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A B S T R A C T   

This research work focuses on a preliminary study of the behaviour of several ceria-praseodymia mixed oxides 
along with three model catalysts under isotopic oxygen pulses at different temperatures in an attempt to 
investigate their ability to interact with 18O2 (uptaking/releasing/exchanging) with their own lattice oxygen, 
under conditions which could simulate those existing in GDI exhaust gases. Furthermore, these ceria- 
praseodymia mixed oxides were studied to explore their responses towards soot combustion under two 
consecutive 18O2 pulses at 500 ◦C. It was observed that the capacity of oxygen activation and uptake is very 
dependent on the nature of the catalyst. Ce1− xPrxO2-δ catalysts present different responses in the O2 activation 
and uptake processes, as a function of temperature, praseodymium content and method of preparation. More
over, some of these ceria-praseodymia formulations exhibited high soot combustion activity with a marked 
intervention of unlabelled active oxygen species during the inert period after the 18O2 pulse.   

1. Introduction 

Due to their improved fuel efficiency, an increase in European and 
US market penetration for Gasoline Direct Injection (GDI) vehicles, is 
expected in a near future [1]. However, the use of GDI engines also 
carries unintended consequences, including significantly higher partic
ulate emissions when compared to port-fuel injection (PFI) engines. 
These consist, mainly, in fine particles (broadly in the 10–100 nm size 
range). While the emissions may be low on a mass basis, these can be 
very high (1011-1013 particles/km) on a number basis. These numbers of 
particles emitted per kilometre are more than an order of magnitude 
higher than for PFI engines, exceeding the tailpipe limit of 6⋅1011 par
ticles/km in Europe and China [2,3]. The ambient ultrafine particulate 
matter concentrations have a major impact on human health [4] with an 
increase in all-cause cardiovascular and respiratory mortality (along 
several ranges) [5]. 

A first approach to tackle these soot emissions is to incorporate a 
Gasoline Particulate Filter (GPF) downstream the Three-Way Catalyst 
(TWC) in the exhaust [2,6]. However, to avoid severe problems such as 
growing back pressure due to soot deposition onto the filter, this device 
should be regularly regenerated. One practical method would be 

periodically raising the temperature of the GPF to above 600 ◦C. How
ever, uncontrolled soot combustion can lead to uncontrollable 
exothermic and filter damage [3,6]. A catalysed gasoline particulate 
filter (cGPF) could decrease the soot ignition temperature in a controlled 
fashion and thereby increase the service life of this device. For this 
reason, it is necessary to design efficient catalysts for the application of 
cGPF [7,8]. 

Unfortunately, the typical conditions of the exhaust are very unfav
ourable for soot combustion: essentially, there is no NO2 due to the 
expected high efficiency of TWC and O2 is only available during short 
pulses (due to fuel cuts, such as decelerations), independently on the 
modes of vehicle operations. In other words, more or less frequent short 
fuel cuts motivated by different modes of operation (city or highway 
driving) lead to transient oxygen concentration which means the 
occurrence of very short O2 pulses separated by (free-oxygen) atmo
sphere periods [9]. These particular conditions (very far from those 
found in traditional and modern diesel exhausts) can become conven
tional diesel oxidation catalysts (e.g. based on platinum) quite ineffec
tive [7,10]. 

In this demanding context, catalysts that exhibit high Oxygen Stor
age Capacity (OSC) should be very interesting for regeneration purposes. 
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They should present high capacity for incorporating oxygen during the 
short pulses under low/medium concentration of oxygen, and an 
accentuated ability to a complete release of O2 during the long periods 
under non-oxidant atmosphere. The ability of ceria-based materials to 
promote oxygen storage/redox behaviour is behind their application as 
practical soot oxidation catalysts under O2 [11–13]. Therefore, catalysts 
which could assist soot oxidation under highly transient conditions (long 
periods with no O2 supply if the upstream TWC works under stoichio
metric conditions) will be demanded [14]. This means that catalysts that 
lose their surface/subsurface and bulk oxygen very easily, creating a 
sufficient “active oxygen” supply (generating a large population of ox
ygen vacancies) and, concurrently, with fast kinetics of vacancies 
reoxidation during the very short oxygen pulses, will be the materials 
potentially suitable for these special and hard-working conditions of 
cGPF operation. 

In the very recent years, some papers focused on catalytic materials 
for GPF have been published in the literature [7,8,14–24]. Specifically, 
two sets of catalysts’ families have been investigated. On one hand, 
doped-perovskites [15,16] are claimed to be suitable to oxidise soot at 
low oxygen pressures, due to their redox properties and oxygen surface 
vacancies, by transporting bulk oxygen to the catalyst-soot contact 
points. On the other hand, ceria-based catalysts [7,8,14,18–22] could 
also be very interesting for this application due to their OSC and unique 
redox properties, thus showing abilities to rapidly modifying their 
oxidation state from Ce4+ to Ce3+ and contributing to the mechanism of 
soot oxidation by promoting the formation of oxygen vacancies at the 
interface between ceria and carbon, which is the key point to obtain 
active surface oxygen species [8]. In this context, special attention de
serves the smart works reported by Liu, Wu and co-workers [18–20], 
who found that a large variety of Ag/MxOy/Ce materials can be 
considered promising catalysts under typical conditions of gasoline en
gines due to bulk-to-surface oxygen migration processes, with tandem 
oxygen delivery routes, resulting in highly efficient transfer of bulk 
oxygen to soot. 

In a previous work of some of the authors [14], it was reported that 
the praseodymium incorporation onto the ceria enhanced the oxygen 
mobility in the surface/bulk of the sample favouring higher O2 released 
amounts under inert atmosphere with regard to ceria. The efficiency of 
the own active oxygen species released from the catalyst to oxidise soot 
under inert atmosphere, even under loose contact mode, was well 
demonstrated. In a singular way, at high temperatures under loose 
contact mode, soot could act as a “driving force” and the “own lattice 
oxygen” could be transferred directly towards soot surface efficiently 
[14,25]. 

Based on these initial premises, Pr-doped cerias can constitute 
interesting materials to be tested as catalysts in the special conditions 
demanded by cGPF applications. In this sense, together with Ag- 
perovskites [16], Ag promoted Fe2O3 @CeO2 [20] and Co3O4-CeO2 
[22] can constitute other competitive formulations in the new genera
tion of oxygen deliverers catalysts for coating GPFs that operate on GDI 
engines. Nevertheless, these and other related studies were approached 
by conducting soot combustion tests (TPR or isothermal reactions) 
under a continuous 1 %O2 v/v flow gas. Even though, the authors of 
these references claim that this mode of operation roughly simulates the 
working conditions of a cGPF [15–17,22], the real measurements [9] 
confirm that oxygen concentration both in city and highway driving 
with a DI gasoline engine-powered passenger car is characterised always 
by a transient nature. Meanwhile the city driving is characterised by 
frequent short fuel cuts and temperatures that exceed those of diesel 
engines under similar driving profiles, but which are still well below 
what would be considered high enough for appreciable soot oxidation in 
diesel systems, the highway driving shows higher temperatures (that 
could be considered quite stable, around 500 ◦C), but less frequent and 
often fairly short fuel cuts [9]. Taking this scenario into account, a 
continuous flow of 1 % O2 v/v would simulate (only very roughly) a very 
small O2 concentration, which can be considered typical to those 

governed by the lambda control [26,27] and not a real and represen
tative situation of whatever mode of driving vehicle operation, charac
terised by O2 pulses with different frequency in terms of the mode of 
driving as explained above. 

To the best of our knowledge, the soot combustion reaction in GDI 
exhaust conditions, investigating the oxidation activity during very 
short O2 pulses followed by long periods under inert atmosphere has not 
been previously reported in the literature. This mode of operation would 
represent more accurately the common conditions in GDI exhaust [9]. 
Even though the type of gas atmosphere chosen during the reactive pulse 
(only pure 18O2) represents an idealised situation if compared with the 
mixture of all the real exhaust components (O2, CO2, H2O….) always 
present in the gas stream (both during the fuel cuts and during the 
normal stoichiometric operation mode), an initial study which covered 
such a real and complex composition would be extremely difficult to be 
accomplished since several sources of unlabelled oxygen would be 
present during the long inert steps and the labelled pulse, making 
complex the interpretation of the catalysed soot combustion results at 
this initial step. The influence of CO2 and H2O on the performance of the 
catalysts, under these particular conditions, will be examined in a sec
ond stage of this study, once proved and “screened” the ability of the 
catalysts selected to oxidise soot under these demanding conditions. 

