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over single Pd atoms with a CO reaction order greater than unity. A CO Ce0,
order greater than unity is unique to Pd single atoms supported on CeO,
nanocubes and is not observed for Pd nanoparticles on the same support nor (o) me ﬂ
CeO,
elementary steps, in which Pd dynamically samples three formal oxidation
states, is unable to capture a reaction order in CO greater than unity.

Vibrational spectroscopy of CO adsorption ranging from lean to rich Ce .

conditions reveals Pd accesses an extensive array of formal oxidation states, °‘o‘ .

ranging from Pd*" to Pd’. Density functional theory calculations demonstrate

possible, with cross-over between them leading to a reaction mechanism yielding reaction orders in CO greater than unity. A
microkinetic model, utilizing Bayesian inference to adjust elementary energetics to fit the experimentally measured activation barrier
and reaction orders, confirms the reaction order in CO of >1 arises from the ability of the Pd active site to access four formal
oxidation states, spanning from +4 (PdO,) to —2 (Pd adjacent to a CeO, lattice oxygen vacancy). This work demonstrates the
emergent redox behavior of Pd single atoms on CeO,, which may be important to explain their high activity for low-temperature

other supported single-atom systems. A reaction mechanism including eight
Pd atoms supported on CeO, can access four formal oxidation states during lean CO oxidation. Two catalytic redox cycles are
catalytic combustion of hydrocarbons.
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1. INTRODUCTION

Redox catalysis inherently involves participant metal atoms
dynamically oscillating between various oxidation states. Facile
changes in the oxidation state are crucial to high redox activity,
and identification of the metal oxidation states involved in the
redox cycle is necessary to explain observed kinetic behaviors
and improve catalyst design. Dynamic variation in the metal
oxidation states affects the reactivity and selectivity of extended
metal surfaces,”” supported metal nanoparticles (NPs),”* and
single-atom metal catalysts.”~” Daelman et al. performed density
functional theory (DFT) and first-principles molecular dynam-
ics simulations of supported Pt single atoms on CeO,(100)
surfaces and found several dynamically interconnected charge
states.” Senftle et al. performed DFT calculations on hydro-
carbon oxidation reactions over single-atom Pd/CeO, catalysts
and attributed the high activity to the ability of Pd atoms to
transition between Pd*" and Pd** oxidation states, enabling
rapid C—H activation on Pd-doped ceria catalysts.””

The oscillation between oxidation states is well appreciated in
homogeneous catalysis, and reaction mechanisms attempt to
precisely define various metal oxidation states within a redox
cycle.'®™"* Zhang et al."’ studied electrochemical water
oxidation over Fe-based octahedral complexes where the
oxidation state of the iron center is proposed to alternate
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between III and V (Fe™(H,0)*" and Fe"(0)*, respectively)
twice during the catalytic cycle via an oxidative 2e”/2H" proton-
coupled electron transfer reaction of Fe¥(0)>* with water. The
catalyst oxidation state (III) regenerates through O, release.
Heterogeneous catalysis over supported single metal atoms
provides similar opportunities for the metal atoms to oscillate
between different oxidation states. Identifying the oxidation
states of metals in single-atom catalysts (SACs) during redox
cycles is challenging. The support can be considered akin to a
“ligand”, but this is an imperfect analogy since a single metal
atom has not only local electronic states but also delocalized
states participating in the extended band structure of the oxide
support.'* Hence, the identification of the oxidation states of
metal site(s) under dynamic conditions is crucial to determine
the active species in SACs and to probe the role of the support in
enabling emergent redox properties.
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The bulk oxidation state of the metal in a supported catalyst is
often assumed to be the active and dominant state throughout
the reaction mechanism.'> For a metallic NP catalyst, electronic
states are delocalized,'® and therefore, the binding of the
adsorbate does not alter the formal oxidation state of the metal.
For catalysis over metal oxides, delocalized states also participate
in redox cycles,'"” and it is challenging to characterize the
changes in local oxidation states within a relatively static
extended oxide structure."*° Late transition metal SACs have
electrons both in localized d states and in delocalized states due
to electronic interaction with the underlying oxide support and/
or reactants, with the single atoms undergoing dynamic charge
transfer between distinct oxidation states.”' Moreover, the most
populous oxidation state(s) under reaction conditions can differ
with varied redox conditions (i.e., at room temperature in air vs
at an elevated reaction temperature in a CO/O, mixture).””
Dynamic changes in the oxidation state during catalytic cycles
are typically short-lived and difficult to characterize.”®> The
oxidation states determined by ex situ X-ray photoelectron
spectroscopy (XPS) refer to the “resting states” of the metal
species,”* which do not necessarily represent the oxidation state
experienced during reaction. The thermodynamic redox
condition is also typically different in an XPS chamber than
the reaction conditions. XPS results obtained under ex situ
conditions may not provide an accurate picture of the surface
active metal oxidation states during reaction. X-ray absorption
spectroscopy analysis under in situ conditions is challenging due
to the low signal-to-noise ratio as a result of the intrinsically low
metal loading of metal-oxide-supported SACs.*

To investigate the in situ dynamic nature of oxidation states,
CO oxidation is a useful probe reaction due to the simplicity of
its reaction cycle and the intrinsic sensitivity of the bonded CO
stretching vibrational mode to its local environment. CO bound
to metal atoms at different oxidation states exhibits distinct C—
O stretching frequencies due to different extents of CO-metal
electronic back donation, altering the C—O bond strength. This
convenient characterization technique provides opportunities
for the in situ recording of dynamic oxidation states of supported
single atoms in response to varying reaction conditions. DFT
calculations revealed the coexistence of SACs in multiple
oxidation states through the construction of reaction mecha-
nisms that track oxidation states under different reaction
conditions, and microkinetic modeling (MKM) accounted for
the extent to which various reaction mechanism(s) contributed
to the observed reaction kinetics.”*° DFT studies of CO
oxidation over atomically dispersed Pd and Ir have shown that
both CO oxidation (i.e., OC—O bond formation) and O,
activation (i.e, O—O dissociation) occur local to the metal
center.””~*" This leads to a typical redox cycle in which one O
atom reacts with CO, followed by the addition of two O atoms
due to O, adsorption and dissociation, and then, the “extra” O is
used to oxidize another CO, after which the active site returns to
its original oxidation state. The elementary steps for this basic
CO oxidation mechanism over a Pd single-atom site (noted as
PdO,) with an unspecified initial oxidation state are summarized
in Table 1. In this scenario, Pd oscillates among three oxidation
states (PdO, PdO,_,, and PdO,,,) during the catalytic cycle.
The value of x represents the middle oxidation state of Pd in the
cycle, with plausible values of x = 1 (allowing Pd to oscillate
between +4, +2, and O formal oxidation states during the
catalytic cycle) or x = 0 (in which Pd transits between PdO, Pd’,
and Pd with an O vacancy in the support). Although the number
of O atoms may be used to assign a formal oxidation state to Pd

Table 1. Elementary Steps for a Dual Oxidation Cycle of a
PdO, Site Converting CO to CO, Over a Redox-Active
Support®

step

no elementary step reaction

PdO, + COy < CO—PdO,
CO-PdO, & CO,—PdO,_,

1 1st CO adsorption

2 1st CO Oxidation to CO,
(oCc-0)

