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Abstract: The activity of emission control catalysts must be improved in urban mode at low tem-
peratures. One possible way is to tailor the metal-support interaction between platinum group
metals (PGMs) and ceria to stabilize small clusters or single atoms, optimizing the utilization of
costly PGMs. In this study, a small loading of Pd (<0.2 wt.%) was dispersed on Pr-rich cerium–
zirconium–praseodymium mixed oxides (CZP45: Ce0.45Zr0.10Pr0.45O2−x). After the initial calcination
at 800 ◦C, Pd was mainly in the form of dispersed isolated cations which were found to be efficient for
low-temperature CO oxidation but inactive for propane combustion. Nevertheless, a pre-reduction
step can trigger the formation of Pd nanoparticles and promote the propane oxidation. Pd nanopar-
ticles, formed during the reduction step, coupled with the high oxygen mobility of CZP45, lead to
outstanding catalytic activity for propane oxidation starting from 250 ◦C. However, the re-oxidation
of Pd nanoparticles and their partial re-dispersion, promoted by the fast oxygen mobility of the mixed
oxide, rapidly deactivate the catalysts in lean conditions.

Keywords: mixed cerium oxides; emission control; Pd; single-atom catalysts; bulk oxygen mobility

1. Introduction

Ceria-based oxides are commonly used to support platinum group metal (PGM)
nanoparticles in three-way catalytic (TWC) converters and diesel oxidation catalysts (DOCs).
These catalytic materials, developed for the aftertreatment of gasoline and diesel engines,
are prone to deactivation at high temperatures due to the PGM sintering and collapse of
the support [1]. Apart from their thermal stability, TWCs and DOCs need to be active in
urban mode at temperatures as low as 150 ◦C to meet the legislation. Cold start phases are
the bottleneck of these technologies, since they account for a significant part of the total
emissions. This is particularly an issue for alkanes, which are more difficult to oxidize
than CO and alkenes. Both Pd and Pt-based catalysts are similarly attractive and often
associated in the composition of TWCs and DOCs, the choice of their respective loading
being determined by the price difference. In particular, Pd/CeO2 catalysts were extensively
investigated for CH4 oxidation and seem to be very promising for low-temperature alkane
oxidation. Below 877 ◦C, the temperature of its decomposition in pure oxygen, PdO is
the thermodynamically stable phase. In lean burn conditions, such as encountered in
diesel exhausts, PdO is proposed to be the active phase via a Mars–van Krevelen (MVK)
mechanism involving oxygen active species on PdO. Their consumption creates vacancies
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that are refilled with O atoms from the support [2,3]. Nevertheless, some studies reported
that a pre-reduction step can enhance the low temperature activity for methane and propane
oxidation of Pd-based catalysts [4–7], indicating that Pd, a combination of Pd/PdO or a new
layer of PdO formed at low-temperature on Pd surface (in contrast to bulk PdO) can also
play a crucial role. However, this activated state of the catalyst after a reduction step is not
stable and it is lost under oxidizing conditions [7]. The dynamic and reversible conversion
of Pd into PdO makes the active sites difficult to clearly identify. Oxygen chemisorbed
on Pd sites at room temperature can slowly oxidize the surface and sub-surface of Pd
clusters to finally form a bulk PdO particle above 350 ◦C. The kinetic of Pd oxidation at low
temperature, typically below 450 ◦C, depends on many parameters, such as the oxygen
partial pressure, the cluster size and nanostructure and the nature of the support. For
instance, Pd oxidation into PdO was found to be faster on redox supports such as ceria [3,6].
In addition, the presence of H2O in the reaction mixture deactivates the Pd-based catalysts
for low-temperature CH4 oxidation. This was explained by strongly adsorbed OH species
on PdO, which inhibit the CH4 adsorption [8]. Pd seems to present more resistance to water
inhibition than PdO, due to a different activation mechanism of CH4. Active pairs of sites
are supposed to be a Pd2+ cation coupled with a lattice oxygen (Pd2+-O2−) for PdO or two
active oxygen species (O*-O*) chemisorbed on Pd [9]. The alloying of Pd with Pt was found
to prevent PdO formation and then to reduce water poisoning [10].

Aside from boosting the oxidation of Pd, ceria is known to maintain a high dispersion
of PGMs at high temperature [11–13]. Recent studies [12,14,15], dealing with the control of
the metal-support interaction between PGMs and ceria, have demonstrated the possibility
to stabilize very small supported Pt and Pd clusters on ceria and even single-atom catalysts
(SACs), optimizing the utilization of costly PGMs. Moreover, these SACs exhibit dynamic
properties under redox conditions, able to form metal NPs during rich phases that can
be re-dispersed in lean atmospheres. For instance, the dynamic response of Pt/CeO2
SACs can be cycled and exploited to tailor very active Pt clusters, including rafts, for CO
oxidation [16,17]. In 2009, the pioneer study of Colussi et al. [18] proved, by using HR-TEM
(transmission electron microscopy) and DFT (density functional theory) calculations, the
ability of ceria to stabilize Pd atoms after a high-temperature calcination at 900 ◦C in a
square planar [PdO4] surface superstructure, similar to that reported for Pt/CeO2 [19].
According to You et al. [20], a high surface concentration of oxygen vacancies promotes
the full dispersion of isolated Pd species on ceria. Spezzati et al. [21] have determined
the energy barriers of diffusion of Pd and PdO2 on the CeO2(111) surface to show that
isolated PdO2 species are stable in oxidizing conditions, while the formation of Pd clusters
is favorable in rich atmospheres. They have prepared, by a conventional hydrothermal
preparation route, a Pd/CeO2(111) SAC in which the presence of single atoms was con-
firmed by aberration-corrected TEM and EXAFS. Interestingly, this Pd/CeO2 SAC was
found to be very active for CO oxidation, reaching a full conversion from 170 ◦C. In situ
CO-FTIR characterizations have shown the formation (in the reaction mixture at 50 ◦C)
of very small Pd/PdO clusters that could be the active sites for low-temperature CO oxi-
dation. This is in line with other studies, which report that isolated Pd species evolve to
more active clusters after a pre-reduction step, or in situ in the reaction mixture [20,22,23].
Recently, sub-nanometric 2D PdOx rafts stabilized on Pt/CeO2 SACs, were found to be
thermally stable in oxidizing conditions, efficient for the methane oxidation and resistant
to water poisoning [13]. On the other hand, Pd/CeO2 SACs seem to be not active for
the oxidation of propane, which is more difficult to oxidize than CO and is thought to
behave differently than methane on Pd catalysts. According to Jeong et al. [23], the propane
conversion of a Pd/CeO2 SAC is negligible up to 350 ◦C in an oxidizing reaction mixture,
suggesting that isolated Pd species do not form clusters in these operating conditions. On
the contrary, some studies report the formation of a non-catalytically active CePdOx solid
solution in propane/oxygen reaction mixture [24,25]. Interestingly, a very recent study [26]
has shown that Pd cations can be also fully dispersed and stabilized on Pr-doped ceria
(CP). Pr is a highly reducible element with two Pr3+ and Pr4+ valence states which can
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co-exist in oxidizing conditions, leading to the stabilization of oxygen vacancies in ceria.
Deng et al. [26] proposed that the better catalytic performances for CO oxidation observed
on Pd/CP SACs with respect to Pd/CeO2 SAC should be linked to oxygen vacancies in the
vicinity of in situ-formed Pd clusters. We have recently shown that the concentration of
oxygen vacancies in cerium–zirconium–praseodymium (CZP) mixed oxides can be tuned
by the quantity of stabilized Pr3+ cations which depend both on the preparation method
and the composition [27]. For instance, we found that a grinding step can double this
Pr3+ concentration, resulting in a strong enhancement of the low-temperature reducibility,
bulk oxygen mobility and catalytic activity for propane deep oxidation of Pr-rich CZP
oxides such as Ce0.45Zr0.10Pr0.45O2−x (CZP45). In the present study, the impact of this
highly reducible CZP45 support on the catalytic activity of Pd has been investigated for
both CO and propane oxidation. Two CZP45 mixed oxides with the same composition
(Ce0.45Zr0.10Pr0.45O2−x) were prepared using a co-precipitation method described in a
previous paper [28]. Two variants of this preparation method have led to the synthesis
of two materials with different specific surface areas (SSAs), denoted as CZP45-LS and
CZP45-HS for low and high SSAs, respectively. A low loading (< 0.2 wt.%) of Pd was
impregnated on these oxides to finely disperse Pd. The final catalysts are called Pd-LS
and Pd-HS (Table 1), corresponding to Pd supported on CZP45-LS and CZP45-HS, respec-
tively. We follow standard light-off protocols to investigate the impact of a pre-reduction
step of the catalysts on the catalytic activity. Temperature programmed reduction (TPR)
with H2 and propane, scanning transmission electron microscopy (STEM) and CO-FTIR
(Fourier transform infrared spectroscopy) experiments were performed to unravel the
Pd/CZP45 interaction.

