which is able to react with soot. [4].

However, due to the tendency of CeO, to deactivate at high temperatures (through
sintering), pure CeO, cannot be used in this application, and there is a need for
thermally stable materials (i.e. those which can withstand temperatures up to 900 °C

which can be reached during regeneration) [5].

One approach previously used to stabilize CeO, against sintering was to dope it with
rare earth elements (La**, Pr****, Gd*", Nd**) or transition metals (Fe, Y, Zr). [6-9]
These efforts have shown that doping CeO, with certain rare earth and transition
metal cations, not only produced materials with increased thermal stability, but in
certain cases the doped samples also exhibited increased oxygen storage capacity.
In the case of Zr-doped CeO; this beneficial effect is thought to be related to the
creation of oxygen vacancies due to partial substitution of Ce** ions (ionic radii =
0.97 A ) with Zr** ions (ionic radii = 0.84 A). Given that the OSC is related to the
potential concentration of vacancies, and given that the concentration of vacancies is
related to the “active oxygen” discussed above, it is reasonable to assume that

these materials will also act as improved combustion catalysts.



Oxygen vacancies are point defects in the CeO; lattice structure that are important in
CeO, oxygen storage capacity, redox potential, and oxygen mobility. Oxygen
vacancies can be generated by:
i. Introducing an isovalent but bulkier cation, which will produce a lattice
expansion and will generate defects in the structure (e.g., some M-O
bonds will break) [10].
ii. Reducing the sample, (generating Ce®" ions) forces the system to create

oxygen vacancies (in order to maintain charge neutrality) [11, 12].

Due to its fluorite structure, the oxygen atoms in a CeO; crystal are all co-planar,
allowing for rapid oxygen atom diffusion through the lattice as a function of the
number of oxygen vacancies. As the concentration of vacancies increases, the ease
at which oxygen can move around in the crystal increases, allowing the cerium
cations to reduce and oxidize quite easily. Increasing the oxygen mobility, and
implicitly [oxygen vacancies] is important in a series of applications including
automotive exhaust after-treatment (the three way catalyst mentioned above),
sensor applications (where electronic and O% conductivity are important), water—gas

shift catalysis and many others. [13-15].

Since the mobility of oxygen atoms is a critical property for most of the applications
of these materials, and both isovalent and aliovalent doping increase this effect,
more and more research groups have focused on doping CeO, with Zr**, Pr**/#*,
Nd**, La®>* and other rare earth oxides) [16-23]. In the Ce,Zri,O, (0<x<1) solid

solutions, cerium is the redox active while zirconium is the redox inactive component.

It is quite obvious that introducing new ions in the CeyZr1xO, matrix will have an



effect on the catalytic properties of these materials by either enhancing/diminishing

the redox properties of the material or by improving/ damaging its textural properties.

The research put forth in this investigation is directed at understanding the extent to
which further doping Ce,Zr1.xO, with isovalent or aliovalent rare earth dopants can
further increase the catalytic activity of these materials in oxidation of carbonaceous

PM using O, or NO/O..

2 Experimental

2.1 Catalyst Preparation and Catalyst Soot Mixtures

Solid solutions of ceria zirconia and rare earth doped ceria zirconia materials were
prepared by MEL chemicals using a proprietary method (Table 1). The prepared
materials consisted of a series of ceria zirconia rare earth oxide doped materials
having the following formula: Ceg3RE2Zro502 (RE = Nd, La, Pr) and a subfamily of
materials containing various loadings of Praseodymium 5, 15 and 20 %

Praseodymium doped ceria zirconia.

The soot surrogate used in this work was industrial flame soot manufactured by
Degussa AG (Printex-U) which simulates the properties of real diesel soot [24].
Catalyst materials were mixed with soot in a 50:1 catalyst to soot ratio (by mass).
The catalyst/soot mixtures were mixed for 5 min in a glass vial using a spatula. This
yields a loose contact situation. The mixture was then wet with methanol until a

paste was formed and dried for 2 h at 70 °C.



