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ABSTRACT: Efficiently removing/converting methane via methane combustion

Pd-Pd: 2.99 A

imposes challenges on catalyst design: how to design local structures of a catalytic site o0

so that it has both high intrinsic activity and atomic efficiency? By manipulating the
atomic distance of isolated Pd atoms, herein we show that the intrinsic activity of
Pd catalysts can be significantly improved for methane combustion via a stable Pd,
structure on a ceria nanorod support. Guided by theory and confirmed by
experiment, we find that the turnover frequency (TOF) of the Pd, structure with
the Pd—Pd distance of 2.99 A is higher than that of the Pd, structure with the Pd—
Pd distance of 2.75 A; at least 26 times that of ceria supported Pd single atoms and

Pd, structure
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4 times that of ceria supported PdO nanoparticles. The high intrinsic activity of the

2.99 A Pd—Pd structure is attributed to the conductive local redox environment from the two O atoms bridging the two Pd>* ions,
which facilitates both methane adsorption and activation as well as the production of water and carbon dioxide during the methane
oxidation process. This work highlights the sensitivity of catalytic behavior on the local structure of active sites and the fine-tuning of
the metal—metal distance enabled by a support local environment for guiding the design of efficient catalysts for reactions that highly

rely on Pt-group metals.

KEYWORDS: Pd, structure, tune Pd—Pd distance, Pd single atoms, methane combustion

1. INTRODUCTION

Catalytic methane (CH,) to carbon dioxide (CO,) is
industrially significant in addressing unburnt CH, emission
issue from natural gas-powered vehicles and other heating
sources.' > Fundamentally, methane combustion is used as a
model reaction for developing active structures that can
efficiently activate and convert kinetically stable methane at a
low energy cost."”” Among all studied catalysts, oxide-
supported Pd catalysts have shown superior activity in
converting CH, to CO, and hence attracted much attention
in determining the nature and structure of active Pd species for
developing highly reactive catalysts with a minimum depend-
ence on critical platinum group elements.”*™'" The key
question to be addressed is, what are the key features of the
active Pd species/sites for methane combustion?

To address this question, previous reports have been focused
on revealing the oxidation states of the active Pd species.
However, contradictory results are often reported. For
instance, in some reports, Pd** was proposed to be the active
centers, while Pd*" was inactive over Pd/ceria catalysts.'
Some other work, however, suggested that the Pd** site, mixed
or partially embedded in the ceria lattice, offered lower
methane activation barriers in comparison to Pd** states.'”~"*
Recently, a few groups proposed that the active Pd catalyst
likely comprised mixed Pd species with different chemical
states (Pd’-core—PdO-shell particles, Pd°/Pd** combination,
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or mixed Pd?* and Pd*")."*~"* These seemingly contradicting
results imply that the chemical state of Pd may not be the
primary descriptor for determining the catalytic performances
of the Pd catalyst for methane combustion.

Instead of the oxidation states of the Pd species, the local
atomic structure of Pd sites could play a decisive role in
activating and converting methane. For instance, Cui et al.
showed that Pd** in PdO nanoparticles embedded inside or on
the surface of zeolite framework were more active than the
finely dispersed Pd** sites.” Our recent work suggested that
Pd*" single atom species with different local atomic structures
could coexist in a Pd/ceria catalyst, and the one that could
transform into Pd>* (0 < & < 2) single atom sites with a
defective bonding environment was responsible for the
drastically improved activity.'” Despite efforts in tuning
supports or interactions between supports and isolated Pd
atoms, these previous studies showed that the activity of Pd
single atoms were much less than those of PdO particles.” >
The remaining question is then, how to design a robust Pd
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structure exhibiting both high atomic efficiency and enhanced
intrinsic activity.

In an active structure, Pd sites could be in an under-
coordinated local bonding environment, enabling unique
interactions with methane and providing the lowest ener:
barrier for the initial dissociation adsorption of methane.”*'~*°
Furthermore, in an active structure, both Pd—O interaction
and Pd—Pd interactions could be important since calculations
showed that the presence of an oxygen atom directly below the
coordinatively unsaturated Pd atom in the two-layer PdO
(101) film was crucial for efficient methane dissociation, and
density functional theory (DFT) also suggested that the Pd—
Pd dimer could show better catalytic performance compared
with Pd single atoms and PdO.”"*” These results prompt us to
hypothesize that a robust Pd structure exhibiting both high
atomic efficiency and enhanced intrinsic activity can be
obtained by manipulating the atomic distances of isolated Pd
atoms on oxide supports.