Table 1. Catalysts characterization by means of N2-physisorption, XRD and elemental analysis.

Catalysts Composition Pd wt.% a Pd
µmol/g SSA (m2/g)

Pore Volume
(cm3/g)

Lattice
Parameter

(Å)

Average
Crystal Size

(nm) b

Pd-LS Pd/Ce0.45Zr0.10Pr0.45O2−x 0.17 16 6 0.016 5.409 11.6 ± 0.5

Pd-HS Pd/Ce0.45Zr0.10Pr0.45O2−x 0.14 13 27 0.093 5.398 8.1 ± 0.4
a determined by ICP-OES analysis, b calculated using the Scherrer’s equation.

2. Results and Discussion
2.1. Structural and Textural Properties

Diffractograms of Pd-HS and Pd-LS confirm the fluorite structure (SG: Fm-3m) of the
two CZP45 supports (Figure 1). No characteristic peak of PdO (JCPDS data (41-1107) [29]
or metallic Pd (JPCDS 05-0681) [26] has been detected due to the extremely low Pd loading
and a good Pd dispersion. The SSA of Pd-HS is more than 3 times larger than that of
Pd-LS (Table 1), in agreement with SSAs of Pd-free supports [28]. The crystal size of Pd-HS,
estimated from the Scherrer’s equation on the more intense diffraction peak (111), is only
slightly lower than that of Pd-LS. This indicates that the highest SSA of Pd-HS can be
mainly attributed to a larger intergranular porosity in line with porous volumes (Table 1).

The lattice parameters (Table 1) of the two mixed oxides are lower than those measured
in the bare oxides [28]. This suggests a decrease in the rate of stabilized Pr3+ (1.12 Å instead
of 0.97 Å for Pr4+) in the two oxides, as probably due to the higher calcination temperature
used in the present study (800 ◦C vs. 700 ◦C). The lattice parameter of Pd-LS is only slightly
higher than that of Pd-HS (Table 1), indicating a similar concentration of Pr3+.HAADF-
STEM coupled with EDX analysis was used to observe the nanostructure of the two catalysts
before and after reduction.
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suggesting that Pd is highly dispersed on the support even after a reduction step. Never-
theless, few Pd NPs in the size range 2-3 nm can be observed after a reduction step. Figure 
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structure of these NPs has been obtained from the fast Fourier transform (FFT). The two 
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tice parameter of 0.3887 nm. These results demonstrate that metallic Pd NPs have been 
formed during a reduction step at 500 °C. Only a few NPs were observed, probably due 

Figure 1. X-Ray diffractogram of Pd-HS and Pd-LS. The insert is a zoom in the 2θ range of the main
diffraction peaks of Pd and PdO (solid lines).

Figure S1 (see Supporting Information) displays representative STEM images of Pd-HS
after the initial calcination step. Figure S1a,b confirm the fluorite structure of the crystallites
according to the distance between atomic columns of Ce/Pr and O. Nanometric crystal-
lites are indeed non-spherical. EDX mappings (Figure S1d,e,f) evidence a homogeneous
distribution of the different elements inside the crystallites. However, it was not possible
to detect PdO NPs or clusters, suggesting a high Pd dispersion. Similar conclusions can
be drawn for Pd-LS (not shown). Please note that the contrast between Pd and ceria is
quite small due to the lowest atomic number of Pd. Furthermore, theoretical interplanar
distances of PdO and CeO2 are very close, making the detection of a PdO cluster on ceria
very difficult.

STEM images and the corresponding EDX mapping of Pd-HS after reduction, either
in H2 (Figure S2) or in CO (Figure S3), do not clearly detect the presence of Pd clusters, sug-
gesting that Pd is highly dispersed on the support even after a reduction step. Nevertheless,
few Pd NPs in the size range 2-3 nm can be observed after a reduction step. Figure 2 gives
representative STEM micrographs of Pd NPs formed after a reduction in H2 (Figure 2a) and
in CO (Figure 2b), as confirmed by EDX analysis (bottom insets). The crystal structure of
these NPs has been obtained from the fast Fourier transform (FFT). The two diffractograms
can be indexed with a cubic Pd structure (JCPDS-03-065-6174) with a lattice parameter
of 0.3887 nm. These results demonstrate that metallic Pd NPs have been formed during
a reduction step at 500 ◦C. Only a few NPs were observed, probably due to the low Pd
loading and the bad contrast. After a reduction in H2, Pd NPs seem to be hemispherical,
while after a CO reduction, they appear more faceted.



Catalysts 2022, 12, 827 5 of 19

Catalysts 2022, 12, 827 5 of 19 
 

 

to the low Pd loading and the bad contrast. After a reduction in H2, Pd NPs seem to be 
hemispherical, while after a CO reduction, they appear more faceted. 

 
Figure 2. Representative HAADF-STEM micrographs of Pd clusters observed on Pd-HS after a re-
duction step at 500 °C for 1 h in (a) 100 vol% H2 and (b) 1 vol% CO/He. The insets are the corre-
sponding FFT (fast Fourier transform) patterns and EDX spectra. 

