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Highly Active Oxidation Catalysts through Confining Pd Clusters on
.”“" CeO, Nano-Islands
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/Abstract: CeO,-supported noble metal clusters are attractive catalytic materials for several applications. However, their
atomic dispersion under oxidizing reaction conditions often leads to catalyst deactivation. In this study, the noble metal
cluster formation threshold is rationally adjusted by using a mixed CeO,-Al,O; support. The preferential location of Pd
on CeO, islands leads to a high local surface noble metal concentration and promotes the in situ formation of small Pd
clusters at a rather low noble metal loading (0.5 wt %), which are shown to be the active species for CO conversion at
low temperatures. As elucidated by complementary in situ/operando techniques, the spatial separation of CeO, islands
on Al,O; confines the mobility of Pd, preventing the full redispersion or the formation of larger noble metal particles
and maintaining a high CO oxidation activity at low temperatures. In a broader perspective, this approach to more

\efficiently use the noble metal can be transferred to further systems and reactions in heterogeneous catalysis. )
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Highly dispersed noble metals (NMs) supported as single
atoms or small particles/clusters on CeO, belong to some of
the most studied catalytic materials in heterogeneous
catalysis. Their unique properties make these systems highly
attractive for catalytic applications in the field of mobile and
stationary emission control,"! water-gas shift reaction® and
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electrocatalysis.”! In comparison to Al,O,, CeO,-supported
noble metal oxidation catalysts can overcome CO poisoning
at low temperatures,' since the CO oxidation reaction can
take place at the NM-CeO, interface where oxygen is
believed to be particularly active.’) Moreover, ceria stabil-
izes the NM in a dispersed state by strong NM-ceria
interaction, prevents sintering at high temperatures and
improves the overall catalyst stability.® This is particularly
interesting due to the increasing need and limited avail-
ability of NMs. However, the strong interaction with ceria
often leads to the redispersion of the NM particles under
reaction conditions,”’ which can even trigger an activity
drop.

In literature, Pt/CeO, represents one of the prominent
systems for CO oxidation. As recently demonstrated by
several studies,” atomically dispersed, oxidized Pt species
are only poorly active in CO oxidation, despite the highest
possible NM-ceria interface and dispersion. Only by apply-
ing special pre-treatment and catalyst reactivation proce-
dures leading to the formation of small Pt clusters and
nanoparticles the low-temperature activity of such catalysts
can be boosted.[* In contrast to Pt, the active state of Pd/
CeO, during CO oxidation is still discussed. Whereas some
studies reported the oxidized single Pd atoms!"” to be the
active species in CO oxidation, others observed a higher
activity and stability for Pd clusters'! or particles."” One
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recent strategy to circumvent single site formation under
oxidizing conditions is by changing the surface noble metal
concentration (SNMC),!"¥ which allows to tune the thresh-
old of noble metal clusters formation. However, too high
concentrations of NMs are not ideal in catalytic converters.
Therefore, new strategies have to be developed to limit
redispersion and/or formation of highly dispersed and
inactive species. By using an AlLO; support with a low
loading of CeO, (around 5.0wt%), we aim to locally
increase the Pd concentration on ceria while keeping the
overall NM loading low (0.5-1.0 wt %), an approach visual-
ized in Scheme 1.

To be able to reveal the nature of the active Pd species
in CO oxidation, catalyst compositions with different
probabilities of cluster formation are prepared by the flame
spray pyrolysis (FSP) method. Additionally, a Pd/CeO,
catalyst with high surface area is obtained, in which the
formation of Pd clusters under reaction conditions is
hindered due to the high noble metal dispersion on the pure
support. Finally, the CO oxidation activity of the ceria-based
catalysts is compared to that of a Pd/Al,O; reference sample.
By applying complementary in situ/operando X-ray and IR-
based characterization techniques in combination with DFT
calculations, the structural changes occurring during catalyst
operation can be tracked for all samples, which allows to
determine the active Pd species that are responsible for the
high activity of Pd-CeO,/Al,O; catalyst in the low temper-
ature range, and to tackle the validity of our working
hypothesis.

Flame Spray
Pyrolysis

Scheme 1. By using a mixed CeO,-Al,O; support, the local noble metal
(NM) concentration and the probability of cluster formation under
reaction conditions can be increased due to the preferential location of
Pd on CeQ, islands. To locate the noble metal on ceria, Pd and Ce
precursors are sprayed in one flame separately from the Al precursor in
the other flame using double-nozzle flame spray pyrolysis. The spatial
separation of CeO, entities is thought to prevent Pd from redispersion
and strong sintering.
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Results and Discussion

To generate Pd-catalysts with high surface area and targeted
location of the noble metal, double-nozzle FSP” was applied
(Scheme 1). As shown previously,' the use of the double-
nozzle configuration allows preparing complex materials in
one single step and fine-tuning the interface between
specific catalyst components. This synthetic approach was
exploited in our study for the preparation of Pd catalysts
supported on pure CeO, and AlL,O; as well as on a mixed
5% CeO,-Al,O; carrier. The preferential location of Pd on
CeO, in the 0.5% Pd/5 % CeO,-Al,O; catalyst was ensured
by spraying Pd and CeO, precursors in one flame separately
from the ALO; precursor in the other flame. The elemental
analysis results confirmed the desired NM loading, while the
BET surface area was dependent on the chemical composi-
tion of the synthesized catalyst (Table S1). The surface area
of 0.5% Pd/ALO; amounts to 267 m*g' compared to only
110 m*g ™! for the 0.5% Pd/CeO, catalyst while the one of
0.5 % Pd/5 % CeO,-Al,O5 is with 239 m”g ™' between them.

