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ABSTRACT: Due to its peculiar properties and strong interaction
with noble metals, ceria is widely used as a catalyst support for
numerous applications. In this work, morphologically pure and
highly crystalline ceria nanocubes and nanorods were prepared to
systematically investigate both the impact of the support
morphology and Pd−Pt interaction degree on the noble metal-
support interplay during CO oxidation. By using a constant surface
noble metal concentration, the same probability for cluster/
nanoparticle formation or noble metal redispersion during catalyst
pretreatment and under reaction conditions was ensured. This
novel approach allows for highlighting the impact of the support morphology on the catalyst dynamics and reveals different activity
trends compared to what was previously reported for monometallic Pd- or Pt-catalysts supported on CeO2. In particular,
complementary ex situ and in situ/operando characterization tools combined with catalytic tests uncovered that by tuning the
morphology and surface characteristics of ceria, the clustering and redispersion of the deposited noble metals in different
atmospheres (e.g., oxidizing/reducing) can be controlled. The initial state and corresponding catalyst dynamics were thoroughly
probed, showing that by depositing Pt and Pd on CeO2-nanocubes, a balanced noble metal−support interaction is obtained that
promotes the formation and retention of small and active noble metal clusters, regardless of the initial Pd−Pt interaction. In contrast,
a high number of surface defects, as evidenced by Raman spectroscopy for CeO2-nanorods, fosters the formation of highly dispersed
species with a decreased low-temperature activity. Pd and Pt species with minimal mutual interaction performed better during CO
oxidation, while the presence of alloyed particles on ceria prevented rapid noble metal redispersion and thus catalyst deactivation.
Based on a rational adjustment of the noble metal−support interaction, the findings of this study are expected to contribute to the
future development of NM/CeO2-based catalysts containing the desired active sites, i.e., highly dispersed species or nanoparticles.

1. INTRODUCTION
During the last decades, the interaction between the platinum
group metals and reducible metal oxide carriers such as CeO2
has been exploited for various catalytic applications1,2

including emission control,3,4 fine chemistry, electrocatalysis,
or energy-related processes.5 Particularly, ceria plays a critical
role in the activity, selectivity, and stability of the catalysts.6−8

Its behavior directly depends on several structural character-
istics including: porosity,9,10 reducibility of the surface and
bulk,11−13 morphology/exposed facets,14,15 and the interplay
with the noble metals (NM) nanoparticles (NPs).16,17 Herein,
the strong noble metal−support interaction18−20 is reported to
tremendously affect the activity profile as well as the dynamics
of various catalytic systems under reaction conditions.7,17,21

While redispersion and particle formation phenomena have
been observed for both Pt and Pd depending on the gas
atmosphere and temperature of a certain pretreatment
procedure,16,22,23 the noble metal support interaction slightly
varies for the two noble metals. As shown by Gashnikova et
al.,24 the diffusion barrier of Pd single sites on the CeO2(111)

surface is lower in comparison to that calculated for the
corresponding Pt species. Studies on Pd-based catalysts
supported on differently shaped CeO2 reported the influence
of the NM particle size, which affects the length of the metal-
ceria interface,25 on the catalyst reactivity. Further studies on
monometallic Pd-26,27 or Pt-based28,29 catalysts linked the
stability of isolated noble metal species or nanoparticles to the
different ceria morphologies, i.e., different exposed facets. In
the study of Spezzati et al.,30 Pd NPs supported on ceria rods
with (111) facets and ceria cubes exposing mainly (100) facets
were spectroscopically investigated to elucidate the observed
CO oxidation trends. The authors assigned different reaction
mechanisms depending on the ceria morphology, i.e.,
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Langmuir−Hinshelwood for the catalyst supported on CeO2-
rods and Mars−van Krevelen for the one supported on CeO2-
cubes. In contrast, Hu et al.31 related the CO oxidation activity
to the catalyst reducibility and oxygen vacancies formation,
which was evaluated by Raman spectroscopy as a commonly
applied characterization method for ceria-based materials.32

The catalytic activity followed the order: Pd/CeO2-rods > Pd/
CeO2-cubes > Pd/CeO2-octahedra. Analogously, several
studies have been published for Pt/CeO2 catalysts supported
on different CeO2 morphologies.

15,33−35 The general catalytic
activity trend is very similar to that observed for the Pd-catalyst
series: Pt/CeO2-rods > Pt/CeO2-cubes > Pt/CeO2-polyhe-
dral.15,33,34 However, in many cases, the role of the surface
noble metal concentration (SNMC) and of catalyst pretreat-
ment has been underestimated. Pretreatment in a reductive
atmosphere (e.g., H2, CO) might lead to increased activity due
to the partial reduction of noble metal species.16 Moreover,
most of the investigations reported so far15,30,31,34 compared
CeO2 supports having a different specific surface area (SSA)
but loaded with the same NM amount. If the same NM
loading is used for CeO2 supports with different SSA, the
premises for NM clusters/particle formation under reaction
conditions, which are dependent on the spatial proximity of
NM species, are not equivalent. As the onset of an oxidation
reaction was shown to be directly affected by the probability of
in situ NM clusters/particles formation,22,36,37 using the same
NM loading for different CeO2 morphologies will result in
activity trends affected by the variations in the SNMC while
the impact of the support morphology is at least partially
masked. Furthermore, in the previous studies comparing
monometallic systems containing different noble metals,
typically, the same sample mass and NM wt % loading were
employed for the catalytic tests irrespective of the NM type
and its molar mass. Considering that the compared catalysts
contained different numbers of active species, the obtained
trends in activity require a more accurate evaluation.
Since the nanostructured supports are highly sensitive to the

reaction conditions, i.e., temperature and pretreatment
conditions, special care needs to be taken to accurately assign
their catalytic performance. For instance, pretreatments at
lower temperatures than those applied during the catalytic
tests34 can subsequently lead to pronounced structural changes
depending on the gas atmosphere applied, while high-
temperature treatments (above 500 °C) can severely affect
the properties (e.g., SSA, exposed facets, sharp edges) of the
nanostructured support.35 Regarding this aspect, CeO2 nano-
crystals are known to undergo reconstruction at high
temperatures to minimize the surface energy. Herein, the
(111) facet has been reported to be the most stable, followed
by (110) and (100) surfaces.14 More recent studies have
shown that this structural evolution is decelerated in the
presence of NMs.38

Finally, for bimetallic catalysts on alumina, the interaction
between Pd and Pt brings additional complexity to the catalytic
system. Skoglundh et al.39 showed that a lower light-off (LOff)
temperature is obtained for oxidation reactions if a Pd:Pt ratio
of 4:1 (molar) is applied for alumina-supported catalysts. On
the same support, the addition of Pd was found to diminish the
CO self-poisoning effect of Pt-based catalysts, and to prevent
strong noble metal sintering at high temperatures.40−42

Nevertheless, under reaction conditions, surface enrichment
of bimetallic particles with Pd or Pt occurs depending on the
Pd:Pt ratio. Moreover, segregation phenomena were reported

to occur on alumina-based supports after long-term usage43 or
under dynamic reaction conditions.44 On ceria-based supports,
the strong noble metal−support interaction further impacts
these processes. Already under stoichiometric reaction
conditions, a pronounced evolution of the bimetallic particles
has been recently reported on commercial CeO2,

45 which is
expected to be further amplified if O2-rich gas atmospheres are
applied. Finally, for other catalytic reactions, i.e., CH4
oxidation, previous in situ/operando studies on ceria-based
catalysts have revealed that Pt addition to Pd promotes the
formation of a reduced Pd phase.45−47

In this context, we report a systematic study comparing
bimetallic Pd−Pt CO oxidation catalysts supported on
hydrothermally synthesized and morphologically pure CeO2-
nanocubes and nanorods. Two main research directions were
considered to cover several possible states of bimetallic Pd−
Pt/CeO2 catalysts: (i) elucidate the effect of CeO2
morphology, i.e., rods vs cubes, for weakly interacting Pd−Pt
entities by using the same SNMC, and (ii) uncover the
evolution and catalytic behavior of PdPt bimetallic entities in
alloyed and unalloyed states on CeO2 cubes under reaction
conditions. To the best of our knowledge, no previous
investigations involving in situ/operando characterization of
PdPt bimetallic catalysts supported on different ceria
morphologies have been published so far. A commercial
ceria support was used as a reference for nonpreferential
exposed facets and reduced defects/vacancies concentration.
Preformed alloyed and unalloyed Pd−Pt entities were obtained
through a colloidal synthesis and deposited on the ceria
support via wet impregnation. To highlight the effect of the
ceria morphology and decouple the SNMC influence, the total
noble metal loading was normalized to the SSA of each
different ceria support. In comparison to previous literature,
this approach revealed different catalytic trends with respect to
the CeO2 morphology impact. In addition, the Pt precursor
was changed to promote or prevent the Pd−Pt interaction
during the synthesis. The complex metal−support interactions
between Pd, Pt, and CeO2 were then tracked during/after
catalyst synthesis, pretreatment in oxidizing/reducing atmos-
pheres, and under CO oxidation reaction conditions.
Considering that the NM-CeO2 interplay regulates the activity
and stability of such systems, the trends observed in this study
for CO oxidation can serve as guidelines for the rational
development of more efficient Pd−Pt/CeO2 catalysts for
further reactions that occur under O2-rich conditions.

2. EXPERIMENTAL SECTION
2.1. Supports Synthesis. The first type of CeO2 (“-com”)

support was obtained by calcination of commercial ceria for 5
h at 700 °C in static air. As a second support, CeO2-nanorods
(-“rod”) were synthesized by hydrothermally treating for 6 h at
100 °C an aqueous solution containing 0.1 M of CeCl3·7H2O
and 9 M of NaOH, similarly as reported in a previous study.48

As a third support, CeO2-nanocubes (-“cub”) were prepared by
hydrothermally treating for 24 h at 200 °C a mixture of 0.07 M
CeNO3·6H2O in an acetate buffer solution (1.46 M NaOAc,
2.12 M HAc) with 10 vol % EtOH, similarly as in ref 49. For
both syntheses, the filling ratio of the Teflon liner was kept
between 0.43 and 0.46. The resulting solid products and
reaction solutions were transferred into plastic vials after
cooling the reactor to room temperature, and centrifuged at
10,000 rpm for 5 min using a Z32-HK (Hermle) centrifuge.
The obtained powders were washed 2 times with 15 mL of
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deionized water and one last time with 15 mL of ethanol. The
centrifuged products were dried at 80 °C overnight.
2.2. Nanoparticle Synthesis. To prepare the series of

Pd−Pt/CeO2 catalysts with different interaction degrees
between the noble metals, Pd-rich NPs and dispersed Pt2+
species (-“MF1”) or alloyed PdPt NPs (-“MF2”) were
prepared in two colloidal suspensions.50 The suspensions
were obtained via microfluidic synthesis, which involved the
chemical reduction of Pd and Pt precursors by NaBH4,
employing polyvinyl alcohol (PVA) or polyvinylpyrrolidone
(PVP) as stabilizing agents against aggregation. In both cases,
the molar ratio between the moles of monomeric units of the
polymer and the total moles of noble metals was 6, and the
molar ratio Pd:Pt was 1.8, as the aim was to obtain a Pd:Pt
weight ratio of 1. The resulting total concentration of the NMs
(Pd + Pt) in the two obtained colloidal suspensions was 4 mM.
The continuous flow synthesis was conducted in a previously
in-house built setup,51,52 capable of generating a continuous
and pulsation-free flow of reactants at high flow rates (>20
mL/min) to a cyclone micromixer integrated into a micro-
fluidic chip. To obtain Pd-rich NPs and highly dispersed Pt
species on the ceria support, a first solution of Pd and Pt
precursors (-“MF1”) was obtained by dissolving the appro-
priate amounts of Pd(NO3)2·2H2O and Pt(NH3)4(NO3)2
precursors, together with PVA (Mw = 9000−10,000) in
deionized water. For the synthesis of Pd−Pt alloyed NPs, a
second solution of Pd(NO3)2·2H2O in deionized water and
H2Pt(OH)6 dissolved in ice-cooled nitric acid was prepared
(-“MF2”) and mixed together with PVP (Mw = 30,000). This
method produced Pt4+-nitrate species, which resulted in a
more uniform reduction of the two metal species53,54 and
allowed for promotion of the Pd−Pt intermixing during the
synthesis. In both cases, a solution of the reducing agent was
obtained by adding the same amount of polymer in deionized
water, which was followed by the addition of NaBH4 and
HNO3 under mild stirring. The amount of NaBH4 employed
corresponds to 5 times the excess of the stoichiometric amount
with respect to the total of noble metals.
2.3. Supported Catalyst Preparation. For the series of