2.2. Reducibility 
Figure 3 shows H2-TPR profiles of Pd-HS and Pd-LS. The two successive TPR exper-

iments are denoted HS1/HS2 and LS1/LS2. The second TPR was run after a redox se-
quence at 500 °C (1 h in 5 vol%H2/He and 1 h of re-oxidation in 5 vol%O2/He) as described 
in the experimental part. The overall H2 consumption during LS1 and HS1 far exceeds the 
theoretical reduction of PdO into Pd (16 µmol/g for LS1 and 13.1 µmol/g for HS1), reach-
ing a similar value for both catalysts (Table 2). Their TPR profiles display a non-symmet-
rical H2 consumption peak centered at 304 °C and 360 °C, for Pd-HS and Pd-LS, respec-
tively. The reduction of both catalysts starts from around 90 °C and then slowly and grad-
ually grows up to 170 °C on Pd-HS and 250 °C on Pd-LS. According to the literature, the 
reduction of bulk PdO NPs supported on ceria generally takes place below 100 °C, de-
pending on their size [23,25,30], while small PdOx clusters in close interaction with the 
support or Pd2+ incorporated into ceria such as in Pd-O-Ce bonds [31] are reduced at 
higher temperatures. Therefore, the two catalysts after the initial calcination step seem to 
predominantly contain very small PdOx species strongly interacting with CZP45. Further-
more, the reduction of Pd-LS and Pd-HS starts at a higher temperature than that of 
Pd/CeO2 catalyst, in which Pd2+ cations were incorporated in the fluorite structure [31], 
suggesting that Pd is mainly dispersed as isolated Pd2+ cations on CZP45. The slow initial 
growth of the reduction at low temperature could correspond to the formation of small 
Pd clusters by the cleavage of Pd-O-Ce bonds, a prerequisite to trigger the support reduc-
tion via the H2 spillover. A highest SSA promotes the H2 spillover, explaining the shift to 
low temperatures of the main reduction peak of Pd-HS compared to Pd-LS. We also notice 
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Figure 2. Representative HAADF-STEM micrographs of Pd clusters observed on Pd-HS after a
reduction step at 500 ◦C for 1 h in (a) 100 vol% H2 and (b) 1 vol% CO/He. The insets are the
corresponding FFT (fast Fourier transform) patterns and EDX spectra.

2.2. Reducibility

Figure 3 shows H2-TPR profiles of Pd-HS and Pd-LS. The two successive TPR experi-
ments are denoted HS1/HS2 and LS1/LS2. The second TPR was run after a redox sequence
at 500 ◦C (1 h in 5 vol%H2/He and 1 h of re-oxidation in 5 vol%O2/He) as described in
the experimental part. The overall H2 consumption during LS1 and HS1 far exceeds the
theoretical reduction of PdO into Pd (16 µmol/g for LS1 and 13.1 µmol/g for HS1), reaching
a similar value for both catalysts (Table 2). Their TPR profiles display a non-symmetrical H2
consumption peak centered at 304 ◦C and 360 ◦C, for Pd-HS and Pd-LS, respectively. The
reduction of both catalysts starts from around 90 ◦C and then slowly and gradually grows
up to 170 ◦C on Pd-HS and 250 ◦C on Pd-LS. According to the literature, the reduction
of bulk PdO NPs supported on ceria generally takes place below 100 ◦C, depending on
their size [23,25,30], while small PdOx clusters in close interaction with the support or Pd2+

incorporated into ceria such as in Pd-O-Ce bonds [31] are reduced at higher temperatures.
Therefore, the two catalysts after the initial calcination step seem to predominantly contain
very small PdOx species strongly interacting with CZP45. Furthermore, the reduction of
Pd-LS and Pd-HS starts at a higher temperature than that of Pd/CeO2 catalyst, in which
Pd2+ cations were incorporated in the fluorite structure [31], suggesting that Pd is mainly
dispersed as isolated Pd2+ cations on CZP45. The slow initial growth of the reduction at
low temperature could correspond to the formation of small Pd clusters by the cleavage
of Pd-O-Ce bonds, a prerequisite to trigger the support reduction via the H2 spillover. A
highest SSA promotes the H2 spillover, explaining the shift to low temperatures of the main
reduction peak of Pd-HS compared to Pd-LS. We also notice that the addition of Pd on
CPZ45 shifts TPR curves to lower temperatures, confirming the key role of Pd, even at very
low loading, in the H2 chemisorption.
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Figure 3. H2-TPR profiles for Pd-HS, Pd-LS and their bare CZP45 supports.

Table 2. H2 consumption during H2-TPR and Pr4+/Pr3+ ratios.

First TPR
(LS1 and HS1)

Second TPR
(LS2 and HS2)

Catalysts H2 Uptake (µmol/g)
T < 500 ◦C

H2 Uptake (µmol/g)
T < 500 ◦C

Estimation of Initial
Pr4+/Pr3+

Pd-HS 1509 1150 81/19

Pd-LS 1472 1105 78/22

The second run of TPR (LS2 and HS2) is different from the first one, showing that
the two catalysts have not returned to their initial state after the redox sequence at 500 ◦C.
For both catalysts, the reduction is shifted to low temperature (main peaks centered at
186 ◦C and 221 ◦C for Pd-HS and Pd-LS) with a significant increase in the low temperature
contribution, as evidenced by a shoulder at around 160 ◦C for both catalysts. These results
demonstrate that Pd NPs formed during the first TPR were not fully re-dispersed as
isolated Pd2+ cations during the re-oxidation step at 500 ◦C. Furthermore, the overall H2
consumption is ca. 25% lower than during the first TPR run (Table 2). This could be due to
a less efficient H2 spillover linked with a smaller Pd/CZP interface and/or an incomplete
re-oxidation of the catalyst at 500 ◦C. The reduction of both samples is taking place below
300 ◦C. According to the literature [27], one can assume that only Pr4+ cations are reduced
in this low-temperature range. Considering this hypothesis, the overall H2 consumption
below 300 ◦C would correspond to the reduction of around 80% of Pr atoms in the mixed
oxides, suggesting an initial stabilized Pr3+ rate near 20% (Table 2).

In summary, TPR experiments suggest that, after the initial calcination step, both
catalysts mainly contain isolated Pd2+ cations strongly bonded to the support, while the
redox sequence at 500 ◦C triggers the formation of small PdO clusters.
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2.3. Lattice Oxygen Reactivity

We used C3H8-TPR experiments to probe the reactivity of oxygen species contained in
the catalysts to oxidize propane. Oxygen is stored either in PdO NPs or, mainly, in CZP45
mixed oxides. We have recently shown that lattice mobile oxygen species in CZP45 can
oxidize propane into CO2 from 270 ◦C during similar C3H8-TPR experiments [28]. As for
H2-TPR, two successive C3H8-TPR experiments were performed, denoted HS1/HS2 and
LS1/LS2. The second TPR was run after a redox sequence at 500 ◦C (1 h in 5 vol%H2/He
and 1 h of re-oxidation in 5 vol% O2/He).