High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images of the result-
ing samples are shown in Figure la—c. In the case of 0.5%
Pd/CeO, and 0.5 % Pd/5% CeO,-Al,O; (Figure 1a,b), Pd is
distributed quite uniformly as very small entities on the ceria
support. In the CeO,-Al,0O;-based sample, Pd is mostly
located on the small ceria nanoparticles, as noble metal rich
confined regions (Figure 1b). As expected from the applied
synthesis method,™ due to a short residence time of the
precursor solution in the flame, the CeO, islands exhibited a
small average size (about 2.5 nm, cf. Figure S4). Considering
the recent literature,'® this particular size range of CeO,
(<5 nm) and the corresponding redox properties of the Pd-
CeQ, interface are not anticipated to promote CO oxidation
under lean conditions over a highly dispersed Pd catalyst.
Despite the same low NM loading, small NM nanoparticles
with a particle diameter of approx. 2-3 nm were identified
by HAADF-STEM and EDXS mapping in the 0.5% Pd/
Al,O; sample (Figure 1c). Particle formation can be ex-
plained for this catalyst by the low stabilization of dispersed
Pd atoms on AlL,O,.""! In line with the electron microscopy
data, the corresponding XRD patterns show only reflections
of the support material for all catalysts (Figure S2).

As the contrast difference between Pd and CeO, in
HAADF-STEM is not sufficient to determine the binding
geometry and the neighboring environment of Pd on the
support surface, additionally ex situ XAS data collected at
the Pd K-edge were analyzed. For EXAFS analysis, the PAO
bulk structure was used together with several DFT-calcu-
lated models including Pd located on the CeO, surface and
Pd substituting one cerium atom on (110) and (111) CeO,
facets (for details cf. SI, “EXAFS fitting”). The ex situ FT-
EXAFS spectra of the as-prepared catalysts (Figure 1d-f)
confirm the presence of oxidized Pd species in all cases by
the prominent first coordination shell at 1.5 A, which
corresponds to Pd-O coordination. The 0.5 % Pd/CeO, and
0.5% Pd/5% CeO,-Al,0O; catalysts show an additional
scattering path at around 2.8 A that can be assigned to a
Pd-O-Ce coordination shell (e.g. R ;=3.059 A for 110 PdO-
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Figure 1. HAADF-STEM images with EDXS elemental maps a) 0.5% Pd/CeO,, b) 0.5% Pd/5% CeO,-Al,O; and c) 0.5% Pd/Al,O; (synthesized by
double-nozzle FSP). FT-EXAFS data analysis at the Pd K-edge (experimental data: solid lines; fit: dashed lines), showing the best agreement when
using as model: Pd located in four-folded hollow sites, e.g. formally substituted “Pd**” on (110) facets (“110 PdO,-sub”) for d) 0.5% Pd/CeO, and
e) 0.5% Pd/5% CeO,-Al,O,, bulk PdO for f) 0.5% Pd/Al,O,. By substituting Ce** with a Pd atom, a perfect square-planar geometry with Pd-O-Ce
bonds is created by the rearrangement of oxygen on the remaining CeO, surface, causing a certain charge transfer. While we denote the structure
for the EXAFS analysis as “110 PdO,-sub”, a Bader charge analysis suggests that the oxidation state of Pd in this structure is closer to Pd*" (i.e.
PdO bulk) rather than Pd** (i.e. PdO, bulk) (Table S5). g) Schematic representation of Pd state in double-nozzle FSP catalysts: highly dispersed Pd
in 0.5% Pd/CeQ, (left) and 0.5% Pd/5 % CeO,-Al,O; (middle) in four-folded hollow sites configuration, small Pd particles in 0.5% Pd/Al,O,
(right). Note the higher local concentration of Pd on CeO, in 0.5% Pd/5 % CeO,-Al,0; (middle).

sub) or to Pd-O-Pd (R=3.030 A for PdO). No Pd-Pd
scattering path could be identified for both ceria-containing
catalysts, which unravels the highly oxidized and well-
dispersed Pd species (Tables S6-S8). Furthermore, only
poor agreement with experimental data was observed for
models with single Pd atoms adsorbed on the (111) and
(110) CeO, surfaces. Similar to the Pt/CeO, system,* Pd
seems to be preferentially located at four-fold hollow sites
on CeO, (Figure S8). This outcome is supported also by
studies conducted by Muravev et al.l'™" However, it should
be noted that the distinction between single atoms and small
oxidized clusters is very challenging due to limits of XAS
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detection. Therefore, the presence of each of these two
species cannot be fully excluded.!"” This is further supported
by the good agreement of the FT-EXAFS spectrum of 0.5 %
Pd/CeO, with a fitting model consisting of a combination of
bulk PdO and Pd*" substituted into the CeO, (111) and
(110) surface lattice (Table S7). In contrast, the 0.5% Pd/
Al,O; catalyst shows two contributions with low intensity at
around 2.8 and 33 A that correspond to a Pd-O-Pd
coordination shell in PdO structure, and indicate the
formation of PdO nanoparticles (Table S9).