Pd−Pt bimetallic catalysts, the wet impregnation of the NMs
suspension onto the supports was performed using a
Chemspeed Accelerator SLT 106163.55 To ensure the same
SNMC, the total loading of Pd and Pt was adjusted as a
function of the SSA of each CeO2 support used in this study,
aiming for a loading of 2.510−4 g(Pd+Pt)/m2. While maintaining
a Pd:Pt molar ratio of ∼2, a total NM loading varying between
∼0.3−1 wt % for Pt and 0.3−0.8 wt % for Pd was selected.
These values ensure the formation of small NM entities with a
high number of exposed sites while providing sufficient NM
loading for obtaining a reasonable quality of the data during
the operando XAS measurements. After the impregnation, the
powders were dried in vacuum at 60 °C. After completing the
impregnation of the powders, the obtained Pd−Pt bimetallic
catalysts were removed from the reactors, placed in crucibles,
and calcined in static air at 500 °C for 1 h with a heating ramp
of 10 °C/min, to completely remove the residues deriving
from the NPs synthesis. Additional information on the
selection of this procedure is provided by the TG-MS analysis
during a simulated calcination step (temperature-programmed
oxidation/TPO), which is shown in Figure S1. The resulting
samples are from now on referred to as “fresh”.
Reference Pd and Pt monometallic catalysts were prepared

by incipient wetness impregnation (IWI) of aqueous solutions

of Pd(NH3)4(NO3)2 and Pt(NH3)4(NO3)2 precursors on the
commercial CeO2 support, in line with the procedure
described in the previous literature.16,36,37 The selection of
the monometallic reference samples was done with the aim of
minimizing the number of structural parameters that could
influence the CO oxidation activity. Taking a commercial
CeO2 and a conventional preparation method allows a direct
comparison of these results with those obtained for well-
understood NM-CeO2-based catalysts. Such systems are
characterized in detail in literature12,36,56,57 and known to
contain homogeneously distributed and highly dispersed NM
species. The resulting samples were dried overnight at 80 °C
and calcined in static air at 500 °C for 1 h with a heating ramp
of 10 °C/min. The desired noble metal loading was adjusted to
the specific surface area of the support, as for the previously
described samples.
For the discussion of the results, the three Pd−Pt bimetallic

samples obtained by using the MF1 suspension of noble metal
species will be labeled as “PdPt-MF1-xxx”, where xxx denotes
the morphology of CeO2 impregnated support, i.e., “com” for
commercial, “rod” for nanorods, and “cub” for nanocubes. The
sample obtained by impregnation of CeO2-nanocubes with the
MF2 suspension is denoted as “PdPt-MF2-cub”. The
monometallic catalysts obtained by IWI of the commercial
ceria support will be labeled as “Pd- IWI-com” and “Pt-IWI-
com”.
2.4. Characterization Methods. The elemental compo-

sition of the catalysts was determined via inductively coupled
plasma optical emission spectrometry (ICP-OES) on an iCAP
7600 DUO (Thermo-Fisher-Scientific). Before the analysis,
30−40 mg of sample (accuracy ±0.05 mg) was mineralized in
4 mL of HCl, 4 mL of H2SO4, and 2 mL of H2O2 and heated
to 250 °C for 12 h in a DAB-2 pressure digestion vessel
(Berghof). The analysis of the elements was accomplished with
four different calibration solutions, and Sc was used as an
internal standard.
The specific surface area of the prepared samples was

determined by N2 physisorption at −196 °C according to the
Brunauer−Emmett−Teller (BET) theory58 using a multipoint
measurement on a BELSORP-mini II instrument (BEL,
Europe). Adsorption isotherms were evaluated in the range
of p/p0 = 0.05 to 0.3. The total pore volume of the samples was
determined using the Barrett−Joyner−Halenda (BJH) meth-
od.59 Before the analysis, the samples were degassed at 200 °C
under reduced pressure on a BELPREP-vac II instrument
(BEL, Europe) for 2 h.
The crystalline structure and phase purity of the synthesized

nanostructured powders were determined by X-ray diffraction
(XRD). XRD patterns were recorded using a D8 Advance
(Bruker) diffractometer with CuKα radiation (wavelength =
1.5406 Å). Each measurement was performed in the 2θ range
10°-120° with a step size of 2θ = 0.017° and 10 s per step
dwell time. The crystallite size was estimated from the average
of 3 different reflections using the Scherrer equation (with K =
0.94). For nanorods, the (111), (220), and (311) reflections of
cubic ceria were used. For nanocubes and commercial ceria,
the (111), (200), and (220) reflections were used.
To assess the thermal stability of the supports, scanning

electron microscopy was performed using a GeminiSEM 500
(Zeiss) instrument equipped with a thermal Schottky field
emitter cathode. The SEM was equipped with a retractable
backscatter secondary electron detector with five segments.
The InLens secondary electron detector and in-column energy-
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selective backscattered (EsB) detector could be used up to 150
Pa (NanoVP). Inside the chamber, an Everhart-Thornley
secondary electron detector and a variable pressure secondary
electron detector were mounted. The operating software
employed was SmartSEM (version 6.01). For the quantitative
analysis of micro areas and the elemental distribution, an
energy-dispersive X-ray spectrometer X-MaxN (Oxford) with a
silicon drift detector (size: 80 mm2, resolution: 127 eV) was
used. The software employed for data analysis was Aztec
(version 3.3).
The nanostructured ceria supports (nanorods, nanocubes)

were characterized on a Themis-Z double corrected trans-
mission electron microscope (TEM) (Thermofisher Scientific)
operated at 300 kV. Scanning transmission electron micros-
copy (STEM) images were acquired by using a high-angle
annular dark-field (HAADF) detector. The impregnated
catalyst PdPt-MF1-rod before calcination was characterized
on a FEI Osiris ChemiSTEM microscope operated at 200 keV.
The catalysts were characterized, in the fresh state and after the
catalytic test run, on a probe-corrected Themis 300 TEM
(Thermofisher Scientific) instrument operated at 300 kV.
STEM and TEM images were acquired by using a HAADF-
STEM detector and a Ceta 16 M camera. Energy dispersive X-
ray spectroscopy (EDX) analysis was performed by using a
Super-X EDXS detector both on the FEI Osiris and on the
Themis 300. During EDX mapping, currents and dwell times
were kept below 100 pA and 50 μs to avoid beam-induced
noble metal migration and agglomeration.
Raman spectroscopy was performed with an inVia Reflex

Spectrometer System (Renishaw) equipped with a frequency-
doubled Nd:YAG laser (532 nm, 100 mW at the source) and
an optical microscope (Leica). Typically, the data was
collected in a spectral range from 100 to 1300 cm−1, with a
resolution of ca. 1 cm−1 by means of a 2400 lines/mm grating.
A 50× objective was used to focus the laser. For each
measurement point, 5 accumulations were collected. The laser
power was set to 5% and the acquisition time was adjusted
from 10 to 300 s, to have a comparable S/N ratio between
different samples. Data treatment (e.g., background sub-
traction, normalization) was done with the WiRE 4.4 software
(Renishaw). Oxygen deficits (δ in CeO2−δ) related to oxygen
vacancy concentrations were estimated based on the shift of
the main F2g band located around 460 cm−1 for pure CeO2. As
applied in previous studies,60 the relation between the
crystallite volume change (ΔV) and the frequency shift Δω
= −γω/(ΔV/V0) (Δω�the shift in Raman frequency, γ�the
Grüneisen parameter) was used, considering as reference
frequency the value measured for the calcined commercial
CeO2. Considering the linearity between the changes in
oxygen deficit δ and the change in volume ΔV/V0, the oxygen
deficits related to oxygen vacancies were calculated using the
relation δ = 2.66(Δω/ω).
The redox properties of the bare CeO2 supports and of the

final catalysts were studied by thermogravimetric analysis on a
simultaneous thermal analyzer (STA 449 F3 Jupiter,
NETZSCH), with a resolution of 0.1 μg. The instrument is
coupled to a quadrupole mass spectrometer (QMS 403 Aeölos
Quadro, NETZSCH) for the detection of the evolved gases. 50
± 0.5 mg of powdered sample was placed in a crucible and
introduced into the furnace. The analysis protocol was divided
into two subsequent experiments at 100 mL/min gas flow and
5 °C/min ramp rate: at first, a temperature-programmed
oxidation (TPO) was performed in 10 vol % O2/Ar, followed

by a temperature-programmed reduction (TPR) in 5 vol %
H2/Ar up to 500 °C.
Diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS) measurements were performed on a VERTEX 70
Fourier transform infrared spectrometer (Bruker) equipped
with Praying Mantis diffuse reflection optics (Harrick) and a
liquid-nitrogen-cooled mercury cadmium telluride (MCD)
detector. For the DRIFTS measurements, the catalyst was
pressed and sieved at the desired sieve fraction (100−200 μm).
The catalyst bed was prepared by filling part of the sample
holder with ∼150 mg of CaF2 (sieve fraction 100−200 μm).
On top, a layer of catalyst sieved fraction (∼50 mg) was
placed. A in situ cell (Harrick) covered with a CaF2 window
was used to collect DRIFTS spectra. The temperature in the
reactor was controlled by two heating cartridges inside the cell
and a water-cooling system. The gas flow at all stages of the
experiment was 100 mL/min. Before dosing the reaction
mixture and proceeding with the experiments, the catalysts
were pretreated at 350 °C for 30 min in 10% O2/Ar at ambient
pressure. Afterward, the cell was cooled to room temperature
(30 °C) in Ar, where a background spectrum (catalyst in a
completely oxidized state without having seen CO) was
recorded. The recorded spectra (4 cm−1 resolution; 300
accumulations per spectrum, 30 °C) were converted to
pseudoabsorbance by calculating the negative logarithm of
the ratio between the spectrum of the sample and the
background spectrum. CO adsorption was performed in the
reaction mixture (1000 ppm of CO, 10%O2, Ar rest), as
employed during the catalytic tests for preventing a significant
change of the sample and minimize the interference of the gas
phase CO.22,61,62 CO adsorption was performed before and
after heating and cooling the catalyst in the reaction mixture to
300 °C. This procedure was repeated after a reductive
treatment for 30 min at 300 °C in 5%H2/Ar, and after cooling
the catalyst bed in Ar to room temperature. Background
subtraction and peak deconvolution into Gaussian peaks were
performed using the Origin software.
In situ and operando X-ray absorption spectroscopy (XAS)

measurements at the Pd K edge (24,350 eV) and Pt L3 edge
(11,564 eV) for the PdPt-MF1 series were performed at the
BM23 beamline63 of the European Synchrotron Radiation
Facility (ESRF). A Si(111) crystal monochromator was used
for energy selection at the Pt L3 edge, while at the Pd K edge, a
Si(311) double crystal monochromator was used. The X-ray
beam size was adjusted down to 80 × 1000 μm2, and the data
were collected in fluorescence mode using a one-element
Vortex Silicon Drift Detector (SDD), model EX90 (Hitechi
High-Technologies Science America, Inc.). In situ XANES
spectra were recorded with an acquisition rate of ∼3 min/scan
as a function of time and temperature (ca. one spectrum every
30 °C) during H2-TPR and CO oxidation experiments.
The PdPt-MF2-cub sample was investigated at the SAMBA

beamline64 of the SOLEIL synchrotron during catalyst
pretreatment and CO oxidation. Si(220) channel-cut crystals
were used for the measurements at the Pt L3 edge and Pd K
edge. The X-ray beam size was set to 200 × 1500 μm2. XAS
data were collected in fluorescence mode using a 35-pixel
HPGe fluorescence detector (Canberra). In situ XANES
spectra were recorded with an acquisition rate of ∼2.5 min/
scan as a function of time and temperature (ca. one spectrum
every 25 °C) during H2-TPR and CO oxidation experiments.
A quartz capillary microreactor (inner diameter = 1.48 mm,

wall thickness 20 μm) was used as an in situ/operando cell,65
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and heated with a hot air gas blower (Oxford) at a heating
ramp of 10 °C/min. The microreactor was loaded with the
granulated catalysts (100−200 μm mesh), inserting the
adequate amount to reach a constant weight hourly space
velocity (WHSV) of 60,000 L·g−1

Pd+Pt·h−1. The total gas flow,
containing 5 vol % H2/He for reduction or 1000 ppm of CO,
10 vol % O2 in He for CO oxidation, was set to 70 mL/min via
mass flow controllers (Bruker). The gas concentration in the
product flow was monitored online using an AO2000 Series
(ABB Automation GmbH) nondispersive infrared analyzer and
a mass spectrometer (Omnistar, Pfeiffer Vacuum). Additional
ex situ XAS measurements were conducted at the SAMBA
beamline of the SOLEIL synchrotron. The obtained XAS data
were deglitched, normalized, and background-subtracted using
the Demeter software package.66 The normalized XANES
spectra were evaluated by linear combination analysis (LCA)
within the region −30 to +50 eV. The spectra of a PtO2 pellet
and of a metallic Pt foil were used as references for the linear
combination analysis (LCA) of all transmission data and
fluorescence at the Pt L3 edge. For Pd K edge XAS data
collected in fluorescence mode, the spectra of known well-
characterized nanoparticle samples in their highest oxidation
state (after oxidation at 500 °C in air) and lowest oxidation
state (after reduction at 300 °C in 5 vol % H2/He) were used
as reference spectra for LCA.
During the operando XAS experiment, 15 spectra were

collected at room temperature in fluorescence mode at
different stages of the experiment and were merged and used
for the EXAFS fitting. A k-range of 3−10 Å−1 was employed
while the fitting of the Fourier transform EXAFS (FT-EXAFS)
data was performed in the R-range of 1.0−3.0 Å using the
software Artemis from the Demeter software package.66 The
number of independent points resulting from the k- and R-
ranges during the EXAFS fitting was 8; thus, the number of
variables was limited to 7. Due to the complex catalyst
structure containing several phases (alloyed/mixed particles
and highly dispersed species in different oxidation states),
several models were used during the fitting procedure. For
fitting the structure of metallic PdPt alloys and Pd0.5Pt0.5O
oxide, the coordination paths were adapted based on pure Pd
and PdO. Pd atoms surrounding the central Pd atom were
exchanged by Pt, and the distance between atoms was adjusted
assuming a stoichiometric 1:1 mixture, i.e., the mean value of
the distance in Pd and Pt for the metallic structure and of PdO
and PtO for the oxide. To simulate highly dispersed Pd-atoms,
a DFT calculated Pd/CeO2(111) model of CeO2(111)
substituted Pd2+ single sites proposed by Gashnikova et al.37