1st CO, desorption CO,—PdO,_; « COy,) + PdO,

Pde,l + OZ(g) < (OZ_Pde—l)

(0,~PdO,_,) < PdO,,,

PdO,,, + CO(, < CO-PdO,,,

CO-PdO,,, < (CO,—PdO,)

O, adsorption
O, dissociation
2nd CO adsorption

2nd CO Oxidation to CO,
(0C-0)

8 2nd CO, desorption

NN AW

(CO,~PdO,) © COy (g + PO,

“A “—” is used to separate an adsorbate from its adsorption site. O
atoms consumed during CO oxidation steps or added during re-
oxidation by O, may be directly associated with Pd atoms or within
the CeO, support.

atoms, a reducible support (i.e., CeO,) may alter the effective
formal oxidation states of Pd due to the oscillation of support
metal (Ce) atoms (between Ce** and Ce®") during the redox
cycle. Therefore, the 8-step mechanism of CO oxidation in
Table 1 may be an oversimplification since Pd atoms can span
beyond three oxidation states (by coupling the mechanisms with
x =0and 1) or involve “non-local” reaction processes through
the diffusion of O atoms within Pd/CeO,.

We combine experimental kinetic studies, vibrational spec-
troscopy, DFT calculations, and MKM to evaluate the
elementary mechanisms of CO oxidation over Pd/CeO,
SACs. We supported Pd single atoms on ceria nanocubes with
exposed (100) facets to reduce the heterogeneity of local Pd
environments. Kinetic studies reveal a unique behavior of Pd
single atoms characterized by a reaction order of CO greater
than unity. Diffuse reflectance infrared spectroscopy (DRIFTS)
is used to examine the accessible oxidation states of Pd single
atoms during redox processes. DFT calculations are used to
construct reaction mechanisms with energetics consistent with
experimentally measured kinetic parameters. MKM, together
with Bayesian inference, is used to evaluate whether a reaction
mechanism is consistent with observed experimental kinetics.
Combination of the experimental and computational results
leads to the conclusion that Pd single atoms can access PdO,,
PdO, Pd, and Pd—O vacancy (Pd—0,) configurations during
the reaction cycle, and the dynamic variation among these
oxidation states contributes to oxidation catalysis on Pd/CeO,.
This unique behavior emerges from the Pd—CeO, interaction,
allowing Pd to reach the highly oxidized 4+ oxidation state due
to the reducibility of the support. Collectively, the observed CO
oxidation kinetic behavior differs from Pd NPs because the
strong Pd—CeO, interaction enables Pd to access multiple
oxidation states, leading to mixing between distinct Pd redox
cycles.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Synthesis of CeO, Nanocubes and Single-Atom
Pd/CeO, Catalysts. CeO, nanocubes were synthesized by a
hydrothermal reaction following the method of Zhao and Wang
et al>** In a typical synthesis, Ce(NO;);-6H,0 (2.71 g)
(Sigma Aldrich) was dissolved in S mL of deionized (DI) water
in a Teflon container. NaOH (30 g, solid pellets) was dissolved
in 120 mL of DI water, and the NaOH solution was added
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dropwise to the Teflon container over a period of 15 min, during
which the initially transparent solution turned yellow, followed
by purple. After the complete addition of NaOH, the stir bar was
removed, and the Teflon container was capped and placed in an
autoclave held at 180 °C for 24 h. The autoclave was removed
and cooled to room temperature in a cold water bath. CeO,
precipitates were collected after centrifugation of the suspen-
sion. The precipitates were washed with DI water and ethanol
three times each and dried overnight at 105 °C. We calcined the
CeO, product in dry air (100 sccm) at 400 °C for 4 h to obtain
the final nanocubes. The structure of the CeO, nanocubes was
characterized by transmission electron microscopy (TEM),
which demonstrated the formation of CeO, nanocubes exposing
(100) facets.

The Pd/CeO, catalysts were prepared by the strong
electrostatic adsorption method.””** All reported Pd loadings
are on a weight basis. Tetraamine palladate chloride (Pd-
(NH;),Cl,, Alfa Aesar, 99.9%) was used for all syntheses.
Calculated amounts of the Pd precursor to achieve the desired
weight loading were dissolved in 10 mL of DI water, and the pH
of each solution was adjusted to 11. For catalysts with low Pd
weight loadings (<0.2%), an ammonia solution was used for pH
adjustment to prevent the introduction of other possible metal
ions. For catalysts with higher Pd weight loadings (>0.4%), we
found it difficult to reach target Pd loadings using an ammonia
solution, and NaOH solution was used for final pH adjustment.
After stabilization of the pH of the Pd solution, a calculated
amount of ceria support was added. The addition of the support
decreased the pH values due to the adsorption of hydroxide
anions on the CeO, surface, and an additional base was added to
return the pH to 11. The suspension was stirred with continuous
pH monitoring for ~1 h to allow adsorption of Pd cations onto
the charged surface of the CeO, support. The suspension was
then filtered, washed with 10 mL of DI water three times, and
dried overnight at 105 °C, followed by calcination in dry air
(Praxair, Ultra Zero Air) at 400 °C for 4 h.

2.2. Characterization of the CeO, Support and Pd/
CeO, Catalysts. The synthesized CeO, nanocubes were
characterized by volumetric adsorption, TEM, and X-ray
diffraction (XRD). For TEM characterization, a small amount
of CeO, nanocubes was dispersed in 10 mL of ethanol and
sonicated to obtain a uniform suspension. A drop of this
suspension was added to a lacey carbon-coated copper grid.
Imaging and elemental mapping were carried out using a FEI
Talos F200X microscope with a field emission source operating
at an accelerating voltage of 200 kV in both TEM and STEM
modes. Metal NPs/atoms supported on the ceria support were
imaged using a FEI Titan® G2 microscope at an accelerating
voltage of 200 kV.

Powder XRD measurements were performed using a Malvern
Panalytical XPert Pro MPD 6—0 diffractometer operating in the
6—20 Bragg configuration using Cu Ka (1 = 1.5406 A) radiation
at 40 kV. Scans were made from 20 to 80° with a step size of
0.02° at a scan rate of 4°/min. Surface measurements
determined by Kr adsorption at 77 K on a Micromeritics
3FLEX volumetric adsorption apparatus demonstrated a surface
area of 10—11 m?* g~' for the calcined cubes. The change in
surface area upon the addition of Pd up to 1 wt % was negligible.

Inductively coupled plasma—optical emission spectrometry
(ICP—OES) (Agilent ICP—OES 700) was applied to determine
the total metal content adsorbed on the surface of the support.
Approximately 10—100 mg of catalysts (dependent on the Pd
weight loadings) were added to a 20 mL scintillation vial along

with aqua regia (1 mL of fuming HNO; and 3 mL of saturated
HCI) to dissolve Pd. The vial was capped and left to stand for 2
h, followed by the addition of 4 mL of DI water to dilute the acid
solution. To avoid introduction of CeO, NPs into the ICP—
OES, the suspension was collected by a 5 mL syringe and
injected into another vial through a syringe filter (Restek, O.D. =
25 mm, 0.22 ym porosity). Standard solutions with appropriate
Pd contents were prepared by diluting a stock Pd (100 yg/mL)
calibration standard purchased from Inorganic Ventures
(Christiansburg, VA) to construct a calibration curve for
quantitative Pd determination.