For the detailed and congruent study of the ability showed by the 
catalysts selected to interact with O2, the experiments were conducted 
firstly with the bare catalysts by using isotopic oxygen pulses (18O2) and 
afterwards, with the soot/catalyst mixtures under loose contact mode, 
which can be considered representative of the situation existing in a real 
coated GPF [28]. For this purpose, both three model catalysts (a pure 
ceria, a pure praseodymia and a home-made Pt-based catalyst, with 
typical composition of DPNR application) along with two sets of 
ceria-praseodymia mixed oxides were selected, in an attempt to inves
tigate their ability to interact with oxygen, uptaking/
releasing/exchanging with their own lattice oxygen, under several 
temperatures in a broad range of values. For this purpose, several Ce/Pr 
compositions prepared by the two different routes of preparation and 
exhaustively characterised in a previous publication [14], along with 
the model catalysts, thus conforming a high number of samples, were 
chosen to explore their responses under consecutive isotopic 18O2 pul
ses. The final goal is to establish relationships among the 
physico-chemical properties of the catalysts, their capacities to activate 
and interact with oxygen and their soot combustion activities, at 500 ºC, 
under 18O2 pulses separated by longer periods under inert atmosphere, 
in an attempt to emulate the situation found during highway driving 
with a DI gasoline engine-powered passenger car. 

2. Materials and methods 

2.1. Catalyst preparation 

Two sets of ceria-praseodymia mixed oxides, ranging a wide range of 
compositions (Ce1− xPrxO2, x = 0.4, 0.6, 0.8, 1) were prepared following 
two simple procedures. The first one is a classic co-precipitation method, 
using Ce(NO3)3⋅6H2O (supplied by Aldrich, 99 %) and Pr(NO3)3⋅6H2O 
(supplied by Sigma Aldrich, 99.9 %) as precursors. The required 
amounts of each precursor were dissolved in water under mild stirring 
conditions. Upon complete dissolution, ammonia was added drop wise 
until the precipitation was complete (pH~9). The accumulated mixed 
oxide/hydroxide solid was recovered by filtration. It was then dried in 
an oven at 110 ◦C for 24 h, and subsequently calcined at 500 ◦C for 1 h in 
static air. 

The second preparation method consisted of the direct calcination of 
the nitrate precursors. For this purpose, the required amounts of every 
precursor (in order to reach the different Ce/Pr molar compositions in 
the mixed oxides obtained) were intimately mixed in a mortar and 
subsequently calcined at 500 ◦C for 1 h in static air as well. The 
nomenclature of the samples includes the molar composition of the 
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mixed oxide (Ce1− x PrxO2) followed by “CP” which refers to the method 
of Co-Precipitation or “DC” which refers to the method of Direct Calci
nation of the nitrate precursors. It is important to remark that the chosen 
designation of the samples is only referred to their molar compositions 
and not to the phases and/or real compositions of the oxides obtained. 
More detailed information about these issues can be found elsewhere 
[14]. 

Three so-called model catalysts were selected to provide reliable and 
initial benchmarks. A pure CeO2 (57 m2/g), together with pure PrO2 (28 
m2/g), both prepared by precipitation method using its corresponding 
nitrate precursor (Ce(NO3)3⋅6H2O or Pr(NO3)3⋅6H2O) were initially 
chosen to provide ideas about the influence of the nature of the cation 
(Ce versus Pr). Additionally, a model home-made DPNR (Diesel Partic
ulate NOx Reduction) catalyst, Pt-Ba-K/γ-Al2O3, with 118 m2/g, was 
prepared by wetness impregnation of the support with the correspond
ing precursors to obtain 1.9, 11.5 and 1.4 wt% of Pt, Ba and K, respec
tively. The detailed procedure can be found in previous works [29,30]. 

2.2. Experiments with labelled oxygen 

The experimental setup used to perform pulse experiments mainly 
consisted of a set of mass flow controllers (0.1 mL/min sensitivity), an 
injection valve with a 100-µL loop, and two high sensitivity pressure 
transducers, which allow the gas injections to be performed without 
concomitant pressure variation in the system. A vacuum pump was used 
to evacuate the helium into the loop and, once it was empty, a pressure 
regulator was used to fill up the loop with the isotopic gas at 8.5 psi 
(2.37⋅10− 6 mol of 18O2). The gas composition was monitored with a 
Pfeiffer Vacuum mass spectrometer (model OmniStar) operating at 1 s 
frequency. The experiments were carried out in a 5-mm inner diameter 
cylindrical fixed-bed reactor with 100 mg of catalyst, diluted with 180 
mg SiC and packed between plugs of quartz wool. The carrier gas used 
was an 8 mL/min flow of He. Previously, the catalysts were treated 
under He at 500 ◦C (the temperature of catalysts’ preparation) for 60 
min, in an attempt to simulate a long period of non-oxidant atmosphere 
(stoichiometric conditions under GDI operation) [9]. After cooling down 
at the first temperature of reaction (200 ºC), two pulses of 2.37⋅10− 6 mol 
of 18O2 were injected. The second pulse was fed once all signals reached 
the steady state after the first pulse. This procedure is also convenient to 
simulate a long period under inert atmosphere which follows a fuel cut 
(represented by the 18O2 pulse). Once all MS signals reached a constant 
level after the second pulse, the temperature was increased in 50 ◦C and 
stabilised, and two pulses were fed at the new temperature; this pro
cedure was repeated until the maximum temperature selected was 
achieved (500 ºC). Typically, minor differences were noticed between 
the two pulses performed at the same temperature, and the results 
included in the figures (that represent percentages of isotopologues) 
correspond to the average value obtained at each temperature. More 
information about this experimental set-up and its conditions of use 
were reported elsewhere [31] and in the Supplementary Information. 

The same experiments were repeated with model soot (5 mg) and 
catalyst + soot mixtures (5 mg of soot + 100 mg of catalyst) by using a 
1:20 soot/catalyst ratio and the so-called loose contact mode (procedure 
of very gentle mixture among soot and catalyst) but using only 500 ◦C as 
representative reaction temperature (which can be considered a very 
typical temperature in highway driving mode [9]). The model soot was 
supplied by Evonik-Degussa (Printex-U). 

3. Results and discussion 

3.1. Pulses of 18O2 over the three model selected catalysts 

In order to analyse first the nature and degree of interaction between 
gas phase 18O2 and selected fresh catalysts (in other words, the capa
bility of activating oxygen molecules over the different samples), three 
representative model catalysts were chosen: a pure ceria (CeO2-CP), a 

pure praseodymia (PrO2-CP) and a home-made DPNR Pt-based catalyst 
(PtKBa). The responses of all the species leaving the catalytic reactor 
after two consecutive pulses of labelled oxygen (18O2) at the selected 
temperatures (200–500 ◦C) are shown in Fig. 1. The profile of an iden
tical 18O2 pulse over an inert SiC sample (represented in the Fig. 1a-f by a 
black dotted line) was taken as a reference to monitor the fast response 
of the gases along a solid bed with identical mass than that of the cat
alytic bed, but without interaction with the reactive pulse. By comparing 
the pattern and quantification of the 18O2 first pulse (over SiC) with the 
corresponding solid lines at every temperature (200–500 ◦C), the 
response of the catalysts towards O2 activation/consumption can be 
measured. At a first sight, different extents and types of interaction can 
be noted along the stepwise experiments, depending on the temperature 
and, importantly, on the nature of the catalyst. At such a low tempera
ture as 250 ºC, part of the 18O2 pulse already “activates” pure praseo
dymia and, clearly, oxygen from the lattice (16O) releases as 16O2 and 
18O16O [32]. For these two types of molecules released, 16O atoms come 
from praseodymia (or ceria), that is, there was an exchange of oxygen 
between the gas phase 18O18O molecules and oxygen of the metal oxide. 
From these experiments, the following general reactions are proposed:  

nM16O2 +
18O18O → (n-1)M16O2-M18O2 +

16O16O                              (1)  

nM16O2 +
18O18O → (n-½) M16O2-M18O16O + 18O16O                        (2)  

(n-½)M16O2-M18O16O + 18O16O → (n-1)M16O2 -M18O2 +
16O16O         (3) 

being M = Pr or Ce. 
where “n” indicates the number of M16O2 entities, being much higher 

than 1. 
According to step 1, both 18O atoms of the 18O18O molecules pulsed 

can be captured by PrO2 (or CeO2) and two oxygen atoms from the solid 
yield a 16O16O molecule. Step 2 describes the exchange of one oxygen of 
the 18O18O molecule by one oxygen of the oxide and, as described by 
step 3, these scrambled 18O16O molecules could be re-adsorbed and the 
remaining 18O atom can be also exchanged, therefore yielding 16O16O. 
These reactions were also identified in previous studies performed in a 
TAP reactor with a very low surface area ceria (2 m2/g) [33]. 