In this work, theoretical calculations and experiments are
combined to test this hypothesis. Specifically, first, DFT and
microkinetic modeling are applied to determine possible stable
Pd—Pd structures with different proximities supported on
ceria, provide insights into their reaction mechanisms, and
identify the Pd structures that potentially show enhanced
catalytic activity for methane combustion. Second, to test the
predictions from the DFT and microkinetic modeling, ceria
supported Pd sites with different Pd—Pd atomic distances are
prepared by controlling the local surface density of Pd single
atoms on ceria and characterized by combining multiple
techniques, including X-ray photoelectron spectroscopy
(XPS), X-ray absorption spectroscopy (XAS), and scanning
transmission electron microscopy (STEM). The intrinsic
activity of these samples is determined by performing steady-
state isotopic transient kinetic analysis (SSITKA) and
compared with those of ceria supported Pd single atoms and
PdO particles. Our results from both theory and experiment
underscore the significance and promise of a proper proximity
between Pd single atoms for optimum reactivity in methane
combustion.

2. METHODS

2.1. Catalyst Preparation. All chemicals were purchased
from Sigma-Aldrich. The ceria nanorod (NR) was synthesized
following a modified procedure reported elsewhere.”®
Typically, 360 mmol of NaOH was mixed with 3.8 mmol of
Ce(NO;),-6H,0 and 0.2 mmol of ZrO(NO;) in 60 mL of
deionized water (D.L.). The addition of a small amount of Zr
helps improve the stability of ceria NR. After stirring at room
temperature for 30 min, the solution was transferred to a 100
mL Teflon liner and sealed in a stainless-steel autoclave. The
autoclave was put in a 100 °C oven and held for 24 h to obtain
NR. After cooling to room temperature, the precipitates were
collected by D.I. washing for several times until the pH equaled
7—8 and then dried overnight at 80 °C. The NR was calcined
at 550 °C for 3 h in static air for further use.

Pd—Ce series catalysts with varying weight loadings (1, 3, S,
and 8 wt %) of Pd were prepared by using a conventional
wetness impregnation method.""?® In brief, a certain amount
of Pd precursor solution containing tetraamminepalladium(II)
nitrate (TAPN) was mixed with the above obtained ceria
powders, followed by drying at 80 °C overnight. The resulting
mixture was then calcined at 800 °C for 10 h in flowing air.
The high temperature calcination resulted in a ceria surface

dominated with the (111) facet.'””® Depending on the
different loading amounts of Pd and the local structure of Pd
species, the catalysts were termed as 1Pd, 3Pd, 5Pd, or 8Pd
catalyst.

2.2. Characterizations. Nitrogen physisorption at 77 K
was performed using a TriStar II Plus 3.03 instrument. Prior to
measurement, 100 mg of the used sample was degassed at 150
°C for 6 h. The Brunauer—Emmert—Teller method was then
adopted to analyze the surface area. Powder X-ray diffraction
(XRD) patterns were obtained using a PANalytical X'Pert
Prosystem with Cu Ka (4 = 0.15406 nm) radiation at 45 kV
and 40 mA. The Raman spectra were obtained via a
customized ellipsoidal mirror and directed by a fiber optics
bundle to the spectrograph stage of a triple Raman
spectrometer (Princeton Instruments Acton Trivista SSS).
Edge filters (Semrock) were used in front of the UV—vis fiber
optic bundle (Princeton Instruments) to block laser irradi-
ation. The 325 nm (10 mW at sample) excitation laser is
generated from a HeCd laser (Melles Griot). A UV-enhanced
liquid N,-cooled CCD detector (Princeton Instrument) was
employed for signal detection. Atomic-resolution high angle
annular dark-field scanning transmission electron microscopy
(HAADE-STEM) was carried out on an aberration-corrected
Hitachi HD2700C STEM operated at 200 kV. The Pd/ceria
samples were dispersed onto carbon-coated copper grids after
sonication in ethanol. The Pd content was determined by using
inductively coupled plasma optical emission spectrometry with
a Spectroblue (AMETEK Inc.) instrument. X-ray photo-
electron spectroscopy (XPS) measurements were performed
for catalysts by using a Thermo K-Alpha XPS system with a
spot size of 400 pym and a resolution of 0.1 eV. X-ray
absorption spectroscopy (XAS) measurements were performed
at Beamline 7-BM (QAS) of the National Synchrotron Light
Source II, Brookhaven National Laboratory. For the ex situ
measurement, the sample powders were spread onto Kapton
tape, which was then folded and sealed. Pd K-edge XAS data
were collected in fluorescence mode. The obtained XAS data
were processed and analyzed by using the Demeter package.”'