2.3. Kinetic Measurements of CO Oxidation on Pd
SACs. Kinetic measurements were conducted in a home-built,
down-flow fixed-bed reactor (Figure S1). Pd/CeQ, catalysts
(5—30 mg, dependent upon the Pd weight loading) were
weighed and mixed with silicon carbide (SiC) to make a total
sample bed of ~100 mg. SiC increased the thermal conductivity
of the bed to avoid a local temperature increase due to
exothermic reaction. The reactor was heated by a slow ramp rate
(~3 °C/min) to target temperatures under He flow (30 mL/
min). After the temperature stabilized, the He flow was switched
to CO/0,/He flow at the same total flow rate to initiate CO
oxidation. The bed was loaded in a quartz tube (1/2” O.D.) and
fixed between two pieces of calcined quartz wool. A K-type
thermocouple inserted into the tube was in direct contact with
the catalyst bed. Effluent gases were quantified with a HP 5890
Series II gas chromatograph outfitted with a thermal
conductivity detector (TCD). A ShinCarbon ST micro-packed
GC column (Restek Corporation, Bellefonte, PA) was used to
separate gaseous components. Helium was used as a carrier gas
through the column. The gas injections are made using a 10-port
valve via a sample loop injection system. Before measurements,
the GC signals were calibrated using 2—10% CO/He and 0.1—
0.5% CO,/He gases to determine the TCD response factor for
CO and CO,. The activation energy of CO oxidation on each
sample was determined from Arrhenius plots comprised of five
different temperatures, while CO and O, reaction orders were
determined by reaction order plots at five different CO and O,
partial pressures, respectively. The temperatures and pressures
were varied within a small range in random order to eliminate
systematic measurement errors. After the collection of five data
points in each set of measurements, the first data point was
repeated to ensure data reproducibility. The conversion of CO
was limited to <10% for all reaction conditions examined, and all
reported rates were calculated assuming differential reactor
operation. Kinetic data was collected for ~2 h at each condition,
with data from approximately the last 10 min averaged to report
a steady-state rate (deactivation under the lean reaction
conditions was minimal over this time frame). Under any set
of reaction conditions, rates varied by less than 10% for all
samples (from the same batch of catalysts).

2.4. In Situ CO-DRIFTS Measurements. In situ DRIFTS
measurements were conducted on a Bruker Vertex 80v FTIR
spectrometer coupled with a Praying Mantis diffuse reflection
accessory and a high-temperature reaction chamber (Harrick
Scientific). Three gases including 5% CO/He (Research Grade,
Praxair), helium (UHP, Praxair), and 25% O,/He (UHP,
Praxair) were used as received. In a typical experiment, a
calcined catalyst (~60 mg) was added to the reaction chamber,
purged with He at 200 °C for 30 min, and then cooled to the
adsorption temperature; a DRIFT spectrum was recorded under
He. This spectrum served as a reference for the subtraction of
background features associated with the ceria support. During
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Figure 1. HR-STEM image of (a) CeO, nanocubes and STEM images of the synthesized (b) 0.05% Pd/CeO, catalysts with Pd single atoms indicated
by yellow dashed circles; (c) 1% Pd/CeO, with Pd NPs marked by red arrows; and (d) XRD spectra of the (blue) CeO, support and the (red) 0.05%

Pd/CeO, catalyst.

DRIFTS measurements of CO adsorption, gases were mixed in a
manifold and introduced to the reaction chamber. Volumetric
flow rates of gases were adjusted with needle valves attached to
rotameters to achieve different partial pressures of CO required
for the IR spectroscopy experiment—CO adsorption, pressure-
swing desorption, temperature-programmed desorption, and
catalytic CO oxidation. To record the change in surface
chemistry during in situ measurements, time-resolved scans
were collected every S to 10 min. For each spectrum, 100 scans
were averaged to increase the signal-to-noise ratio.

2.5. Computational Methods. 2.5.1. Density Functional
Theory. DFT calculations are used to identify plausible atomistic
structures of Pd/CeO, (100) catalysts, probe CO adsorption
energetics, and vibrational frequencies as a function of the PdO,,
oxidation state and provide plausible reaction energetics for CO
oxidation catalytic cycles. Spin-polarized plane-wave DFT
calculations were carried out using the Vienna ab initio
simulation package (VASP), version 5.4.4.°%>> The electron
exchange and correlation energies were computed using the
Perdew, Burke, and Ernzerhof version of the generalized
gradient approximation (GGA) functional.®® The projector
augmented-wave (PAW)*” method was used to represent the
ion-core electron interactions. The cerium Ss, Sp, 5d, 4f, and 6s
electrons, the oxygen 2s and 2p, and the Pd 4d and Ss electrons
were treated as valence electrons. The structural convergence
criteria for forces were 0.05 eV A~ for all unconstrained atoms.

12930

The DFT + U method®® within VASP was used for Ce f states
with a U value of S €V to correct for on-site coulombic
interaction, as recommended by Nolan et al.>’ A plane-wave
energy cutoff of 500 eV was used to represent the valence
electrons, and a Monkhorst—Pack*’k-point mesh of 3 X 3 X 1
was used with the third vector perpendicular to the ceria (100)
surface (Figure S2). Transition states (TS) were located using
the climbing image nudged elastic band (CI-NEB) method™*'
(5—7 images) and the dimer method"” by relaxing the forces
below 0.05 eV A™" and further confirmed through the presence
of a single imaginary frequency along the reaction coordinate.
Vibrational frequencies were calculated using partial Hessian
analysis via numerical second derivatives with displacements of
0.01 A. The complete methodology is detailed in Supporting
Information Section S2.

The CeO, (100) surface was modeled as a slab of cubic
fluorite. The optimized bulk CeO, equilibrium lattice parameter
of 5.481 A is consistent with the experimental value of 5.411 A.**
A p(4 X 4) expansion of the surface unit cell was used, and a
checkerboard surface structure (where only half of the surface
oxygen atoms are located on one (100) surface and the other
surface oxygen atoms on the opposite (100) surface**) was used
to remove the permanent dipole of the (100) surface. Further
details of the surface slab construction and adsorption of Pd
single atoms, including images of structures, are included in
Section S2.1 (Figures S2—S6). Adsorption energies, reaction
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energies, activation barriers, and oxygen vacancy formation
energies follow their typical definitions, as detailed in Supporting
Information Sections S$2.2—2.4 (Figures S7). The oxidation
states of Pd SACs are determined as detailed in Section S2.5
(Figure S8).

2.5.2. Microkinetic Modeling (MKM) and Bayesian
Inference Approaches. MKM was used to evaluate the ability
of individual elementary reaction mechanisms to yield kinetic
behavior consistent with experiments. Although agreement with
the experiment cannot prove a mechanism, MKM proves useful
in this study to examine the requirements of a mechanism to
match experimental observables (activation barrier and reaction
orders). Elementary adsorption, desorption, and surface
reaction rate constants were written using TS theory formalisms
detailed in Section S2.6. An in-house Python code was used to
evolve the surface coverage of species to a steady state given a set
of reaction energetics and reaction conditions (CO, O,
pressure, and temperature). Activation barriers were calculated
from the MKM by varying the temperature and then fitting the
reaction rates to the Arrhenius equation. Reaction orders with
respect to a species (CO or O,) were calculated by varying the
species’ partial pressure and recording the corresponding
reaction rates.