Attention should be paid also to the magnitude of the different ox
ygen species evolved and to the shape of the species profiles. It is 
interesting to remark the fast response in the emission of 16O2 for pure 
ceria at 500 ◦C after the two 18O2 pulses (symmetrical peaks in green 
colour nearly coincident with the corresponding 18O2 profile pulsed over 
SiC, see Fig. 1a-b) corroborating the absence of diffusional or other re
sponse’s problems. Conversely, pure praseodymia presents quite asym
metrical patterns, whose starting values match with that of the “blank” 
experiment, but with long tails (even at the highest temperatures), thus 
indicating that even though the emission of exchange products begins 
almost concurrently when the isotopic gas is pulsed, this emission can be 
extended during the inert period, once the pulse becomes well finished. 

Fig. 2 displays the percentages of oxygen isotopologues in the gas 
phase at the exit of the reactor measured at the different temperatures. 
Average values obtained after the two pulses, at a given temperature, 
were taken for the evaluation of the response of the catalysts. These 
values were calculated by confronting the integration of the obtained 
data for every oxygen species, with respect to the 18O2 whole area of the 
isotopic pulses over the SiC sample (detailed information about the 
calculations conducted to obtain the distribution of oxygen species as 
well as the premises assumed for these estimations are included in SI). 
Different profiles are seen comparing the three catalysts selected, indi
cating the relevant influence of the chemical nature of the catalyst on its 
interaction with oxygen, as anticipated. Nevertheless, all of them are 
characterised by a common feature: as soon as the 18O2 pulse is fed to the 
reactor, its level decreases from the starting temperature on. Consid
ering firstly the PtKBa catalyst, shown in Fig. 2c, the decrease in the 
percentage of 18O2 with increasing temperature is balanced by the in
crease of the 18O16O species (the predominant isotopologue up to 
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450 ◦C) and 16O2. Therefore, no significant oxygen uptake is registered 
along the whole experiment as indicated by the black line, and, exclu
sively, isotopic oxygen exchange is taking place for the Pt-containing 
catalyst. 

The basic theory of isotopic exchange considers two kinetically 
resolvable types of isotopic exchange, (excluding the zero-atom ex
change which takes place at very low temperatures), [34–36], namely:  

1. single-atom exchange between one oxygen atom from the gas phase 
oxygen molecule and one oxygen atom from the solid. It involves 
surface (or subsurface atoms of the solid), Os, and may be presented 
as follows:  

18O2 +
16Os ↔ 18O16O + 18Os                                                           (4)  

18O16O + 16Os ↔ 16O2 +
18Os                                                           (5)   

2. two-atom exchange between molecule O2 and two oxygen atoms 
from the solid:  

18O2 + 216 Os ↔ 16O2 + 218 Os                                                         (6)  

18O16O + 216 Os ↔ 16O2 +
18Os +

16Os                                             (7)  

18O16O + 218 Os ↔ 18O2 +
18Os +

16Os                                             (8) 

Generally speaking, simple and multiple heteroexchange mecha
nisms can be differentiated at the beginning of the reactions by prior 
appearance of 18O16O or 16O2 in the gas phase, respectively. Since the 

predominant product for the PtKBa catalyst is 18O16O, the isotopic ex
change seems to proceed (at least at the lowest temperatures) by a single 
atom-exchange type. 

Conversely, the profiles exhibited by the two bare oxides are quite 
different compared with that of the Pt-based catalyst and among each 
other as well. Therefore, all these different behaviours can be considered 
as a fingerprint for the relative rate of oxygen incorporation versus ox
ygen dissociation and evolution of products [37]. For the bare ceria 
catalyst (Fig. 2a), a minor O2 uptake percentage can be measured from 
the 250–450 ◦C (obtained as explained in SI). Since a small population of 
in situ oxygen vacancies is likely to be formed during the pre-treatment 
under inert atmosphere (see additional justifications in SI, Fig. S2), this 
could lead to a low “net” oxygen uptake to fill in these “fresh” oxygen 
vacancies generated. Even though, the catalysts’ response might seem to 
be sensitive to the type of pre-treatment conducted when the estimations 
of percentages are normalised on the basis of oxygen uptake, (as 
depicted for pure ceria as a representative catalyst in Fig. S3), very 
similar profiles of all the oxygen isotopic species are obtained (at least 
for pure ceria). This confirms the validity of the trends beyond the 
specific pre-treatment chosen to condition the samples. 

A notable feature seen from Fig. 2a (the ceria catalyst) is the 
occurrence of a clear maximum point in the temperature dependence of 
the 18O16O isotopic species (this feature was also reported for other 
mixed oxides [37,38]). This observation can be tentatively accounted 
for the two-step exchange mechanism [39]. As more and more 18O16O 
evolves, this interacts with the catalyst’s oxygen, yielding 16O2, since 
immediately after the appearance of the maximum, 16O2 level also in
creases. Whatever the reaction temperature tested, the 16O2/18O16O 

Fig. 1. Comparison of the nature of the oxygen species evolved upon 18O2 interaction during the first pulse and the second pulse, respectively: for a pure ceria (CeO2- 
CP) a) and b); for a pure praseodymia (PrO2-CP) c) and d); and for the home-made DPNR Pt-based catalyst (PtKBa) e) and f). 
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ratio remains very high, suggesting that the predominant mechanism is 
the two-atom exchange as usual in transition metal oxides and mixed 
oxides. Besides, the fact that the rate of oxygen incorporation is higher 
than that of oxygen dissociation could be inferred here (see corre
sponding black line) [37]. 

Concerning PrO2-CP, this sample interacts with the 18O2 isotopic 
pulse in a more dramatic way, and the kinetics of this interaction are 
faster, (e.g., the consumption of the pulse begins at the initial temper
ature − 30 % of initial value- and is nearly complete at 400 ◦C). All the 
profiles are also different if compared with those of pure ceria since a 
relevant oxygen uptake is monitored along the experiments. This large 
capability of praseodymia to incorporate oxygen can be partially 
explained by their ability to evolve oxygen, even under inert atmo
sphere, if compared to pure ceria [14] (see Fig. S2 in the Supplementary 
Information and corresponding theoretical justifications). It is supposed 
that the “fresh” oxygen vacancies on praseodymia, (created during the 
step of heating under helium up to 500 ◦C), can act as “sink” centres for 
high levels of oxygen uptake. This would cause a remarkable interaction 
with oxygen (drop of the pulse) and a relevant percentage of oxygen 
incorporation. This would suggest that the rate of oxygen incorporation 
is much higher than that of oxygen release as well. 

This property of releasing high amounts of oxygen under inert at
mosphere (Fig. S2) is suggested to be determinant to explain the up
take’s capacity attributed to pure praseodymia with regard to other 
physico-chemical features (such as BET surface area). Actually, this 
catalyst presents the lowest value of this set of samples (28 m2/g) versus 
ceria and the Pt-based catalyst (which present 57 m2/g and 118 m2/g, 
respectively). 