After the pre-treatment in oxygen at 500 ◦C, the CO2 production starts from 225 ◦C and
250 ◦C for Pd-HS and Pd-LS, respectively (Figure 4). These temperatures are slightly lower
that those observed on bare supports [28]. CO2 production profiles are composed of two
peaks, a small one at low temperatures (centered at around 250–300 ◦C) and a predominant
one centered in the range 370–400 ◦C. The low-temperature peak should correspond to the
propane oxidation with chemisorbed oxygen on the catalysts surface. It is more intense
on Pd-HS since its SSA is much higher. Furthermore, the temperature range of this peak
coincides with the onset temperature of the oxygen desorption from CZP45 [28]. The
high-temperature peaks are linked to the propane oxidation by bulk oxygen species of the
mixed oxides. Above 350 ◦C, an important production of CO on both catalysts (Figure S4)
was also observed, suggesting that, at this temperature, the concentration of available
lattice oxygen is no more sufficient to deeply oxidize propane. The consumption of lattice
oxygen by propane is counter-balanced by the reduction of Pr4+ and to a lesser extent of
Ce4+ above 400 ◦C.
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Compared to bare supports, CO2 production peaks are narrower and shifted to low
temperature (Figure 4). A possible assumption is that propane, similarly to H2, could
cleave Pd-O-Ce bonds (from 225 ◦C instead of 90 ◦C in H2) to form Pd NPs and then
accelerate the process. As observed during H2-TPR, the dynamic formation of Pd NPs
seems to be less efficient on Pd-LS, explaining the higher temperature of the peak (Table 2).
After the redox sequence at 500 ◦C, C3H8-TPR profiles are shifted to lower temperatures
(Figure 4 and Table 3) similarly to H2-TPR. This is due to the formation of Pd NPs during
the reduction step in H2 at 500 ◦C which are not fully re-dispersed but re-oxidized during
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the re-oxidation phase. These PdO NPs promote the propane adsorption and its oxidation
with chemisorbed and lattice oxygen species. Low-temperature peaks correspond to low
surface concentrations of oxygen (Table 3), relevant to the oxidation of propane with
chemisorbed oxygen on the catalysts surface, considering a mean oxygen surface density
of 21.7 µmol O.m−2 in ceria-based oxides [32]. The preponderant CO2 production peak is
taking place at the same temperature on both catalysts, indicating that the redox sequence
has triggered the formation of similar size-range and concentration of PdO NPs. The overall
CO2 productions are similar to those measured during the first TPR run (Table 3). The
two catalysts are also producing CO above 350 ◦C (Figure S4) but with a slightly lower
concentration. Considering the overall production of CO2 and CO at 500 ◦C, 57% and 66%
of Pr4+ cations were reduced into Pr3+ in Pd-LS and Pd-HS, respectively. As expected,
the reduction in a propane feed is less pronounced than in H2 (Table 3). Pd-LS exbibits a
lower surface/volume ratio than Pd-HS, explaining that less Pr4+ cations are affected by
the reduction since they are probably too far from the surface.

Table 3. Main characteristics of C3H8-TPR experiments.

Catalysts

After Oxidation
(LS1, HS1)

After a Redox Sequence
(LS2, HS2)

Low/High
Temperature

Peak/◦C
CO2 µmol/g

Low/High
Temperature

Peak/◦C
CO2 µmol/g 1st Peak

µmol O/m−2
CO

µmol/g

Pd-HS 250/369 309 229/328 312 2.9 347

Pd-LS 317/394 231 258/329 254 4.9 288

CZP45-HS * - 368

CZP45-LS * - 210

* Data from [28] measured during similar C3H8-TPR up to 600 ◦C.

2.4. Probing Pd Sites Using CO

CO adsorption at RT on Pd-HS was followed by FTIR spectroscopy to obtain further
insights into the Pd sites. The catalyst was exposed to only 1 Torr of CO (1.3 mbar) for
1 min to limit a possible reduction and/or rearrangement. Due its low SSA, it was not
possible to prepare a thin pellet with Pd-LS.

After the initial calcination at 600 ◦C, the CO adsorption on the catalyst only produces
a very weak band at 2138 cm−1 (Figure 5a). According to the literature [21,33,34], this band
could be attributed to CO linearly adsorbed on Pd2+, i.e., a Pd single atom bound to CeO2
via two bridged oxygens. More likely, this is also the typical feature of physisorbed CO on
the support [35]. Nevertheless, this result indicates that there are no metallic or cationic
sites available for the carbon monoxide chemisorption in these conditions. The reduction
at 500 ◦C in H2 strongly modifies the FTIR spectrum of CO adsorption (Figure 5b). Broad,
weak, but well defined bands appear below 2000 cm−1, which are generally assigned to CO
adsorption on metallic Pd NPs [34]. For instance, bands at 1947 cm−1 and 1860 cm−1 are
attributed to bridged species (Pd0-CO-Pd0) on the Pd(100) crystal planes and triply bridged
over Pd(111) planes [36–39], respectively. These results confirm that the reduction step at
500 ◦C triggers the formation of Pd NPs on CZP45, as shown by STEM. The FTIR spectrum
also contains a band at 2057 cm−1, attributed to linear CO adsorbed on low coordinated
Pd atoms on Pd(111) facet edge [37,40]. The band at 2174 cm−1 is assigned to linear CO
adsorbed on unsaturated Ce4+ [36,41] cations formed during the reduction step.
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After a re-oxidation at 600 ◦C, the spectrum (Figure 5c) is similar to that of the fresh
sample (Figure 5a), suggesting that Pd NPs formed during the reduction step were re-
oxidized atoms at 600 ◦C in O2. The band at 2138 cm−1 is even more intense than in
Figure 5a. However, a broad band below 2000 cm−1 indicates that some metallic NPs are
still present, meaning that some NPs were not re-oxidized, in agreement with TPR results.

The sample was also reduced in CO at 500 ◦C for 1 h (Figure 5d). As expected,
the band at 2138 cm−1 has disappeared while bands characteristic of metallic Pd NP
appear, demonstrating the formation of Pd NPs during the CO reduction step. The band
at 2077 cm−1 is relative to linear CO adsorbed on low coordinated Pd atoms such as ones
located on terraces of Pd clusters [37]. The shift of the linearly coordinated carbonyls
to higher wavenumbers upon increasing the reduction temperature indicates that the
initial low-coordinated Pd structure collapses, extending the number of coupled ν(CO)
vibrators. Therefore, the ν(CO) wavenumber of on-top CO species increases [40]. The band
at 1966 and 1931 cm−1 could be attributed to CO bridged on two Pd◦ (Pd0-CO-Pd0) on
(100) and (111) planes, respectively [40]. The reducing agent (either H2 or CO) during the
reduction step impacts the size and nanostructure of formed Pd◦ NPs, as witnessed by
the differences in the bands in FTIR spectra below 2000 cm−1 (Figure 5b,d). After the CO
reduction, a final re-oxidation step leads to a similar FTIR spectrum as Figure 5c, confirming
the partial the reversibility of the process.