was used. Details on the fitting procedure are provided in
Tables S4 and S5.
2.5. Catalytic Tests. Analogous to the operando XAS

measurements, the catalytic performance of the different Pd−
Pt samples was evaluated in a quartz capillary plug-flow reactor
(outer diameter = 1.5 mm; wall thickness 20 μm) heated with
a hot air gas blower (Oxford). EL-FLOW Select (Bronkhorst)
MFCs and stainless-steel piping lines were used to dose the
gases (He, O2, H2, and CO) into the reactor. The CO and
CO2 concentrations in the product flow were monitored online
with an FTIR instrument (MultiGas 2030 FTIR Continuous
Gas Analyzer, MKS Instruments). The error in the
determination of the CO concentration with the FTIR
analyzer is below 5 ppm; therefore, the final error on the
conversion value is below 2%. The amount of sample loaded
(100−200 μm mesh) in the microreactor was adjusted to

obtain a WHSV of 60,000 L·g−1
Pd+Pt·h−1 (GHSV, ∼500,000

h−1 at standard conditions) at a total gas flow of 70 mL/min.
Three light-off/light-out (LOff/LOut) cycles in reaction
mixture (1000 ppm of CO, 10 vol % O2 and He as balance)
were carried out for the fresh catalyst while heating/cooling
the catalytic bed from 25 to 300 °C. In between the ramps, the
catalyst was held at 25 and 300 °C for 10 min. In the next step,
the catalyst was reduced in 5 vol % H2/He at 300 °C for 30
min. After reduction, the sample was cooled down in He to
avoid the formation of Pd hydrides.67 In a next step, three
additional CO oxidation LOff/LOut cycles were performed to
evaluate the activity of the sample after prereduction. All of the
heating and cooling ramps were performed at 10 °C/min. In
general, the catalyst testing procedure, i.e., transient conditions
and gas concentrations, was selected to mimic O2-rich
conditions that are present in the exhaust of lean combustion
engines. Several LOff/LOut cycles were conducted to observe
the effect of the initial catalyst structure on the activity profile
and also to identify dynamic structural changes and their effect
on the catalyst performance.

3. RESULTS AND DISCUSSION
3.1. Material Characterization. By carefully adjusting the

hydrothermal and solvothermal synthesis methods, CeO2
nanostructures with defined morphology, preferred surface
orientation, and narrow size distribution were obtained
(Figures 1 and S2). Based on the HAADF-STEM character-

ization, the derived average length and width of the nanorods
were 80 ± 4 and 10.6 ± 0.3 nm, respectively, with an average
aspect ratio of 7.5 ± 0.3. These results, together with the
average crystallite size of 6.0 ± 1.0 nm estimated from the
XRD patterns using the Scherrer equation68 (details on the
calculation are provided in the SI, Figure S3 and Table S1),
confirm the polycrystallinity reported for rods synthesized
under similar conditions.48 The darker patches visible in Figure
1a,b correspond to the depletion of material and hint toward a
porous network inside the rods.69,70 Assuming a hexagonal
section69 and flat nonporous surfaces, the measured
dimensions of the nanorods would result in a specific surface
area of 65 m2/g. The discrepancy in the BET-determined
surface area of 108 m2/g (Table 1) further confirms the
porosity of the nanorods. Overall, the measured SSA is slightly

Figure 1. HAADF-STEM images of the ceria nanorods (a, b) and
nanocubes (c, d) supports.
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higher than the range reported in the literature for CeO2-
nanorods synthesized by analogous procedures.15,31,34,71,72

Based on a large number of high-resolution STEM images,
lattice planes parallel to the rod axis could be identified.
Therefore, the rod axis direction was determined to be ⟨110⟩.
In previous studies with the same long axis direction, the main
exposed side surfaces were composed of (111) facets.30,71

Based on HAADF-STEM characterization, an average edge
length of 21.9 ± 0.6 nm was obtained for CeO2-nanocubes
(additional information in Figure S2), which aligns with the
average crystallite size of 24.1 ± 1.2 nm calculated from the
XRD data using the Scherrer equation.68 This similarity and
the uniform lattice structure in the HAADF-STEM images
point toward the formation of single-crystalline nanocubes.
Sharp edges and low truncation result in a small amount of
(111) and (110) facets69 being exposed. A theoretical SSA
value of 38 m2/g was derived based on edge length measured
from the TEM micrographs, assuming flat surfaces. The SSA
was further estimated by nitrogen physisorption, and a value of
about 35 m2/g (Table 1) was obtained, which is similar to that
reported by Lyu et al.49 Both CeO2 morphologies were
preserved after the impregnation with the colloidal suspension
of NM NPs (Figure S4) and the calcination step (Figure 2).
Further SEM-EDX analysis (Figures S5 and S6) confirmed the
good thermal stability of the pure CeO2 nanostructures up to
500 °C. Nevertheless, while the thermal treatment at 500 °C is
suitable for the evaluation of the CO oxidation activity over
Pd−Pt/CeO2 bimetallic systems, additional thermal aging
investigations are necessary if the application of these catalysts
is considered for reactions occurring at higher temperatures,
e.g., CH4 oxidation. Additionally, the presence of low Na traces
was observed, a residue of the synthesis procedures.
Furthermore, electron microscopy characterization (Figure
S7) of the commercial ceria support with a surface area of 85
m2/g and of the corresponding PdPt-MF1-com catalyst
confirmed the presence of polyhedral CeO2 NPs (<20 nm)
in this sample. The average CeO2 crystallite size calculated
with the Scherrer equation was 11.8 ± 1.2 nm, indicating an
intermediate crystallite size between the rod- and cube-shaped
supports. As described in the experimental section, bimetallic
catalysts with either a poor or strong interaction between Pt
and Pd were synthesized in this study by varying the Pt
precursor. Due to the different reduction potentials of the Pt2+-
and Pt4+-based precursors, the Pd−Pt coreduction process
could be tuned73 to stimulate or prevent the alloy formation.
In this way, in addition to the effect of CeO2 morphology, the
influence of the Pd−Pt alloying degree on the CO oxidation
activity and catalyst stability could be systematically evaluated.
In line with the applied preparation procedures, the nominal
total (Pd + Pt) NM loadings of the fresh catalysts determined
by ICP-OES measurements are between 0.7−2.2 wt % for the

different samples, with a Pd:Pt molar ratio of 1.5 for the
bimetallic ones. These values correspond to a similar NM
concentration per support surface area unit (1.6−2.2 · 10−4

g(Pd+Pt)/m2) for all samples, despite their different SSA. In this
way, it was ensured that surface phenomena, such as the NM
redispersion or the formation of NPs36 during the sample
pretreatment (i.e., calcination, reduction) and under reaction
conditions,62 were only affected by the different interactions
with the exposed CeO2 facets (for the MF1 series) or by the
different interplay between Pd and Pt (bimetallic MF2 vs MF1
catalysts on CeO2-nanocubes). Only for the PdPt-MF2-cub
catalyst, a positive deviation of 20% in the NM loading and
30% in the Pd:Pt ratio (at) was identified.
According to the HAADF-STEM investigations and EDXS

analysis of the impregnated PdPt-MF1-rod catalyst, the
microfluidic synthesis protocol led to the formation of Pd-
rich NPs with a narrow size distribution and an average size of
2.40 ± 0.05 nm (Figure S4). The EDXS quantification carried

Table 1. Characterization Results Derived from the N2 Physisorption Measurements and ICP-OES Analysis

sample SSA (m2/g)a nominal loading (wt %)b ICP-OES (wt %)b Pd:Pt (wt) Pd:Pt (at) SNMCc (g(Pd+Pt)/m2)

PdPt-MF1-com 85 2.1 1.60 0.80 1.46 1.9 · 10−4

PdPt- MF1-rod 108 2.7 1.88 0.80 1.47 1.7 · 10−4

PdPt- MF1-cub 35 0.9 0.58 0.77 1.41 1.6 · 10−4

PdPt- MF2-cub 40 1.0 0.87 1.00 1.82 2.1 · 10−4

Pd-IWI-com 85 2.1 1.86 2.2 · 10−4

Pt-IWI-com 85 2.1 2.5 · 10−4d

aEvaluated using the BET method. bRefers to the sum of Pd and Pt wt % loadings. cTarget SNMC was 2.5 · 10−4 g(Pd+Pt)/m2. dCalculated based on
the nominal loading.

Figure 2. HAADF-STEM images of the fresh PdPt bimetallic
catalysts, namely, PdPt-MF1-com (a), PdPt-MF1-rod (d), PdPt-MF1-
cub (g), and PdPt-MF2-cub (j). EDX elemental mapping for Pd (b, e,
h, k) and Pt (c, d, i, l) corresponding to the HAADF-STEM images.
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out on isolated NPs revealed an average Pd:Pt molar ratio of
∼20:1 (quantification results are available as ESI, Table S2).
This value indicates that most of the initially loaded Pt is
distributed as highly dispersed species on the CeO2 surface.
This outcome of the synthesis procedure (MF1) is caused by
the formation of Pt2+-intermediates that are not efficiently
reduced in the presence of NaBH4, as previously reported by
several research groups.74−76 In contrast, by using a Pt4+
precursor during the microfluidic synthesis (MF2), a
suspension of alloyed Pd−Pt NPs was obtained. As illustrated
in Figure 2 by the STEM-EDX characterization, in the fresh
PdPt-MF2-cub sample, alloyed Pd−Pt particles with a mean
size of 2.8 ± 0.7 nm are present. From the corresponding
EDXS quantification on a relatively low number of particles, an
average Pd:Pt molar ratio of 2.75 ± 0.25 was calculated. On
the other hand, for the MF1 catalyst series, differences in the
NM dispersion were noticed after calcination for 1 h at 500 °C.
While the presence of subnanometer NM clusters was
identified on ceria nanocubes and nanorods (Figure 2d−i),
the catalyst supported on the commercial CeO2 contains small
NM clusters together with a few Pd-rich (Figure 2a−c) or Pt-
rich particles/agglomerates (additional information in ESI,
Figure S8). This outcome suggests a clear impact of the ceria
morphology and the exposed CeO2 facets on the interaction
with the noble metal during the calcination step. Due to the
low contrast, the Pd and Pt species could be visualized only by
EDXS mapping, and the particle size distribution could not be
precisely derived for PdPt-MF1-rod and PdPt-MF1-cub
samples. In contrast, for the catalyst containing preformed
Pd−Pt alloyed nanoparticles, the state is maintained after the
calcination step.
Previous investigations showed that the stability of Pd NPs

on ceria in an oxidative atmosphere is dependent on the
support morphology, i.e., exposed facets and concentration of
surface defects.27 Furthermore, Ge et al.77 showed that Pt-NPs
with an average size of ∼2.4 nm on ceria rods and octahedra
are stable during calcination at 400 °C. In contrast, Song et
al.29 revealed that for ultralow loaded Pt/CeO2 catalysts on
ceria rods and cubes that a higher stability for isolated Pt

species is achieved on the former. Different adhesion energy
was reported for Pt on ceria depending on the exposed facets.
According to Eliasson et al.,78 Pt120 clusters/NPs seem to be
more stable on ceria supports exposing the (111) facets
compared to the ones exposing the (100) facets. Hence, while
at temperatures above 500 °C complete redispersion of Pt and
Pd and formation of isolated sites has been often reported in
literature,16,42,62 at low and moderate temperatures the
redispersion kinetics seem to be more influenced by the
CeO2 surface characteristics.
XRD patterns were collected for all fresh catalysts, including

the monometallic references (Figure 3a). In all cases, only
characteristic reflections of the CeO2 fluorite structure (ICSD-
72155) were detected. The absence of Pd/Pt or PdO/PtO2
reflections can be attributed to the small size (<3−4 nm) of
NM species in all samples, as also indicated by the electron
microscopy characterization. Furthermore, the characteristic
ceria reflections visible in the XRD patterns of the fresh
catalysts are narrower for the catalysts based on commercial
CeO2 and nanocubes compared to the one based on CeO2-
nanorods. This is a clear indication of the smaller crystallite
size of the latter support and aligns well with the high porosity
of the nanorods, as evidenced in Figure 1a,b. Figure 3b shows
the Raman spectra of the different Pd−Pt/CeO2 catalysts. In
general, Raman spectroscopy is a widely applied technique to
characterize ceria-based catalysts, including for the estimation
of the oxygen vacancies and defects in commercial supports as
well as in more defined ceria morphologies.32,79 The main
band appearing around 465 cm−1 was previously attributed to
the F2g vibrational mode of the CeO2 fluorite phase.