PrO2-CP also presents a much faster response towards 16O2 emission 
at low temperatures. Referenced literature [40] reports that both simple 

and multiple heteroexchange occur for mixed oxides. Nevertheless, as 
demonstrated for the case of CexZr1− xO2 mixed oxides [40], multiple 
heteroexchange seems to be much more dominant for pure praseodymia 
at the very beginning of the experiment with regard to pure ceria. 
Multiple heteroexchange occurs with simultaneous participation of two 
oxygen atoms of the oxide. Surface dioxygen intermediates involved 
could be superoxides (O2

- ) or peroxides (O2
2-) as proposed by several 

authors [41–43]. It could be tentatively suggested that this catalyst 
presents a tremendous ability to capture 18O2, as measured, but also to 
exchange 18O2 with the remaining O2

2- (peroxo) and O2
- (superoxo) 

groups on the catalyst surface since 16O2 seems to prevail since 250 ◦C, 
differently to the trends in emission products shown by the 
Pt-containing catalyst and CeO2. 

As more and more 18O2 is uptaken by PrO2-CP, even though 16O2 
keeps being the prevalent species, both 16O2 and 18O16O levels tend to 
converge at the highest temperatures (Fig. 2b). Therefore, for PrO2-CP, 
the interaction with oxygen is dominated by the incorporation of the 
18O2 pulse and the evolution of products is conditioned by the level of 
oxygen uptaken, as the experiment progresses. Even considering this, 
the emergence of 18O2 as reaction product is not observed in the final 
steps of the experiment, thus excluding completely the occurrence of the 
last step of the two-atom exchange type. 

Repeated tests were conducted over this pure praseodymia oxide to 
verify the reproducibility of the oxygen uptake extension. Good 
repeatability was found, and the detailed profiles are compiled on SI 
(Fig. S4). 

3.2. Pulses of 18O2 over the ceria-praseodymia mixed oxides 

Due to the very different and positive behaviour of pure praseodymia 
versus pure ceria, the impact of the Ce/Pr composition (ranging the 
whole range of formulations) as well as the type of preparation method 
on the response of all the mixed oxides prepared will be analysed in this 
section. Fig. 3 and Fig. 4 depict the same information than that displayed 
in Fig. 2 but for the sets of Ce1− xPrxO2 catalysts (with x ranging from 1 to 
0.4), for those samples prepared by the direct calcination method 
(Fig. 3) and by the co-precipitation method (Fig. 4), respectively. 

Generally speaking, all the Pr-based catalysts highly interact with the 
18O2 pulses, thus improving the response of the Pt-containing catalyst 
and, more importantly, that of the ceria catalyst, despite of their lower 
surface areas. 

Additionally, remarkable differences are revealed by using one or 
other method of preparation. In fact, whatever the composition chosen, 
the catalysts prepared by co-precipitation (Fig. 4) seem to interact with 
the 18O2 pulses at lower temperatures and in higher extents than their 
counterparts prepared by the direct calcination method (Fig. 3), and the 
same applies for the 18O2 uptake capacity. This is directly represented in 
a more visual and effective way in Fig. S5 (a-d) of the Supplementary 
Information. The profiles are obviously affected by the Ce/Pr ratio, in 
other words, there are differences in every series depending on the Pr 
content of the oxides, but this cannot be systematised and explained in 
an easy way due to the fact that the BET surface area does not exhibit the 
same trends or variations in terms of the Pr content of the mixed oxides 
along the two sets of catalysts studied. Regarding the emission of ex
change products, it can be said that, in general: i) DC-catalysts exchange 
more O2 with the molecules of the isotopic pulses, yielding more 16O2, 
whatever the composition tested; ii) the corresponding yields of the 
scrambled product (18O16O) are quite similar among them for all the 
compositions of the series (with the exception of PrO2-DC, which pre
sents a very low BET surface area); and iii) the corresponding yields of 
CP-catalysts (both 18O16O, but mainly 16O2) are, in general, lower than 
their counterparts of DC-series. 

By a detailed inspection and comparison of all the representations of 
Figs. 3 and 4, one can see high 18O2 consumptions at the beginning of the 
experiments accompanied by very high oxygen uptakes capacities for all 
the oxides of the CP-series. Conversely, low 18O2 pulse consumptions 

Fig. 2. Distribution of the different oxygen species evolved upon 18O2 inter
action with: a) CeO2-CP; b) PrO2-CP; and c) PtKBa. 
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along with low values of 18O2 uptake characterise to the DC-series’ 
catalysts, at the lowest temperatures. This leads us to confirm that 
regardless of the differences in BET surface areas which make difficult a 
systematic comparison among methods/compositions, it is clear that 
different methods used yield to different initial features on the surface/ 
subsurface of the catalysts that lead to crucial differences and influence 
on the oxygen interaction capacity of the catalysts. However, as soon as 
the experiment progresses and more and more 18O2 molecules are pulsed 
onto the catalysts, the kinetics of 18O2 consumptions become different 
and some of the samples practically consume all the 18O2 pulses at 
350 ◦C, meanwhile other catalysts do not completely consume the pulses 
even at 500 ºC. 

In order to shed some light on this issue, some calculations were 
estimated with the purpose to obtain information about the specific 
number of 18O2 pulses to reach an amount of 18O equal to that of the 
surface oxygen atoms onto the several catalysts, since they present a 
wide range of BET surface areas (from 6 to 47 m2/g). The number of 
surface oxygen atoms for every catalyst may be calculated from the BET 
surface area, assuming similar structures and taking the value given by 
Madier et al. [40] (13.7 atoms⋅nm2, for ceria-based oxides). Table 1 lists 
some relevant information useful to interpret the profiles, extends and 
rates of O2 pulse consumptions that make a difference among the cata
lysts. In this sense, not only the number of oxygen pulses needed to 
exchange/saturate the whole surface of every catalyst was calculated 
(according to the O atoms that contain the number of 18O2 pulses 
injected), as compiled on Table 1, but also the number of oxygen pulses 
needed to exchange the whole oxygen atoms considering also the bulk 
level (245 pulses). Assuming the general premise that all the oxygen 
linked to cerium or praseodymium atoms are equally susceptible to 
participate in the uptake/exchange processes, the wide dispersion of 

BET surface areas of the catalysts leads to the fact that after the whole 
experiment, (14 18O2 pulses), some samples have readily suffered the 
“saturation” of their surfaces and others not. This is intended to be 
depicted on Figs. 3 and 4 by a vertical black arrow, indicating the 
temperature at which the number of O atoms from the pulses injected 
have eventually matched with the oxygen surface atoms initially 
exposed on every catalyst. Accordingly, the samples with the lowest BET 
surface areas (PrO2-DC, Ce0.2Pr0.8O2-CP y Ce0.4Pr0.6O2-CP) suffer satu
ration of their surface oxygen numbers at low temperatures in the course 
of the whole experiment. Therefore, subsurface/bulk oxygen participa
tion should be assumed for the mentioned catalysts at the temperatures 
above 250 and 300 ◦C, as marked with the black arrows on the Figs. 3a, 
4b, 4c and 4a (in this last case just at the end of the experiment), thus 
allowing us to assert that this oxygen participation beyond the external 
oxygen layer could affect the rate of both oxygen consumption/uptake 
exchange, thus slowing down the interaction/consumption of the 18O2 
pulses, since subsurface/bulk oxygen mobility is affecting the processes 
as well, and not only the participation of exposed surface oxygens. 
Actually, 18O2 could be emerging as new product of oxygen exchange 
(not discernible from the 18O2 fraction that does not interact with the 
catalyst). To support these asseverations, the following example is pro
vided: Ce0.2Pr0.8O2-CP and Ce0.4Pr0.6O2-CP do not reach 100 % values of 
18O2 consumptions even at 450 ◦C and present the lowest slopes on their 
representations). Since it is reasonable to assert that for participation of 
oxygen coming from subsurface layers, bulk oxygen diffusion becomes 
an important parameter to take into account and, in principle, this 
participation would be more hindered than that of the surface oxygens. 
All these ideas could, at least, partially explain, the differences in the 
profiles beyond the method employed and the Ce/Pr composition used. 
Accordingly, samples that do not suffer “saturation” in the number of 