The catalytic activity of the FSP-prepared catalysts was
evaluated for the CO oxidation reaction (1000 ppm of CO,
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8% O, in N,) during three subsequent catalytic cycles.
Figure 2a reports the activity obtained during the 2™
light-off between 50°C and 300°C. Since all catalysts were
tested without a degreening step, a variation in activity was
observed for all samples when comparing the 1* run with
the next two cycles (Figure S9). The gain in activity observed
after the 1% light-off/light-out cycle originates either from
removal of adsorbates on the catalyst surface or from
resurfacing of partially encapsulated Pd into CeO,, as
reported for other catalysts prepared by FSP.*

Among all tested samples, the lowest CO oxidation
activity was observed for 0.5 % Pd/CeQO,, for which at 300°C
only 80 % CO is converted. For 0.5 % Pd/Al,O;, the reaction
sets in at 100°C, rapidly reaching full conversion below
150°C. The steep CO conversion profile in comparison to
that observed for the CeO,-containing catalysts probaly
originates from a high CO coverage on Pd at low
temperatures.”! Interestingly, 0.5% Pd/5% CeO,-AlLO,
exhibits an even higher performance, as indicated by the
lowest temperatures of 50% (Ts)) and 90% (Ty) CO
conversion at 67 and 90°C, respectively.

As shown in the following, the activity correlates with
the different local Pd concentration™ and evolution of the
NM species under reaction conditions in 0.5% Pd/5%
CeO,-Al0; versus 0.5% Pd/CeO,. However, the preferen-
tial location of Pd species on CeQO, islands in the 0.5 % Pd/
5% CeO,-AlL,O; sample encompasses also the role of the
Pd-CeO, interface for the high CO oxidation activity at low
temperature. This is in agreement with previous studies,*!*"!
since CO is fully converted over this sample below 100°C in
comparison to the activity shown by the Pd/Al,O; FSP-
catalyst. Similar catalytic behavior was observed with a
standard Pd/Al,O; catalyst, prepared by incipient wetness
impregnation (Figure S11).

Since Pd and CeO, precursors were sprayed in one flame
during the preparation of Pd/CeO,-Al,O; but separately for
the Pd/CeQO, catalyst, the possible influence of the flame
configuration was investigated in a first step. A Pd/CeO,
catalyst with the same chemical composition was prepared
via the single-nozzle FSP (denoted as 0.5% Pd/CeO,-SF).
The comparison of the single and double-nozzle FSP

a) 100
© 80
E
‘@ 60+
o
>
c
S 40+
o]
© L 0.5% Pd/CeO,
20 ——0.5% Pd/
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catalysts revealed no significant improvement in CO con-
version for the first one (Figure S10a). On the contrary, the
0.5% Pd/CeO,-SF sample showed an even lower CO
oxidation activity (Figure 2b). The partial encapsulation of
the NM into the bulk ceria or a higher dispersion of Pd
could be possible explanations for the slightly poorer activity
measured for the sample obtained with a single-nozzle FSP
configuration. To verify the effect of the NM concentration
on the ceria surface,!"”! a catalyst with a higher Pd loading
(1.0 wt %) was synthesized in a single flame configuration.
For both single flame prepared catalysts (0.5% and 1.0%
Pd/CeO,-SF), ex situ characterization results (TEM, XRD,
EXAFS) indicate the absence of Pd particles in the as-
prepared state (Figures S1-S3). Nonetheless, at the same
noble metal weight hourly space velocity of the gas flow, the
higher Pd loading led to a slight activity improvement
(Figure S10b), shifting the temperature of 90% CO con-
version to 297°C (Figure 2b). This increase in catalytic
performance most probably originates from the more facile
formation of Pd clusters, which was found to be important
for a high CO oxidation activity on Pt/CeO, catalysts.!

Finally, the effect of Pd:CeO, weight ratio was inves-
tigated as a possible descriptor for the CO oxidation activity.
A 0.5% Pd/CeO,-Al,O; catalyst with a higher CeO, content
(10%) was synthesized via double-nozzle FSP. With a
higher CeO, amount and thus lower SNMC, very similar
activity profiles were recorded in the low temperature range
(Figure 2b and Figure S10c). Though, a slightly higher
temperature was needed to reach full CO conversion for the
10 % CeO, sample (90 vs. 94°C), in line with our assumption
on the cluster formation probability depending on the Pd
concentration on CeO, surface.

Hence, by using a carrier material containing a rather
low amount of CeO, and assisted by a targeted preparation
method, the mobility of the NM is significantly restrained.
This is additionally demonstrated by the high thermal
stability observed upon aging the catalyst in static air at
800°C for up to 50 h. Thus, only a minor decrease in CO
conversion was observed with a difference in the temper-
ature for 50 % conversion of ATs,=12 and 23 °C, after aging
the 0.5 % Pd/CeO,-AlL,O; catalyst for 5h and 50 h, respec-

b)