32,80,81 The
broadening of this intense peak has been correlated with an
increased concentration of the oxygen vacancies and decreased
size of CeO2 nanocrystals.80,82,83 Visual comparison of the
Raman spectra obtained for the different CeO2 supports
suggests that the nanorod-based support (Figure S9) has the
highest concentration of oxygen vacancies.83 The same
characteristic can be deduced from Figures 3b and S10 for
the corresponding fresh PdPt- MF1-rod catalyst. This trend is
confirmed by the quantitative evaluation of the oxygen

Figure 3. (a) XRD patterns (λ = 1.5406 Å) and (b) Raman spectra (λexc = 532 nm, region 100−1300 cm−1) of the fresh catalysts. Inset in (b):
500−900 cm−1 region with identified Pd- and Pt-related species. An additional enlarged image of the inset in part b is available in ESI (Figure S10).
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vacancies for the different CeO2 morphologies based on the
observed Raman shift of the F2g band (Table 2). Furthermore,

the broadening of the F2g band is in line with the smaller ceria
crystallite size in the CeO2-rods compared to that of the
commercial- and nanocube-based CeO2 supports and catalysts.
Interestingly, for the rod-based samples, an additional band
was recognized at around 596 cm−1 (D-band), which was also
previously associated with the presence of defects and oxygen
vacancies in the ceria structure.79,82,83 The insets of Figures 3b,
S9, and S10 depict the features exhibited within this spectral
region by the pure CeO2 supports and Pd−Pt loaded catalysts.
Raman band assignments based on literature are provided in
Table S3. For pure ceria (Figure S9), these oxygen vacancies
were assigned to intrinsic Frenkel anion pair defects caused by
the movement of oxygen atoms into an octahedral interstitial
position.79 Additionally, the presence of reduced Ce3+ cations
was claimed to contribute to the formation of oxygen
vacancies.84,85 Nonetheless, this Raman band is not very
visible for the other supports or catalysts, which is possibly due
to the lower surface area of the nanocubes and the preliminary
calcination step (5 h at 700 °C) employed to stabilize the
commercial ceria support. Indeed, it is well-known that most of
the oxygen vacancies in oxidized CeO2 (the state of the fresh
catalysts) are located on the surface, while the intensity of
surface-related Raman bands is dependent on the SSA of the
material.1,32 On the other hand, the calcination of the
commercial ceria might have promoted the exposure of the

most thermodynamically stable (111) facet,86−88 which has the
highest activation energy for oxygen vacancy formation.89 This
is confirmed by the decrease in the relative intensity of the D-
band upon calcination of the commercial CeO2 support.
However, this effect could also be related to the decrease in
SSA during calcination. Finally, the Raman spectra of the rod-
based samples additionally contain a broad band between 250
and 300 cm−1, which was formerly associated with the second-
order transverse acoustic (2TA) mode but was recently
assigned to the longitudinal stretch of the topmost Ce−O
bond in a clean (111) surface.90 Overall, the identified
structural characteristics, i.e., surface defects and oxygen
vacancies, of the different CeO2 morphologies align well with
the findings reported by previous studies for similar systems.14

These trends are often supported by theoretical calculations of
the different CeO2 facets, while the high redox response of the
surface sites has been demonstrated by spectroscopic
investigations during catalytic reactions.91−93

After the addition of the NMs, no pronounced variations
were observed in the Raman spectra with respect to the
characteristic CeO2 bands, aside from a decrease in the peak
broadening and a blue shift of the F2g peak (from 453 to 458
cm−1) relative to the bare rod-based support. These could be
related to a slight increase in the crystallite size during the
calcination of the impregnated catalysts.12 Raman spectroscopy
is also a powerful tool32 to investigate the metal−support
interaction in Pd-32 and Pt-containing12 ceria-based catalysts.
In fact, as can be seen from Figure 3b, the samples PdPt-MF1-
com and PdPt-MF2-cub show a band at 650 cm−1, which was
previously assigned to PdO (B1g mode),

94 and was observed if
PdO clusters/NPs are present on the ceria surface.95 PdPt-
MF1-cub shows a weak band in this region, which suggests an
intermediate Pd dispersion between those exhibited in the
PdPt-MF1-com/PdPt-MF2-cub and PdPt-MF1-rod samples.
These findings agree well with the STEM-EDX character-
ization data reported in Figure 2.
According to the characterization results obtained for the

MF1 series, Pt is mostly present as a highly oxidized and well-
dispersed species (Figures 2 and 3) in these samples. To
confirm this state and the strong NM−CeO2 interaction in the
fresh catalysts, reference monometallic samples (Pt-IWI-com
and Pd-IWI-com) were used for comparison. These samples

Table 2. Quantification of the Oxygen Deficit Based on the
Raman shift of the F2g Band

sample Raman shift/cm−1 (F2g) oxygen deficita

CeO2 commercial 465.3 0
CeO2 cubes 463.8 0.009
CeO2 rods 455.0 0.060
PdPt-MF1-com 463.6 0.010
PdPt-MF1-cub 463.6 0.010
PdPt-MF1-rod 458.3 0.041
PdPt-MF2-cub 464.1 0.007

aFor the estimated ±0.3 cm−1 uncertainty in Δω/ω, the uncertainty
in δ is ±0.002.

Figure 4. Results from LCA of the XANES region at (a) the Pd K edge and (b) the Pt L3 edge during H2-TPR (5%H2/He, 10 °C/min) for the
fresh bimetallic catalysts. Corresponding R-factors are reported in Figure S12a,b.
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were prepared by conventional incipient wetness impregnation
followed by calcination in static air at 500 °C. Considering the
low NM loading (SNMC below the monolayer62), this
synthesis procedure is expected to lead to the formation of
highly dispersed NM species, as widely reported in literature
for such catalysts.12,36,56,57,96 Several Pt species seem to be
present in the Pt-IWI-com reference sample according to the
corresponding Raman bands. On the one hand, the bands at
567 and 665 cm−1 indicate the formation of PtOx species on
the ceria surface.12,97 These bands are also visible for PdPt-
MF1-rod and, even if less pronounced, are distinguishable for
PdPt-MF1-cub and PdPt-MF1-com. These structural charac-
teristics indicate a similar interaction between CeO2 and Pt for
the MF1 series as that observed for the monometallic Pt-IWI-
com reference sample. The appearance of minor bands at 550
and 690 cm−1 suggests an even stronger Pt-ceria interaction for
Pt-IWI-com, PdPt-MF1-rod, and PdPt-MF1-cub catalysts.
However, the feature around 550 cm−1 is superimposed by
the characteristic D-band of nanocrystalline CeO2 and is thus
difficult to assign. In fact, both were associated with Pt-CeO2
surface species containing a Pt−O−Ce linkage after calcination
at 500 °C.98 Only the band around 567 cm−1 is discerned for
the PdPt-MF2-cub catalyst, indicating the presence of a PtOx
species. For this sample, the small shoulder noticed around 550
cm−1 suggests a weaker interaction of Pt with the ceria support.
The ex situ XANES measurements at the Pt L3 and Pd K

edges (Figure S11) revealed that both NMs are in highly
oxidized states in all fresh bimetallic samples. This state is
expected due to the high dispersion of the NM species and the
catalyst exposure to the ambient atmosphere after synthesis.
The corresponding FT-EXAFS spectra at the Pd K edge
(Figure S23) with their less pronounced second coordination
shell, confirm the high dispersion of Pd and Pt on the ceria
surface.
3.2. Dynamics in the Noble Metal State Investigated

by XAS during H2-TPR. To assess the redox behavior of the
two NMs and further characterize their states in the fresh
samples, in situ XAS measurements at Pd K and Pt L3 edges
were conducted during H2-TPR experiments. Figure 4 depicts
the results of the LCA of the XANES regions. At first, it is
worth noting the difference in the initial (at ca. 40 °C)
oxidation state of Pd and Pt among the samples upon the
addition of the H2-reductive gas mixture. While Pd species are
mostly oxidized in all samples (0−18% of reduced species), Pt
is already partially reduced to a similar extent (35−45% of
reduced species) in all samples, apart from PdPt-MF1-rod,
where the reduced Pt species account for only 5−10%. The
same catalyst also shows the highest oxidation degree for Pd at
room temperature, hinting once again at stronger metal−
support interactions compared to the catalysts based on the
other ceria morphologies. Despite the electron microscopy
data indicating a different distribution and dispersion of Pd and
Pt in the PdPt-MF1-cub and PdPt-MF2-cub catalysts, very
similar starting oxidation states were identified for both NMs
in these samples.
From the LCA of the Pd K edge XANES spectra, some

differences in the reducibility of Pd species were observed
among the MF1 catalysts. The reduction of Pd starts around
80 °C in the PdPt-MF1-rod catalyst, while for the samples
supported on commercial ceria and nanocubes, the formation
of metallic Pd begins already at 40 °C. In accordance with the
ranking of the reduction onset, increasing values of T50, red
(temperature of 50% reduction of Pd2+ species) were found for

CeO2-com, -cub, and -rod samples, namely 109, 121, and 154
°C. The PdPt-MF1-cub and PdPt-MF1-com catalysts show a
rather similar Pd reduction profile, with two reduction zones
up to 210 °C and up to 400 °C, which most probably
correspond to different Pd species. Pd stabilized by the ceria
lattice as single atoms was reported to be less reactive
compared to Pd NPs.37,99 Moreover, Hu et al.31 showed that
Pd on ceria nanorods is linked via Pd2+−O2−−Ce4+ bonds to
the surface, which are expected to be more resistant toward
reduction. In comparison, a sharper NM reduction profile was
observed for the PdPt-MF1-rod catalyst around 150 °C, which
could indicate a more uniform distribution of Pd species.
These trends are in line with the characterization data reported
above, indicating the formation of PdO-like entities and also of
highly dispersed species having a strong interaction with the
CeO2-com and -cub supports, whereas only the latter NM state
was recognized for the PdPt-MF1-rod catalyst. Herein, despite
the same batch of PdPt bimetallic particles was used for the
preparation of all the catalysts, the effect of the support
morphology and porosity on the structure of the NPs in the as-
prepared catalysts is recognizable.
While at the onset of the H2-TPR experiment, the fraction of

reduced Pt was around 40% in the MF1-cub, MF2-cub, and
MF1-rod samples, the temperature at which 70% of the Pt
species are reduced (T70,red) was used as a second indicator to
compare the reducibility of the bimetallic catalysts. The
following values were obtained for the PdPt-MF1-com, PdPt-
MF1-cub, and PdPt-MF1-rod samples, respectively: 124, 148,
and 160 °C (Figure 4b). Despite the small differences in T70,red,
similar reduction profiles were observed for the samples of the
MF1 series. Complete Pt reduction was more easily achieved
on the commercial ceria support (around 170 °C), whereas
temperatures of 220−230 °C were necessary for the full
reduction of Pt in the PdPt-MF1-cub and PdPt-MF1-rod
samples. Interestingly, for the sample containing alloyed PdPt
particles (PdPt-MF2-cub), a steep and significant Pt reduction
was measured around 120 °C, while the NM reduction profile
above 200 °C matches that recorded for the corresponding
PdPt-MF1-cub sample. Furthermore, the same trend was
observed at around 100 °C for Pd, accompanied by the
complete NM reduction only around 325 °C, which resembles
the redox behavior of the analogous PdPt-MF1-cub sample.
In addition to the elucidation of the NM redox response

through element-selective XAS investigations, the overall
reducibility of the CeO2 supports and supported bimetallic
catalysts was assessed by thermogravimetric measurements
(Figures S13 and S14). Considering that all catalysts were
thermally treated in 10 vol % O2/Ar up to 500 °C prior to the
H2-TPR experiment, the recorded mass loss is solely due to the
reduction of the NM oxides and CeO2 and not because of H2O
and CO2 desorption. In contrast to the reduction profiles of
the pure CeO2 supports showing only a slight reduction below
500 °C (Figure S13), two temperature regions can be
distinguished in the TG signal recorded for the bimetallic
Pd−Pt catalysts: a more pronounced mass loss up to ca. 200
°C and a steady mass loss up to 500 °C. As illustrated by the in
situ XAS measurements reported in Figure 4 and the water
evolution displayed in Figure S14), the reduction of Pd and Pt
contributes especially up to 200 °C to the recorded mass loss,
whereas at higher temperatures, the major contribution
originates from the support reduction. However, considering
that the reduction of the NM is followed immediately by the
reduction of the CeO2 surface

100 due to the H2 spillover, a
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clear separation of the two processes is difficult. Overall,
although the reduction below 200 °C is less affected by the
sample characteristics, the total mass loss up to 500 °C aligns
well with the SSA of the different supports. This tendency is
caused by the location of most of the oxygen vacancies on the
CeO2 surface.