Fig. 3. Gas phase distribution of different oxygen isotopologues (16O2, 18O16O and 18O2) and oxygen uptake with respect to the inlet labelled oxygen at different 
temperatures under He flow over a) PrO2-DC, b) Ce0.2Pr0.8O2-DC, c) Ce0.4Pr0.6O2-DC and d) Ce0.6Pr0.4O2-DC. 
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surface oxygen atoms due to their higher BET surface areas, are char
acterised by fast kinetics of 18O2 pulses consumptions, independently on 
the initial value of 18O2 consumption (%) and the preparation method, 
reaching 100 % of 18O2 consumption values (in other words, 0 % of 
emission value) since medium temperatures until the end of experiment 
(e.g. Ce0.4Pr0.6O2-DC with 47 m2/g, at 350 ◦C). Therefore, the involve
ment of external surface area and subsequent participation of subsurface 
layers might play an important role on the oxygen interaction process 
with the catalysts for the Pr-containing oxides investigated. For pure 
ceria (without Pr incorporation in the formulation), these ideas do not 
apply, since all the profiles and activities measured allow us to assert 
that the level of interaction and activation with O2 is lower (there is no 
whole 18O2 consumption at 500 ◦C, low levels of O2 uptake are detected 
and the capacity of oxygen exchange is displaced at higher 
temperatures). 

By selecting a temperature of 400 ◦C (as a temperature at which 

oxygen exchange products levels seem to be apparently stabilised) and 
collecting the four parameters under study for the whole catalysts 
investigated (shown in Table 2), interesting guidelines can be deduced: 

i) Pr-containing samples are much more active concerning activa
tion and interaction with the 18O2 pulses than pure ceria, despite 
of their lower BET surface areas. This is connected with their very 
high reducibility under inert atmosphere, as further explained by 
combining characterisation measurement data in SI (Table S2).  

ii) The co-precipitated samples (whatever the BET surface area that 
possess) are characterised by high levels of 18O2 consumption at 
the beginning of the experiments and high levels of oxygen up
take if compared with those of the direct-calcination catalysts.  

iii) Congruently with those experimental observations, DC-samples, 
which are characterised by lower capacities of oxygen uptake, 
exchange more oxygen than the corresponding CP-samples, thus 
yielding to higher percentages of 16O2, slightly higher of 18O16O 
and higher ratios of 16O2/18O16O, than those of CP-samples.  

iv) The kinetics of fast O2 interaction and consumption in terms of 
temperature are highly influenced by the BET surface area, (much 
more than by the method of preparation and the Ce/Pr ratio), as 
seen in Figs. 3 and 4. 

In order to stablish some reliable comparisons among the two 
methods, since the BET surface area has been revealed as an important 
parameter, (in connection with the kinetics of O2 pulses consumption 
during the whole experiment), attention will be paid now to the possible 
influence of the route of preparation on the catalytic behavior. For this 
purpose, Ce0.6Pr0.4O2-DC and Ce0.6Pr0.4O2-CP were selected since they 
present very similar BET surface area (40 and 38 m2/g, respectively), 

Fig. 4. Gas phase distribution of different oxygen isotopologues (16O2, 18O16O and 18O2) and oxygen uptake with respect to the inlet labelled oxygen at different 
temperatures under He flow over a) PrO2-CP, b) Ce0.2Pr0.8O2-CP, c) Ce0.4Pr0.6O2-CP and d) Ce0.6Pr0.4O2-CP. 

Table 1 
Number of 18O2 pulses needed to saturate the Ce-Pr catalysts at surface level.  

Catalyst SBET (m2/g) Number of pulses to  
saturate the surface 

PrO2-CP 28 13 
Ce0.2Pr0.8O2-CP 10 4 
Ce0.4Pr0.6O2-CP 11 5 
Ce0.6Pr0.4O2-CP 38 18 
PrO2-DC 6 3 
Ce0.2Pr0.8O2-DC 31 14 
Ce0.4Pr0.6O2-DC 47 22 
Ce0.6Pr0.4O2-DC 40 19 

* The number of pulses to saturate the bulk solids is 245. 
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and both share the common feature that only surface oxygen atoms are 
involved during the whole experiment. For this particulate case, if dif
ferences are noted between the samples, the method of preparation 
should be the only parameter to take into account. As already mentioned 
as a general guideline, Ce0.6Pr0.4O2-CP presents a high capacity of 
consumption of 18O2 pulses, at the beginning of the experiment, joined 
to very high oxygen uptake values, however, as the experiment pro
ceeds, the rate of 18O2 consumption begins to slow down. Conversely, 
Ce0.6Pr0.4O2-DC is characterised by much lower values of O2 consump
tion at the lowest temperatures along with very low O2 uptakes capac
ities. As the experiment progresses, the whole consumption of the 18O2 
pulses is seen before for Ce0.6Pr0.4O2-DC and, in accordance with lower 
oxygen uptake capacities, the percentages of oxygen exchange products 
(18O16O and 16O2) are higher, as well as the 16O2/18O16O ratio, if 
compared with those of Ce0.6Pr0.4O2-CP (please see data on Table 2). 
Even though the whole characterisation results concerning these mixed 
oxides catalysts were presented elsewhere [14], some information is 
compiled in Table S1, revealing that a better atomic homogeneous dis
tribution (between Ce and Pr into the lattice) can be inferred from the 
physico-chemical characterisation and this would tentatively be the 
reason of the very different behaviour under pulse conditions. In this 
line, the cell parameter (a) is higher for Ce0.6Pr0.4O2-CP [14], suggesting 
a superior degree of cation insertion and/or higher contribution of Pr3+. 
Higher value of the Ivacancies band/IF2g ratio corroborates a higher popu
lation of oxygen vacancies for Ce0.6Pr0.4O2-CP as well (Table S1), which 
would favour more oxygen interaction, activation and uptake for 
Ce0.6Pr0.4O2-CP with regard to Ce0.6Pr0.4O2-DC. The better atomic ho
mogeneity in terms of cerium and praseodymium distribution might be 
verified by confronting the XPS results (see comparison among Ce/Pr 
surface atomic ratios versus Ce/Pr nominal atomic ratios for these 
representative catalysts on Table S1). 

Finally, in an attempt to find some useful correlations comprising 

Ce/Pr ratios, method of preparation and the parameters that reflect 
oxygen interaction capacity of the catalysts along with O2 emission ca
pacities during a He-TPD (discussed in a previous publication [14]),  
Fig. 5 depicts the attempts to illustrate some correlations representing 
the mentioned parameters both expressed per gram of catalyst (Fig. 5a) 
and per gram of square meter, (Fig. 5b); due to the fact that the variation 
of BET surface area against Pr content does not follow any trend for the 
mixed oxides obtained from CP method and an abrupt decrease is seen at 
high Pr contents. As depicted on Fig. 5a, the amount of O2 emitted, in
tegrated up to 500 ◦C (obtained from He-TPD experiments) and the 
“accumulated” oxygen uptake capacity up to 500 ◦C (integrated up to 
the final of the experiment, after the 14 18O2 pulses) appear not to follow 
clear trends regardless of the method of synthesis (both for 
co-precipitated, depicted in orange colour, and direct 
calcination-samples, depicted in blue). However, the values of O2 
emitted are quite close among identical compositions for both series 
(represented by dotted lines), excepting for the case of pure pre
aseodymia, indicating that one of the main responsible of this behaviour 
seems to be the reducibility of the own Pr loading for every catalyst and 
not the method of preparation. Conversely, the parameter so-called 
“oxygen uptake” is quite different among the same Ce/Pr composi
tions, thus suggesting that the step of “refilling” with oxygen after a 
pre-treatment under He is a very sensitive process in terms of the method 
of preparation and the catalysts’ features, (and not only governed by the 
Pr content), being always superior for CP-samples. The differences 
become more and more relevant if these values are expressed per square 
meter (BET surface area) and again represented versus Pr content 
(Fig. 5b). A volcano trend is exhibited by CP-series, meanwhile this 
trend does not appear for DC-catalysts (increasing nearly monotonically 
with the Pr content). These figures depict the complex interplay among 
the values of BET surface areas, Ce/Pr compositions and method of 
preparation towards the capacity of releasing and activating O2 

Fig. 5. Correlations of O2 emitted up to 500 ◦C and O2 uptake versus Ce/Pr ratios for the investigated catalysts normalised by: a) mass (gram of catalyst), and b) 
surface area (square meter of catalyst). 