The concentrations of Pd—Pd ensembles in the spent 3Pd
and SPd catalysts are estimated. Based on XPS results (as
shown in later figures), both Pd single atoms and Pd—Pd
ensembles take 2+ oxidation states. Among Pd** single atom
sites and Pd—Pd ensembles, the concentration of Pd—Pd
ensembles in 3Pd (SPd) is estimated to be 0.114 < x; < 0.69
(0.182 < x5 < 0.77) and x5 (xs) is defined as the concentration
of Pd—Pd ensembles in the spent 3Pd (SPd) catalyst. Here are
the details of the estimation. Since the Pd** and Pd** single
atom sites coexist in the fresh samples and with the increase of
the reaction temperature, the concentration of Pd** decreases,
while that of Pd** increases; the increased Pd** ensembles
must be converted from Pd*" single atom sites and can also be
converted from Pd** single atom sites. Assuming it is only
converted from Pd* single atom sites, we can obtain the
minimum concentration of Pd—Pd ensembles in the spent 3Pd
and SPd samples. That would be 11.4% Pd—Pd ensembles in
the spent 3Pd and 18.2% Pd—Pd ensembles in the spent SPd
sample. Assuming that, in the spent samples, all Pd*" species
are Pd—Pd ensembles, the maximum concentration of Pd—Pd
ensembles will be 69% in the spent 3Pd and 77% in the spent
SPd sample. Therefore, based on XPS, the concentration of
Pd—Pd ensembles in 3Pd (SPd) is estimated to be 0.114 < x,
<0.69 (0.182 < xg < 0.77). In fact, the ranges of x; and x5 can
be further narrowed. For instance, for the spent SPd catalyst,
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Figure 1. Pd dimers on the CeO,(111) surface and the methane oxidation pathway on the 2.99 A Pd,/CeO, from DFT calculations. (a) Three
most stable Pd, structures on the CeO,(111) surface and how they are derived. (b) Schematic reaction pathway for the complete oxidation of

methane on the 2.99 A Pd,/CeO, model.

the coordination number of Pd—Pd is about 1.6 and it is
defined as the total number of Pd—Pd bonds divided by the
total number of Pd atoms.***’ If x; = 0.2, since only Pd
ensembles contribute to Pd—Pd bonds, the Pd—Pd coordina-
tion number needs to be corrected to 8, which corresponds to
a Pd cluster with a size about 1.7 nm (assuming a
hemispherical cuboctahedral structure of the cluster).”"*
However, such clusters are not detected by STEM. Based on
the combined XAS and XPS results, we estimate that the
concentration of Pd—Pd ensembles in 3Pd (SPd) is within the
range of 0.3 < x; < 0.69 (0.3 < x5 < 0.77).

2.3. Activity Measurement. The catalyst activity was
evaluated in a vertical fixed-bed reactor (inner diameter of 4
mm) that was installed in a commercial Altamira Instruments
system (AMI system, mBenchCAT). The sample was mixed
with quartz sand at a mass ratio of 1:10, which was packed
between quartz wool plugs in the tube reactor. For the light-off
and light-out curves of CH, oxidation over 3Pd, 5Pd, and 8 Pd
catalysts, to ensure the Pd amount was the same for each
measurement, the catalyst amount was determined to be 34.2,
20, and 12.8 mg for 3Pd, SPd, and 8Pd, respectively. A gas
mixture consisting of 0.5% CH, and 2.5% O, in He was fed
onto the sample, with an interval of 25 °C/50 °C between
neighboring measurement points stepwise heating from 300 up
to 700 °C, or the reverse, at a ramp rate of 5 °C/min. The total
flow rate was 20 mL/min. Correspondingly, the GHSV ((mL/
g..)/h) should be 35087, 60000, and 93750 for 3Pd, SPd, and
8Pd, respectively. At each temperature point during the light-
off, the reaction was held for at least 1 h to obtain a steady
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conversion. The effluent gases were analyzed by online gas
chromatography over a SRI 8610C GC.

Steady-state isotopic transient kinetic analysis (SSITKA) is a
useful experimental technique that provides information about
surface kinetic parameters, such as surface residence time,
surface concentration of intermediates, and turnover frequen-
cies during steady-state reaction conditions.’>*” The transient
switch from an unlabeled *CH, to a labeled *CH,, or the
reverse (ie, CH, — '>CH,), leads to the replacement of
unlabeled (labeled) surface intermediates by the labeled
(unlabeled) ones without altering the steady-state conditions
of the reaction (assuming the molecular mass and vibrational
characteristics of the labeled and unlabeled species are similar)
when the reaction has arrived at steady state. Generally, the
time difference spent between the inert Ar tracer and the CO,
response indicates the mean surface residence time (7) of the
whole reaction (CH, /O, diffuse — adsorb — activation —
transient state — CO, product — desorb) and the
concentration of intermediates on the surface.