2.5. Catalytic Activity Measurements

Catalytic performances for propane oxidation were measured in lean-burn conditions
during four successive light-offs (Figure 6). A reduction step at 500 ◦C for 1 h either in
H2 (Figure 6a,c,d) or CO (Figure 6b) was performed between the first (LO1) and second
light-off (LO2). The catalytic performances of both catalysts during LO1 are poor and
comparable to those recorded on bare CZP45 oxides. Figure S5 evidences that the catalytic
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performances of Pd-HS and CZP45-HS are similar. In addition, apparent activation energies,
Ea, estimated in the low-temperature part of the light-offs (below 20% of conversion) are
also in the same range, 81-85 kJ/mol for Pd-HS and Pd-LS, versus 88–90 kJ/mol for CZP45-
HS and CZP45-LS [28]. Therefore, the two Pd-based catalysts behave like the bare supports.
Another proof of this interpretation is the small production of propene (up to 80 ppm at
450 ◦C) (Figure S6) and to a lesser extent of ethylene (up to 20 ppm above 550 ◦C) observed
in LO1, which is due to the ability of CZP45 to catalyze the oxidative dehydrogenation of
propane, as shown in our previous study [28]. All these results underline that the catalytic
activity of isolated Pd2+ cations, stabilized after the initial calcination step, is negligible for
propane oxidation, in accordance with previous studies [20,23], and coherently with the IR
results reported above (Figure 5). This also indicates that the formation of Pd clusters does
not occur in a lean propane/oxygen feed. For comparison, the catalytic performances for
CO oxidation of both catalysts were also investigated during only one light-off up to 200 ◦C,
recorded after an oxidation step (Figure 7). Both catalysts exhibit great performances for
CO oxidation, reaching a full conversion at 150 ◦C, while Pd-HS is already active at RT.
These results corroborate recent studies which have evidenced a high catalytic activity
of Pd/CeO2 SAC [20–23] for CO oxidation, attributed to the operando formation of very
small active PdOx clusters. The catalytic activity of Pd-HS is comparable to that of the best
Pd/CeO2 SACs recently reported in the literature (Table 4), despite the smallest SSA of
CZP45. Our results highlight that the operando construction of active PdOx clusters in a
CO/O2 reaction mixture can also take place on a Pr-rich CZP mixed oxide.
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[28] and then creates a high concentration of oxygen vacancies. Nevertheless, these Pr3+ 
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Figure 7. CO conversion for Pd/CZP45-LS and Pd/CZP45-HS. Reaction mixture: CO/O2:
1910 ppm/9 vol%.

Table 4. Catalytic activity for CO oxidation of Pd-HS and Pd-LS, comparison with the literature data.

Catalysts Reaction Mixture GHSV/L·g−1·h−1
r CO/mol·g−1 Pd·s−1 × 10−5 Ref

50 ◦C 130 ◦C 200 ◦C

Pd-HS CO/O2: 1910 ppm/9 vol% 120 12.5 156 196 This study

Pd-LS CO/O2: 1910 ppm/9 vol% 120 1.02 59 152 This study

1% Pd/CeO2
SAC

2 vol% CO/0.1 vol%C3H6/
0.1 vol% C3H8 /500 ppm

NO/ 1.75 vol% O2/ 5 vol%
H2O

200 - - 89 [23]

1% Pd/CeO2
SAC CO/O2: 2 vol%/8 vol% 300 34 682 - [22]

1%
Pd/CeO2-Rod CO/O2: 1 vol%/20 vol% 300 20 - - [42]

0.5%
Pd/Pr-CeO2 5% CO/O2: 1 vol%/20 vol% 72 - 32 164 [26]

To improve the catalytic activity for propane combustion, we tried to trigger the
formation of Pd clusters with a pre-reduction step. This latter, performed at 500 ◦C,
strongly enhances the catalytic performances for propane oxidation of Pd-HS (Figure 6a,b)
and Pd-LS (Figure 6c). For instance, values of T10, corresponding to 10% of conversion
of propane which was measured during LO2 (after a reduction step in H2) is 150–160 ◦C
lower than that observed during LO1. The apparent activation energies also drop after a
reduction step (Table 5), suggesting the presence of different active sites before and after
reduction. On the opposite, a reduction step has no impact on the catalytic performances of
CZP45-HS (Figure S7). A reduction step at 500 ◦C in H2 reduces all Pr4+ cations into Pr3+

in CZP45 [28] and then creates a high concentration of oxygen vacancies. Nevertheless,
these Pr3+ cations are probably rapidly re-oxidized at the introduction of the lean reaction
mixture at 200 ◦C to recover the stabilized concentration of Pr3+ in oxidizing conditions near
20%, as estimated by H2-TPR (Table 2). Therefore, the reduction step mainly impacts the
rearrangement of Pd. The strong decrease in the propene and ethylene production during
LO2 (Figure S6) confirms this assumption. We assume that metallic Pd NPs, formed during
the reduction phase as demonstrated by STEM and CO-FTIR, become the active sites for
propane combustion. The beneficial impact of a reduction in CO is more pronounced than
in H2 (Table 5) since the T50 value of Pd-HS drops from 460 ◦C down to 360 ◦C (instead
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of 419 ◦C after an H2 reduction) and the apparent activation energy from 81 to 45 kJ/mol
(instead of 63 kJ/mol after a H2 reduction). This suggests that Pd NPs formed in CO are in
greater number and/or more effective than those generated in H2. The shape of the LO2
curve also depends on the reducing agent. The propane conversion on Pd-HS, pre-reduced
in H2, slowly and quasi-linearly increases with temperature between 280 and 530 ◦C,
while it abruptly raises between 280 ◦C and 370 ◦C after a CO reduction. Furthermore,
the production of propene and ethylene is suppressed by the CO reduction (Figure S6).
These different behaviors could indicate a higher concentration of Pd active sites after a
CO reduction.

Table 5. Catalytic properties for propane oxidation.

