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CO Oxidation Hot Paper

Operando Spectroscopy Unveils the Catalytic Role of Different
Palladium Oxidation States in CO Oxidation on Pd/CeO2 Catalysts

Valery Muravev, Jérôme F. M. Simons, Alexander Parastaev, Marcel A. Verheijen,
Job J. C. Struijs, Nikolay Kosinov, and Emiel J. M. Hensen*

Abstract: Aiming at knowledge-driven design of novel
metal–ceria catalysts for automotive exhaust abatement,
current efforts mostly pertain to the synthesis and
understanding of well-defined systems. In contrast,
technical catalysts are often heterogeneous in their
metal speciation. Here, we unveiled rich structural
dynamics of a conventional impregnated Pd/CeO2 cata-
lyst during CO oxidation. In situ X-ray photoelectron
spectroscopy and operando X-ray absorption spectro-
scopy revealed the presence of metallic and oxidic Pd
states during the reaction. Using transient operando
infrared spectroscopy, we probed the nature and reac-
tivity of the surface intermediates involved in CO
oxidation. We found that while low-temperature activity
is associated with sub-oxidized and interfacial Pd sites,
the reaction at elevated temperatures involves metallic
Pd. These results highlight the utility of the multi-
technique operando approach for establishing structure–
activity relationships of technical catalysts.

Introduction

In search of guiding principles for catalyst design, identifying
structure–performance relationships has become a main
paradigm of modern catalysis research.[1–3] CO oxidation has
been long used to probe the reactivity of metals.[4–8] Noble

metal nanoparticles are typical catalysts for CO oxidation
used in automotive exhaust neutralizers,[9] gas sensors,[10]

and fuel cells.[11] When deposited on inert supports such as
alumina, silica or zirconia, noble metals suffer from CO
poisoning, which limits their low-temperature
performance.[12–14] Reducible oxide supports and especially
ceria can be used to overcome this problem owing to specific
catalytic sites at the metal–support interface.[15–18]

Cargnello et al. showed that nanoparticles of Pt, Pd and
Ni deposited on ceria are active in low-temperature CO
oxidation (<150 °C)[19] due to catalytic sites at the metal–
ceria interface. Maximizing the contribution of interfacial
sites can increase the overall activity of the catalyst and, at
the same time, improve the utilization degree of often
expensive transition metals. For instance, a number of works
reported that ceria-supported Pd catalysts with a high metal
dispersion display excellent CO oxidation activity.[20–23] Syn-
thesis of well-defined Pd/CeO2 single-atom catalysts has
only recently been developed.[24–27] The high reactivity of
these materials for low-temperature CO oxidation has been
linked to the oxidized nature of isolated Pd atoms.[24–26] In
the presence of other reactants (i.e., in model exhaust gas
feeds), however, few-atom Pd clusters deposited on CeO2-
(� Al2O3) nanocomposites exhibited notably higher CO
oxidation activity than single-atom catalysts.[28]

Structure–activity relations obtained for metal-ceria
systems with well-defined metal speciation aid the design of
practical CO oxidation catalysts based on Pd/CeO2. None-
theless, typical metal-oxide catalysts prepared by conven-
tional preparation methods (e.g., impregnation or precipita-
tion) often lack uniformity and contain a mixture of metal
nanoparticles, clusters, and single atoms already in the as-
prepared state.[7,29–31] Moreover, these species can transform
into each other depending on the reaction conditions.[32–35]

For Pd/CeO2, several works demonstrated a coexistence
and, in fact, synergy between PdOx clusters and Pd atoms in
the CeO2 lattice for the oxidation of CO at low
temperature.[36–38] Other reports stressed the importance of
metallic Pd sites for optimal catalytic performance.[39,40]

Despite all these efforts, the lack of operando spectroscopy
data where structure and activity of Pd/CeO2 are determined
simultaneously hampers the understanding of the catalytic
roles of different Pd species. Moreover, it remains unclear
whether activity descriptors derived for well-defined nano-
particles or single atoms of Pd supported on ceria are
applicable for catalysts prepared by conventional methods.