Table 2 
Gas phase distribution of the different oxygen isotopologues (18O2, 18O16O and 16O2) and oxygen uptake for the catalysts at 400 ºC after injecting the 18O2 pulse.  

Catalyst 18O2 (%) 18O16O (%) 16O2 (%) Oxygen uptake (%)a Ratio16O2/18O16O 

CeO2-CP 75 11 6 8  0.5 
PtKBa 59 29 12 0  0.4 
PrO2-CP 2 19 59 20  3.1 
Ce0.2Pr0.8O2-CP 26 15 41 18  2.7 
Ce0.4Pr0.6O2-CP 14 20 44 23  2.2 
Ce0.6Pr0.4O2-CP 4 20 58 19  2.9 
PrO2-DC 10 19 72 0  3.8 
Ce0.2Pr0.8O2-DC 1 20 70 8  3.5 
Ce0.4Pr0.6O2-DC 2 22 67 9  3.0 
Ce0.6Pr0.4O2-DC 2 20 67 12  3.4  

a Oxygen uptake (%) = 100 - (18O2 (%) + 18O16O (%) + 16O2 (%)). 
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molecules which is suggested to be difficult to “split out” one from each 
other, if an attempt to rationalise the impact of every variable on the 
catalysts’ performances is desired to be conducted. 

As a brief summary, even though no conclusive correlations were 
found with increasing Pr content for every set of catalysts prepared, CP- 
catalysts, (whatever the composition considered) are more effective for 
incorporating oxygen from the isotopic pulses. The benefits become 
more and more accentuated if the parameters analysed are expressed per 
BET surface area, due to the “collapse” in specific area suffered by the 
mentioned catalysts, at high Pr contents, (CP-series), which is one of the 
reasons of the pattern of the representations (“volcano profile”). 

For all the mentioned issues, the two catalysts having the same molar 
composition in Ce/Pr and very similar BET surface areas (Ce0.6Pr0.4O2- 
CP and Ce0.6Pr0.4O2-DC) were chosen to conduct and discuss the results 
of soot combustion under pulse conditions, and thus evaluating in a 
more certain way the impact of the method of preparation. But firstly, 
and for the sake of clarity, the results derived from the uncatalysed soot 
combustion and those from the model catalysts will be presented in the 
next section (in a parallel way to the previous sections). 

3.3. Soot combustion results 

As a short reminder, it is interesting to note that the management of 
the soot accumulated within a particle filter during different driving 
conditions still remains an important challenge for gasoline-powered 
vehicles, especially GDI. In DI gasoline engine-powered passenger car, 
there are essentially no NO2 and O2 available for soot combustion under 
normal stoichiometric operation (λ = 1). Oxygen is only available dur
ing fuel cuts, when the engine pumps air from the intake to the exhaust, 
as anticipated in the introduction. Besides, both the transient exhaust 
temperature and oxygen concentration largely depend on the driving 
mode [9]. Therefore, to assess the impact of the Ce-Pr catalysts on soot 
combustion activity under the simulated fuel cuts, experiments of 18O2 
pulses have been carried out on the studied catalysts with Printex-U soot 

at 500 ºC, with long periods of time under inert gas, between the injected 
pulses. These chosen conditions simulate in a simplified way the tem
perature and very low-frequency oxygen pulses that can occur in a 
highway driving mode for a GDI vehicle, according to Boger et al. [9]. 

The uncatalysed oxidation of model soot was studied under identical 
conditions than those presented for the two consecutive 18O2 pulses.  
Fig. 6 shows the set of the three CO2 isotopologues profiles for the 
uncatalysed reaction during the second pulse (Fig. 6a, b and c, in black 
lines). For the sake of brevity, only the second pulse is shown in this 
figure. C18O2 is the most abundant isotopologue among the three 
possible ones in the uncatalysed soot combustion experiments. Howev
er, this situation is very different from that presented by the model 
catalysts, whose main isotopologue is C16O2 (as can be clearly illustrated 
by comparing the quantifications shown in Table 4 with those of Table 3, 
where all the possible products emitted were quantified in arbitrary 
unities for both pulses). Since the C16O2 emissions are several orders of 
magnitude higher than those of C18O16O and C18O2, Fig. 6 only collects 
the C16O2 isotopologue (as majority product) for the model catalysts. 

These results confirm the direct attack of 18O2 to soot in the absence 
of a model catalyst [33,44,45]. The secondary isotopologue was 
C18O16O. Unlabelled oxygen must come from surface oxygen complexes 
present on the soot surface before the 18O2 pulse. In fact, the oxygen 
content of the model soot Printex-U used in these experiments was 
estimated from elemental analysis to be around 3–4 wt% [46,47], this 
oxygen being the source of unlabelled oxygen. C18O was also detected as 
well and minor amounts of C16O. Indeed, it is noteworthy that the ratio 
of products area ΣCO2(C18O2 + C18O16O + C18O2)/ΣCO(C18O + C16O), 
in Table 3, is quite similar to that obtained in uncatalysed Printex-U 
combustion with oxygen in a flow reactor (selectivity towards CO2 
around 60 %) [12]. 

For the uncatalysed reaction, the formation of C18O2 and C18O can be 
described as:  

C + 18O2 → C18O2                                                                          (9)  

2 C + 18O2 → 2 C18O                                                                    (10) 

Conversely, for the catalysed reactions employing the model cata
lysts (and with the rest of the catalysts studied, that will be commented 
on), a very high selectivity towards C16O2 was monitored (and the rest of 
CO2 and CO isotopologues emissions were negligible). This is the reason 
why the quantification has been approached only for C16O2. This 
experimental evidence suggests the strong involvement of oxygen spe
cies coming from the model catalysts in soot combustion. 

When oxygen was pulsed under He, almost all the 18O2 disappeared 
at 500 ◦C (contrary to what was observed for the uncatalysed reaction), 
but the presence of labelled oxygen molecules (18O2 and 18O16O) after 
the pulse for CeO2-CP and PtKBa catalysts was detected (Fig. 7). The 
latter phenomenon was not observed for PrO2-CP and neither for any of 
the ceria-praseodymia mixed oxides. Nevertheless, C16O2 emerges with 

Fig. 6. CO2 isotopologue profiles after injection of the second 18O2 pulse over 
soot-catalyst loose contact mixture at 500 ºC under He flow for: a) C18O2 iso
topologue, b) C18O16O isotopologue, and c) C16O2 isotopologue. The uncata
lysed test has been added for comparative purposes. 

Table 3 
Area integration of each CO2 and CO isotopologues MS intensities during the 
injection of the first and the second 18O2 pulse for the uncatalysed soot com
bustion test (500 ºC).  

Isotopologue Area integration of the corresponding signal obtained by 
MS (a.u.) 