DFT provided initial elementary reaction energies and
activation barriers for all elementary steps. However, these
energetics are not expected to quantitatively match the
experimentally observed kinetics due to their reliance on a
specific single site model (perfect CeO, (100) surface, single site
of adsorption for PdO, species, etc.) along with errors associated
with exchanége—correlation functions for such highly correlated
systems.”*® As such, a Bayesian inference-based statistical
approach” was used to adjust elementary energetics in order to
fit the experimentally measured activation barrier and reaction
orders. The complete computational approach to MKM and
Bayesian inference is detailed in Sections S2.6 and 2.7.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization of Pd/CeO, Catalysts.
The dispersion of Pd at different weight loadings on CeO, was
characterized by HR-STEM, XRD, and kinetic methods. CeO,
nanocubes have a dimension of ~20 + 5 nm (Section S3 and
Figure S9) and expose (100) facets (Figure la). As
demonstrated in Figure 1b, the STEM image of the 0.05%
Pd/CeO, catalyst showed only Pd single atoms on CeO,
nanocubes without any observable Pd NPs. By comparison,
the formation of Pd NPs is easily observed (Figure 1c) at a
loading of 1% Pd. The XRD spectra of the 0.05% Pd/CeO, and
CeO, support are illustrated in Figure 1d. Diffractograms
revealed the structure of CeO, crystals lacked any features
associated with Pd.

We measured rates for the oxidation of CO at different Pd
weight loadings and calculated the specific activity of the Pd/
CeO, catalysts to differentiate between single atoms and NPs. It
is reasonable to assume atomic dispersion of Pd at the lowest
weight loading (0.0036%) since the TEM imaging of the 0.05%
Pd/CeO, identified Pd to be only present as a single atom. The
specific activity [mmol.q,/s-g...] is plotted against Pd weight
loading in Figure 2. At low weight loadings, the rate is
proportional to the amount of deposited Pd, which suggests that
the metal efficiency is at maximum and all Pd sites are equally
active. The average activity of the Pd sites is illustrated by
turnover frequencies (TOFs, defined as the number of
molecules reacted per Pd atom per second), which fall within
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Figure 2. Natural logarithm of specific activity (M) and calculated
TOFs (@) plotted against the natural logarithm of Pd weight loadings
assuming all Pd is atomically dispersed. The measurements were
conducted at 200 °C with the feed consisting of 2% CO and 20% O, in
balance He. The green line is the linear fit of the data points at the lower
end of Pd weight loadings. The upper x-axis indicates the corresponding
Pd weight loadings.

a small range (0.31-0.35 s™" at 200 °C) for Pd weight loadings
less than 0.15%. As the Pd weight loading further increases, the
measured rate continues to increase, but the TOF drops. This
suggests a decreased metal efficiency of Pd due to the formation
of Pd nanoclusters. Assuming all Pd is available for reaction, the
calculated TOFs drop significantly at high Pd weight loadings
(>0.39%), implying that the number of active sites declines due
to the formation of NPs. We conclude that the clustering of
single atoms to NPs occurs at a Pd weight loading between 0.12
and 0.39%. Approximate analysis for the number of Pd atoms
deposited per ceria cube (20 £ 5 nm edge length) confirms Pd
atoms remain sufficiently spaced to retain atomic dispersion
until loadings of 0.1% by weight (Section S4 and Figure S10 and
Table S1). The average spacing between the adjacent Pd atoms
at this weight loading was calculated to be 0.125 Pd atoms per
nm? of the CeO,(100) surface if all the Pd atoms are dispersed
over the flat CeO, terrace surfaces. The spacing is 1 Pd per 0.5
nm of the edge if all Pd atoms are deposited over the edges of the
ceria nanocubes.

3.2. DFT Model Development for CO Adsorption to
PdO,/Ce0, (100). We used DFT calculations to examine the
redox and CO adsorption properties of PdO, (x = 0, 1, 2)
species adsorbed on the CeO, (100) surface. PdO, species favor
adsorption on a bridge site between two surface oxygen atoms
(Figure S4). The oxygen adsorption energy, relative to gas-phase
0,, is favorable both to convert Pd to PdO (—0.83 eV) and to
convert PdO to PdO, (—1.21 eV). The oxidation of CO could
lead to the formation of O vacancies in the CeO, (100) surface.
In the reduction direction, Pd adsorption makes the oxygen
vacancy formation energy (for the O nearest to Pd) more
endothermic, at 2.52 eV compared to 1.50 eV for the bare CeO,
(100) surface. Section S5 (Tables S2—S8) reports the redox
energetics, spin states, and formal oxidation states across the
PdO,/CeO, (100) models. The method to assign oxidation
states for PdO, on CeO, (100) is described in Section S2.5.
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Oxidation states of adsorbed Pd atoms in Pd, PdO, and PdO,
states are 0/+1 (energetically equal), +2, and +4, respectively.

We explored the impact of U, corrections to Pd 4d states on
the adsorption energy of oxygen (Table SS). The energy to
adsorb 1/20, on Pd varies by 0.33 eV as the value of U, varies
from 0 to 7 eV. This variance may be meaningful to Pd adatom
redox catalysis and demonstrates absolute values of redox
energetics for such strongly correlated systems will have an error
at the GGA theory level that is challenging to quantify.

The adsorption energy of CO to PdO,/CeO, (100) sites is
dependent on the oxidation state of Pd (Table S3). The CO
adsorption energies over Pd, PdO, and PdO,/CeO, (100) are
—1.04, —1.95, and —0.10 eV, respectively. The CO adsorption
energy on Pd depends significantly on both the value of U of
Pd d (Table S6) and Ce f states (Table S7). The adsorption
energy of CO to PdO,/CeQ, (100) is also dependent on the
ceria model (Table S8). CO adsorption energies to a Pd atom
adsorbed to stepped (Figure SS) and doped (cation substituted
into the Ce lattice, Figure S6) ceria models are —1.27 and —0.91
eV, respectively, demonstrating the dependence of CO
adsorption energy on the local Pd/CeO, (100) structure.

Collectively, we conclude Pd single atoms adsorbed on CeO,
can likely access multiple oxidation states and show favorable
CO adsorption. Both oxygen and carbon monoxide adsorption
energies vary with the U correction applied to Ce f and Pd d
states, as well as between models of the Pd atom as a terrace
adatom, step-adsorbed atom, or cation substituted into the Ce
lattice. Quantitative DFT values for CO oxidation energetics
cannot be relied on to provide precise agreement with
experimental values, even for low Pd loadings on the
nanostructured CeO, cubes.