Catalysts

LO1 LO2 LO3/LO4

T10 T50 Ea
kJ/mol

Reduction
at

500 ◦C
T10 T50 Ea

kJ/mol T10 T50 Ea
kJ/mol

Pd-HS
370 460 81 100 vol%H2 302 419 63 370 458 81

370 460 81 1 vol%
CO 296 360 45 371 455 81

Pd-LS 400 500 85 100
vol%H2

347 474 75 406 502 85

The activated state of the reduced catalysts is only temporary, as it is lost in the third
LO, which is fairly similar to LO1. The fourth LO (LO4) is also comparable to LO1 and
LO3, highlighting a stable state of the two catalysts. Xiong et al. [7] have reported similar
results on a Pd/Al2O3 catalyst (2 wt.% Pd) and have concluded that metallic Pd obtained
after reduction is more active than PdO for propane oxidation. Metallic Pd NPs are slowly
oxidized under the reaction mixture, explaining the loss in activity. The situation is more
complex in the present study, since the reduction step also triggers the formation of Pd NPs,
while a partial redispersion of these NPs may occur in the reaction mixture during light-offs
up to 600 ◦C. To obtain further insight in the re-redispersion, three successive light-offs
up to 360 ◦C and 400 ◦C were performed on Pd-HS and Pd-LS, respectively, instead of
600 ◦C in previous experiments. A reduction in H2 for 1 h at 500 ◦C was conducted in
between LO1 and LO3. Figure S8 confirms the better performances of the two reduced
catalysts (LO2). Very interestingly, the catalytic properties during the third LO (LO3) are
intermediate between those of LO1 and LO2, demonstrating that the activated state of the
reduced catalysts partially persists during LO3. This demonstrates that the redispersion of
Pd NPs is thermally activated and can take place below 400 ◦C, even if it is more efficient
at 600 ◦C. Isothermal experiments were run at 400 ◦C on a reduced Pd-LS catalyst (500 ◦C
1 h H2) in a lean reaction mixture and a rich one (Figure 8a). Similar isothermal experiments
were performed at 360 ◦C on a pre-reduced Pd-HS (Figure S9a). On Pd-LS, the intrinsic
catalytic rate is around 235 nmol/s/m2 and constant with time in a rich mixture (C3H8/O2
= 2000 ppm/4485 ppm), demonstrating that active Pd NPs formed in the pre-reduction
phase are stable at 400 ◦C in these specific operating conditions. The same conclusion can
be drawn at 360 ◦C on Pd-HS (Figure S9a). In a lean mixture, corresponding to the one
used during light-offs (Figure 6), the initial rate is a little bit lower on Pd-LS, compared
to that recorded in the rich atmosphere, and rapidly decays with time to reach around
85 nmol/s/m2 after 20 min, i.e., the same value recorded in LO1. A similar trend is observed
at 360 ◦C on Pd-HS (Figure S9b). This indicates that the redispersion of Pd NPs at 360 ◦C is
already fast, as 20 min seem to be sufficient to fully recover the activity before reduction.
The redispersion is most probably boosted by the high bulk mobility of CZP45. We have
also investigated the impact of the propane concentration on the deactivation at 360 ◦C
and 400 ◦C for Pd-HS (Figure S9b) and Pd-LS (Figure 8b), respectively. For both catalysts,
the initial catalytic rate increases with the propane concentration. The reaction order in
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propane, considering the initial rates, was estimated to be around +0.6, confirming that
the rate-determining step is the activation of propane. The deactivation does not seem to
depend on the propane concentration in these operating conditions (high excess of oxygen).
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Figure 8. Variation of propane conversion as a function of time for Pd/CZP45-LS at 400 ◦C (a) for two
different oxygen concentrations using 1985 ± 9 ppm of C3H8 and (b) for different C3H8 concentrations
using 8.7% ± 0.44% of O2.

Table 6 compares the catalytic activity for propane oxidation of Pd-LS and Pd-HS
after a reduction step with data reported in the literature for Pd/CeO2 and Pd/Al2O3
catalysts. Pd-HS outperforms all these catalysts. For instance, at 320 ◦C and 350 ◦C, the
catalytic activity of Pd-HS is 5 to 6 times higher than that of a fresh Pd/Al2O3 catalyst,
containing 3 wt.% of Pd, in similar operating conditions. The activity of Pd-LS is similar
to that of Pd/CZ (ceria–zirconia) and Pd/GDC (gadolinia-doped ceria) catalysts after a
similar reduction step despite a much lower SSA (34 and 52 m2·g−1 for Pd/GDC and
Pd/CZ, respectively). This underlines the outstanding catalytic activity of Pd-LS and
Pd-HS catalysts for propane oxidation after a reduction step. The activation of propane on
finely dispersed Pd NPs, formed during the reduction step, coupled with the very high
oxygen mobility of CZP45, explains the good performances of these materials. However, the
re-oxidation of Pd promoted by the fast oxygen mobility of the support rapidly deactivates
the catalysts in lean conditions. Nevertheless, the optimized state of Pd/CZP45 catalysts
can be maintained in a rich reaction mixture. For instance, the catalytic activity of Pd-
HS reaches 0.96 mmol. g−1 Pd·s−1 at 360 ◦C (Figure S9). For comparison, the catalytic
activity of a Pd/GDC catalyst (1 wt.% Pd, SSA = 34 m2.g-1), pre-reduced at 500 ◦C in
H2 for 1 h, is around 3 times lower (0.35 mmol·g−1 Pd·s−1) at 360 ◦C in a stoichiometric
propane/O2 feed.
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Table 6. Catalytic activity for C3H8 oxidation and comparison with the literature data.

Catalysts Reaction
Mixture

GHSV/L·g−1·h−1 Pre-Treatment
r C3H8/mol·g−1 Pd·s−1 × 10−5

Ref
320 ◦C 350 ◦C

Pd-HS C3H8/O2:
2000 ppm/9 vol% 120 CO reduction,

500 ◦C, 1 h 46 84 This study

Pd-HS C3H8/O2:
2000 ppm/9 vol% 120 H2 reduction,

500 ◦C, 1 h 28 45 This study

Pd-LS C3H8/O2:
2000 ppm/9 vol% 120 H2 reduction,

500 ◦C, 1 h 9.7 16 This study

0.3% Pd/CeO2
C3H8/O2:

2000 ppm/2 vol% 30 Ar, 200 ◦C, 0.5 h 12 22 [20]

0.3% Pd/CeO2
SAC

C3H8/O2:
2000 ppm/2 vol% 30 Ar, 200 ◦C, 0.5 h 3.8 9 [20]

1% Pd/CeO2-O
(octahedron)

C3H8/O2:
2000 ppm/2 vol% 300 H2 reduction,

200 ◦C, 0.5 h 10 - [42]

1%
Pd/CeO2-cube

C3H8/O2:
2000 ppm/2 vol% 300 H2 reduction,

200 ◦C, 0.5 h 1.6 - [42]

1%
Pd/CeO2-Rod

C3H8/O2:
2000 ppm/2 vol% 300 H2 reduction,

200 ◦C, 0.5 h 0.8 - [42]

2%
Pd/CeZr/AL2O3

C3H8/O2:
3000 ppm/3 vol%

O2

30 Calcination 900
◦C, 2h 0.7 2.9 [43]

2% Pd/Ce-Zr-
Y/AL2O3

C3H8/O2:
3000 ppm/3 vol% 30 Calcination 900

◦C, 2h 0.7 2.9 [43]

3% Pd/Al2O3

C3H8/O2:
1750 ppm/2 vol%

O2

300 N2, 500 ◦C, 0.5
h 9.9 14 [44]

1.1% Pd/Al2O3

C3H8/O2/H2O
500 ppm/5 vol%/

5 vol%
768 H2 reduction,

250 ◦C, 0.5 h 1.1 1.9 [7]

0.5% Pd/CeO2
C3H8/O2:

5000 ppm/5 vol% 15 Calcination 500
◦C, 4h 3.4 5.7 [45]

1% Pd/GDC
(Ce0.8Gd0.2O2)

C3H8/O2:
2000 ppm/1 vol% 360 H2 reduction,

500 ◦C, 1 h 12.5 28 [25]

1% Pd/CZ
(Ce0.62Zr0.38O2)

C3H8/O2:
2000 ppm/1 vol% 360 H2 reduction,

500 ◦C, 1 h 10 18 [25]