0 5% Pdice0,

400 - I 0.5% PoiCeO,-SF 400

I 1 0% Pd/Ce0,-5F

I 0 5% Pd/ALLO,

I 0.5% Pd/5% Ce0,-Al,0,

300 - [ 0.5% Pd10% CeO,-Al,0;
255

200 1

Temperature / °C

100

50 90
CO conversion / %

Figure 2. a) Catalytic activity in terms of CO conversion after degreening in 1000 ppm CO/8% O,/N, of double nozzle-flame synthesized 0.5 % Pd/
CeO, (grey), 0.5% Pd/5% CeO,-Al,O; (red) and 0.5% Pd/Al,O; (blue) and b) Overview of temperatures of 50 and 90% CO conversion for all FSP-

synthesized Pd catalysts.
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tively (Figure S12). The observed trend is the result of the
spatial separation applied in our catalyst. Assuming that all
Pd atoms agglomerate to one Pd cluster on each CeO, nano-
island, a Pd cluster with a maximum of around 30 atoms can
be formed during aging in the 0.5% Pd/5% CeO,-AlLO;
catalyst (Table S2). Also Li et al.”? reported a high stability
of single-site Pt/CeO,/SiO, catalysts due to the strong
interaction between Pt and CeO,. In the same direction, the
use of core-shell Pd@CeO, particles on Al,O; were shown
to prevent sintering of the NM particles during methane
oxidation.” For elucidating the beneficial catalytic behavior
of these Pd species, their evolution and reactivity were
followed by complementary in situ and operando methods.

Interaction of Pd with Gaseous CO

To elucidate the nature of the NM species on the catalyst
surface and to investigate the available reactive sites as well
as their interaction with CO, at first low-temperature, ultra-
high vacuum Fourier transform infrared spectroscopy
(UHV-FTIRS) measurements using CO as probe molecule
were conducted. For this purpose the CO surface-ligand IR
(CO-SLIR) method™! was applied as this surface sensitive
approach is well-suited to track the structural evolution of
active sites, due to a high sensitivity of the CO stretch
vibration to the binding configuration.”! Due to the
inherent problems with adsorbates on nanostructured oxide
powders, the Pd/oxide samples were thermally treated prior
to the measurements for 1 h at 427°C in oxygen containing
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atmosphere (labeled as “cleaned” in Figure 3) or in vacuum,
which led to the reduction of Pd species in the catalyst
(labeled as “reduced*).

The assignment of the observed IR bands was performed
based on those reported in the literature!'*!32**! and DFT
calculations (Tables S10-S15), as follows: 2130-2120 cm™
(Pd**-CO, linear), 2095-2085 cm™' (Pd**°-CO, linear) and
1970-1930 cm™" (Pd’-CO, bridged). In the case of CO bound
to Pd subnanometer clusters in a bridged configuration, the
agreement between calculated and experimental values
improved significantly by considering a higher CO coverage
on Pd clusters during DFT calculation (Tables S11-S15).
The calculated data are also in line with those reported in
literature.'""*” According to the DFT calculations, no CO
adsorption should be possible on Pd substituting one Ce
atom in the (111) and (110) CeO, facets (structure derived
from experimental EXAFS data of the as-prepared cata-
lysts). In contrast, the CO vibrational frequencies calculated
for single Pd atoms adsorbed on these ceria facets
(Table S10) showed a good agreement with experimental
values in the UHV-FTIR spectra (Figure 3). Hence, we
assume that Pd restructures and relocates out of the four-
fold hollow sites under UHV-conditions. The high sensitivity
of Pd to UHV-conditions is also supported by the X-ray
photoelectron spectroscopy (XPS) data (Figure 3d).

To accurately assign the CO adsorbate-related features
at approximately 2170 cm™' (R-branch) and 2120 cm™ (P-
branch) in the low-resolution IR data (4 cm™), it is crucial
to account for potential artefacts from gas-phase
contributions.” For this purpose, CO was introduced at low
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Figure 3. UHV-FTIR spectra recorded at —153°C in 10* mbar CO of a) 0.5% Pd/CeO,, b) 0.5% Pd/5 % CeO,-Al,0, and c) 0.5% Pd/Al,O; after
oxidative cleaning of the surface at 427°C in 10~ mbar O, (cleaned) or in vacuum (107'° mbar) (reduced). The shown spectra are at saturation
coverage. d) XPS spectra of 0.5% Pd/5% CeO,-Al,O; taken prior CO adsorption experiments in cleaned and reduced states showing presence of

Pd** (red) and Pd° (grey) in the sample.
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partial pressures during IR measurements, effectively ex-
cluding gas phase interference.

The strong interaction between Pd and ceria as well as
the noble metal-induced surface restructuring are further
supported by the splitting of the Ce-related CO bands at
2172 and 2186 cm™! (Figure 3a). Whereas the first band was
previously observed for pure ceria nanoparticles and
attributed to CO bound to Ce**,®! the band at 2186 cm™
corresponds to CO bound to Ce sites in close proximity to
the noble metal substitution sites.*! The observed
frequency shift is attributed to the modification of chemical
environment of surface Ce species. The fact that the
oxidized Pd/CeO, was dominated by the 2186 cm™ band
while this feature was not detected for the reduced Pd/CeQO,
(Figure 3a) provides further evidence for the Pd substitu-
tion-induced surface restructuring. The presence of the IR
band at 2184 cm ™' in the spectra of the reduced and cleaned
Pd/CeO,-Al,O; catalyst (Figure 3b) further confirms the
localization of Pd on CeQ,. The IR-band at 2203 cm™ is
assigned to CO adsorbed on the Al,O; support.P*”)