3.3. Kinetics of CO Oxidation. We measured apparent
activation energies for the oxidation of CO on Pd/CeO,
catalysts with various weight loadings. As shown in the
Arrhenius plot (Section S6 and Figure S11), the inclusion of
Pd decreases the apparent activation energy by ~15 kJ/mol
compared to the pristine CeO, support. Apparent activation
energy values fall within a narrow range (60—67 kJ/mol, Table
2) for all Pd/CeO, catalysts with weight loadings spanning from
0.0056 to 1%. Values reported on metallic Pd surfaces*® and Pd
deposited on inert supports*”*” are in the range of 71—122 kJ/
mol, suggesting synergy between the Pd metal sites and active
CeO, supports.”>*

Reaction rates with varying CO and O, pressures for select
catalysts are plotted in Figure 3, with a compilation of reaction
orders for all catalysts included in Table 2. The reaction order in
CO is sensitive to the Pd weight loading. At a high weight
loading of Pd (1%), the CO order is slightly negative (—0.17),
while the O, order is 0.16, which suggests CO poisons the Pd
NPs due to the strong binding between CO and Pd. A positive
reaction order in O, suggests Pd sites are largely covered by CO.
Similar values of reaction orders were reported by Lang et al. on
Pd NPs supported on CeO,—ZrO,, where the reaction is
approximately zero order in CO and 0.3 with respect to O,.”
The measured reaction orders are in good agreement with
previously reported values over Pd NPs on active supports
(Ce0,, ZrO,, and Fe;0,), where the CO order spans from —1 to
1 and the O, order from O to 1, both of which are dependent on
the size of Pd NPs.”* On the 0.12% Pd/CeOQ, catalyst, the
reaction is first order in CO. A reaction order in CO near one has
also been observed on single-atom Ir/MgAlL,O, catalysts,
indicatin% reaction mechanisms differ between single atoms
and NPs.”® A positive reaction order in CO suggests Pd SACs

Table 2. Reaction Orders of CO and O, and Apparent
Activation Energy on Pd/CeO, Catalysts with Different Pd
Weight Loadings

temperature CcO 0, apparent

Pd wt % °C) order” order” E,, (kJ/mol)©
0.0056 200 1.30 —0.13 66.4
0.01 200 133 —0.20 66.2
0.016 200 1.30 —0.17 65.1
0.03 160 125 —0.1 62.4
0.051 150 119 -0.09 63.8
0.12 120 1.01 —0.02 65.2
0.40 120 0.22 0.10 60.5
1.02 120 —0.17 0.16 64.1

“CO reaction orders were measured at a total gas pressure of 101.3
kPa. The O, partial pressure was fixed at 20 kPa, and the CO partial
pressure was varied between 2 and 10 kPa, respectively. b0, reaction
orders were measured at a total gas pressure of 101.3 kPa. The CO
partial pressure was fixed at 6 kPa, and the O, partial pressure was
varied between 10 and 30 kPa, respectively. “The Arrhenius plot of
CO oxidation was measured at a total gas pressure of 101.3 kPa. The
CO and O, partial pressures were 2 and 20 kPa, respectively, and the
temperature was varied from 120 to 220 °C. The temperature range
depended on the Pd weight loading.
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Figure 3. Reaction orders in CO and O, for CO oxidation on (H)
0.0056% Pd/CeO, at 200 °C, (@) 0.03% Pd/CeO, at 150 °C, (A)
0.12% Pd/CeO, at 120 °C, and (V) 1% Pd/CeO, at 120 °C. For the
measurement of CO reaction orders, the O, partial pressure was fixed at
20 kPa and the CO partial pressure was varied between 2 and 10 kPa,
respectively. For the measurement of O, reaction orders, the CO partial
pressure was fixed at 6 kPa and the O, partial pressure was varied
between 10 and 30 kPa, respectively.

are not saturated with CO during steady-state catalysis. On the
0.12% Pd/CeO, catalyst, the reaction order toward O, is nearly
zero, suggesting limited involvement of O, in any rate-
determining elementary reaction.

As the Pd weight loading further decreases, the reaction
becomes greater than first order in CO, which has also been
reported by Muravev et al.>> This uncommon kinetic behavior
implies distinct chemical properties of the supported single Pd
atoms, which we will conclude with DFT calculations and MKM
is due to a wide variation of Pd oxidation states during catalytic
turnover. Alexopoulos and Vlachos proposed an adsorption
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model of CO on alumina-supported SACs where each metal site
can bind up to two CO molecules, both of which can be
oxidized. Their MKM demonstrated the CO order could span
from —1 to nearly 2, though, in their model, reaction orders
greater than unity are only possible if the Pd site binds a pair
(dicarbonyl) of CO molecules.*® However, we rule out the
possibility of Pd-dicarbonyl species as they are generally
unstable,”” especially at the high temperature (200 °C) used
for our reaction order measurements. The Pd-dicarbonyl
structure is also unsupported by our DRIFTS results, as noted
in the next section, which showed only a single peak for adsorbed
CO on Pd single atoms, while a dicarbonyl structure would
exhibit two distinct vibrational bands attributed to symmetric
and asymmetric vibrational modes.”***"® A reaction order
greater than one implies a more complex catalytic mechanism
than the dual oxidation mechanism from Table 1, as discussed
further in Section 3.5. Reaction orders in Figure 3 and
summarized in Table 2 were collected at different temperatures
to ensure that the reported kinetics were measured under
differential conditions. Temperature was used to limit CO
conversion over similarly composed catalyst beds, with Pd
loadings varying by an order of magnitude. We conducted
reaction orders in both CO and O, over the 0.0056% Pd/CeO,
(single atom) at 220 °C and determined reaction orders of 1.32
in CO and —0.10 in O,, demonstrating their insensitivity to
temperature over a narrow range.

3.4. In Situ CO-DRIFTS Measurements for Single-Atom
Pd/Ce0,. The vibrational frequency of adsorbed CO is highly
sensitive to the binding geometry and oxidation state of the Pd
site.’”*> We performed DRIFTS measurements of CO
adsorption on a representative 0.03% Pd/CeO, sample at
varying gas-phase compositions and temperatures. Figure 4a is
the spectra of adsorbed CO on a calcined sample after exposure
to CO adsorption, followed by a He purge at 25 °C and on a
separate sample from the same batch of catalyst, following in situ
reduction of CO at 100 °C, cooling to 25 °C, and a He purge at
25 °C. The infrared spectra of CO adsorbed on CeO, are
featureless from room temperature up to 100 °C (the same
temperature range examined with DRIFTS for Pd/CeO,
catalysts). Detailed pretreatment procedures are included in
Section S7. The spectrum of the calcined sample possesses a
single CO-associated band at 2147 cm™' after a He purge.
Adsorbed CO bands near this position have been observed on
PdO surfaces and supported Pd NPs on Al,O; and CeQ,.°**7%
The single peak attributed to the adsorbed CO confirms the
absence of Pd-dicarbonyls since a dicarbonyl species has a pair of
vibrational bands in the DRIFT spectrum.”***~*° The spectrum
of the CO-reduced sample has peaks associated with CO bound
to Pd in a range of oxidation states, with the most prominent
features at 2147, 2105, 2093, and 2070 cm™". Peaks associated
with CO bridge-bonded or threefold coordinated to Pd NPs are
observed in the 1800—2000 cm ™ region.él’63 Although the exact
Pd oxidation state attributable to each of these peaks is
challenging to determine, we provide assignments in Section S8
(Table S9) based on prior literature and our calculated DFT
adsorption frequencies. Harmonic frequencies were calculated
with DFT for CO bound to PdO,/CeO, (100) models (Table
S3). The range of DFT-calculated frequencies generally
matched the overall range of CO adsorption peaks in the
DRIFTS spectra, supporting peak assignments to Pd single
atoms in multiple oxidation states.