Here, a Pd/CeO2 catalyst prepared by wet impregnation
of a commercially available ceria support was studied by a
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set of complementary operando and in situ spectroscopy
tools. We used operando X-ray absorption spectroscopy
(XAS) to interrogate the changes in Pd speciation as a
function of time, temperature, and composition of the
reaction mixture. Using in situ near-ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS), we identified vari-
ous Pd species during CO oxidation with high surface and
chemical sensitivity. We applied time-resolved operando
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) to follow the evolution of adsorbates on Pd
surface and determine the nature of active and spectator
species in low-temperature CO oxidation. Finally, correla-
tion of the spectroscopic data with results of steady-state
and transient reaction kinetic experiments completed a
mechanistic picture of the dynamic role of different Pd
states in CO oxidation.

Results and Discussion

Structure and CO Oxidation Activity of Pd/CeO2 Catalyst

A commercial ceria support was loaded with 1 wt% Pd by
wet impregnation using palladium nitrate as a precursor
(sample denoted as Pd/CeO2). No Pd or PdO phases were
detected by powder X-ray diffraction and Raman spectro-
scopy in the as-prepared state of Pd/CeO2 (Figure S1). As
shown in Figure 1a,b, high-resolution high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) together with energy-dispersive X-ray

spectroscopy (EDX) mapping revealed a non-uniform
speciation of Pd. While part of Pd is highly dispersed
(Figure 1a, Figure S2), another part is present as nano-
particles of �3 nm (Figure 1b, Figure S3). Ex situ X-ray
absorption near-edge structure (XANES) analysis demon-
strated that Pd is in the oxidic state in the as-prepared
sample (Figure S4). Fitting of extended X-ray absorption
fine structure (EXAFS) data confirmed the high dispersion
of Pd (CNPd� Pd�4, vs. 12 in PdObulk, Table S1). Thus, Pd–
oxo species in the as-prepared catalyst vary in size from few-
atom clusters to 3 nm nanoparticles. The steady-state CO
oxidation activity was evaluated at 80 °C. The reaction
orders with respect to CO and O2 were +0.31 and +0.21,
respectively (Figure 1c). The positive reaction order in CO
points to the absence of CO poisoning at low temperature,
which has earlier been associated with CO oxidation taking
place at the Pd� CeO2 interface.[18,19,24] Previously, we
reported that, unlike reduced metal nanoparticles, single Pd
atoms on CeO2 exhibited a positive order in CO, while the
reaction order in O2 was negative.[24] The positive reaction
order in O2 observed in the present work might therefore
indicate that the fraction of single-atom Pd species in
impregnated Pd/CeO2 catalyst is low under reaction con-
ditions. This is consistent with the lower activity of Pd/CeO2

in low-temperature CO oxidation (Figure S5) in comparison
to a single-atom Pd1/CeO2 catalyst.[24] Repeated CO oxida-
tion light-off cycles over the same catalyst revealed that the
activity at low temperature (<100 °C) decreased during the
second light-off run (Figure 1d). Together with an increase
in apparent activation energies (41 vs. 53 kJmol� 1), these

Figure 1. Structure and activity of Pd/CeO2 catalyst. HAADF-STEM and EDX mapping of fresh Pd/CeO2 catalyst: a) region with highly-dispersed Pd
species; b) region with small clusters and nanoparticles of Pd oxide. c) Steady-state catalytic activity of the Pd/CeO2 in CO oxidation as a function
of pressure of reactants at 80 °C. GHSV�240000 mLgcat

� 1h� 1
, conversion kept below 5%. Error bars represent five consequent measurements.

d) Arrhenius plot for low-temperature catalytic activity of Pd/CeO2 in CO oxidation. Yellow circles represent the first light-off run (RT to 300 °C),
cyan circles stand for the second run. Reaction conditions: 1% CO and 1% O2 in He (GHSV�180000 mLgcat

� 1 h� 1), conversion kept below 10%.
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results point to structural changes in the catalyst during CO
oxidation. Accordingly, we employed operando X-ray
absorption spectroscopy (XAS) at the Pd K-edge to follow
the structure of Pd/CeO2 during CO oxidation.