3. Materials and Methods
3.1. Synthesis

Two CZP45 oxides were prepared using a co-precipitation method described in a
previous paper [28], which was modified to achieve different SSAs. These oxides were
ground with a mixer-mill (MM-200-Retsch) in a ball-mortar containing two zirconia balls of
5 mm diameter at 10 Hz for 6 h. This grinding step was found to enhance the stabilization of
Pr3+ cations in CZP mixed oxides [28]. A low loading of Pd (<0.2 wt.%) was then dispersed
on these two oxides by wet impregnation in order to combine a high dispersion and a low
price by using a small amount of Pd. tetraaminepalladium (II) nitrate (Pd(NH3)4(NO3)2
Sigma Aldrich, 10 wt.% in H2O, purity 99.99%) was used as Pd precursor, dissolved in 5 mL
of water and mixed with the mixed oxides powder. The obtained mixture was stirred under
vacuum for 1 h in a rotavapor (150 rpm) and then evaporated by progressively heating
until 90 ◦C. The achieved powder was dried overnight at 80 ◦C in a furnace, then calcined
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under flowing air for 8 h at 800 ◦C. According to Jiang et al. [22], this high-temperature
calcination should promote the stabilization of isolated Pd2+ on the ceria surface.

3.2. Catalyst Characterizations

The Pd content in the catalysts was quantified by inductively coupled plasma emission
spectroscopy (ICP-OES, Activa spectrometer from Horiba, EDISON, USA), N2 physisorp-
tion at −196 ◦C was performed after a degassing step under vacuum (10−5 bar) at 300 ◦C
overnight. The SSA was calculated according to the Brunauer–Emmett–Teller (BET, Tristar
instrument from Micromeritics, USA)) method. The X-ray diffraction (XRD, Bruker D8
Advance A25, Germany) pattern of the catalysts was recorded at room temperature using
an X-ray powder diffractometer with the CuKα1,2 radiation (λ = 0.1518 nm) in a wide range
of Bragg angles 2θ (20–80 ◦) with a step of 0.020 ◦ and a counting time of 100 s. The lattice
parameter was calculated using Vegard’s law and the crystal size using Scherrer’s equation.

H2-temperature programmed reduction TPR experiments were performed on a Ther-
moquest TPDRO 1100 (Thermo Electron Corporation, Waltham, MA, USA) analyzer
equipped with a thermal conductivity detector (TCD). First, the catalyst (around 100 mg)
was pre-treated at 500 ◦C (10 ◦C min−1) for 1 h with 40 mL.min−1 of 5 vol% O2/He to
clean the surface and then cooled down to room temperature still under O2. After an He
purge, the H2 consumption at room temperature (RT) was measured by quantifying the
consumption during two successive introductions of H2 (40 mL min−1 of 5 vol% H2/He)
with a 10 min purge under He in between. The difference in the two H2 profiles gave the
H2 consumption due to the reduction of the sample at RT. Then, a first TPR was recorded
during a heating ramp (10 ◦C min−1) up to 500 ◦C followed by a plateau of 1 h in 40 mL
min−1 of 5 vol% H2/He. After an He rich purge, the same cycle was repeated to perform a
second TPR after a re-oxidation at 500 ◦C for 1 h.

C3H8-TPR analysis were also performed to probe the reactivity of surface and bulk
oxygen of the catalysts. Around 100 mg of each sample was pre-treated at 500 ◦C in O2
(5 vol%) for 1 h to clean and oxidize the surface. Then, it was cooled down to RT under O2
(5 vol%). C3H8-TPD experiments were operated with 2000 ppm C3H8 in He (12 L h−1) up
to 600 ◦C (10 ◦C min−1). C3H8-TPD after an oxidizing pre-treatment is named “oxidized”.
A second C3H8-TPD experiment was carried out after a redox pre-treatment and named
“redox”. This latter took place at 500 ◦C and consisted of an oxidation step for 1 h under
5% O2, followed by a reduction in pure H2 for 1 h and a re-oxidation phase in 5 vol% O2
for 1 h. Analysis of O2, CO, CO2, C2H4, C3H6 and C3H8 during C3H8-TPR was performed
with a micro gas-chromatograph (SRA 3000, France) equipped with two TCD detectors, a
molecular sieve and a Porapak Q column. The CO2 concentration was also recorded by an
on-line IR analyzer (Horiba, Japan).

Ex situ scanning transmission electron microscopy (STEM, ThermoScientificTM, Waltham,
MA, USA) was used to observe Pd nanoparticles with an environmental transmission electron
microscope (Ly-ETEM, ThermoScientificTM TITAN ETEM G2 80–300 Kv, ThermoScientificTM,
Waltham, MA, USA) corrected for the aberrations of the objective lens and equipped with
energy-dispersed X-ray spectroscopy (EDX). For this purpose, the samples were suspended in
ethanol and transferred onto a carbon-covered Cu-grid. Bright Field TEM and Annular Dark
Field-STEM (ADF-STEM, ThermoScientificTM, Waltham, MA, USA) images were acquired at
300 kV under high vacuum.

Pd sites on Pd-HS were identified by using CO as a probe molecule using in situ
IR (Horiba, Japan) measurement. Catalysts (24–28 mg) were pressed (~1 ton.cm−2) into
cylindrical thin pellets with a diameter of 16 mm. However, the quantity of species
adsorbed on the low SSA Pd-LS catalyst was too low to obtain relevant FTIR spectra
(Thermo Scientific Nicole iS50 FTIR spectrometer, Thermo Scientific, Waltham, MA, USA).
We focused our efforts on Pd-HS. This latter was pre-treated at 600 ◦C under pure O2
(66 mbar) for 20 min, then cooled down to RT still in presence of oxygen and exposed to
high vacuum for 15 min to evacuate CO2 from the IR cell. CO2 was supposed to come
from the decomposition of surface carbonates at 600 ◦C. The evacuation under vacuum
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was performed at RT to avoid any surface reduction that could occur at 600 ◦C. Oxygen
was again introduced (66 mbar) at RT and the pellet was heated up to 600 ◦C for 20 min for
a second oxidation step on a carbonate-free surface, cooling down again in O2 at RT where
the oxygen was removed from the cell under high vacuum. Finally, CO (1.3 mbar) was
adsorbed at RT for 1 min and IR spectra were recorded (64 scans). The CO adsorption state
was limited to 1 min to avoid a possible reduction and/or rearrangement of the catalyst.
After that, a re-oxidation of the same pellet was then performed during two successive
treatments at 600 ◦C in O2 (66 mbar) of 15 min (carbonate decomposition) and 45 min
(oxidation of a carbonate-free surface), respectively. In between these two steps, the catalyst
was exposed to high vacuum to remove CO2. Then, the pellet was cooled down in O2 to
RT, evacuated in high vacuum before the CO adsorption measurement for 1 min.