1

3.3. Influence of the CeO2 Support on the Catalytic
Activity. In the next step, the impact of the CeO2 morphology
and the resulting interaction with Pd and Pt were systemati-
cally evaluated during CO oxidation. CO conversion was
determined in a model gas mixture containing 1000 ppm of
CO and 10 vol % O2 in He during three consecutive light-off/
light-out (LOff/LOut) cycles between 25 and 300 °C. This
procedure was selected to mimic the transient conditions
present in the exhaust of lean combustion engines. The total
NM amount in the reactor was kept constant for all the
samples of the MF1 series by adjusting the catalyst weight

loaded in the capillary. This procedure allowed us to monitor
the variations in activity that likely appear due to fast structural
changes under reaction conditions, and to compare the
performance of the different samples once the system has
reached a steady state. Figure 5a depicts the first LOff/LOut
cycle for the catalysts of the MF1 series. The complete cycles
for all fresh bimetallic catalysts and the monometallic reference
samples are reported in Figures S15 and S16a,b. Despite their
similar SNMC, the samples showed different catalytic
performances, as reflected by the T50, CO (temperature of
50% CO conversion, Figure 5b) values and the profiles of the
low temperature activity (below 100 °C, Figure 5a). For the
fresh catalyst state, the best CO oxidation performance was
shown by PdPt-MF1-com (T50,CO = 131 °C), followed by the
PdPt-MF1-cub (T50,CO = 149 °C) sample. In contrast, a
significantly lower activity was displayed by the PdPt-MF1-rod
catalyst, which converts 50% CO only at 169 °C. These activity

Figure 5. (a) 1st LOff (full lines) and LOut (dotted lines) CO conversion curves and (b) T50,CO measured for the fresh PdPt bimetallic catalysts of
the series MF1 based on CeO2 supports with three different morphologies. Relative fraction of reduced species as obtained by LCA of the operando
XANES data collected at the (c) Pd K edge and (d) Pt L3 edge during the 1st CO oxidation LOff for the fresh catalysts. Corresponding R-factors
are reported in Figure S12c,d.
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trends could be explained by different metal−support
interactions, with the PdPt-MF1-rod catalyst containing
exclusively highly dispersed species, which are less active for
oxidation reactions.37,62,101 The obtained CO conversion
profiles of the fresh bimetallic PdPt-MF1 samples align with
those shown by the Pt monometallic catalyst (Figure S16b).
Only small variations were noticed within the applied
temperature range for the PdPt-MF1-cub and PdPt-MF1-
com samples, while a slightly lower activity was measured for
the PdPt-MF1-rod catalyst. A normal hysteresis profile was
identified for all samples, with a more defined loop for PdPt-
MF1-rod and PdPt-MF1-cub. Such a difference in activity
during the LOut vs LOff CO oxidation curves has been
associated with different effects, including NM particle size,
NM−CO interaction, NM oxidation/reduction, but also with
mass and heat diffusion effects.102,103 For monometallic Pt/
Al2O3 catalysts, a normal hysteresis was found to occur during
CO oxidation if the NM particle size is above ∼2 nm.17 For
Pd/CeO2-based catalysts, not only structural dynamics
induced by CO but also the interaction with CeO2 leading
to NM clustering/redispersion affect the hysteresis profile.24 A
pronounced hysteresis in the activity profile was also reported
for PdPt/Al2O3 bimetallic catalysts during CH4 oxidation,
which was related to the kinetics of Pd reduction/reoxidation
in Pd segregated domains on the alloyed particle surface.104 In
contrast, on a CeO2−ZrO2 support, the NM redox dynamics
are promoted, and a narrow hysteresis was observed.105

In our study, in addition to the hysteresis profile, a small
improvement in catalytic activity was noticed for PdPt-MF1-
cub and PdPt-MF1-rod catalysts after the first LOff/LOut
cycle, with a ΔT50,CO between the first and the second LOff of
14 °C and 6 °C toward lower temperatures, respectively.
Hence, during the transient measurements, the observed
changes in catalytic activity most probably encompass also
more permanent structural changes, as it is shown in the
following. In particular, the detected activity improvement
strongly resembles the behavior of the Pt-IWI-com sample
(Figure S16b), which shows a ΔT50, CO between the first and
the second LOff of ∼−20 °C. On the other hand, the PdPt-
MF1-com sample that already contains small Pd and Pt
clusters (Figures 2a−c and S8) does not exhibit this behavior
during the CO oxidation cycles (Figure 5b). For all samples,
no significant variations in activity were observed between the
second and third cycles (Figure 5b), which indicates
stabilization of the catalyst structure. The complete LOff/
LOut cycles measured for the 3 fresh PdPt-MF1 catalysts are
reported in Figure S15.

The overall CO oxidation activity trend of PdPt/CeO2-
commercial > PdPt/CeO2-cubes > PdPt/CeO2-rods that was
obtained in this study cannot be directly compared with
previous literature data. To the best of our knowledge, this is
the first study of bimetallic PdPt catalysts supported on
different CeO2 morphologies. However, while the investiga-
tions on monometallic Pt/CeO2 and Pd/CeO2 catalysts
suggest that CeO2 rods promote the low temperature
conversion of CO,30,106 our results identified the CeO2-cubes
as a more suitable morphology for CO oxidation catalysts.
Besides the slightly different reaction conditions, the SNMC
and the dynamic structural changes of Pt and Pd are often
disregarded when evaluating such systems, which leads to
distinct activity profiles encompassing multiple structural
effects.
For such highly dispersed Pt/CeO2-based catalysts, the

formation of slightly reduced Pt species under reaction
conditions was found to be necessary for the onset of CO
oxidation during the LOff/LOut cycles.36,62 Starting with Pt/
Pd single sites or highly dispersed species in CeO2-supported
monometallic catalysts, the migration and formation of
multinuclear entities/clusters was uncovered by previous in
situ/operando studies.24,62 Particularly, at low temperatures the
reductive effect of CO is expected to affect the NM state, while
at high temperatures and complete CO conversion NM
reoxidation/redispersion on CeO2 is predictable.

13,17,21,100,107

Hence, the increased activity of the bimetallic Pd−Pt catalysts
after the first LOff could be due to the partial reduction and
formation of slightly larger NM clusters.
In order to verify this hypothesis and study the behavior of

the two NMs under the reaction conditions, operando XAS
measurements were conducted at Pd K and Pt L3 edges during
the first LOff cycle. The results of the LCA of the XANES
regions are displayed in Figure 5c,d for Pd and Pt, respectively.
For all MF1 catalysts, partial reduction of Pt was observed
while ramping up in the reaction mixture to 250 °C, with
higher reduction degrees (40% and 55%) observed for the
MF1-com and MF1-cub supported samples, respectively. At
the same time, Pd remained in an oxidized state, with no
noticeable change in the local structure in all catalysts. In this
regard, small PdOx clusters generated in situ under similar
reaction conditions were shown to be the active species for CO
conversion at low temperatures.37 The reoxidation of Pt
species was not observed for the bimetallic Pd−Pt samples
even at complete CO conversion, which suggests that either
the reduced Pt could be stabilized in the presence of Pd or
some unconverted CO could still be present at the probed spot

Figure 6. CO conversion during 3 consecutive LOff/LOut cycles measured for the 3 PdPt bimetallic catalysts of the -MF1 series after mild
reduction. (a) PdPt-MF1-com; (b) PdPt-MF1-cub; and (c) PdPt-MF1-rod.
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(middle of the catalyst bed).21,107 Overall, the observed
structural changes led to the promotion of the CO oxidation
activity over the PdPt-MF1-com and PdPt-MF1-cub samples.
This improvement in activity is already observed during the
first reaction LOut (dotted lines in Figure 5a), which shows a
normal hysteresis profile that is typically observed for larger
(>2 nm) Pt particles.17 The activity and LOff/LOut loops are
maintained during the following cycles, indicating catalyst
stabilization (Figure S15). Despite the investigation of Ce state
under reaction conditions would be as well highly relevant for
further understanding the catalyst structural evolution and the
CO oxidation mechanism, such operando XAS measurements
would require a more elaborate approach and the adjustment
in sample composition due to the highly absorbing ceria
support,37,100 and should be investigated in a future study.
In the next step, the influence of a mild reductive treatment

on the catalyst activity was investigated for the Pd−Pt/CeO2
samples supported on different ceria morphologies. After
reduction in 5 vol % H2/He at 300 °C for 30 min, 3 CO
oxidation LOff/LOut cycles were conducted in the same
temperature range (Figure 6). The LCA of the XANES data
obtained during the H2-TPR experiment (Figure 4) shows
almost complete reduction of Pd and Pt below 300 °C. A
pronounced improvement in the CO oxidation activity is
observed for all reduced catalysts, with a drop in the T50,CO
between the third and fourth LOffs of up to 68 °C for the
PdPt-MF1-rod catalyst. An even more pronounced activation
after reduction was measured for the corresponding mono-
metallic Pt-IWI-com and Pd-IWI-com reference catalysts, with
a drop in the T50, CO of 86 and 89 °C, respectively. 50% CO
conversion is achieved over these two catalysts already at 40
and 44 °C, respectively.
This enhancement of the CO oxidation activity for the

reduced monometallic catalysts points out a detrimental effect
of Pd−Pt copresence/alloying for the activity of CeO2-based
catalysts. A direct comparison of the observed activity trends
with previous literature is not simple due to the lack of
analogous studies combined with a high degree of hetero-
geneity of most investigated bimetallic catalysts, i.e., alloying
extent, nanoparticle size distribution, and different SNMC. In
general, bimetallic Pd−Pd catalysts supported on alumina were
reported to show either a higher or a lower activity relative to
that measured for monometallic Pt- or Pd-only systems,
depending on the CO concentration, gas mixture, Pd−Pt
loading/ratio, and interaction, as well as on the nanoparticle
surface composition.108−110 On strongly interacting supports
such as CeO2, the interaction with the two noble metals, and
the resulting perimeter sites25 or the variation in the number of
NM active sites that are in situ generated,16 could also
contribute to the observed activity trends. In addition, for all
the reduced bimetallic catalysts of the MF1 series and
especially for the reduced monometallic references, a steady
increase in T50, CO values was observed over consecutive LOff/
LOut cycles (4th to 6th cycle, Figure S17), which suggests the
low stability of the reduced species and their possible
redispersion under reaction conditions. The increase in
T50, CO between the fourth and sixth LOffs for the
monometallic Pd-IWI-com and Pt-IWI-com samples is quite
significant, respectively amounting to 65 and 57 °C. In
contrast, for the 4 bimetallic catalysts, the corresponding
increase in T50, CO is lower (between 25 and 35 °C), suggesting
a higher structural stability.

TEM investigations of the spent MF1 samples (catalyst after
prereduction and 3 LOff/LOut CO oxidation cycles, thus after
the sixth cycle) revealed the presence/copresence of different
NM entities in the investigated samples (Figure 7). Additional

images of the spent catalysts are available in the Supporting
Information in Figures S26 and S27. Whereas highly dispersed
NM species (single atoms/clusters) were observed in all
samples, for the PdPt-MF1-com catalyst, heterogeneously
intermixed Pd−Pt NPs (3−4 nm) are also identified (Figure
7a−c). Small bimetallic subnanometer Pd−Pt clusters and pure
Pt NPs (1−2 nm) seem to be formed in the PdPt-MF1-cub
catalyst, but they are hardly visible in the PdPt-MF1-rod
sample. The formation of monometallic or alloyed Pd−Pt
particles is likely induced during the H2-prereduction step.
Considering that all samples were treated in the same manner
for a relatively long time (30 min at 300 °C), an identical
SNMC was applied, and at 300 °C Pd and Pt are mostly in a
reduced state in all catalysts (Figure 4), the migration of the
formed metallic entities and the generation of larger
monometallic/alloyed NPs are theoretically occurring with a
similar probability in all samples since the interaction with the
support surface has diminished. This assumption is supported
by the comparable behavior of the noble metals during the
transient H2-TPR experiments (Figure 4), despite their
different interaction with the ceria supports under oxygen-
rich conditions, i.e., via NM−O−Ce bonds.37,62,100 Therefore,
the observed differences in the NM state after prereduction
and 3 LOff/LOut cycles are most probably due to the in situ
oxidation/redispersion of the formed NPs at high temperatures
when the CO conversion is completed.21 This process seems
to be affected by the CeO2 morphology. In this regard, the
different number of oxygen vacancies present in the used CeO2
supports (Table 2) is most probably the root of the more or
less pronounced NM redispersion. It is well-known that CeO2-
rods contain a high number of defect sites,83 which are
expected to impact the Pd30 and Pt redispersion process under
reaction conditions. However, the influence of the ceria

Figure 7. HAADF-STEM images of the spent PdPt bimetallic
catalysts, namely, PdPt-MF1-com (a), PdPt-MF1-rod (d), and PdPt-
MF1-cub (g). EDXS elemental mapping for Pd (b, e, h) and Pt (c, d,
i) corresponding to the HAADF-STEM images.
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structural peculiarities on the NM migration and alloying
already during the prereduction step cannot be completely

ruled out. Herein, the reduced number of oxygen vacancies of
the commercial ceria support due to the high temperature

Figure 8. (a) 1st LOff (full lines) and LOut (dotted lines) CO conversion curves and (b) T50,CO measured for the PdPt bimetallic fresh catalysts
with different Pd−Pt initial interaction degree supported on CeO2 nanocubes. Blue curves/bars: dispersed Pd and Pt entities. Green curves/bars:
alloyed PdPt NPs. Relative fraction of reduced species as obtained by LCA of the operando XANES data collected at the (c) Pd K edge and (d) Pt
L3 edge during two consecutive CO oxidation LOffs for the fresh PdPt-MF2-cub catalyst. Corresponding R-factors are reported in Figure S12e,f.