According to the UHV-FTIRS results, a higher stability
of oxidized Pd species was observed for 0.5 % Pd/5 % CeO,-
AlL,O; compared to 0.5% Pd/CeO,, as indicated by the
intensity ratio between the 2130-2120 cm™' (Pd**-CO) and
2099-2080 cm™' bands (Pd*"-CO) (Figure 3a-b). Although
in both catalysts Pd is present in reduced state after the
reductive pre-treatment (427°C in UHV), the Pd*"-CO
species do not vanish completely for 0.5% Pd/5% CeO,-
Al,O; (Figure 3b). Moreover, the more prominent band at
around 1933 cm™! (bridged CO-Pd") implies a stronger NM
sintering behavior in the case of 0.5 % Pd/CeO,. Considering
that the same interaction with ceria is present, the milder
increase of Pd clusters in the 0.5% Pd/5% CeO,-AlLO;
catalyst could be explained by the confined mobility of Pd
species on separated CeQO, islands. Nonetheless, the UHV-
FTIR results clearly show the effect of the low partial
pressure and low temperature (10~° mbar CO; —153°C) on
Pd reduction in both CeO,-containing samples.
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For the 0.5% Pd/ALL,O; catalyst, the UHV-FTIRS
experiments confirmed the presence of larger Pd nano-
particles. Those are expected to be hardly oxidized at a low
O, pressure in UHV and were easily detected by CO
adsorption already during the measurement of the cleaned
catalyst (Figure 3c). The predominant IR bands correspond-
ing to bridged (1951 cm™') and on-top (2095cm™) CO
adsorbed on Pd nanoparticles or larger clusters were also
observed after the reductive pre-treatment.

Prior to the CO adsorption experiments, the oxidation
state of Pd was investigated using XPS for the 0.5 % Pd/5 %
CeO,-AlL,O; catalyst in cleaned and reduced state (Fig-
ure 3d). For the cleaned sample, the spectrum was domi-
nated by the oxidized Pd*" species (63 %), in line with the
XAS data analysis showing the presence of highly oxidized
and dispersed Pd species in the fresh catalyst state (Fig-
ure 1). However, due to high sensitivity of Pd to UHV
conditions and the long acquisition time required for this
low noble metal-loaded sample, a partial reduction of Pd
was induced during the catalyst pre-treatment and the XPS
measurement. An even more pronounced reduction of Pd
was observed after cleaning of the catalyst surface in
vacuum. In this case, the fraction of Pd’>* decreased to 40 %
according to the quantitative analysis of the XPS data, which
further confirms the high sensitivity of Pd to UHV
conditions. This behavior is in line with that observed during
the CO adsorption with UHV-FTIRS.

Using complementary in situ XAS measurements at the
Pd K-edge, the interaction and reducibility of Pd was
investigated during temperature-programmed reduction
(TPR) with CO under ambient pressure. The results of the
linear combination analysis (LCA) of the X-ray absorption
near edge structure (XANES) spectra are shown in Fig-
ure 4a—c (top) for the three Pd catalysts, with the corre-
sponding derivative of Pd,., curve (share of reduced species,
bottom). According to the LCA results, most of the Pd
species in 0.5% Pd/CeO, are rapidly reduced by CO
(Figure 4a). The reduction rate peaks at 69°C, as indicated

a) 0.5% Pd/CeO, b) 0.5% Pd/5% CeO,-AlL,O, c) 0.5% PA/ALLO,
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Figure 4. Results of linear combination analysis of X-ray absorption near edge structure (XANES) spectra transiently recorded during CO-
temperature-programmed reduction (TPR) in 1000 ppm CO/He with a heating rate of 5 K min~' for double nozzle-flame synthesized a) 0.5% Pd/
CeO,, b) 0.5% Pd/5% CeO,-Al,O; and c) 0.5% Pd/Al,O; with a corresponding first derivative of Pd,.4. Due to large number of data points, the
error bars are not shown to ensure clear data visualization. The LCA error is in the range of 1-3 % for all samples.
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by the maximum of the first derivative of Pd,4 curve. In
comparison, the intersection of Pd,, and Pd., species is
slightly shifted to 74°C in case of 0.5% Pd/AlL,O; (Fig-
ure 4c). Although the reduction of Pd started as soon as the
temperature was increased, Pd species in the 0.5 % Pd/5%
Ce0,-Al,0; catalyst remained partially oxidized over a
broader temperature window (Figure 4b). In this case, 50 %
of reduced species are observed at a significantly higher
temperature of 150°C, with the maximum of reduction rate
at 90°C. A similar reduction trend was observed when the
TPR experiments were performed in 2% HyHe (Fig-
ure S14). In agreement with the UHV-FTIRS, XAS and
XPS data discussed above, these results again indicate the
presence of Pd species with different nuclearity. Their
reactivity under reducing conditions seems to be conditioned
by several factors: initial structure, cluster size, interaction
with the support (including encapsulation) and interrelated
mobility. However, Pd reducibility alone cannot be corre-
lated with the differences in catalytic activity under oxygen-
rich conditions of the three catalysts. The 0.5% Pd/CeO,
catalyst showed the fastest reduction and pronounced
sintering of the NM species in CO atmosphere but still the
lowest CO oxidation activity.