Structural Dynamics of Pd/CeO2 Catalyst during
Low-Temperature CO Oxidation

Taking advantage of the high penetrating power of X-rays at
the Pd K-edge (�24.4 keV), we could use a conventional
quartz plug-flow reactor and high space velocities (
�200000 mLgcat

� 1 h� 1) for XAS measurements. Comple-
mented by online mass spectrometry (MS), this setup allows
operando characterization of Pd in Pd/CeO2 catalyst during
CO oxidation. In the experiment the catalyst was pretreated
in oxygen at 300 °C followed by cooling to 80 °C. Then the
oxygen feed was switched to the reaction mixture—1 vol%
CO and 1% vol% O2 in He. XANES analysis revealed
substantial spectral changes upon a switch from O2 to CO+

O2 (Figure 2a). Using spectra of O2-pretreated and reduced
catalyst as standards for Pd2+ and Pd0 species (Note S1) for
linear combination fitting (LCF), we found that the Pd oxide

species initially present in Pd/CeO2 catalyst were reduced
(Figure 2b). Within 30 min, around 40% of Pd2+ was trans-
formed into Pd0/δ+ species. These changes in the Pd
oxidation state are accompanied by a substantial decrease in
the CO oxidation activity. While initially the CO conversion
was around 90% (Note S2), the conversion decreased to
�5% after 40 min. These results indicate that highly
dispersed Pd–oxo species, present in the fresh catalyst, are
highly active in low-temperature CO oxidation but not
stable. In situ EXAFS data reveal that the second part of
deactivation process (>30 min) goes together with the
appearance of a Pd� Pd shell due to metallic Pd (Figure 2c
and Figure S7). The coordination numbers for Pd� Pd
scattering paths for the Pd and Pd-oxide species were below
6, suggesting that metallic/sub-oxidized Pd nanoparticles are
formed under low-temperature CO oxidation conditions.

As EXAFS is a bulk averaging technique, we cannot
distinguish a mixture of Pd-oxide and Pd metal from sub-
oxide Pd phase that can be present on the surface under
reaction conditions.[41] Thus, we studied the surface speci-
ation of Pd by in situ NAP-XPS. After pretreatment in O2,
the Pd 3d spectrum (Figure 2d) contains two principal
components: i) �87% of Pd 3d5/2 at 337.9 eV due to highly

Figure 2. Reaction driven structural dynamics of Pd/CeO2 catalyst. a) Evolution of Pd oxidation state (derived from LCF analysis) and CO
conversion during operando XAS experiment. b) Operando XAS at Pd K-edge during a switch from O2 to CO+O2 at 80 °C. XAS data acquired in
the middle of the catalyst bed. Conditions: “O2”—20% O2 in He; “CO+O2”—1% CO and 1% O2 in He, total flow 100 mLmin� 1. c) R-space plot of
EXAFS data for the sample before the switch (blue) and after 60 min stabilization in the reaction mixture at 80 °C (amber). d) In situ NAP-XPS of
Pd 3d before and after the switch from O2 to CO+O2 (1 :1) at 80 °C (2 mbar). Each NAP-XPS measurement was performed for �2.5 h after
complete replacement of the gas phase in the NAP-cell.
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dispersed Pd2+ in strong interaction with ceria (Pd� Ox� Ce)
and ii) �13% Pd 3d5/2 at 336.6 eV related to sub-oxidized
PdOx species.[20,24,42] This shows that both highly dispersed
and clustered Pd–oxo species are present in the pretreated
catalyst. When the catalyst was exposed to the CO+O2