Figure 9. CO conversion during consecutive LOff/LOut cycles measured for the PdPt-MF2-cub sample (a) in the fresh state and (b) after mild
reduction.
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calcination clearly promotes the formation of Pt- and Pd-rich
agglomerates during catalyst preparation (Figures 2a−c and
S8) and most probably endorses the formation of alloyed
particles during H2-reduction. The ceria nanocubes show an
intermediate interaction with Pt, as evidenced by facile
reduction under the reaction conditions (Figure 5d). This is
in line with the STEM-EDX results on the spent PdPt-MF1-
cub catalyst, which show a higher dispersion of Pd compared
to that of Pt in this sample (Figure 7g−i).
3.4. Influence of the Initial Pd−Pt Interaction on the

Catalytic Activity and Structural Evolution. In order to
evaluate the impact of a stronger Pd−Pt interaction on the
structural dynamics of Pd−Pt/CeO2 catalysts, a direct
comparison of the behavior of PdPt-MF1-cub and PdPt-
MF2-cub samples was done in the next step. Through a more
facile reduction of Pt4+, as described in the experimental
section, the coreduction of Pd and Pt was promoted during the
microfluidic synthesis. This protocol led to the formation of
alloyed Pd−Pt particles (MF2), which were subsequently
deposited on CeO2-nanocubes (Figure 2j−l).
Clear differences in the catalytic performance were noticed

during the CO oxidation LOff/LOut cycles conducted for the
fresh samples. A higher T50,CO temperature was measured for
the fresh PdPt-MF2-cub catalyst than for the analogous fresh
sample containing highly dispersed NM species (PdPt-MF1-
cub). The calculation of the turnover frequency (TOF) at 75
°C, based on the mean particle size of 2.8 nm for the PdPt-
MF2-cub catalyst and the involvement of all metal sites in
PdPt-MF1-cub, resulted in an almost double value for the
latter sample (0.0030 vs 0.0072 s−1, respectively). These results
suggest that the presence of alloyed Pd−Pt particles on the
surface of CeO2-nanocubes does not represent a benefit for
CO oxidation, in comparison to the catalytic performance of
the corresponding samples containing Pd and Pt monometallic
species. Additionally, an inverse hysteresis profile (i.e., lower
activity during the LOut of CO oxidation LOut) was observed
for the PdPt-MF2-cub catalyst during the first LOff/LOut
cycle (Figure 8a), which is in contrast to that observed for
PdPt-MF1-cub. The same trend is maintained during the
following LOff/LOut cycles (Figures 8b and 9a). Moreover,
while a slight decrease of the T50, CO was noticed for PdPt-
MF1-cub after the first LOff (Figure 8b), the activity of the
PdPt-MF2-cub sample did not vary over consecutive LOff/
LOut cycles. Analogous to the PdPt-MF1-com catalyst, this
behavior suggests a higher structural stability of the larger and
alloyed Pd−Pt NPs under reaction conditions.
Indeed, the operando XAS measurements conducted for the

fresh PdPt-MF2-cub reveal rather stable and partially reduced
Pt species during two consecutive LOff cycles (about 35−40%
of Pt in the metallic state, Figure 8d). Similarly as it was
observed for the previous set of samples (MF1), Pd remains
mostly oxidized during CO oxidation.
After reduction in 5 vol % H2/Ar at 300 °C for 30 min, both

catalysts show improved activity compared to the fresh ones
(Figure S16b−d), with a T50,CO of 92 and 101 °C for PdPt-
MF1-cub and PdPt-MF2-cub, respectively. Nevertheless, while
an inverse hysteresis was observed for all reduced catalysts of
the MF1 series, a normal hysteresis profile (i.e., higher activity
during the LOut) was recorded for the PdPt-MF2-cub sample
(Figure 9b). Furthermore, even if both samples experienced an
activity drop between the fourth and sixth LOff/LOut cycles,
the extent of deactivation ΔT50,CO is smaller for the sample
containing prealloyed Pd−Pt clusters/NPs in comparison to

PdPt-MF1-cub. Thus, a ΔT50, CO of only +10 °C was measured
for the PdPt-MF2-cub sample versus ∼+30 °C observed for
the PdPt-MF1-cub catalyst. As previously discussed, the reason
for this deactivation behavior might be the reoxidation and
redispersion of the NM particles due to the interaction with
ceria at higher temperatures, with complete CO conversion.
To verify this hypothesis, the oxidation state of both Pd and

Pt was monitored for the prealloyed (PdPt-MF2-cub) and
prereduced catalyst by operando XAS during CO oxidation
LOff in reaction mixture. The results of the LCA for the Pt L3
and Pd K edge operando XANES data are shown in Figure 10.

During ramping up in the reaction mixture, Pd appears more
susceptible to reoxidation under lean conditions, with the Pd0
fraction dropping from 75% to 35%. The fraction of reduced Pt
species, instead, drops only from 95% to 70%. For both NMs,
the change in oxidation state follows the course of CO
depletion.
To confirm the nature and the evolution of the Pt and Pd

species in the different bimetallic samples, in situ DRIFTS
measurements were conducted for the fresh and prereduced
catalysts before and after a LOff/LOut cycle between 30 and
300 °C in 1000 ppm of CO, 10 vol % O2/Ar. The obtained
results are reported in Figure 11. In line with previous
literature findings37,111,112 for CeO2-supported catalysts, the
analysis of the deconvoluted in situ DRIFTS spectra for the
fresh Pt or Pd monometallic references confirmed the high
dispersion of the noble metal species. This outcome aligns well
with the XRD and Raman characterization data (Figure 3). For
the Pt-IWI-com reference, three main contributions were
observed for the fresh catalyst before the CO oxidation LOff
(Figures 11a and S17a): at 2115, 2098, and 2084 cm−1, which
were previously assigned to CO linearly adsorbed on isolated
Pt atoms (Ptiso),

112 CO on ionic Pt2+ at the NM−CeO2
interface93 and on Pt0 terrace-like sites,113 respectively. The
IR bands appearing at lower wavenumbers were attributed to
CO linearly adsorbed on low-coordinated Pt atoms (e.g., steps
and edge sites) that are typically present on subnanometer Pt
NPs. No contribution was observed between 2000 and 1800

Figure 10. Relative fraction of reduced species (left y axis) as
obtained by LCA of the operando XANES spectra collected at the Pd
K edge (red line) and the Pt L3 edge (blue line) during CO oxidation
LOff after H2-TPR to 300 °C for the PdPt-MF2-cub catalyst. CO
conversion (black line) measured during the operando experiment can
be read on the right y axis. Region I shows a stable Pd/Pt oxidation
state; region II shows pronounced oxidation of Pd and Pt; region III
displays a continuous oxidation of Pd and Pt. Corresponding R-factors
are reported in Figure S12g,h.
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cm−1, a region previously linked to bridged CO on metallic
Pt.93 This is in agreement with the absence of larger NM
nanoparticles in this sample (XRD data are given in Figure 3a).
The small band around 2167 cm−1 could be caused by the CO
in the gas phase or due to the CO adsorption at Ce3+ defect
sites.62,112,114 After the LOff/LOut cycle (Figure S17b), an
increase in the intensity of all bands was observed, combined
with the disappearance of the contribution at 2098 cm−1.
Additionally, a slight red shift was noticed while the remaining
IR band components of the deconvoluted spectra are now
centered at 2107 and 2073 cm−1. This trend indicates a slight
reduction of Pt in the reaction mixture, as reported also in
previous studies.17,62 After catalyst reduction (Figure S17c) in
5 vol % H2/Ar at 300 °C, a rather broad band was noticed
below 2090 cm−1. In general, the literature assigns this region

to CO bonded to r educ ed/pa r t i a l l y r educ ed
Pt.36,61,93,112,115,116 For instance, Resasco et al.116 ascribed for
a Pt/CeO2 catalyst upon H2-reduction up to 450 °C the
appearance of a band around 2060 cm−1 of CO adsorbed on
reduced Pt clusters. The decrease of the bands around 2100
cm−1 and the appearance of bands at lower wavenumbers, i.e.,
2090 and 2065 cm−1, was also reported by Gan̈zler et al. after
reduction of a CeO2-based catalyst at 250 °C. Also, for the Pt-
IWI-com catalyst, two major contributors were identified after
deconvolution of the in situ DRIFTS data due to the mild
reduction conditions, which are centered at 2082 and 2034
cm−1. In this regard, the residual of the high frequency peak at
2112 cm−1 is still present, indicating that some isolated noble
metal atoms are remaining. Lastly, a small, double peak around
1850 cm−1 appears, which could be related to bridged CO on

Figure 11. In situ DRIFTS spectra obtained for all investigated catalysts at 30 °C in 1000 ppm of CO, 10 vol % O2, and Ar balance after
background subtraction. Black spectra were collected for the fresh state, red spectra after a LOff/LOut cycle. Blue spectra were collected for the
reduced catalyst state, green spectra after a LOff/LOut cycle. Background features centered around 1600 cm−1 are related to water vapor. Solid and
dotted vertical lines correspond to the Gaussian peaks obtained by deconvolution fit of the spectra collected for the Pt and Pd monometallic
reference catalysts after prereduction, respectively. The values in parentheses represent the relative area (%) below the peaks obtained from the fit.
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Pt clusters.117 After the LOff/LOut cycle, the DRIFTS
spectrum of the prereduced Pt-IWI-com catalyst resembles
the one recorded for the fresh catalyst at the same reaction
stage (Figures S17d vs b). Nonetheless, the contributions
around 2115 and 2085 cm−1 are better resolved, suggesting the
redispersion of the noble metal under reaction conditions and
the formation of partially oxidized Pt.
Also for the Pd-IWI-com reference catalyst, the assignments

for the deconvoluted CO adsorption DRIFTS data (Figure
S18) were done based on previous literature studies on similar
systems.22,37,61,111,112,118−122 Accordingly, the peak around
2143 cm−1 (denoted as CO-Pdiso) was attributed to linearly
bound CO on highly dispersed and oxidized Pd
atoms.61,119−122 The contribution around 2106 cm−1 (denoted
as CO-Pd-L1) was linked to CO linearly bound to partially
reduced Pd atoms that are present in small Pd clusters.37,61,122

Additional contributions to the IR bands above 2000 cm−1

(denoted as CO-Pd-L2) were assigned to CO linearly adsorbed
on corners, edges, and steps of Pd clusters.122 Lastly, the bands
below 2000 cm−1 were correlated to bridged carbonyls on
metallic Pd species37,112,120,122 as well as to bridged CO
adsorption on the CeO2 surface or at the Pd-CeO2 interface.

111

Notably, the band at ca. 1850 cm−1 exhibited by the Pd-IWI-
com sample before reduction was previously assigned to CO
on 3-fold hollow Pd sites.122 Overall, in the Pd-monometallic
reference sample, most NM species are highly dispersed and
oxidized as isolated atoms or small Pd clusters, in line with the
XRD data (Figure 3). No major structural change was
identified after the LOff/LOut CO oxidation cycle (Figure
11b). Only a slight decrease in the intensity of the IR bands
appearing below 2000 cm−1 was noticed, together with a
decrease of the bands present at lower wavenumbers. On the
contrary, after the reductive treatment, the IR fingerprints of
bridge carbonyls are clearly visible below 2000 cm−1,
confirming the formation of reduced Pd clusters/NPs (Figure
S18c). The deconvolution of the DRIFTS spectrum uncovered
three major contributors (ca. 63% of the area below the curve)
at around 1978, 1944, and 1895 cm−1. Due to the reoxidation
and partial redispersion of Pd during the following LOff/LOut
cycle, this composite band strongly decreases its intensity in
favor of the bands previously assigned to more oxidized and/or
dispersed Pd species (Figure S18d). This dynamic change in
the structure of prereduced Pd/CeO2-based catalysts in
oxidative atmospheres (lean conditions) has been previously
reported in the literature for similar systems.22

The corresponding in situ DRIFTS spectra collected for the
fresh and prereduced Pd−Pt bimetallic catalysts before and
after the CO oxidation LOff/LOut cycle are reported in Figure
11c−f. Similarly to the case o Pt and Pd monometallic
references, all spectra were deconvoluted using a Gaussian
fitting function to identify the different contributions (Figures
S19−S22). Based on previous investigations on CO adsorption
on Pd−Pt bimetallic catalysts, slight variations in the band
position are expected depending on the sample structure and
experimental conditions. In this regard, Grill and Gonzales123

reported a shift of about 10 cm−1 of the CO adsorption bands
toward higher frequencies for a Pd−Pt/SiO2 catalyst in
comparison to the corresponding monometallic catalyst. The
authors assigned the CO adsorption band at 2095 cm−1 to CO
linearly adsorbed on Pd, the band at 2075 cm−1 to linearly
bound CO on Pt, and the bands below 2000 cm−1 exclusively
to bridged CO on Pd. More recently, Martin et al.41 conducted
an in situ DRIFTS study during transient CO oxidation over a

series of Pd−Pt/Al2O3 catalysts and reported different trends
depending on the Pd:Pt ratio and catalyst pretreatment. At
high Pt concentrations, linearly adsorbed CO on metallic Pt
was found to dominate the spectrum with a band between
2080−2090 cm−1, while bridged-bonded and linearly bonded
CO (2050−2070 cm−1) are claimed to be formed at high Pd
concentrations in the bimetallic catalysts. For similar Pd and Pt
amounts, the authors reported broadening of the bands below
2000 cm−1. The influence of the Pd:Pt ratio on the CO
adsorption features of an alumina-supported catalyst was also
investigated by Hazlett et al.109 under lean reaction conditions.
The study attributed the CO adsorption peak around 2090
cm−1 to a single linear carbonyl formed on Pd or Pt, while the
feature at 2111 cm−1 was correlated to the formation of
dicarbonyls (CO-NM-CO) if a second band around 2050
cm−1 is present or linear carbonyl attached to Pt and atomic
oxygen (CO-NM-O).
In our study, the DRIFTS spectra are dominated by two

well-defined peaks between 2000−2175 cm−1 (Figures S19−
S22), a region previously assigned to CO adsorbed at
(Ptiso),