CO-DRIFTS results suggest a significant fraction of single Pd
atoms are present in a highly oxidized state following calcination,
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Figure 4. (a) DRIFT spectra of adsorbed CO on 0.03% Pd/CeO, after
(red) CO adsorption at 25 °C for 60 min, followed by a He purge at 25
°C for 60 min, and (blue) in situ reduction in $% CO/He at 100 °C for
60 min, cool down to 25 °C, and a purge in He at 25 °C for 60 min. (b)
Time-resolved spectra during reduction of the 0.03% Pd/CeO, sample
in 5% CO/He at 100 °C.

to which the adsorption of CO is weak. The CO adsorption peak
observed at 2147 cm™" for the calcined sample is relatively low in
intensity compared to the same peak in the in situ-reduced
sample, suggesting the fraction of Pd species with adsorbed CO
increases the following reduction of CO at 100 °C. The 2147
cm ™ peak has g)reviously been assigned as a CO—Pd*" state by
Spezatti et al,,’ although we find assignment to a CO—Pd**
state more consistent with both literature assignments and our
DFT calculations.”"**%” Following calcination under dry air, a
large fraction of the Pd single atoms are likely Pd*" species,
which is not detectable in the DRIFTS spectra due to weak CO—
Pd* binding. Our DFT calculations demonstrate CO
adsorption to PdO,/CeO, (100) sites is weak (—0.10 eV) and
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Figure S. Pd redox cycle (Pd < Pd—O,,. <> PdO « Pd) and reaction energy diagram containing reaction energetics and activation barriers for the
elementary steps with intermediate structures (IM1—IM9) and TS states (TS1—TS4). The TS structures are included in Table S11. Reaction energies
and barriers for all the elementary steps are tabulated in Table S10. The O atoms in black squares indicate the O atoms involved in the activation of CO.
The dashed circles indicate an oxygen vacancy formed during CO oxidation. Pd"* indicated for PdO, states represents the formal oxidation state of Pd,

assigned based on determining the number of Ce®* species formed and the number of O atoms present.

therefore not stable under our in situ DRIFTS conditions. In situ
CO DRIFTS during heating of the calcined sample (Section S8
and Figure S12) shows adsorbed CO at 2147 cm™ is oxidized to
CO, at temperatures much lower than those used for kinetic
measurements.

Figure 4b shows the time progression of the DRIFT spectra
collected during reduction of CO at 100 °C. After 10 min, only
gas-phase CO (2173 cm™") and CO—Pd*" (2149 cm™") bands
appeared, along with gas-phase CO, bands at 2341 cm™" and
2360 cm™'. CO, peaks continued to grow as the PdO, species
were reduced and CeO, lattice oxygen was consumed,
eventually declining as the supply of accessible oxygen was
exhausted. As time progressed, bands associated with CO
adsorbed to progressively more reduced Pd species emerged at
2106, 2090, and 2070 cm™". The peak at 2130 cm ™ is assigned
to CO physisorbed to Ce’", previously observed during the
adsorption of CO on highly reduced ceria.”*®’ At 30 min, peaks
in the 1900 cm ™! region appeared, a signature for bridge-bonded
CO, indicating the onset of Pd cluste1‘ing.70’71 As time further
progressed, CO,-associated peaks declined due to slowed CO
oxidation due to the depletion of lattice oxygen and desorption

of CO, from the catalyst surface, while adsorbed CO peaks
remained. After cooling down to room temperature, followed by
pressure-swing desorption in He for 60 min, all peaks associated
with CO, and gas-phase CO disappeared, but CO—Pd bands
remained (Figures 4a and S13a) until the temperature exceeded
100 °C during temperature-swing desorption in He (Figure
S13b). These results indicate CO binding to in situ-reduced Pd
sites is much stronger than to oxidized Pd.

Although Pd single atoms can be reduced by CO to form
metallic clusters at 100 °C, they remain oxidized when CO is
introduced in the presence of excess oxygen (Figure S13c).
Treatment of a 0.03% Pd/CeO, catalyst in 2% CO and 20% O,
in He at 100 °C led to no absorption bands associated with
adsorbed CO. Gas-phase CO, peaks grow with time on stream.
Catalytic CO oxidation requires gas-phase CO to bind to Pd
adatoms, with Pd atoms cycling through multiple oxidation
states. However, the fraction of Pd atoms with adsorbed CO
during CO oxidation catalysis is quite low, as suggested by the
high CO reaction order and negative O, reaction orders
reported in Table 2. We conclude Pd atoms remain in single-
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species present.

atom states during CO oxidation in excess O,, and the coverage
of adsorbed CO is low.

We observed a series of oxidation states of the single Pd atoms
in the CO-DRIFTS measurements, the distribution of which
was a function of the gas-phase conditions. CO-DRIFTS
experiments suggest Pd adatoms can take on 4+, 2+, and 0
formal oxidation states, but no significant coverage of CO is
observed during oxidation catalysis, leaving the specific
oxidation states that participate in the oxidation catalytic cycle
undetermined.

It is common to observe changes in the oxidation states of
supported metals under strongly reducing conditions. For
example, pretreatment of single-atom Pt/TiO, catalysts in 5%
H,/Ar at 250 and 450 °C-reduced Pt species from oxidized Pt
to cationic Pt’* and near-neutral Pt respectively.72 Dynamics in
the oxidation states of single Pt atoms has been investigated by
DFT and first-principles molecular dynamics, where the
researchers identified several co-existing oxidation states of Pt
species dynamically interconnected.” The dynamics of Pd
oxidation states has been observed experimentally by Jiang et
al., who conducted in situ CO-DRIFTS on 1% Pd/CeO, and

12935

identified Pd single atoms clustering into nanoclusters under
lean reaction condltlons due to the poor stability of deposited Pd
single atoms.”> We did not observe the formation of Pd
nanoclusters under O,-rich reaction conditions, possibly
because the Pd weight loading in our sample was significantly
lower (0.03%). However, by eliminating the supply of oxygen at
reaction temperatures, which gradually led to clustering of the
Pd single atoms, we were able to observe multiple oxidation
states of Pd.

3.5. Pd Oxidation State Dynamics during the CO
Redox Cycle/Reaction Mechanism. We used DFT calcu-
lations to evaluate elementary reaction energies and activation
barriers for CO oxidation catalytic cycles on PdO,/CeO, (100)
SACs. As detailed in the Introduction, a “double-cycle”
mechanism is used, in which two CO, molecules are produced
and one O, molecule is consumed during each catalytic cycle.
The Pd active site oscillates among three formal oxidation states
in this mechanism, being reduced by the formation of a “first”
CO, product, over-oxidized by an O, molecule, and then
returned to the original oxidation state by forming a “second”
CO, product. We explored four formal oxidation states for PdO,,
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species; this double cycle could occur with either Pd or PdO
states as the middle oxidation state in the cycle:
(i) Redox cycle 1, “Pd cycle”

Pd & Pd-0O, < PdO < Pd

ac

(ii) Redox cycle 2, “PdO cycle”
PdO < PdO — O, < PdO, <> PdO

The first redox cycle is consistent with the DFT analysis of
Spezzati et al,,” although with slight differences in the specific
position/configuration of oxygen atoms involved in the
oxidation steps. The reaction energetics and activation barriers
are tabulated in Table S10. Intermediate and TS structures for
the elementary steps in each cycle are included in Figures 5 and 6
and Table S11, respectively.