1st pulse 2nd pulse 

C18O2 6.6⋅10− 8 4.3⋅10− 8 

C18O16O 4.7⋅10− 8 2.8⋅10− 8 

C16O2 1.1⋅10− 8 6.3⋅10− 9 

C18O 3.4⋅10− 8 2.1⋅10− 8 

C16O 2.5⋅10− 8 1.6⋅10− 8 

Selectivity to CO2 (%)a 67.9 68.0 

a

Selectivity to CO2(%) =
(C18O2 + C18O16O + C16O2)

(C18O + C16O) + (C18O2 + C18O16O + C16O2)
⋅100  
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very different profiles (Fig. 6c). As anticipated, C16O2 was practically the 
only carbon-containing product observed, evidencing that the oxygen 
from isotopic pulses did not react directly with soot, verifying that 
catalysts’ oxygen was transferred to soot and 18O2 filled up the possible 
vacancies created. In this regard, Bueno et al. previously observed that 
ceria can act as a pump in the pulse regime, supplying initially its lattice 
oxygen to the soot instead of the own oxygen from the pulse after 
injecting [33,48]. Furthermore, all these evidences are in good agree
ment with the generally assumed Mars-van-Krevelen mechanism for 
soot oxidation with ceria-based catalysts [49,50], where the active ox
ygen species (used for soot combustion) come from the surface/
subsurface of the oxide towards the soot particles and are initially 
unlabelled oxygen species, as indicated in the following general 
equations:  

2 CexPr1− x
16 O2 + C + 18O2 → 2 CexPr1− x

18 O16O + C16O2                      (11)  

2 CexPr1− x
18 O16O + C + 18O2 → 2 CexPr1− x

18 O2 + C16O2                      (12) 

In the particular case of PtKBa sample, the soot combustion process 
takes place through the involvement of different chemical entities 
compared with ceria-based catalysts. Namely, the oxidation of the car
bon centres from soot is restricted to the intervention of the oxygen- 
containing Pt-O-M centres, where “M” represents an alkaline or 
alkaline-earth metal (K or Ba), as reported elsewhere [30], which yields 
a low soot combustion activity under these experimental conditions, 
compared with the rest of the catalysts. Accordingly, a high 16O2 emis
sion is detected during the 18O2 pulse (Fig. 7c), indicating a “scarce use” 
of the exchanged oxygen for the purpose of the soot combustion 
reaction. 

Focusing on the unlabelled CO2 emission profile, there are significant 
differences in the evolution of this combustion product over time (as 
shown in Fig. 6c). Firstly, the uncatalysed test shows a very symmetrical 
and narrow unlabelled CO2 peak, which indicates just a very short-term 
interaction with Printex-U soot as a function of time. At a glance, the 
most featured peak of C16O2 corresponds to CeO2-CP, as it produces a 
very high emission of CO2 in a short period of time. This catalytic 
behaviour contrast sharply with PrO2-CP catalyst, which presents a peak 
with a lower CO2 maximum. However, although PrO2-CP’s profile does 
not reach such an exalted peak as that of CeO2-CP, a significant long- 
term soot combustion (much higher than that of CeO2-CP) is observed, 
where the C16O2 emission decays very slowly over time during the inert 
step (Fig. 6c shows the same form zoomed). In the case of PtKBa catalyst, 
the emission of the main C16O2 isotopologue compared to the other two 
model catalysts is clearly inferior and the tail of CO2 emission can be 
considered almost negligible as well. A possible explanation for this very 
different behaviour in the long-term soot combustion of PrO2-CP versus 
CeO2-CP or PtKBa could be related to the kinetics of oxygen release, 
since, as observed on Fig. 1c-d, PrO2-CP presented rather asymmetric 
patterns of 16O2 isotopologue in the oxygen isotopic exchange tests, 
characterised by long tail, unlike CeO2-CP or PtKBa with much more 

symmetric profiles (see Fig. 1). 
Fig. 8 depicts the corresponding C16O2 emission profiles for 

Ce0.6Pr0.4O2-CP and Ce0.6Pr0.4O2-DC catalysts (and Fig. S6 contains the 
three CO2 isotopologue profiles, in arbitrary units, for the sake of 
comparison). As it was commented above, these two catalysts having the 
same molar composition in Ce/Pr and very similar BET surface areas, 
could lead to a more reliable elucidation about the impact of the method 
of preparation on the soot combustion performance under pulse condi
tions. As well as PrO2-CP, the CO2 emission profiles demonstrate an 
important contribution of soot combustion during the period under inert 
atmosphere, which can be referred to as a long tail of CO2 emission. At 
the same time, the CO2 peaks become sharper and more intense (similar 
to that of CeO2-CP). Nonetheless, it is obvious the superior soot com
bustion performance of Ce0.6Pr0.4O2-CP versus Ce0.6Pr0.4O2-DC over the 
entire range of the experiment after the oxygen pulse. The maximum 
C16O2 emission rate of Ce0.6Pr0.4O2-CP catalyst reaches a value that is 
even two times higher than its homologous obtained by the direct 
calcination method. It was previously discussed that Ce0.6Pr0.4O2-CP 
presents a slight better atomic homogeneous distribution (between Ce 
and Pr into the lattice) and this might be the reason of the very different 
behaviour under pulse conditions. In addition, it is worth noting the 
higher initial presence of oxygen vacancies in Ce0.6Pr0.4O2-CP, which 
most likely may favour a higher oxygen interaction, activation and up
take for Ce0.6Pr0.4O2-CP with regard to Ce0.6Pr0.4O2-DC. Accordingly, 
the two Ce-Pr mixed oxides present different responses in the soot 
combustion as a function of the method of preparation. 

As a following step, all the Ce-Pr mixed oxides were analysed jointly 
in order to determine the impact of the effect of praseodymium content 
on their C16O2 emission profiles during soot combustion. For this pur
pose, Fig. 9 depicts the corresponding C16O2 profiles for each set of 
ceria-praseodymia catalysts according to the employed method of syn
thesis. Comparing these sets of catalysts, the same substantial changes in 
the shape of the profiles are observed from PrO2 catalyst to Ce- 
containing catalysts (from Ce0.2Pr0.8O2, Ce0.4Pr0.6O2 to Ce0.6Pr0.4O2, 
no matter the method of preparation analysed), since the C16O2 emission 
becomes sharper and more intense after the 18O2 pulse, while the same 
tailing is maintained during the inert period observed for PrO2 catalysts. 
All the CO2 emission profiles of ceria-praseodymia mixed oxides 
demonstrate a strong improvement in soot combustion performance and 
the ability to keep this good behaviour in the absence of oxygen, 
(differently to ceria), what could make its application in gasoline par
ticle filters feasible by increasing the release of oxygen during the long 
inert periods, after oxygen pulses, typical of the real working conditions 
of these efficient engines. 

For a more complete and accurate view of the catalysts’ perfor
mances, the C16O2 quantifications were estimated for both first and 
second pulse of all the catalysts, as shown in Table 5. These quantifi
cations were analysed on the assumption that the soot oxidation pro
duced during the pre-treatment is quite similar between the different 
tested samples, since at the end of the same pre-treatment only 9–13 % 

Table 4 
Area integration of each CO2 isotopologue MS intensities during the injection of the first and the second 18O2 pulse for some of the most representative catalysts under 
soot combustion test (500 ºC).  

CO2 isotopologue Pulse Area of integration of the corresponding signal obtained by MS 

CeO2-CP PtKBa PrO2-CP Ce0.6Pr0.4O2-CP Ce0.6Pr0.4O2-DC 

C18O2 1st 1.3⋅10− 12 1.7⋅10− 13 2.4⋅10− 12 2.2⋅10− 12 1.9⋅10− 12 

2nd 1.4⋅10− 12 0.8⋅10− 11 3.5⋅10− 12 6.8⋅10− 12 2.0⋅10− 12 

Totala 2.8⋅10− 12 0.8⋅10− 11 5.9⋅10− 12 9.1⋅10− 12 4.0⋅10− 12 

C18O16O 1st 2.9⋅10− 10 2.1⋅10− 10 1.3⋅10− 9 6.4⋅10− 10 4.2⋅10− 10 

2nd 3.0⋅10− 10 0.9⋅10− 9 1.7⋅10− 9 7.5⋅10− 10 4.3⋅10− 10 

Totala 5.9⋅10− 10 1.1⋅10− 9 3.0⋅10− 9 1.4⋅10− 9 8.5⋅10− 10 

C16O2 1st 1.1⋅10− 7 1.0⋅10− 7 4.6⋅10− 7 5.0⋅10− 7 1.5⋅10− 7 

2nd 1.1⋅10− 7 6.8⋅10− 8 4.9⋅10− 7 5.5⋅10− 7 1.5⋅10− 7 

Totala 2.2⋅10− 7 1.8⋅10− 7 9.5⋅10− 7 1.0⋅10− 6 3.0⋅10− 7  

a Total corresponds to the sum of the values obtained from both oxygen pulses (1st and 2nd) for each catalyst. 
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soot combustion occurred. Therefore, prior to the 18O2 injection, (after 
the pre-treatment in He) some minor changes are expected on the cat
alysts’ surface due to surface oxygen reduction of part of the first 
monolayer (but a significant surface reconstruction is not expected for 
these catalysts). 