reaction mixture in the NAP cell, partial reduction of Pd2+

took place resulting in �35% of sub-oxidized and �5% of
metallic species. Owing to the high sensitivity of the 3d core-
level XPS to intermediate charge states, we can conclude
that at low reaction temperature most of Pd2+ reduced to
sub-oxidized Pdδ+ state instead of metallic Pd0. The absence
of severe Pd sintering under low-temperature CO oxidation
conditions is confirmed by similar values of atomic Pd/Ce
ratios determined by XPS (�0.04) in both O2 and CO+O2

atmospheres.

Probing the Adsorbate Bonding at Pd Sites by Time-Resolved
Operando DRIFTS

Insights into the bonding and reactivity of CO molecules
adsorbed on the surface of Pd were obtained from chemical
transient kinetic experiments monitored by operando
DRIFTS with high temporal resolution of 0.6 s� 1. Figure 3a
shows the changes in the carbonyl absorption bands upon a
switch from O2 to CO+O2 at 80 °C. We found that CO band
at 2146 cm� 1 was the dominant one during the first seconds
of the reaction (Figure 3a,b). This high-frequency band
(denoted here as LHF� CO) has been earlier assigned to
linear carbonyls of single-atom Pd species.[24–26] These atomi-
cally dispersed oxidized Pd species are highly reactive but
require a nanostructured ceria support with enhanced oxy-
gen mobility to maintain their isolated nature during CO
oxidation.[24] Clearly, on the surface of the relatively large
ceria particles used in the present study the oxidized Pd
single atoms are prone to reduction and clustering. The
decrease in LHF� CO goes together with the appearance of

Figure 3. Response of Pd carbonyl species to chemical transients monitored by time-resolved DRIFTS. a) DRIFTS data acquired during a forward
switch from O2 to CO+O2 at 80 °C. b) Selected FTIR spectra acquired during a forward switch from O2 to CO+O2 at 80 °C. c) DRIFTS data
acquired during a backward switch from CO+O2 to O2 at 80 °C. d) Selected FTIR spectra acquired during a backward switch from CO+O2 to O2 at
80 °C. Conditions: “O2”—1% O2 in He; “CO+O2”—1% CO+1% O2 in He; “CO”—1% CO in He. Total flow 100 mLmin� 1.
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additional bands at �2090 cm� 1 and �1980–1850 cm� 1 due
to linear (L� CO) and multi-bonded (M� CO) carbonyls of
sub-oxidized and metallic Pd, respectively.[24–26] The reduc-
tion and partial sintering of Pd-oxo species is accompanied
by a significant decrease of the CO oxidation activity, as
follows from the decrease of the IR band intensity of gas-
phase CO2 in the DRIFTS cell and the decrease of the m/z=

44 signal in MS (Figure S8). These changes are consistent
with the results of operando XAS characterization, indicat-
ing that the initial high catalytic activity is linked to highly
dispersed Pd-oxo species.

After steady state CO oxidation activity was reached
and no further changes in IR spectra of the operating
catalyst were seen, the backward transient from CO+O2 to
O2 was performed. As shown in Figure 3c,d, CO is
completely removed from the gas phase in about 8 s
following the switch. In contrast, the removal of adsorbed
CO is substantially slower, and the responses of the L� CO
and M� CO carbonyls exhibited very different kinetics (Fig-
ure 3c). By using rapid-scan FTIR, we could resolve two
stages of carbonyl evolution during the switch from CO+O2

to O2. The first one (t<17 s) was found to be linear in the
semi-logarithmic coordinates (Figure 4a) and gave rise to
rate constants for first-order L� CO and M� CO decomposi-
tion of �0.057 s� 1 and �0.027 s� 1, respectively. Thus, the
initial rate of removal of linearly adsorbed CO on sub-
oxidized Pd sites is nearly twice faster than the removal of
multi-bonded CO on metallic Pd. However, in the second
stage (t>17 s), M� CO decomposed much faster (k
�0.145 s� 1) than L� CO (k�0.037 s� 1). When M� CO started
to decay rapidly (at t�20 s), the decrease in L� CO band
area slowed down (Figure S9), likely due to the interconver-
sion between multi-bonded and linearly adsorbed CO
species.[43,44]