Evolution of Pd Sites under Reaction Conditions

To reveal the origin of the activity improvement after the 1%
catalytic run, the evolution of Pd species was investigated by
operando XANES measurements during two consecutive
cycles. The LCA results on the changes in Pd oxidation state
as a function of CO conversion are depicted in Figure 5 for
the three catalysts. In this way, the onset of CO oxidation
and the behavior during light-off activity can be directly
correlated with the evolving structure of Pd. The activity
data obtained during these operando XAS experiments are
similar to the CO conversion profiles in a laboratory plug-
flow reactor (Figure S9).

In contrast to the high redox response observed under
reducing conditions (Figure 4a), no significant changes in Pd
oxidation state were detected for the 0.5 % Pd/CeO, catalyst
during both catalytic cycles (Figure 5a). Pd species remain
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almost fully oxidized over the entire reaction range (only
5% of Pd is in reduced state at 90 % CO conversion). The
Pd supported on 5 % CeO,-Al,O; was similarly present in an
almost fully oxidized state during the 1% catalytic cycle
(Figure 5b). However, a slight reduction was observed
during the 1* CO oxidation light-out (Figure S15b), and
especially a different trend was found during the 2™ run: Pd
remained in a partially reduced state (13 % of Pd,.q at 20 %
conversion) and was then slowly reoxidized in reaction
atmosphere with the temperature increase. The partial
reduction of Pd observed after the 1% catalytic cycle
indicates in situ cluster formation under reaction conditions.
Since these operando XANES measurements were con-
ducted at the middle of the catalyst bed, we cannot exclude
the presence of slightly more reduced Pd species towards
the beginning of the reactor.”! However, the reduction of
the Pd species to their metallic state is rather low under lean
reaction conditions, especially considering the small size of
these entities and the strong interaction with the CeO,
support.

In the Pd/Al,O; catalyst the NM is also fully oxidized at
the beginning of the 1* catalytic run but already at low CO
conversion, a more pronounced reduction of Pd*" species
was detected (10 % of Pd,.q at 20 % conversion) in compar-
ison to the CeO,-containing samples. The catalyst remained
in partially reduced state during the 1* run until 90 % CO
conversion, afterwards being reoxidized in the resulting
oxygen-rich atmosphere (mid of the catalyst bed). After
further reduction during CO oxidation light-out (28 % of
Pd,.4), a similar evolution was noticed for Pd during the
second run under reaction conditions (Figure 5c).

Hence, during the lean CO oxidation the low surface Pd
concentration as present in 0.5 % Pd/CeO, seems to prevent
the formation of Pd clusters/particles and NM reduction. In
contrast, the operando XAS results suggest that partial
reduction of Pd species correlates with a high activity at low
temperatures, as can be seen in Figure 5b for Pd/CeO,-
AL Os.

To more precisely identify the properties of the NM
species responsible for the low temperature activity, comple-
mentary DRIFTS measurements were performed during the
two consecutive CO oxidation cycles. The spectra acquired

a) 0.5% Pd/CeO, b) 0.5% Pd/5% Ce0,-ALO, c) 0.5% Pd/AL,O,
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Figure 5. Results of linear combination analysis of XANES spectra transiently recorded at the middle of the catalyst bed during two subsequent
catalytic cycles in 1000 ppm CO/10% O,/He with a heating rate of 5 Kmin™" for double nozzle-flame synthesized a) 0.5% Pd/CeO,, b) 0.5% Pd/
5% CeO,-Al,O; and c) 0.5% Pd/Al,O;. Due to large number of data points, the error bars are not shown to ensure clear data visualization. The

LCA error is in the range of 1-3 % for all samples.
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every 20°C up to 110°C are depicted both for the 1" run
(Figure 6a—c) and the 2™ catalytic cycle (Figure 6d—f). For
the 0.5 % Pd/CeO, catalyst, the DRIFTS data are dominated
by a single IR band at 2146 cm™'. A comparison of the
DRIFTS results for the 1 and 2™ catalytic cycle revealed
only a slight shift of the CO adsorption band to higher
wavenumbers from 2143 to 2146 cm ' (Figure 6a,d). Fur-
thermore, a shoulder of very low intensity at ~2100 cm™' was
observed during both catalytic cycles. According to
literature!"®*! and our UHV-FTIRS and DFT calculation
results (Figure 3, Tables S10-S15), the IR band at 2143 cm™
corresponds to CO adsorbed on oxidized Pd*" species. In
contrast, the band at around 2100 cm™ has been assigned to
CO adsorption on several species, including bulk PdO,?"
partially reduced Pd®*['® or to highly dispersed Pd".”™ This
outlines the challenging task to link the IR bands to specific
species if no complementary characterization data are
available.” For the sake of simplicity and easier reading,
we will refer to this region of the IR spectrum as Pd**-CO.
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Figure 6. DRIFT spectra recorded during first (a—c) and second catalytic
run (d—f) in 1000 ppm CO/10% O,/He (200 mLmin™") of double-
nozzle flame synthesized 0.5% Pd/CeQ, (a,d), 0.5% Pd/5% CeO,-
AlLO; (b,e) and 0.5% Pd/Al,O; (c,f) with graphical representation of IR
bands assignment (g).
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Based on the electron microscopy and operando XAS data
(Figure 1a, d, Figure 5a), the Pd/CeO, catalyst does not
contain PdO nanoparticles, which limits the assignment of
the band at around 2100 cm™' to CO adsorbed on highly
dispersed Pd>" species. This assumption is confirmed by the
absence of further bands at lower wavenumbers in the
region of bridged CO on multinuclear Pd entities (zoomed
view of Figure 6a,d). Hence, under reaction conditions Pd in
0.5% Pd/CeO, remains mostly in an oxidized and highly
dispersed state, which is consistent with the LCA results of
operando XAS data. Additionally, it is important to note
that only a very small fraction of CO remains adsorbed on
Pd surface at 150°C during both catalytic cycles (Fig-
ure S16), which is not in line with the very low activity
recorded for this sample at this temperature (10% con-
version). Similar trends were observed for the pure ceria
supported catalysts prepared by single flame-spray pyrolysis
(Figure S17a,b,d,e).