Table 1 notations and composition of samples prepared by MEL chemicals

CeosLao2Zros0; | CeqsNdo2Zros02 | CeqsPro2Zros0z2 | CeosPro1sZrosOz | CeosProosZrosOz
Notation | CeZLa20 CeZNd20 CeZPr20 CeZPr15 CeZPr05
+ Printex | CeZLa20-U | CeZNd20-U | CeZPr20-U | CeZPr15-U | CeZPr05-U
U (50:1)
BET (m” |69 49 95 69 110
g")

2.2 Catalyst Characterisation

2.2.1 Thermogravimetric Analysis

Thermogravimetric analysis was carried out using a Q500 TGA (TA Instruments)
thermogravimetric balance equipped with an Evolved Gas Analysis (EGA) furnace.
The EGA furnace was fitted with an exhaust port which allowed coupling of the TGA
to a Quadrupole MS (HPR20, Hiden). This tandem TGA-MS system was able to
monitor both the mass loss (both as TGA and DTGA profiles) and the composition of
desorbed gases simultaneously. The catalyst soot mixtures were held in a flow of air
or NO/O; (90 mL min™") and the temperature was ramped at a rate of 10 °C min™ to

800 °C.

2.2.2 Surface Area Measurements
The materials were characterised by MEL Chemicals using a NovaWin220

(Quantachrome Instruments) BET analyser. Surface area was determined using




multipoint N, adsorption at -196 °C and was calculated from the linear part of the

BET plot.

2.3 Dirifts

Infrared spectra (4 cm™, 256 scans, Kubelka—Munk units) were recorded using a
Vertex 70 (Bruker) equipped with an MCT detector (operated at -196 °C). In situ
diffuse reflectance spectra were carried out in a specially designed catalytic cell
(HVC-DRP-4, Harrick) which was placed inside the Praying Mantis (Harrick Sci.)
diffuse reflectance accessory. In situ experiments were carried out isothermally at
400 °C in a flow of 2,000 ppm NO and 10 % O, over the materials in the presence

and absence of Printex U.

4 Results and Discussions

Figure 1 shows the derivative weight change profiles (displaced) recorded during
exposure of rare earth doped samples mixed with Printex U and exposed to air
(upper panel) or 2,000 ppm NO and 10 %O, (lower panel). All samples were able to
initiate soot oxidation at temperatures below 400 °C, with slightly lower temperatures
in the presence of NO/O, compared to similar experiments carried out in air. As a
general rule, in the presence of NO/O,, Tin was ~100 °C lower compared to similar

experiments carried out in air.
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Figure 1 Derivative weight change profiles recorded during exposure of rare earth
doped samples mixed with Printex U in 50:1 ratio and exposed to air (upper panel,
empty symbols) and NO/O; (lower panel, full symbols) while being heated from RT —
800 °C (with a 10 °C min-1 ramp rate). CeZLa20-U (7, %), CeZPr20-U (O,®)
CeZNd20-U (L1,m). Profiles were displaced for clarity.

CeZLa20 sample was the most active material in Printex U oxidation reaction with
Tmax of ~480 °C in both air and NO/O,. This Tmax is inferior to similar results
recorded during experiments carried out on CeO, and Ce,Zr1xO, materials calcined
in identical conditions (experiments not shown). Similar results have been previously
observed by other researchers [8, 20, 25, 26] which have correlated the increased
activity of lanthanum doped ceria samples to preservation of textural properties

during high temperature treatment (i.e. pure CeO, samples aged at 850 °C lost 50 %

of their surface area while lanthanum doped were virtually unaffected).



Surprisingly, CeZPr20 sample oxidised Printex U in air at a Tmax of ~590 °C, the
temperature being slightly inferior to the un-catalysed process. A slightly lower
oxidation temperature was recorded when exposing CeZPr20-U to NO and O (i.e.

525 °C).