112 Pt(cluster)−CeO2 interface,
93 and Pt0 terrace-like

sites113 or at CO-Pdiso and CO-Pd-L1 sites.
61,119−122 Relative

to the monometallic references, the positions of the fitted
components for the PdPt-MF1-com sample are slightly red-
shifted, while they show a significantly lower intensity.
Although a systematic calibration curve would be necessary
for correlating the band intensity to the adsorbed CO
concentration,124 this difference is in line with the presence
of slightly larger NM entities in the bimetallic catalyst that
expose a lower number of surface sites (Pd+Pt). With three
components centered around 2143, 2106, and 2100 cm−1, the
DRIFTS bands measured for the PdPt-MF1-rod catalyst
almost represent the sum of the features observed for the
monometallic Pt and Pd references. A similar situation was
encountered for the PdPt-MF1-cub sample, although in this
case, a new feature appears around 2041 cm−1. According to
the study of Hazlett et al.,109 the presence of this band could
indicate the formation of dicarbonyls on Pt. At the same time,
this band could indicate the partial reduction of Pt sites under
reaction conditions.107,116 All in all, given the similar SNMC of
the as-prepared catalysts (Table 1), the overall intensity of the
CO-adsorbate bands in the pseudoabsorbance spectra showed
in Figure 11c−f for the fresh catalysts aligns well with the
noble metal dispersion uncovered by the complementary
characterization methods used in this study, e.g., electron
microscopy, and follows the order PdPt-MF1-rod ∼ PdPt-
MF1-cub> PdPt-MF1-com. Most probably due to the presence
of alloyed nanoparticles in the PdPt-MF2-cub sample and
diminished number of exposed sites, the corresponding
DRIFTS spectrum exhibits the lowest intensity among the
investigated bimetallic catalysts. Moreover, the highest
intensity is shown by the band centered at 2093 cm−1 while
further components are noticeable at 2124, 2063, and 2030
cm−1, which can be assigned to coadsorption of CO and
oxygen on oxidized Pt as well as to linearly bound CO at edge
and corner Pt or Pd sites.36,113,125−130

After the CO oxidation LOff/LOut cycle to 300 °C, only
small differences were observed relative to the spectral features
measured for the as-prepared catalysts. A decrease in the
intensity of the band around 2136 cm−1 and an increase in
those centered at 2091 and 2074 cm−1 were noticed for the
PdPt-MF1-com catalyst. A similar tendency was observed for
the contributions at higher wavenumbers in the case of the
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PdPt-MF1-rod catalyst. In contrast, for PdPt-MF1-cub the
contribution at 2099 cm−1 decreases its intensity. For the
catalysts containing alloyed PdPt nanoparticles, an overall
increase of the pseudoabsorbance was noticed, accompanied
by the appearance of more pronounced contributions toward
smaller wavenumbers. This variation could be caused by partial
reduction of the noble metal sites in the presence of CO.
Analogous to the monometallic catalysts, after the

prereduction treatment (spectra depicted in blue in Figure
11c−f), clusters/NPs with adjacent Pd atoms are formed in all
Pd−Pt bimetallic samples. This is indicated especially by the
presence of CO bands below 2000 cm−1, which were
previously related to bridged carbonyls on metallic Pd
species.37,112,120,122 The most intense contribution in the
DRIFTS spectra is centered around 2075 cm−1 for the PdPt-
MF1-com and PdPt-MF1-rod catalysts, and appears at ∼2091
cm−1 for the PdPt-MF1-cub sample. This region was
previously assigned to linearly linked CO to partially reduced
NM clusters or nanoparticles.107,111 Although the reduction
and clustering of Pt are more difficult to probe as the region of
interest (2090−2000 cm−1) is superimposed by the above-
described CO-Pd-L1 sites, a contribution around 2030 cm−1

could be identified for the bimetallic catalysts. As applied for
the Pt-IWI-com reference, this feature was related to the
presence of reduced Pt sites. In addition to the CO adsorption

sites on the noble metals, the band around 2175 cm−1 appears
after the reduction treatment and exposure to the reaction
mixture (blue spectra) for the samples PdPt-MF1-rod, PdPt-
MF1-cub, and PdPt-MF2-cub. Previously, this feature was
correlated with CO adsorption on Ce3+ upon partial reduction
of defect sites in the vicinity of noble metal.114,131 Important to
notice is that the samples exhibiting this band are those also
showing higher performance for the low temperature CO
oxidation (Figure 5a).
Similarly as observed for the monometallic references, the

catalysts containing homogeneously distributed Pt and Pd
species with poor interaction degrees undergo reoxidation and
redispersion of NM during the following LOff/LOut CO
oxidation cycle. In addition to the almost complete
disappearance of the CO adsorption bands at wavenumbers
below 2000 cm−1, the characteristic and poorly superimposed
CO-Pdiso band appears for all prereduced samples in the region
2140−2120 cm−1. Furthermore, the relative increase in the
intensity of this contribution is more pronounced for PdPt-
MF1-rod and PdPt-MF1-cub, confirming the stronger
tendency of noble metal redispersion under lean conditions
for these samples. In contrast, due to the higher stability of the
alloyed PdPt nanoparticles, a broad and intense CO adsorption
band is still present around 1939 cm−1 for the PdPt-MF2-cub
catalyst. This trend is in agreement with the STEM-EDX

Figure 12. HAADF-STEM images of the spent PdPt-MF2-cub catalyst (a). EDX elemental mappings for (b) Pd and (c) Pt corresponding to the
HAADF-STEM images. FT-EXAFS fitting in R-space at the Pd K edge for PdPt-MF1-rod spent (d) and PdPt-MF2-cub spent (e) samples.
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characterization results of the spent samples reported in Figure
7.
To further validate the difference uncovered by the DRIFTS

measurements in the NM redispersion extent for the
prealloyed PdPt-MF2-cub sample, STEM-EDX investigations
were also performed for the spent catalyst at the end of the
sixth LOff/LOut cycle. Similarly to the bimetallic catalysts
containing highly dispersed species in the fresh state, the co-
presence of different entities was also revealed for this spent
sample. However, besides highly dispersed Pd species, the
catalyst contains a high number of alloyed clusters/NPs, which
seem to be preserved from the fresh catalyst state (Figures 2j−l
vs 11). From the EDX quantification of several NPs, an average
Pd:Pt at. ratio of 1.3 ± 0.6 was calculated, which is half of that
obtained for the NPs in the fresh sample. Furthermore, EDX
quantification on sample regions excluding NMNPs resulted in
a Pd:Pt at. ratio of 4.7, cross-confirming the tendency of ceria
nanocubes to redisperse Pd from the premixed NPs after noble
metal oxidation. Nevertheless, as in the spent PdPt-MF1-cub
sample (Figure 7g−i) a higher Pd dispersion was found, it
appears that the competing interaction with Pt induced by the
prealloying process is beneficial for the catalyst structural
stability, as also indicated by the trends in the catalytic activity
data.
This trend in the catalyst stability under reaction conditions

was also confirmed during the evaluation of the corresponding
operando XAS spectra collected at the beginning and end of the
LOff/LOut cycles. In both PdPt-MF1-rod and PdPt-MF2-cub
catalysts, the two noble metals are mostly in an oxidized state
after catalyst synthesis, which included a calcination step for 1
h at 500 °C. This is indicated by the profile of the XANES
spectra collected at Pd K and Pt L3 edges for the fresh samples
(Figure S11). Additionally, the analysis of the corresponding
EXAFS region for the data obtained at the Pd K edge
uncovered a pronounced contribution of the Pd−O scattering
path at ∼1.47 Å in the FT-EXAFS spectra (not phase-shift
corrected) for both PdPt-MF1-rod and PdPt-MF2-cub
catalysts (Figure S23). The intensity of this feature is only
visibly decreased at the end of the catalytic cycles for the PdPt-
MF2-cub catalyst, while an additional well-defined scattering
path at around 2.56 Å is noticed. Despite the highly absorbing
CeO2 support and low noble metal loading, which results in
demanding premises for the operando XAS measurements, the
fitting of the FT-EXAFS data at the Pd K edge was attempted
for the two spent samples. A similar fitting range, comprising
the first coordination shells of oxidized/metallic NM states, has
been used in previous studies on Pd/CeO2 monometallic
catalysts.30,119 Considering that the electron microscopy
characterization revealed a highly dispersed state for the
noble metal species on the surface of CeO2 rods (Figure 2d−f)
as well as partial NM redispersion for the PdPt-MF2-cub
catalyst, the fitting was conducted by using a DFT calculated
noble metal structure of Pd2+ single sites on CeO2(111), as
proposed by Gashnikova et al.37 Additionally, to simulate the
formation of alloys or mixed oxides that were identified by
electron microscopy in the PdPt-MF2-cub sample (Figures 2
and 12), the Pd−O, Pd−Pd, and Pd−Pt scattering paths were
derived from adjusted Pd and PdO structures, as described in
the experimental section. The results of the fitting procedure
(Figures 12d,e, S24, Tables S6, and S7) indicate exclusively the
presence of isolated Pd at 4-fold hollow sites on Ce in the
spent PdPt-MF1-rod. In contrast, metallic Pd−Pd and Pd−Pt
contributions were found, along with isolated Pd species for

the spent PdPt-MF2-cub catalyst, where only partial
redispersion was observed during EDXS investigations (Figure
12). This outcome suggests that the presence of alloyed Pd−Pt
nanoparticles on CeO2 cubes in the as-prepared sample
(Figure 2) hinders the complete NM redispersion in the PdPt-
MF2-cub catalyst, and improves the overall catalyst stability
under reaction conditions (Figure S25). However, due to the
even lower concentration of Pt in the bimetallic samples, lower
edge energy, and demanding investigation conditions (capillary
reactor), the complementary evaluation of the Pt L3 edge
operando EXAFS data could not be conducted to further
corroborate the formation of Pd−Pt alloyed species. Hence,
the interpretation of the EXAFS fitting results at the Pd K edge
should be done with caution and only in combination with the
complementary characterization data reported above, i.e.,
electron microscopy and in situ DRIFTS.
Overall, the characterization and catalytic test results

obtained for the tailored prealloyed PdPt-MF2-cub sample
allowed us to identify the beneficial effect of the Pd−Pt
interaction on the catalyst stability under O2-rich reaction
conditions. While the presence of Pd−Pt alloyed nanoparticles
on ceria cannot compete with the CO oxidation boost
provided by the NM−CeO2 interaction, the small variations
in the activity of the as-prepared and prereduced PdPt-MF2-
cub samples over consecutive CO LOff/LOut cycles (Figure
S25) underline a higher structural stability that prevents the
fast reoxidation and redispersion of both noble metals. This is
particularly important for oxidation reactions that require
reduced and larger nanoparticles for an active noble metal
state, i.e., NO and CH4 total oxidation.

22,132 In this case, also
the selection of a support morphology with a low number of
oxygen vacancies, i.e., CeO2 cubes, could prevent a fast
redispersion. However, for such cases, further thermal aging
tests need to be conducted to evaluate the stability of the initial
CeO2 morphology and PdPt bimetallic entities during long-
term operation and harsh reaction conditions. Additionally,
investigations with preformed alloyed NPs with different Pd:Pt
ratios are necessary to clarify the synergistic behavior of
bimetallic Pd−Pt systems, as well as segregation and
redispersion phenomena that are assisted by the interaction
with CeO2.

4. CONCLUSIONS
By applying elaborate catalyst preparation procedures and
complementary characterization methods, two important
structural features of bimetallic Pd−Pt/CeO2 CO oxidation
catalysts were studied: the influence of the support
morphology and of the initial Pd−Pt interaction. Accordingly,
two series of bimetallic Pd−Pt/CeO2 samples were synthe-
sized, aiming to highlight either the influence of the noble
metal−support interplay (nanocubes, nanorods vs commer-
cial) or of the different Pd−Pt interaction degree (on CeO2-
nanocubes). Microfluidic synthesis of noble metal nano-
particles allowed to control the initial Pd−Pt interaction, i.e.,
low or high, and the general structural uniformity in the two
catalyst series. Morphologically pure and size-controlled ceria
nanocubes and nanorods were obtained by hydrothermal
synthesis. In contrast to analogous studies on monometallic
catalysts, the surface noble metal concentration on the ceria
supports was kept constant in order to decouple its effect on
NM clustering/redispersion under reaction conditions. Thus,
only the impact of the NM−CeO2 interaction on the catalyst
activity was emphasized as a function of CeO2 morphology.
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The resulting samples were extensively characterized ex situ/in
situ/operando, and compared with mono- and bimetallic
catalysts supported on commercial CeO2. The following
main conclusions could be derived:

• A clear effect of the oxygen defect concentration on the
noble metal state in the fresh catalysts, as well as on the
structural evolution of Pd and Pt species under reaction
conditions, was observed.

• Based on Raman spectroscopy measurements, the
concentration of the oxygen vacancies was found to
follow the order: CeO2-nanorods > CeO2-cubes >
CeO2-commercial. Accordingly, STEM-EDX investiga-
tions revealed that during the catalyst calcination step,
highly dispersed Pd and Pt species are formed, especially
on CeO2-nanorods, while Pd redispersion is limited on
the commercial CeO2.

• The catalytic activity of the fresh bimetallic samples
containing unalloyed Pt and Pd species follows the order
PdPt/CeO2-commercial > PdPt/CeO2-cubes > PdPt/
CeO2-rods, which inversely correlates with the inter-
action strength between the two NMs and CeO2. This
trend is opposite to the CO oxidation activity profiles
reported in literature for analogous monometallic Pt and
Pd catalysts supported on CeO2 nanocubes and
nanorods.

• After applying a prereduction treatment at 300 °C, a
higher stability in the catalytic performances during
consecutive LOff/LOut CO oxidation cycles was
observed for the initially unalloyed Pd−Pt/CeO2
bimetallic catalysts in comparison to the monometallic
counterparts. This effect was further enhanced on
supports with a low oxygen defect concentration.

• Due to the contribution of the NM-CeO2 perimeter
sites, a higher CO oxidation activity was measured at low
temperatures for the fresh unalloyed PdPt/CeO2-cubes
catalyst containing highly dispersed and weakly interact-
ing Pd and Pt species compared to the corresponding
sample comprising prealloyed Pd−Pt particles.

• According to the operando XAS and in situ DRIFTS
investigations, the sample containing prealloyed Pd−Pt
nanoparticles shows a higher structural stability during
consecutive LOff/LOut CO oxidation cycles. In addition
to the selection of a support with a low concentration of
oxygen vacancies, this beneficial effect of Pd−Pt alloying
at preventing the redispersion of the NMs on CeO2 is
essential for oxidation reactions that require larger NM
particles for optimal performance, i.e., NO and CH4
oxidation.