The two-step nature of the carbonyl decomposition can
be explained by differences in the CO oxidation mechanism
at high and low coverages of CO. We hypothesize that
during the first stage of CO+O2 to O2 transient, CO
oxidation proceeds mainly at the Pd� CeO2 interface,
because metallic sites remain poisoned due to the high CO
coverage. In the second phase of the transient, the CO
coverage decreases, allowing oxygen to adsorb on metallic
Pd where oxidation of CO can take place. CO oxidation
involving facile oxygen dissociation on bridge and/or hollow
sites of metallic Pd surface,[45] can explain the fast decay of
M� CO and the peak in CO2 gas phase evolution at �17 s
after the switch (Figure 3c and Figure S10).

To understand the effect of CO desorption on the
observed transient responses, we also performed a transient
experiment in which the CO+O2 reaction mixture was
replaced by inert He (Figure S11). The disappearance of Pd
carbonyls proceeded much slower (�200 s) than upon the
CO+O2 to O2 switch (�60 s) and with much lower rate
constants (Figure 4b) for the decays of L� CO (�0.038 s� 1)
and M� CO (�0.018 s� 1) than for the backward O2 transient
(Figure 4a). We attribute this difference to oxidation of
adsorbed CO by O2 in the CO+O2 to O2 transient. Recent
works suggest that oxidation of chemisorbed CO at low
temperature can also occur in inert atmosphere due to the

supply of oxygen atoms from ceria to interface sites.[17,46] To
deplete reactive oxygen atoms, the catalyst initially operated
at steady state in a CO+O2 mixture at 80 °C was exposed to

Figure 4. Kinetics of the removal of Pd carbonyls during chemical
transient experiments. Semi-logarithmic plots of FTIR band areas as a
function of time for: a) CO+O2 to O2 transient; b) CO+O2 to He
transient; c) CO to He transient. Conditions: 80 °C; “O2”—1% O2 in
He; “CO+O2”—1% CO+1% O2 in He; “CO”—1% CO in He. Total
flow 100 mLmin� 1.
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a feed of 1% CO in He. As a result of surface reduction, we
observed a bathochromic shift (�7 cm� 1) of both L� CO and
M� CO bands and an increased intensity of multi-bonded
carbonyls (Figure S12). The total band area of Pd carbonyls
for the catalyst exposed to CO is not very different from the
CO+O2 case, indicating that the CO coverage is high during
steady-state CO oxidation. This is consistent with the
mechanistic proposal that low-temperature CO oxidation at
high CO coverages occurs at the Pd� CeO2 interface, while
the rest of Pd surface is poisoned by CO. When the intensity
of the Pd carbonyl bands stabilized after exposure of the
catalyst to CO, a switch from CO to He feed was performed.
In this case, the removal of carbonyls took much longer (
�600 s) than for the switches from CO+O2 to O2 (�60 s)
and CO+O2 to He (�200 s). The rate constants for
decomposition of L� CO (�0.021 s� 1) and M� CO (
�0.009 s� 1) in He after CO exposure (Figure 4c) were much
lower than upon the CO+O2 to He switch. This difference
can be attributed to stronger adsorption of CO on more
reduced Pd sites and the depletion of reactive oxygen atoms
at the Pd� CeO2 interface.