This result was disappointing in the light of work published by to Bakhmutsky et al.
[27] who suggested that praseodymium can shift its oxidation state from 4+ to 3+ (in
a similar manner to cerium). This implicitly suggested that preparing a material with
both Ce*”** and Pr*** ions should result in a material with increased oxygen
mobility which should make it an extremely good material in oxidising reactions. This
was not the case with CeZrPr20 material which commenced Printex U oxidation in
air at a slightly lower temperature compared to non-catalysed experiments in air.
Although there is a slight promotional effect, the CeZPr20 sample was far from being
the most efficient material. CeZNd20 sample slightly decreased Printex U oxidation
temperature but was still not as active compared to the CeZLa20 sample in both air
and NO/O,. This might be directly connected to the fact that the neodymium doped
sample had a lower surface area than the other two catalysts (i.e. 49 m?g™”
(CeZNd20) vs. 69 m?g" (CeZLa20) vs. 95 m?g™" (CeZPr20)). This in turn suggests
that neodymium was less effective at stabilising the CeO, surface during the high

temperature calcination.

Surprisingly, in case of the neodymium containing sample, although soot oxidation
commenced at a lower temperature in the presence of NO/O, (414 °C in air vs 322
°C in NO/O,) the maximum rate of soot combustion was negatively affected by the

presence of NO/O, (505 °C versus 544 °C).



4.1 Effect of Praseodymium Concentration upon Soot Oxidation

Figure 2 shows the derivative weight change (%/ °C) profiles from CeZPr(5-20)-U
samples in the presence of 2,000 ppm NO and 10 % O (lower panel) or air (upper
panel) while being heated from RT — 800 °C. As previously observed, maximum
Printex U oxidation using NO/O, takes place at slightly lower temperatures with
differences (i.e. vs. experiments in air) observed in Tnax ranging from 55 °C (5 %Pr)
and 85 °C (20 %Pr). The combustion activity increases as the [Pr] within the catalyst
is increased at the expense of the [Zr]. Irrespective of the [Pr] the materials are not
especially good catalysts for the combustion of Printex U (note Tmax is slightly below

the temperature region where graphite combustion takes place).

A far higher difference is observed when taking into account the temperature at
which soot oxidation commences. For example, Printex U starts oxidising at ~320 °C
(CeZPr20 in NO/O,) while in air, these materials start oxidising soot at 450 °C (see
filled star and empty star profiles in Fig. 2). It is not unlikely that in presence of
NO/O soot is oxidised via two different mechanisms. At temperatures of around 300
°C it could be possible that the CeZPr20 sample catalyses the oxidation of NO to
NO, which could then go on and commence soot oxidation. At higher temperatures,
the production of NO, is unfavoured, soot oxidation could continue via mobile

oxygen species given-off by Pr**** and Ce*"**
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Figure 2 Derivative weight change ( % / °C) signal recorded by the TGA during
exposure of Ceg 3Pro.05.02Zr0.65-0502 — U to either 2000 ppm NO and 10% O (at 400
°C) (upper panel, full symbols) or air (lower panel, empty symbols). Ceg 3Pro2Zro50:
(%, %) Ceo.3Pro.15Zr0 502 (@,0) Ceo 3Pro.osZros02 (M,L1).

4.2 In Situ Drifts

In situ DRIFTS experiments carried out over fresh rare earth ceria zirconia samples
exposed to a flow of 2,000 ppm NO and 10 % O, at 400 °C, resulted in the
appearance of 2 strong bands (at 1,560 and 1,300 cm™). Another weaker, less
intense band was also observed at approximately 1,050 cm™ for CezZLa20 and

CeZPr20 (see Fig. 3, panels A and C). This band is exceptionally weak for the



CeZNd20 sample. These bands have been previously observed during NO/O;
studies over oxide surfaces (on platinum-based catalysts) and their presence has
been attributed to the formation of bulk nitrate species (1,560 cm™ band), surface

nitrites (1,300 cm™) and adsorbed nitrite species (1,050 cm™) (see Fig. 3).
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Figure 3 in situ DRIFT spectra recorded during exposure of CeZLa20 (A) , CeZNd20
and CeZPr20 to 2000 ppm of NO and 10% O, at 400 °C. Spectra were recorded for
periods of time ranging from 10 to 20 minutes. Besides the vibration which can be
assigned to nitrate species formed on the surface, the rest have been omitted for
clarity of the figure. For more information see text.