Hence, under O,-rich conditions the partial reduction
and the CO-assisted migration of Pd to form larger clusters
does not seem to occur on a pure ceria support (Figure 5a).
Additionally, the participation of the oxygen from the ceria
perimeter sites is not favoured for noble metal single site
catalysts.”) In this case, the reaction seems to proceed via a
Mars-van-Krevelen mechanism involving reduction/reoxida-
tion of Pd and/or ceria interface with CO and O, reacting
occurring only at elevated temperatures.

For the 0.5% Pd/AlL,O; catalyst, the DRIFTS data
collected at 30°C prior to the 1% catalytic run (Figure 6¢c, f,
blue) showed a double peak feature at 2138 cm™" (Pd*"-CO)
and 2109 cm™! (Pd*"-CO). While heating in reaction mixture
to only 50°C, the IR band at 2109 cm™' became very
prominent and shifted to lower wavenumbers. As stated by
Zorn et al.®? CO does not adsorb on fully oxidized PdO
particles, but rather on substoichiometric PdO, or metallic
Pd species, which are formed under reaction conditions and
may lead to the increase in intensity. Furthermore, starting
from 70°C the appearance of a new IR band at 1969 cm™
was observed (Figure 6¢). This corresponds to CO adsorbed
on the two-fold bridge Pd sites (Pd,’-CO),1%* and
confirms significant reduction of Pd species in the catalyst
under reaction conditions as observed by the operando
XAS. Furthermore, it confirms the presence of PdO,
clusters/nanoparticles in the as-prepared catalyst (Figure 1c)
or a high mobility of Pd species on the alumina support
leading to the formation of reduced Pd nanoparticles.
During the 2™ run (Figure 6f), a similar catalyst behavior
was obtained. However, around 30-50°C the weaker IR
bands detected in the 1970-1960 cm™ region suggest a
certain restructuring of the catalyst under reaction condi-
tions.

In comparison to the 0.5% Pd/CeO, -catalyst, the
disappearance of the CO adsorption bands at higher temper-
atures can be clearly correlated to the CO oxidation
progress. While the CO adsorbed on two-fold bridged Pd
sites appears to be converted in a first stage, the band at
2143 cm ™' and especially the one at 2089 cm ™' are still visible
even when 100% CO conversion is reached (Figure S16).
According to literature (Langmuir-Hinshelwood-mecha-
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nism), the reaction ignition occurs when CO coverage on
the Pd surface decreases and dissociation of O, on Pd can
take place, as also indicated by the fast reoxidation of the
catalyst at high conversion.”'

The DRIFTS data recorded for the 0.5 % Pd/5 % CeO,-
ALO; catalyst during the 1% and 2™ run are shown in
Figure 6b and Figure 6e, respectively. Analogous to the
other samples, the IR bands increased in intensity and were
shifted to higher wavenumbers after the 1% catalytic run
(Figure 6b vs. 6e). A similar evolution of Pd species under
reaction conditions was observed for the sample with higher
ceria content (Figure S17c,f). This behaviour could be
linked to a higher accessibility of Pd on the surface, which is
caused by the CO-induced restructuring of the catalyst
under reaction conditions (e.g. partial reduction, resurfacing
of encapsulated Pd species). At 30°C the DRIFT spectrum
is dominated by the IR band at 2146 cm ™' corresponding to
Pd*>*-CO species, as observed also for the 0.5% Pd/CeO,
catalyst (Figure 6a,d). An additional IR band at 2115 cm™ is
present for 0.5 % Pd/5 % CeO,-Al,O;. Due to the high local
concentration of Pd on the CeQ, islands, the in situ cluster
formation is promoted in this sample compared to the Pd/
CeO, catalyst. Hence, this feature could correspond to CO
adsorption on small PdO, clusters, as further confirmed by
its evolution. With the increase of temperature, this band
undergoes a red shift and slightly increases in intensity
before it decreases it again above 50°C. In line with the
operando XAS data (Figure 5b), this trend indicates partial
reduction of Pd species under reaction conditions for Pd on
CeQ, islands, which was not observed for 0.5 % Pd/CeO.,.
Furthermore, the formation of partially reduced Pd clusters
in the 0.5 % Pd/5 % CeO,-Al,O; catalyst is indicated by the
weak feature appearing above 50°C in the range of 1980-
1900 cm ™', which can be assigned to CO in bridge config-
uration (Pd,’-CO, zoomed view of Figure 6b,€). Analogous
to the band characteristic for Pd°*-CO, this feature further
increases and reaches a maximum of its intensity around
100°C (Figure 6 and Figure S16), suggesting the reaction-
induced formation of larger Pd clusters on the expense of
highly dispersed species. Hence, when weighting the type of
Pd surface species (Figure S16b, e) as derived from the
DRIFTS data against the CO oxidation activity (Figure 2) of
the CeO,-based catalyst, the reactivity of PdO, clusters
seems to be superior to that shown by highly dispersed Pd**
species. A similar evolution of the IR bands was observed
for the 0.5 % Pd/Al,O; catalyst (Figure S16c,f), although the
CO oxidation activity windows are significantly different for
the two samples (Figure2) due to the participation of
oxygen provided from ceria to the reaction mechanism.