A similar CO adsorption was performed after a first oxidation step of a fresh pellet
at 600 ◦C for 15 min in O2 (66 mbar) to desorb carbonates following by a cooling-down at
500 ◦C still in O2. At 500 ◦C, the oxygen was removed under high vacuum and 133 mbar of
pure H2 were introduced for 1 h to reduce the catalyst and then evacuated in high vacuum.
After a cooling-down in vacuum at RT, CO was introduced and adsorbed for 1 min and
IR spectra recorded. Then, the same pellet was re-oxidized at 600 ◦C in O2 (66 mbar) in
two steps as initially (15 min/high vacuum/45 min), cooled down in O2 to RT, where CO
was chemisorbed again for 1 min after the evacuation of O2 in high vacuum. A similar
sequence of measurements was performed on a fresh pellet, except that the reduction step
occurred in the presence of CO at 500 ◦C. Two successive reduction steps in 10 mbar of CO
for 30 min each were performed with an evacuation in high vacuum in between to remove
CO2 produced by the first reduction phase. The CO adsorption at RT was then analyzed
by FTIR. A similar re-oxidation step at 600 ◦C than after the H2 reduction was carried out
before adsorbing again CO at RT. The signature of CO in the phase gas was systemically
subtracted from all FTIR spectra.

3.3. Catalytic Activity Measurement

A mass of ca. 100 mg of each catalyst was placed in a U-shaped quartz reactor
equipped with a porous fine-quartz fritted disk. The catalytic performances were measured
during successive light-offs (LOs). These latter were performed using a 12 L h−1 total gas
flow, yielding a gas hourly space velocity of around 50,000 h−1 and 100 L gcat

−1 h−1. An
oxidizing pre-treatment at 600 ◦C in O2 (5 vol%) for 1 h followed by cooling down in O2
were systematically performed before the first LO denoted as LO1. After that, the catalyst
was reduced in pure H2 at 500 ◦C for 1 h for reducing PdO into Pd. The cooling down
to 200 ◦C was performed under the same atmosphere to avoid the Pd re-oxidation. The
reactive mixture was introduced at 200 ◦C after a short He purge. Then, three successive
LOs, denoted as LO2, LO3 and LO4, were raised without any treatment in between. For
propane combustion, a typical experiment consisted of 4 successive LOs (LO1, LO2, LO3
and LO4) from 200 up to 600 ◦C using a heating ramp of 4 ◦C min−1 with a 5 min dwell
at the maximal temperature. Four successive LOs from 200 ◦C until 360 ◦C and 400 ◦C
for Pd-HS and Pd/-LS, respectively, were performed. The catalytic performance for C3H8
combustion was investigated in lean dry condition (1985 ppm C3H8, 9 vol% O2 in He).
Water was not introduced in the reaction mixture to clearly highlight the impact of the
pre-reduction step.

Isothermal measurements were also performed after a pre-treatment step at 500 ◦C for
1 h (either in O2 or in H2) by varying the partial pressure of propane and O2 at 360 ◦C and
400 ◦C for Pd-HS and Pd-LS, respectively. It was checked, by varying the overall gas flow,
that the propane oxidation was in a chemical regime at 360 ◦C and 400 ◦C.

A similar protocol was used for CO oxidation, except that the reaction mixture
(1910 ppm CO and 9 vol% O2 in He) was introduced at RT instead of 200 ◦C up to 500 ◦C.
Reactants and products were analyzed with the same gas micro-chromatograph and online
CO2 IR analyzer as for C3H8-TPD experiments. Reactants were Linde certified standards
C3H8 in He (8006 ppm), CO in He (4971 ppm) and O2 (three used concentrations: 1, 5 and
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99.995 vol%) that could be further diluted in He (99.995%). The carbon balance closure was
found to be below 5 vol% for both CO and propane oxidation. CO2 was the predominant
carbon-based product detected during propane oxidation catalytic tests. However, ethylene
and propene were also detected, as discussed in the Results.

4. Conclusions

A small loading of Pd (<0.2 wt.%) was dispersed on Pr-rich CZP mixed oxides (CZP45:
Ce0.45Zr0.10Pr0.45O2−x). After the initial calcination at 800 ◦C, Pd is mainly in the form of
fully dispersed isolated cations in strong interaction with CZP45. Their catalytic perfor-
mances for propane oxidation are similar to those of the bare supports, demonstrating
their inactivity. Conversely, as-prepared Pd/CZP45 catalysts are quite efficient for low-
temperature CO oxidation, suggesting that isolated Pd cations operando evolve to small
active PdOx clusters. Pd/CZP45 catalysts were pre-reduced to trigger the formation of Pd
nanoparticles and promote the propane oxidation. The finely dispersed Pd nanoparticles,
formed during the reduction step, coupled with the very high oxygen mobility of CZP45,
lead to outstanding catalytic activity for propane oxidation starting from 250 ◦C. However,
the re-oxidation of Pd nanoparticles and their partial re-dispersion, promoted by the fast
oxygen mobility of the mixed oxide, rapidly deactivate the catalysts in lean conditions. For
instance, the catalytic activity was found to return to its value before the reduction step in
less than 20 min at 360 ◦C. Additional experiments could be quite interesting to investigate
the stability of the catalytic performances below 300 ◦C. Nevertheless, the optimized state
of a pre-reduced Pd/CZP45 catalyst can be maintained in a rich reaction mixture at 400 ◦C,
as encountered in three-way catalytic converters.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12080827/s1, Figure S1: (a,c) Representative HAADF-STEM
images of Pd-HS, (b) zoom in the with square of (a) showing atomic columns of Ce and O characteristic
of a plan (001) of a CeO2 fluorite structure, (d–g) EDX mappings of Ce, Pr, Zr and Pd, respectively;
Figure S2: TEM image of Pd-HS after reduction in H2 (500 ◦C, 1 h, 100 vol% H2) and EDX mapping
of Ce, Pr, Zr and Pd; Figure S3: TEM image of Pd-HS after reduction in CO (500 ◦C, 1 h, 1 vol% CO)
and EDX mapping of Ce, Pr, Zr and Pd; Figure S4: Variation of the CO production as a function of
the temperature for (a) Pd-HS and (b) Pd-LS during C3H8-TPD experiments; Figure S5: Variation
of the propane conversion as a function of the temperature for Pd-HS (catalyst mass = 100 mg)
and CZP45-HS (catalyst mass = 90 mg). Reactive mixture: C3H8/O2: 2000 ppm/9 vol%; Figure S6:
Secondary products analyzed during propane oxidation experiments on Pd-HS: (a) LO2 after an
H2 reduction and (b) LO2 after a CO reduction; Figure S7: Variation of the propane conversion as
a function of the temperature for CZP45-HS (reduction step in H2.) Reactive mixture: C3H8/O2:
2000 ppm/9 vol%. Catalyst mass = 90 mg; Figure S8: Variation of the propane conversion as a
function of the temperature: (a) on Pd-HS up to 360 ◦C and (b) on Pd-LS up to 400 ◦C. The reduction
step between LO1 and LO2 was performed in H2; Figure S9: Variation of the intrinsic reaction rate as
a function of time for Pd-HS at 360 ◦C (a) for different oxygen concentrations using 1985 ± 9 ppm of
C3H8 and (b) for different C3H8 concentration using 8.7 vol% of O2.
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