To investigate the latter aspect, we performed an
identical set of experiments on a reference sample in which
lattice oxygen mobility and its impact on CO oxidation
kinetics can be neglected. For this purpose, non-reducible
ZrO2 support[47] was impregnated with 1 wt% Pd (sample
denoted as Pd/ZrO2). As shown in Figure S13, this catalyst
was much less active than Pd/CeO2 in low-temperature CO
oxidation and followed a conventional Langmuir–Hinshel-
wood mechanism.[48,49] The presence of similar L� CO and
M� CO bands under identical reaction conditions (Fig-
ure S14) facilitates a comparison of the kinetics of Pd
carbonyl removal from Pd/CeO2 and Pd/ZrO2. During the

switch from CO+O2 to O2 over Pd/ZrO2, carbonyl removal
was much slower (�600 s) than for Pd/CeO2. This difference
can be explained by the absence of reactive lattice oxygen in
ZrO2. Strikingly, the kinetics of the disappearance of L� CO
and M� CO bands for Pd/ZrO2 during CO+O2 to He
(Figure S15) and CO to He (Figure S16) switches were
similar. From this, we infer that reactive ceria lattice oxygen
is the key to efficient low-temperature CO oxidation on
supported Pd.

Structural Evolution of Pd during CO Oxidation at Elevated
Temperature

Figure 5a shows that heating of Pd/CeO2 in reaction mixture
up to �150 °C led to increase in CO oxidation activity and
reduction of Pd–oxo species. At around 160 °C the �50%
CO conversion was reached and reduction of Pd–oxo species
stopped. Further heating led to reoxidation of Pd0/δ+ to
Pd2+. Oscillations in the catalytic activity caused by the
exothermicity of the reaction (see Note S2) were not
observed after reaching full CO conversion (�170 °C). After
stabilization for 30 min at 225 °C, around 80% of Pd was
oxidized. Reoxidation of Pd after ignition of CO oxidation
has been observed before for Pd on redox-inactive alumina,
suggesting that this phenomenon is related to the chemical
properties of Pd� PdO clusters rather than to the ceria
support specifically.[50,51]

Upon cooling (Figure 5b), reduction of Pd started at
�165 °C, resulting in around 25% of Pd2+ at 80 °C. These
light-off experiments show that the catalyst did not return to
the initial state preceding ignition (�55% of Pd2+). EXAFS
analysis revealed a decrease in the Pd� O coordination

Figure 5. Evolution of Pd during CO oxidation as a function of temperature. a) Operando XAS at Pd K-edge during heating in 1% CO and 1% O2 in
He (total flow 100 mLmin� 1). XAS data acquired close to the middle of the catalyst bed. b) Evolution of Pd oxidation state upon cooling in reaction
mixture after light-off test. c) R-space EXAFS data for different parts of the catalyst bed cooled to 80 °C after the reaction. d) In situ NAP-XPS of Pd
3d for the catalyst exposed to CO+O2 (1 : 1) mixture (2 mbar).
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number to �2 and an increase in Pd� Pd coordination
number to 7 (Figure 5c, top) from respective initial values of
�4 and �5 for the fresh catalyst (Figure 2c, top). TEM
images and EDX mapping of the used catalyst showed that
Pd was present as �3 nm particles (Figure 6 and Fig-
ure S18). The reduction and sintering of highly dispersed
Pd-oxo species during CO oxidation at elevated temperature
can explain the partial loss of low-temperature catalytic
performance during the repeated light-off tests (Figure 1d).