The reaction energy diagram for the Pd cycle is shown in
Figure S. The energetics and barriers suggest this redox cycle is
viable, with the maximum activation barrier close to the
experimental value. The first OC—O bond formation step
barrier (0.53 eV), the CO, desorption energy (0.69 eV), the
second OC—O formation barrier (0.56 V), and the final oxygen
migration step all would have apparent barriers in the range of
the experimentally measured barrier. Given the imprecision
associated with the use of the GGA + U method,”” this cycle
appears kinetically viable and in reasonable agreement with the
experimentally observed activation barrier.

The reaction energy diagram for the “PdO cycle” is shown in
Figure 6. Overall, the energetics and barriers render this redox
cycle viable, with the maximum barrier close to experimental
observations. OC—O formation, CO, desorption, and O,
dissociation all have apparent barriers within 0.1 eV of the
experimental barrier. This redox cycle is inconsistent with
Spezzati et al,,®® who reported no adsorption of CO on PdO,
(contrary to our reported value of —0.10 eV of weak adsorption)
and, therefore, argued against the feasibility of this redox cycle.

Either the Pd or PdO cycles represent an operable CO
oxidation mechanism on CeQO,-supported Pd SACs. The two
cycles can cross-over; for example, a Pd adatom can adsorb CO
and proceed through the Pd cycle or adsorb O, to form PdO,
and enter the PdO cycle (Figure S14). There are also more
subtle variations in these mechanisms that we explored, differing
in whether “lattice O atoms” from the CeO, surface or “extra O
atoms” adsorbed to the Pd adatom are used for OC—O bond
formation from the PdO or PdO, states. The participation of
lattice O atoms can also influence the O, activation process. For
example, the Pd state can interact with and dissociate an O,
molecule directly to form PdO, or could appear as a PdO species
next to an O vacancy that dissociates O, to refill the vacancy and
form PdO,. A detailed description of the various possibilities
considered is summarized in the Supporting Information
(Section $9.2).

CO oxidation on Pd/CeO, (100) SACs may involve redox
cycles in which the Pd adatom ranges from PdO,, PdO, Pd, or
Pd adjacent to an O vacancy. Variations in O and CO adsorption
energetics with U,g parameters on Ce f or Pd d states suggest the
GGA + U level of theory is insufficient to provide quantitative
precision to confirm or rule out either of these mechanisms. We,
therefore, have used the DFT energetics to help define a
plausible set of elementary reaction step sequences (Steps S1—
S19 and Table S10) that could represent CO oxidation on Pd
SACs. We use the initial DFT energetics within microkinetic
models, together with the Bayesian inference, to test these

proposed elementary mechanisms against the experimentally
measured reaction orders and activation barriers.

3.6. Microkinetic Modeling and Bayesian Inference to
Test Elementary CO Oxidation Mechanisms on Pd SACs.
Microkinetic models were constructed as detailed in Section
2.5.2 and utilized within a Bayesian inference framework to
reconcile elementary reaction energetics with experimental
reaction orders and apparent activation barriers. Although all Pd
SACs exhibited similar reaction orders and activation barriers,
the microkinetic model was specifically simulated to match
values for 0.0056% Pd weight loading (i.e., reaction order CO,
reaction order O,, and activation barrier of 1.30, —0.13, and
~66—67 kJ/mol, respectively) from Table 2. The MKM is run to
steady state, determining the steady-state intermediate concen-
trations and reaction rate. The intermediate concentrations of
adsorbate-Pd states are normalized per Pd atom, such that they
represent the fraction of Pd single-atom sites in each adsorbate-
Pd configuration at steady state. As compared to a mean-field
CO oxidation model on an extended surface, all CO and O co-
adsorption configurations are enumerated for the single-atom.
For example, CO adsorbed on PdO and CO adsorbed on PdO,
are two distinct states for which steady-state concentrations are
determined.

A microkinetic model was first developed containing a basic
“double-cycle” mechanism (Table 1). This basic mechanism is
inconsistent with the observed experimental CO reaction order
greater than 1. This reduced mechanism can be thought of as
representing either the Pd cycle or the PdO cycle but does not
include cross-over, allowing both cycles to be simultaneously
operable. This mechanism is also simple enough that rate
expressions can be derived analytically with the assumption of a
rate-limiting step and the use of the pseudo-steady-state
approximation. Tables S12 and S13 report such analytical
analysis, which demonstrates the basic double-cycle mechanism
cannot replicate the observed CO reaction order greater than 1.
Nonetheless, we also executed Bayesian inference with MKM of
this basic mechanism.

The MKM was performed initially with the calculated DFT
reaction energetics and barriers for the Pd cycle (Steps S1—S9).
Directly using the DFT energetics did not capture the
experimentally observed reaction orders in CO or O,, although
the apparent activation barrier matched the experimental value.
The CO and O, reaction orders and the apparent barrier
obtained were 0.01, 0, and 0.62 eV (59.8 kJ/mol), respectively.
Similar orders and barriers were obtained when performing the
MKM using the DFT energetics for the PdO cycle alone.

MKM including all elementary steps within both the Pd and
PdO cycles, as well as the cross-over steps, was then constructed,
with elementary energetics populated using DFT data. Again,
the DFT-calculated energetics did not result in kinetic behavior
in agreement with experimental reaction orders, although the
apparent activation barrier was again close to the experiment.
The CO and O, reaction orders and the apparent barrier
obtained were 0.1, 0, and 0.62 eV, respectively. This mismatch
with experimental data is attributed to the uncertainties and
errors associated with the Pd/CeQO, terrace model as well as the
imprecision in the DFT + U approach.*>*°

We used a Bayesian inference framework to allow elementary
reaction energetics to vary within ranges that approximate the
imprecision inherent in the DFT energetics. Bayesian inference
was used to calibrate the microkinetic model within both the
basic double-cycle mechanism (Steps S1—S9) and the complete
reaction network (Steps S1—S19). The detailed definitions of
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Figure 7. Traces of MKM solutions (calibrated via the Bayesian inference) after sampling the reaction energetic space through 25 000 MCMC
iterations (a,c,e) and the corresponding solutions collected in the form of histogram distributions (b,d,f) for the experimental observables. (a,b)
Reaction order in CO, (c,d) reaction order in O, and (e,f) activation barrier after sampling reaction energetic space for CO oxidation redox cycles (S1—
$19) on Pd/CeO, (100). The black (—) and red (—) dashed vertical lines in the histograms indicate the experimental and simulated mean values of the

reaction orders and activation barriers, respectively.

Bayesian priors, likelihood, and posteriors are detailed in the
computational approach for the Bayesian inference in Section
S2.7.

The Bayesian inference procedure was unable to find
elementary energetics within the basic double-cycle mechanism
that match a CO order greater than unity for Pd/CeO, SACs.
Steady-state reaction orders in CO and O, and the apparent
reaction barrier were recorded for 10* Markov chain Monte
Carlo (MCMC) iterations. These iterations sampled the
energetic space for the 11 independent reaction energies or
barriers, and the resulting apparent reaction orders and barriers
are shown in Figure S15. The resulting MKM solutions,

however, only matched the apparent barrier within one standard
deviation of error and did not match the experimental reaction
orders in CO and O,. No single MKM solution out of the 10*
recorded iterations resulted in a reaction order in CO greater
than 1. The reaction order in O, always stayed slightly positive,
in contrast to the experimental negative order (—0.13, Table 2).
This suggests the basic double-cycle mechanism (Table 1) is not
sufficient to explain the experimentally observed kinetics.