As can be seen, none of the C16O2 emitted values in each pulse 
overcome the corresponding value of oxygen injected per pulse 
(23.7 µmol 18O2/gcat). This suggests a certain “misuse” of the employed 
oxygen in order to burn the soot in the presence of the catalyst. Inter
estingly, the utilisation ratios of the 18O2 pulses to yield CO2 cover a 

wide range of values for the catalysed reaction (from a 17.3 % value, 
obtained with the Pt-catalyst, to an 82.8 % value, obtained with the 
Ce0.2Pr0.8O2-DC catalyst), proving evidence of a high effectivity of these 
proposed catalysts towards the soot combustion under O2 pulsed mode, 
and in turn, on their potential for this demanding application. On the 
other hand, despite of the highest BET surface area of CeO2-CP, its uti
lisation ratio is moderate (29.1 %), clearly inferior to whatever esti
mated for the Pr-containing samples. In order to understand this poor 
performance, it is necessary to take into account two important factors. 
Firstly, labelled oxygen emissions (18O2 and 18O16O), and the unlabelled 
one (16O2) were observed at the first stages of the oxygen injection only 
for CeO2-CP (see Fig. 7a, b, c), implying that all the exchanged oxygen 
cannot be effectively used for the soot combustion purpose. On the other 
hand, this catalyst (unlike ceria-praseodymia mixed oxides) does not 
present a significant soot combustion during the inert period, therefore 
the supplied oxygen seems to be effective during the short period of the 
pulse. 

Focussing on the very active ceria-praseodymia mixed oxides, it can 
be stated that the CP-catalysts seem to exhibit higher soot combustion 
activities than their counterparts prepared by means of the DC-method. 
However, and due possibly to the decrease in the BET surface area as the 
Pr loading increases in the mixed oxides, the soot combustion activity is 
approximately kept constant in the series (Ce0.6Pr0.4O2-CP; Ce0.4Pr0.6O2- 
CP; Ce0.2Pr0.8O2-CP). This effect can be interpreted as a result of the 
balance among the benefits of increasing the Pr content and the disad
vantages of the decrease in the BET surface area. This tentative inter
pretation seems to be confirmed by the gradual increase in soot 
combustion activities with the Pr content for the DC-series (in which the 
BET surface areas exhibit minor changes). A previously stated, the in
fluence of the method of preparation on the soot combustion activity 
cannot be systematised and explained in a smooth way due to the fact 
that the BET surface areas do not exhibit the same trends or variations in 
terms of the Pr contents along every series. 

4. Conclusion 

The main conclusions of this study concerning the oxygen interaction 
and soot combustion over three model catalysts (two bare oxides and a 
Pt-based catalysts) along with two sets of ceria-praseodymia catalysts 
with pulse experiments using 18O2 are as follows: 

A novel methodology for the analysis of the oxygen activation and 
uptake capacity over a considerable number of catalysts, (by means of 
pulse experiments with isotopic 18O2), is presented for the first time. 
This methodology simulates the oxygen pulse conditions existing in a 

Fig. 7. O2 isotopologue profiles after injection of the second 18O2 pulse over 
soot-catalyst loose contact mixture at 500 ºC under He flow for: a) 18O2 iso
topologue, b) 18O16O isotopologue, and c) 16O2 isotopologue. The uncatalysed 
test has been added for comparative purposes and the corresponding “blank 
signal” in dotted line. 

Fig. 8. Emission of C16O2 isotopologue after injecting the second 18O2 pulse 
over the soot-catalyst loose contact mixture at 500 ºC under He flow for 
Ce0.6Pr0.4O2-CP and Ce0.6Pr0.4O2-DC catalysts. 
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GDI exhaust. 
Among the model catalysts selected, pure PrO2 presents a remark

able activity to interact with the oxygen pulse (since very low temper
atures) and uptake oxygen. These interesting abilities were connected 
with its capacity to evolve oxygen under inert atmosphere. Conversely, 
the Pt-catalyst does not exhibit any oxygen uptake under these experi
mental conditions. 

Pr-containing samples are much more active concerning activation 
and interaction with the 18O2 pulses (even than pure ceria), despite of 
their lower BET surface areas. 

Ce-Pr mixed oxides present different responses in the O2 activation, 
uptake and exchange processes, as a function of temperature, praseo
dymium content and, mainly, method of preparation. Interestingly, the 
co-precipitated samples (whatever the BET surface area that possess) are 
characterised by high levels of 18O2 consumption at the beginning of the 
experiments and high levels of oxygen uptakes if compared with those of 
the direct-calcination catalysts. 

The comparison among the impact of the preparation method taking 

one fixed Ce/Pr composition (Ce0.6Pr0.4O2, because both catalysts pre
sent similar BET surface areas) allowed us to suggest that a best atomic 
homogeneity and a higher population of oxygen vacancies might be 
behind the best response of Ce0.6Pr0.4O2 prepared by the co- 
precipitation method if compared with its counterpart prepared by the 
direct calcination method. 

All the catalysts yield mainly C16O2 isotopologue as majority soot 
combustion product at 500 ºC, evidencing that the active oxygen species 
come from the catalysts and are transferred to the soot surface. 18O2 
pulses filled up the possible vacancies created. 

C16O2 emerges with very different profiles depending on Ce/Pr 
composition. CeO2 is characterised by a sharp and intense CO2 peak 
during the own 18O2 pulse, however the intervention of unlabelled 
active oxygen species during the inert period after the pulse is not very 
marked. As more and more Pr is incorporated into the mixed oxide’s 
formulation, the intervention of the oxygen species during the long inert 
period is more relevant. As a consequence of this, the best formulations 
seem to be the Ce-Pr mixed oxides with high Pr content. This influence is 
seen clearly for the direct calcination method. Unfortunately, the loss in 
BET surface area for the catalysts prepared by the co-precipitation 
method reduces the benefits of employing this route of preparation. 

Ceria-praseodymia mixed oxides have proven to be excellent can
didates for soot oxidation under the demanding conditions of GDI 
exhaust, as they combine a high reactivity during the own 18O2 pulse 
and the long-term activity during the long inert period. 
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Table 5 
Quantifications estimated of the emission of C16O2 isotopologue for all the 
catalysts investigated after the first and the second 18O2 pulse.  

Catalyst C16O2 emitted (µmol CO2/gcat) Utilisationa 

ratios  
of the18O2  

pulses (%) 

1st 
pulse 

2nd 
pulse 

Totalb 

CeO2-CP  7.0  6.7  13.8  29.1 
PtKBa  5.0  3.2  8.2  17.3 
PrO2-CP  14.7  15.6  30.3  63.9 
Ce0.2Pr0.8O2-CP  17.0  18.2  35.1  74.1 
Ce0.4Pr0.6O2-CP  17.2  18.7  35.9  75.7 
Ce0.6Pr0.4O2-CP  17.0  18.7  35.7  75.3 
PrO2-DC  9.4  10.4  19.8  41.8 
Ce0.2Pr0.8O2-DC  18.8  20.4  39.2  82.7 
Ce0.4Pr0.6O2-DC  16.2  17.7  33.9  71.5 
Ce0.6Pr0.4O2-DC  8.4  9.6  18.0  38.0 
Uncatalysed soot combustionc  0.3  0.1  0.4  0.84  

a Comparative calculations about how much of the 18O2 pulses is converted to 
CO2 (assuming that C18O16O and C18O2 are negligible compared to the C16O2 
emission, which is strictly valid for all the catalysed reactions, and on the basis 
that every pulse injected consists of 23.7 µmol 18O2/gcat). 

b These quantifications were analysed on the assumption that the soot 
oxidation produced during the pre-treatment is quite similar between the 
different tested samples (excluding the Pt-catalyst), since only 9–13 % soot 
combustion takes place, as average value during the pre-treatment at 500 ºC 
under He. 

c Not strictly comparable in absolute terms since C16O2 is not the only iso
topologue emitted for the case of the uncatalysed reaction. 
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