The temperature and concentration gradients along the
catalyst bed that occur at high temperatures and/or high
conversion levels can significantly contribute to heterogene-
ity in the Pd speciation.[15,51,52] After the CO oxidation light-
off test on Pd/CeO2, XAS was performed close to the feed
side (2 mm), in the middle (6 mm, standard position) and
close to the exit (14 mm) of the catalyst bed (15 mm total).
XANES indicated a significant difference in Pd state at the
inlet position (Figure S19) as compared to the middle and
the end of the bed, which appeared to be rather similar.
LCF analysis revealed an almost two times lower concen-
tration of Pd2+ in the beginning of the catalyst bed with
respect to the other segments. Fitting of the EXAFS data
(Figure 5c and Table S1) acquired in this position reveals a
more severe reduction and sintering of Pd species. This
result indicates that at elevated temperature and full
conversion of CO only the front part of the catalyst bed is
used to convert the feed mixture, while the rest of the
catalyst is only exposed to a mixture of O2 and CO2. This
also explains a substantial degree of Pd reoxidation in the
middle of the reactor observed at T>170 °C. Accordingly,
we can explain the observed reduction of Pd upon cooling
from 225 °C to 80 °C (Figure 5b). When the temperature
decreases and CO is not fully converted anymore, the
middle of the bed starts to be exposed to CO, which leads to
Pd reduction.

To disentangle the reaction-driven changes in Pd speci-
ation from the effects of local temperature and concentra-

tion gradients along the catalyst bed, we performed an in
situ NAP-XPS study. Upon heating the catalyst from 80 °C
to 150 °C in the reaction mixture, a considerable fraction of
oxidized Pd� Ox� Ce and PdOx species transformed into
metallic Pd (Figure 5d), in line with operando XAS data
showing reduction of Pd (Figure 5a). Further heating to
225 °C resulted in a slightly higher fraction of Pd metal (
�53%), whereas nearly full reoxidation of Pd was observed
during the operando XAS experiment in a catalytic bed.
Even at 300 °C, no notable reoxidation of Pd was observed
by NAP-XPS. This can be explained by the incomplete CO
conversion in the NAP cell (Figure S20), where the gases
flow over the catalyst surface instead of passing through the
catalyst bed as in operando XAS tests. The in situ
determined Pd/Ce surface atomic ratio decreased at elevated
temperatures (Table S2), pointing to sintering of metallic
Pd. When the catalyst was cooled to 80 °C in the reaction
mixture, only a slight decrease in the Pd2+ fraction (�9%)
was seen by NAP-XPS. This is also in contrast to the notable
reduction observed in the corresponding operando XAS
measurements, which is due to the exposure of the whole
catalyst bed to CO at incomplete conversion. Despite these
differences, the average oxidation state of Pd in the used
catalyst after the first light-off cycle determined by XPS and
XAS were similar (Pdδ+, δ�0.4–0.6), indicating the minor
effect of the pressure gap between the two techniques
(2 mbar in NAP-XPS and 20 mbar in XAS).

Altogether we conclude that substantial structural
changes in Pd/CeO2 take place during CO oxidation light-
off. Small sub-oxidized Pd clusters formed at low temper-
ature undergo partial reduction and sintering at elevated
temperature. However, almost complete reoxidation of Pd
can occur in a fixed-bed reactor when full CO conversion is
reached. These observations highlight the importance of
spatially-resolved operando experiments to draw unambig-
uous conclusions on the structure–activity relations.[15,50–52]

Complementary surface-sensitive spectroscopic experiments
allowed us to confirm the coexistence of metallic Pd0, sub-
oxidized Pdδ+ and oxidized Pd2+ species in strong inter-
action with CeO2 in the catalyst operating at elevated
temperature. Recently, it was shown that coexistence of Pt0

and Pt2+ in ceria-supported Pt nanoparticles was due to the
presence of Pt2+� O� Ce interfacial sites.[53] From the finding
that operando DRIFTS spectra did not exhibit any CO
adsorbed on highly oxidized Pd sites in the used catalyst, we
infer that Pd2+� O� Ce moieties detected by X-ray based
spectroscopy are located at the interface between Pd nano-
particles (�3 nm) and ceria. In line with this, the repeated
CO oxidation cycle followed by in situ NAP-XPS and
operando XAS revealed a slightly lower fraction of Pd2+

� O� Ce fragments due to the increased size of supported
nanoparticles and thus lower contribution of interfacial sites
(Figures S21–S23).