As summarized in Scheme 2, by using FSP in a double
flame configuration we were able to prepare high surface
area Pd-based catalysts supported on CeO,, AlLO; and
Ce0O,-Al,O; with different abilities of cluster/particle for-
mation, According to ex situ characterization results, Pd is
present in a highly dispersed, oxidized state in 0.5% Pd/
CeO, and 0.5% Pd/5% CeO,-Al,O;, whereas in the 0.5 %
Pd/ALO; sample oxidized PdO particles of 2-3 nm are
obtained. The catalytic activity was lowest for the 0.5 % Pd/
CeO, catalyst, which reached 90 % CO conversion only at
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Pd/Ce0, Pd/Ce0,-Al,0, Pd/AlL0,
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Scheme 2. Schematic representation of the Pd confinement approach
for the Pd/CeO,-Al,O; catalyst. A higher concentration of Pd on CeO,
in the Pd/CeO,-Al,O; catalyst facilitates cluster formation under
reducing conditions whereas a spatial separation of CeO, entities
restricts the redispersion process in oxidizing/lean reaction atmos-
phere. On the contrary, both redispersion and sintering processes
cannot be prevented for the Pd/CeO, sample due to high dispersion
and mobility of Pd on the support. For a pure Al,O; carrier, larger Pd
nanoparticles are observed under both conditions (blue: Al,O;, CeO,:
yellow; Pd/PdO: black).

355°C. In this case, the weaker adsorption of CO on Pd
single sites combined with rather inactive ceria perimeter
sites (low oxygen availability) seems to hinder CO con-
version at low temperatures. When supported on alumina,
Pd is present as larger clusters and nanoparticles that are
partially reduced under reaction conditions. They strongly
adsorb CO which leads to self-inhibition at low temper-
atures with the reaction onset only above 100°C and full CO
conversion at around 140°C.

In contrast, the 0.5% Pd/5 % CeO,-Al,O; catalyst fully
converts CO at a realistic gas hourly space velocity already
at 90°C without any activation pre-treatment. In this case,
the formation of small PdO, clusters due to the higher local
surface concentration and confinement of Pd on the ceria
islands (Scheme 2, middle) is the driving factor for a high
catalytic activity during CO oxidation at low temperatures.
Equally important seems to be the participation of the
oxygen at the interface with ceria to the reaction mecha-
nism, in a similar way as previously demonstrated for Pt/
CeO,-based catalysts.™ !

Conclusion

In this work, the threshold of noble metal cluster formation
could be tailored in CeO,-based catalysts by using CeO,
nano-islands on Al,O; as support. Despite the low noble
metal loading, the 0.5 % Pd-CeO,/Al,O; catalyst shows an
outstanding CO oxidation activity and stability. The purpose
of the mixed CeO,-Al,O; support relies on a local increase
of the NM concentration (up to 30 atoms per CeQO, island)
that facilitates the in situ formation of small PdO, clusters
under reaction conditions at low temperatures in contrast to
the Pd/CeO, and Pd/Al,O; counterparts. By means of flame
spray pyrolysis, Pd and CeO, precursors were sprayed
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separately from the Al,O; precursor during the preparation
of 0.5% Pd/5% CeO,-ALO;. This approach ensures a
preferential location of Pd on CeO, and thus a close NM-
ceria contact.

Under reducing conditions, complementary in situ XAS
and UHV-FTIR spectroscopy uncovered that both the
highly dispersed Pd single sites on CeO, as well as the Pd
clusters on AlO; are easily reduced and migrate to form
larger entities. However, a different behavior was observed
during CO oxidation. Despite a similar initial state, Pd
supported on pure CeO, remained oxidized during the
catalytic cycles, while a partial reduction was observed for
the NM species in Pd/CeO,-Al,O;, as uncovered by oper-
ando XAS and DRIFTS. Partial reduction of Pd species was
also observed on alumina but, according to DRIFTS this is
accompanied by fast reduction and formation of larger Pd
entities. This seems to be prevented in ceria-based catalysts,
where the interaction with ceria and the oxygen at the
perimeter sites further help to circumvent CO inhibition at
low temperatures.

The correlation of the characterization results with the
catalytic activity data therefore revealed the major impor-
tance of small PdO, clusters on ceria in combination with
the active Pd-CeO, interface for a high low-temperature CO
oxidation activity. Their spatial separation, as achieved by
supporting Pd/CeO, on Al,Oj;, confines the mobility of Pd
and hinders the strong sintering or redispersion during long
operation periods, as further demonstrated by the high
stability under thermal aging conditions. Thus, the confin-
ment of a defined number of NM atoms on CeO, nano-
islands represents a promising approach for future develop-
ment of custom-designed catalysts with reduced NM load-
ing. By using a combination of two differently interacting
metal oxides and by exploiting the strong noble metal-
support interaction, this concept of controlled agglomeration
and limited redispersion can also be transferred to further
catalytic systems (e.g. other NMs, further oxide islands) and
reactions.
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