It is widely accepted in the literature that the formation of nitrate species over oxide
materials is usually observed when samples are exposed to NO; flue (and only
following extended exposure times and in presence of a noble metal if NO rather
than NO, is present). In our experiments CeZlLa20, CeZPr20 and CeZNd20
materials were exposed to a flow of NO and O, (at 400 °C) in the absence of a noble
metal component. The formation of bulk nitrates suggests that these samples might
be able to oxidise NO to NO,. This is not very difficult to believe as these materials
have known oxygen storage/oxygen release properties. If this would be the case,
then Printex U oxidation activity in NO/O, presented in Fig. 1 and Fig. 2 could be
explained by the ability of these materials to generate a combination of nitrite/nitrate
adsorbed and NO, gaseous species (in the 200—400 °C range) which can then be

used to oxidise Printex U.

In order to test this theory we exposed a CeZlLa20-U sample to a flow of 2,000 ppm
NO and 10 % O, at 400 °C while monitoring the reaction using in situ DRIFT
spectroscopy for about 20 min (see Fig. 4). Although at the start of the experiment,
the mixture looked dark black after about 15 min in the reaction conditions grey spots
were easy to notice suggesting Printex U was oxidised and had partially disappeared

from the reactor.

Figure 4 shows the 800 — 1,700 cm™ region of the IR spectrum recorded during
exposure of the CeZLa20-U sample to a flow of NO/O, at 400 °C. Three vibrational
bands which we assigned to C—O vibrations (1,000 — 1,100 cm™) C-NO, (1,250—

1,400 cm™) and C = O (1,500—1,600 cm™) are clearly observed as soon as the



NO/O; is introduced in the reactor. Because of the sample colour, the experiment
could not be run in absorbance or transmittance mode and we had to perform the
experiment in Kubleka-Munk (KM) mode, which in turn did not allow us to monitor
Printex U disappearance (all peaks are positive in KM). It is worth mentioning
though, that assigning any particular vibration in this region of the spectrum is

fraught as several overlapping vibration modes are possible.
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Figure 4 showing the 800-1800 cm™ region of the IR spectrum recorded during
exposure of a CeZLa20-U sample exposed 2000 ppm NO and 10%0, at 400 °C. A
background spectrum was recorded at the start of the experiment (before NO/O,
mixture was admitted in the reaction chamber).

5 Conclusions

Printex U oxidation using a series of high temperature composite materials having
the following formula: CeosRE2Zros0. (RE = La®*, Pr**®**, Nd**). These materials
were prepared by MEL Chemicals. Cegslap2Zro 502 was found to be the most active

material of the group studied (it decreased Printex U oxidation temperature by ~200



°C in both air and NO/O;). This increased activity was explained by an improved
stabilisation of the textural properties of CeO; in the presence of La compared to the

stabilizations seen in the presence of Nd and Pr.

While the initial temperature of combustion over this catalyst was decreased by the
addition of NO/O,, the maximum temperature of combustion of Printex U oxidation
was not further promoted by exposing the Ceg slLag 2Zry 50, catalyst to NO/O,. On the
other hand, Printex U oxidation in the presence of Ceg3Nd2Zro50, was reduced

only slightly (~50 °C) when the catalyst soot mixture was exposed to NO/Os.

This result, along with the absence of DRIFT peaks relating to adsorbed nitrite
species (precursors to surface nitrite and NO, formation) was correlated to the lower
surface area of this material (49 m? g') compared to the surface area of the
lanthanum containing sample (69 m? g™'). The decreased activity may also be related

to the oxygen transport properties.

Surprisingly, exposing Ceg 3Ndg 2Zrp 50, mixed with Printex U to NO/O, resulted in a
higher temperature needed to reach the maximum rate of Printex U oxidation (again
suggesting the catalysts was not active in the NO to NO; reaction) unlike

CeosRE(2Zr0 50, (RE = La®, Pr+’),

The Praseodymium doped sample was also active in Printex U oxidation. This
activity was further increased in NO/O,. Increasing the concentration of
praseodymium at the expense of zirconium results in materials more active in Printex

U oxidation.



DRIFT experiments have confirmed the existence of various vibrations which could
be attributed to nitrate/ nitrate species which are known to be the caused by NO,,
suggesting these materials are active in NO, oxidation (most likely via a Mars Van
Krevelen mechanism). The ability of these materials to generate NO, species could

therefore be responsible for their increased activity in Printex U oxidation.
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