Correlating Pd Oxidation States to CO Oxidation Kinetics

A set of in situ and operando spectroscopy experiments
demonstrated that Pd is present in several oxidation states

Figure 6. HAADF-STEM and EDX mapping of the Pd/CeO2 catalyst after
CO oxidation. In contrast to as-prepared state, Pd is predominantly
present as �3 nm Pd/PdO nanoparticles after CO oxidation at elevated
temperature.
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in Pd/CeO2 catalyst during CO oxidation. Chemical transient
experiments showed that metallic Pd species (M� CO) are
spectators in low-temperature CO oxidation, while sub-
oxidized Pd sites (L� CO) in proximity to Pd2+� O� Ce
interface are most likely the active sites. CO oxidation on
these sub-oxidized Pd species exhibits a different mechanism
than the conventional metal-catalyzed CO oxidation. This is
consistent with the positive reaction order in CO (�0.3),
indicating the absence of CO poisoning. Thus, the low-
temperature CO oxidation activity can be linked to the
Pd� CeO2 interface (Figure 7a). Furthermore, our in situ and
operando experiments clearly demonstrated that the Pd
speciation changes with reaction conditions. With increasing
temperature, a higher fraction of metallic Pd nanoparticles
is present, which in turn might influence the apparent
reaction kinetics. The reaction orders measured at 80 °C and
165 °C for the Pd/CeO2 catalyst (Figure S24) were respec-
tively 0.1 and 0.3 in CO and 0.3 and 0.2 in O2. These changes
can be attributed to an increased contribution of Langmuir-
Hinshelwood mechanism on metallic Pd[48,49] to the global
kinetics of CO oxidation at 165 °C (Figure 7b). At even
higher temperature of 225 °C, the contribution of metallic
sites to the overall activity further increased, as indicated by
a negative reaction order in CO (� 0.1) and a more positive
order in O2 (+0.6) (Figure 7c). Hence metallic Pd sites that

formed under reaction conditions become important for CO
oxidation at elevated temperatures. These results illustrate a
complex and dynamic role of different Pd oxidation states
during CO oxidation over Pd/CeO2 catalysts. These findings
also point to limitations of single-site catalysts for reactions
that take place in a broader range of reaction conditions
such as encountered in three-way catalysis. The coexistence
of multiple active sites in practical catalysts can benefit the
overall performance in a wide operation window.

Conclusion

In this work we demonstrated that a conventional impreg-
nated Pd/CeO2 catalyst contains various Pd-oxo species,
ranging in size from single atoms to clusters and nano-
particles. Using a set of time-resolved operando and in situ
spectroscopic techniques, we assessed the reactivity and
stability of these different Pd species under reaction
conditions. The oxidized Pd single atoms present in the as-
prepared catalyst display high low-temperature activity but
are prone to reduction under CO oxidation conditions at
80 °C. The in situ formed sub-oxidized and metallic Pd
species display a much lower activity in low-temperature CO
oxidation than oxidized Pd single atoms. The low activity of
reduced Pd species can be explained by CO poisoning as
demonstrated by operando DRIFTS. The analysis of in situ
NAP-XPS and operando spatially-resolved XAS data re-
vealed that CO oxidation at elevated temperature causes
further reduction and sintering of Pd-oxo species. This
results in the formation of predominantly �3 nm Pd nano-
particles with ca. 25% of Pd atoms in the oxidized state due
to strong interaction with CeO2. The change in reaction
orders as a function of the reaction temperature clearly
demonstrates the involvement of metallic Pd in CO
oxidation at elevated temperatures. Thus, Pd species that
are spectators at low temperature are important to the
catalytic performance at higher temperature. This exempli-
fies the complexity of establishing the structure–activity
relationships for technical catalysts that will typically contain
different Pd states. The present study shows how a
combination of appropriate operando characterization
methods can resolve the evolution of active phase under
dynamic reaction conditions. Such knowledge is pivotal to
the rational design of catalysts.
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