The microkinetic model including both Pd and PdO double
cycles, with Bayesian inference, successfully finds elementary
reaction energetics that match experimental reaction orders and
apparent activation barriers. To match the CO reaction order
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Step S14 is indicated as the rate-determining step. (b) Individual redox cycles’ fractional contribution toward the overall TOF of CO oxidation for the

range of MCMC iterations.

greater than unity, the Pd active state oscillates over a span of
four formal oxidation states, ranging from PdO, to Pd—O,,.
The space of 26 DFT energetics (17 reaction energies and 9
activation barriers) for the complete reaction network was
sampled using Bayesian inference priors to fit to the
experimental reaction orders and activation barriers. The
posteriors (the sampled energetic space) for all 26 energetics
that did fit these observables are shown in Figures S16 and S17.
As Bayesian inference sampled the DFT energetic space for the
elementary Steps S1—S19, the steady-state reaction orders in
CO and O, and the apparent reaction barrier were recorded for
25000 MCMC iterations, and their traces are shown in Figure 7.
There is a clear match of the MKM solutions for reaction orders
and barriers with the experimental values within one standard
deviation of the experimental error. Allowing Pd to oscillate over
the larger span of formal Pd oxidation states is necessary to
match the experimental orders.

We performed a degree of rate control (DRC) analysis across
the last 8000 MCMC iterations from the Bayesian inference
sampling. The rate-determining step was determined using the
DRC approach” and is illustrated in Figure 8a. The probabilistic
distribution of the 27-reaction energetics and barrier space
(posteriors) showed three different steps (steps 14, 15, and 16)
as rate determining across the 8000 iterations, with step 14 (CO
adsorption onto the PdO, state) being the most frequent rate-
determining step. This step determining the rate is consistent
with the weak DFT-calculated CO adsorption energy on the
Pd* state (—0.10 eV). Steps 15 (CO oxidation to CO, over the
PdO, state) and 16 (the subsequent CO, desorption after step
15) also appear as rate determining in some of the elementary
energetic data sets.

The fractional TOF for the different steps that produce CO,
was also quantified for the same 8000 MCMC iterations (Figure
8b). The fractional TOF contributions show the extent to which
Pd, PdO, and PdO, states contribute to the amount of CO,
produced. In the basic Pd double-cycle mechanism, 1/2 of the
CO, is produced from the Pd state and 1/2 from the PdO state.
In the full mechanism, including both Pd and PdO double cycles
(Figure 9), CO oxidation in the Pd state contributes only ~5%
to the overall CO, TOF in a majority of 8000 iterations. CO,
formed from the PdO state (common to both Pd and PdO
cycles), contributes 50%, while CO, formed from the PdO, state
contributes 45% to the total CO, TOF. Although these

Yo :%

Pd-O..

Pd (0+) PdO (2+)
1. ~5% Redox

Cycle 1 Redox
2. 50% Cycle2
3. 45 %
3‘9%0,
%, oy PdO, (4+)

x
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v

000 L
coom e

Figure 9. Schematic of the cross-over of Pd and PdO double cycles
(redox cycles 1 and 2) observed from MKM reconciled to experimental
reaction orders and activation barriers. The indicated fractional TOF
contributions (% from Figure 8b) show the extent to which the Pd,
PdO, and PdO, states contribute to the amount of CO, produced. 0,
represents the steady-state O, concentration adsorbed on Pd. The
highlighted yellow O atoms in PdO and PdO, refer to the extra O (non-
lattice) around the Pd site.

fractional TOFs are representative of many of the 8000
MCMC steps, there are also MCMC steps in which these
fractional TOFs vary while still matching the experimentally
observed kinetics. Clearly, the observation of two reaction
orders and an apparent activation barrier does not provide
sufficient data to narrow the values of 27 elementary step
energetic parameters, and there are multiple solutions that can
match the experiment once both Pd and PdO double cycles are
included in the mechanism.

We analyzed the steady-state concentrations of reaction
intermediates from the same 8000 MCMC iterations. O,
adsorbed on Pd was the dominant species (~99%) for most
sets of elementary energetics. Consequently, the coverage of CO
on different Pd states is extremely low, consistent with the
absence of adsorbed CO under O, + CO co-feed conditions
during DRIFTS analysis (Figure S13c). The high coverage of O,
on Pd is in line with the slight poisoning effect of O, (negative
O, order of —0.13).
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CO oxidation across three different Pd states—Pd, PdO, and
PdO,—is enabled by the facile variation of Pd oxidation on the
CeO, nanocubes. Our MKM analysis can only conclude
whether a mechanism is or is not consistent with the experiment
and cannot prove to be an operable mechanism. The active Pd
state oscillating only over the basic double-cycle mechanism
limits the CO reaction order to 1, whereas the dual double-cycle
mechanism allows for higher CO reaction orders and slightly
negative O, reaction orders. This mechanism is also consistent
with DFT results demonstrating both Pd and PdO double cycles
have viable reaction energetics and DRIFTS results, suggesting a
wide range of PdO,/CeO, nanocube states can be stable and
adsorb CO. Under lean conditions, a large fraction of Pd atoms
are saturated with oxygen, which decreases their ability to
efficiently adsorb CO from the gas phase. As the CO partial
pressure increases, greater reduction allows for stronger binding
and can accelerate multiple CO, turnovers before returning to
the O-saturated state.

4. CONCLUSIONS

We examined the kinetics of CO oxidation on single-atom Pd/
CeO, catalysts and observed a unique kinetic behavior with a
CO reaction order (1.3) greater than unity. The reaction order
cannot be explained by the commonly proposed “double-cycle”
mechanism for PdO,/CeO,, in which Pd oscillates among only
three formal oxidation states (x — 1, x, and x + 1). By varying the
partial pressure of CO and O, in the feed, a wide range of
oxidation states of Pd single atoms were detected by in situ CO-
DRIFTS measurements. Although different temperatures and
redox conditions were used to observe CO adsorbed to Pd single
atoms of variable oxidation states in DRIFTS experiments, we
propose these states are accessed dynamically during CO
oxidation. The accessibility of Pd single atoms to multiple
oxidation states and the dynamics between the states during CO
oxidation lead to varying chemical properties of Pd single atoms
and the overall activity of the catalyst, which ultimately
contributes to the high reaction order in CO. A Bayesian
inference-based first-principles microkinetic model was con-
structed to study the kinetics with the oscillation of PdO,
between different oxidation states. The CO reaction order
cannot exceed unity if the reaction follows a redox cycle where
Pd oscillates among three oxidation states (e.g,, PdAO—Pd°—Pd—
0,,. or PdO,—PdO—Pd"). However, when the two redox cycles
cross over, Pd accesses four formal oxidation states spanning
from +4 (PdO,) to —2 (Pd—0,,.), and the CO order can exceed
unity due to the varying contribution of each redox cycle to the
overall kinetics. Our findings unveil the dynamic nature of SACs
and provide new insights into the mechanism of redox reaction
over single-atom catalysts.
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