Overall, our study shows that by varying the number of
oxygen vacancies in the CeO2 support as well as the Pd−Pt
interaction, the catalytic activity and stability under dynamic
reaction conditions can be tuned depending on the application
requirements. Considering that the NM−CeO2 interplay
regulates the activity and stability of such systems, the trends
observed in this study for CO oxidation can serve as guidelines
for the knowledge-based development of more efficient Pd−
Pt/CeO2 catalysts for other reactions occurring under O2-rich
conditions. In this regard, the selection of a specific CeO2
morphology with a low or high number of oxygen vacancies is
expected to promote the formation of noble metal clusters or
particles or highly dispersed species, respectively, under
reaction conditions. Furthermore, catalysts containing alloyed

Pt−Pd particles are projected to exhibit a higher resistance
toward noble metal redispersion and deactivation. All these
premises need to be further evaluated for different Pd:Pt ratios,
gas mixtures, and under long-term catalyst testing conditions
to allow their implementation in real application conditions.
Finally, additional spectroscopic investigations to probe the
redox response of the perimeter ceria sites at the interface with
the noble metal particles would be beneficial for obtaining a
more holistic understanding of Pd−Pt/CeO2-based catalysts.
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the Structure Sensitivity of CO Oxidation on Alumina Supported Pd-
Pt Bimetallic Catalysts. Turkish J. Chem. 2009, 33 (1), 11−21.
(111) Salcedo, A.; Zengel, D.; Maurer, F.; Casapu, M.; Grunwaldt,
J.-D.; Michel, C.; Loffreda, D. Identifying the Structure of Supported
Metal Catalysts Using Vibrational Fingerprints from Ab Initio
Nanoscale Models. Small 2023, 19 (34), 2300945.
(112) Meunier, F. C. Relevance of IR Spectroscopy of Adsorbed CO
for the Characterization of Heterogeneous Catalysts Containing
Isolated Atoms. J. Phys. Chem. C 2021, 125 (40), 21810−21823.
(113) Bazin, P.; Saur, O.; Lavalley, J. C.; Daturi, M.; Blanchard, G.
FT-IR Study of CO Adsorption on Pt/CeO2: Characterisation and
Structural Rearrangement of Small Pt Particles. Phys. Chem. Chem.
Phys. 2005, 7 (1), 187−194.
(114) Wang, J.; Sauter, E.; Nefedov, A.; Heißler, S.; Maurer, F.;
Casapu, M.; Grunwaldt, J.-D.; Wang, Y.; Wöll, C. Dynamic Structural
Evolution of Ceria-Supported Pt Particles: A Thorough Spectroscopic
Study. J. Phys. Chem. C 2022, 126 (21), 9051−9058.
(115) Liu, Q.; Yang, P.; Tan, W.; Yu, H.; Ji, J.; Wu, C.; Cai, Y.; Xie,
S.; Liu, F.; Hong, S.; et al. Fabricating Robust Pt Clusters on Sn-
Doped CeO2 for CO Oxidation: A Deep Insight into Support
Engineering and Surface Structural Evolution. Chem. − Eur. J. 2023,
29 (16), No. e202203432.
(116) Resasco, J.; DeRita, L.; Dai, S.; Chada, J. P.; Xu, M.; Yan, X.;
Finzel, J.; Hanukovich, S.; Hoffman, A. S.; Graham, G. W.; et al.
Uniformity Is Key in Defining Structure−Function Relationships for
Atomically Dispersed Metal Catalysts: The Case of Pt/CeO2. J. Am.
Chem. Soc. 2020, 142 (1), 169−184.
(117) Liu, X.; Jia, S.; Yang, M.; Tang, Y.; Wen, Y.; Chu, S.; Wang, J.;
Shan, B.; Chen, R. Activation of Subnanometric Pt on Cu-Modified
CeO2 via Redox-Coupled Atomic Layer Deposition for CO
Oxidation. Nat. Commun. 2020, 11 (1), 4240.
(118) Spezzati, G.; Su, Y.; Hofmann, J. P.; Benavidez, A. D.;
DeLaRiva, A. T.; McCabe, J.; Datye, A. K.; Hensen, E. J. M.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.5c04366
J. Phys. Chem. C XXXX, XXX, XXX−XXX

W

https://doi.org/10.1021/la101723w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9049457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9049457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp203921m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp203921m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0039-6028(95)00595-1
https://doi.org/10.1016/0039-6028(95)00595-1
https://doi.org/10.1016/j.susc.2004.12.016
https://doi.org/10.1016/j.susc.2004.12.016
https://doi.org/10.1021/jp111427j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp111427j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp111427j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.susc.2005.08.015
https://doi.org/10.1016/j.susc.2005.08.015
https://doi.org/10.1016/j.susc.2005.08.015
https://doi.org/10.1021/acs.jpcc.7b06643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b06643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b02314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b02314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b02314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b02314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CP05830B
https://doi.org/10.1039/C6CP05830B
https://doi.org/10.1039/C6CP05830B
https://doi.org/10.1002/cctc.202301727
https://doi.org/10.1002/cctc.202301727
https://doi.org/10.1103/PhysRevB.44.5016
https://doi.org/10.1103/PhysRevB.44.5016
https://doi.org/10.1021/acscatal.2c04252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c04252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b08656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b08656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b08656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b08656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp710591m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp710591m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp710591m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp710591m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp710591m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/FT9949001461
https://doi.org/10.1039/FT9949001461
https://doi.org/10.1002/ange.200903581
https://doi.org/10.1002/ange.200903581
https://doi.org/10.1002/ange.200903581
https://doi.org/10.1021/acscatal.8b00330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b00330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/catal11050617
https://doi.org/10.3390/catal11050617
https://doi.org/10.3390/catal11050617
https://doi.org/10.3390/catal8120660
https://doi.org/10.3390/catal8120660
https://doi.org/10.3390/catal8120660
https://doi.org/10.1007/s40825-016-0038-y
https://doi.org/10.1007/s40825-016-0038-y
https://doi.org/10.1007/s40825-016-0038-y
https://doi.org/10.1021/acscatal.7b00393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2006.03.010
https://doi.org/10.1016/j.apcatb.2006.03.010
https://doi.org/10.1016/j.ceramint.2024.07.019
https://doi.org/10.1016/j.ceramint.2024.07.019
https://doi.org/10.1021/acs.jpcc.0c04740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c04740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c04740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c05622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c05622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c05622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2016.09.034
https://doi.org/10.1016/j.apcatb.2016.09.034
https://doi.org/10.3906/kim-0809-38
https://doi.org/10.3906/kim-0809-38
https://doi.org/10.3906/kim-0809-38
https://doi.org/10.1002/smll.202300945
https://doi.org/10.1002/smll.202300945
https://doi.org/10.1002/smll.202300945
https://doi.org/10.1021/acs.jpcc.1c06784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c06784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c06784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b414159h
https://doi.org/10.1039/b414159h
https://doi.org/10.1021/acs.jpcc.2c02420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c02420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c02420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202203432
https://doi.org/10.1002/chem.202203432
https://doi.org/10.1002/chem.202203432
https://doi.org/10.1021/jacs.9b09156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-18076-6
https://doi.org/10.1038/s41467-020-18076-6
https://doi.org/10.1038/s41467-020-18076-6
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c04366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Atomically Dispersed Pd-O Species on CeO2 (111) as Highly Active
Sites for Low-Temperature CO Oxidation. ACS Catal. 2017, 7 (10),
6887−6891.
(119) Muravev, V.; Spezzati, G.; Su, Y. Q.; Parastaev, A.; Chiang, F.
K.; Longo, A.; Escudero, C.; Kosinov, N.; Hensen, E. J. M. Interface
Dynamics of Pd−CeO2 Single-Atom Catalysts during CO Oxidation.
Nat. Catal. 2021, 4 (6), 469−478.
(120) Muravev, V.; Simons, J. F. M.; Parastaev, A.; Verheijen, M. A.;
Struijs, J. J. C.; Kosinov, N.; Hensen, E. J. M. Operando Spectroscopy
Unveils the Catalytic Role of Different Palladium Oxidation States in
CO Oxidation on Pd/CeO2 Catalysts. Angew. Chemie Int. Ed. 2022,
61 (23), No. e202200434.
(121) Jiang, D.; Wan, G.; García-Vargas, C. E.; Li, L.; Pereira-
Hernández, X. I.; Wang, C.; Wang, Y. Elucidation of the Active Sites
in Single-Atom Pd1/CeO2 Catalysts for Low-Temperature CO
Oxidation. ACS Catal. 2020, 10 (19), 11356−11364.
(122) Tereshchenko, A.; Guda, A.; Polyakov, V.; Rusalev, Y.;
Butova, V.; Soldatov, A. Pd Nanoparticle Growth Monitored by
DRIFT Spectroscopy of Adsorbed CO. Analyst 2020, 145 (23),
7534−7540.
(123) Grill, C. M.; Gonzalez, R. D. Infrared Study of the Adsorption
of CO and NO on Silica-Supported Pd and Pt-Pd. J. Phys. Chem.
1980, 84 (8), 878−882.
(124) Sirita, J.; Phanichphant, S.; Meunier, F. C. Quantitative
Analysis of Adsorbate Concentrations by Diffuse Reflectance FT-IR.
Anal. Chem. 2007, 79 (10), 3912−3918.
(125) Boubnov, A.; Gänzler, A.; Conrad, S.; Casapu, M.; Grunwaldt,
J.-D. Oscillatory CO Oxidation over Pt/Al2O3 Catalysts Studied by in
Situ XAS and DRIFTS. Top. Catal. 2013, 56 (1−8), 333−338.
(126) Kaftan, A.; Kollhoff, F.; Nguyen, T.-S.; Piccolo, L.; Laurin, M.;
Libuda, J. Sensitivity of CO Oxidation toward Metal Oxidation State
in Ceria-Supported Catalysts: An Operando DRIFTS-MS Study.
Catal. Sci. Technol. 2016, 6 (3), 818−828.
(127) Krasser, W.; Fadini, A.; Renouprez, A. The Vibrational Spectra
of Chemisorbed Carbon Monoxide and Ethylene. J. Mol. Struct. 1980,
60 (C), 427−430.
(128) Ke, J.; Zhu, W.; Jiang, Y.; Si, R.; Wang, Y.-J.; Li, S.-C.; Jin, C.;
Liu, H.; Song, W.-G.; Yan, C.-H.; et al. Strong Local Coordination
Structure Effects on Subnanometer PtOX Clusters over CeO2
Nanowires Probed by Low-Temperature CO Oxidation. ACS Catal.
2015, 5 (9), 5164−5173.
(129) Aleksandrov, H. A.; Neyman, K. M.; Hadjiivanov, K. I.;
Vayssilov, G. N. Can the State of Platinum Species Be Unambiguously
Determined by the Stretching Frequency of an Adsorbed CO Probe
Molecule? Phys. Chem. Chem. Phys. 2016, 18 (32), 22108−22121.
(130) Gänzler, A. M.; Lichtenberg, H.; Frenkel, A. I.; Casapu, M.;
Boubnov, A.; Wang, D.; Grunwaldt, J.-D. Using Combined XAS/
DRIFTS to Study CO/NO Oxidation over Pt/Al2O3 Catalysts. J.
Phys. Conf. Ser. 2016, 712 (1), No. 012045.
(131) Yang, C.; Wöll, C. Infrared Reflection-Absorption Spectros-
copy (IRRAS) Applied to Oxides: Ceria as a Case Study. Surf. Sci.
2024, 749, No. 122550.
(132) Boubnov, A.; Dahl, S.; Johnson, E.; Molina, A. P.; Simonsen,
S. B.; Cano, F. M.; Helveg, S.; Lemus-Yegres, L. J.; Grunwaldt, J.-D.
Structure-Activity Relationships of Pt/Al2O3 Catalysts for CO and
NO Oxidation at Diesel Exhaust Conditions. Appl. Catal. B Environ.
2012, 126, 315−325.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.5c04366
J. Phys. Chem. C XXXX, XXX, XXX−XXX

X

https://doi.org/10.1021/acscatal.7b02001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b02001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-021-00621-1
https://doi.org/10.1038/s41929-021-00621-1
https://doi.org/10.1002/anie.202200434
https://doi.org/10.1002/anie.202200434
https://doi.org/10.1002/anie.202200434
https://doi.org/10.1021/acscatal.0c02480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0AN01303J
https://doi.org/10.1039/D0AN01303J
https://doi.org/10.1021/j100445a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100445a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0702802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0702802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11244-013-9976-6
https://doi.org/10.1007/s11244-013-9976-6
https://doi.org/10.1039/C5CY00827A
https://doi.org/10.1039/C5CY00827A
https://doi.org/10.1016/0022-2860(80)80103-7
https://doi.org/10.1016/0022-2860(80)80103-7
https://doi.org/10.1021/acscatal.5b00832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CP03988J
https://doi.org/10.1039/C6CP03988J
https://doi.org/10.1039/C6CP03988J
https://doi.org/10.1088/1742-6596/712/1/012045
https://doi.org/10.1088/1742-6596/712/1/012045
https://doi.org/10.1016/j.susc.2024.122550
https://doi.org/10.1016/j.susc.2024.122550
https://doi.org/10.1016/j.apcatb.2012.07.029
https://doi.org/10.1016/j.apcatb.2012.07.029
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c04366?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