In this work, the mean surface residence time (7) is
calculated based on the integration area between the
normalized transient response of CO, product and that of
the inert Ar tracer (see the examples in the Supporting
Information), as shown below,

0= [ Ot — FA(0)] de

The area corresponds to the mean surface time spent for
CH, to form CO, in the reactive pathway over the surface.
Real mean surface time (z,) of reaction intermediates can be
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Figure 2. Comparison of the Pd, models on the CeO, (111) surface for methane oxidation. (a) DFT-computed energetic differences in CH,
adsorption energy and C—H activation energy. (b) Microkinetic modeling of the CH,, + 20, — CO, + 2H,0 reaction on the 2.75 and 2.99 A Pd,

models on CeO, based on the DFT energy profiles in Figure S3.

obtained by extrapolating the 7 at different flow rates to zero
contact time, as displayed in Figures S1 and S2 in the
Supporting Information. The turnover frequency (TOF) is
hence obtained from 7, via the following equation assuming
pseudo-first-order reaction with a single-intermediate pool.””

1
TOF = —
%o

2.4, DFT Calculations and Microkinetic Modeling.
Density functional theory (DFT) calculations were performed
using the Vienna ab initio simulation Opackage (VASP).**
The Perdew—Burke—Ernzerhof (PBE)*’ functional of gener-
alized-gradient approximation (GGA) was used for electron
exchange and correlation. The on-site Coulomb interaction
was included using the DFT+U method and a U value of 4.5
eV was used for Ce following previous studies."'~* The
electron—core interaction was described using the projector-
augmented wave method (PAW).***> The kinetic energy
cutoff was set to 500 eV for the plane wave basis set. For the
calculations of Pd dimers/CeO, (111), we used a periodic slab
with a (4 X 4) supercell and the Brillouin zone was sampled
using the 3 X 3 X 1 k-mesh. The CeO, (111) slab model is
four Ce—O—Ce layers thick, and the vacuum thickness was set
to 15 A. The atoms in the bottom two layers were frozen to
their bulk position and only the top two Ce—O—Ce layers
were allowed to relax. Transition states were found using the
climbing-image nudged elastic band method*® and the dimer
method”” with the force convergence criterion of 0.05 eV A~
The MKMCXX code was used for microkinetic modeling.**
The reaction rates and rate-controlling steps via degree-of-rate-
control (DRC) analysis*”*° were investigated to compare the
performances of the two different Pd dimers.

3. RESULTS AND DISCUSSION

1. Prediction of Pd—Pd Configurations for CH,
Combustion. To create the local environment most beneficial
for methane combustion, our guiding principle is to
manipulate the Pd—Pd distance to tune the local environment
through Pd—Pd, Pd—O-Pd, and Pd—O—Ce interactions.
DFT geometry optimizations followed by ab initio molecular
dynamics simulations at 700 K were performed to elucidate the
possible Pd—Pd configurations that are stable on CeO,. The
CeO, (111) was chosen as the active surface accordmg to its
thermodynamic stability among typical ceria surfaces.”’ By
exploring close to 20 Pd, configurations on CeO, (111) via
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add-on (Table S1), substitution (Table S2), and mixed add-
on/substitution (Table S3) modes of model generation, we
identified three stable Pd—Pd configurations in the substitution
mode with distinctly different Pd—Pd distances: 2.75, 2.99, and
3.62 A (Figure la). For simplicity, hereafter, “2.75/2.99/3.62
A structure” is used to name a Pd, structure obtained by tuning
Pd—Pd distance, which changes not only the Pd—Pd distance
but also the local electronic and atomic structures. Specifically,
in the 2.75 A structure (Figure 1a, left), two Pd>* ions are next
to each other with one on the surface and the other in the
subsurface and no bridging O; this model was also found in a
previous computational study. 27 The 2.99 A structure, which
has not been previously reported, is obtained by substituting
two Pd** ions for two (CeO)*". The resulting structure has two
bridging O ions between the two Pd** ions and the Pd—Pd
distance is 2.99 A (Figure 1a, middle). In the 3.62 A structure,
two adjacent Ce atoms were substituted by two Pd atoms, this
isovalent substitution does not result in a significant surface
reconstruction (Figure 1a, right). The oxidation states of Pd in
the Pd, structures are further confirmed by comparing the
Bader charges with that in bulk PdO and PdO, (Table S4).

To examine whether these three stable Pd—Pd structures
would show different catalytic performances in methane
oxidation, we first calculated the CH, adsorption energy and
the first C—H activation energy. As one can see from Figure 2a,
the 3.62 A Pd—Pd structure has both weak methane
adsorption and a high C—H activation energy, while both
the 2.75 and 2.99 A Pd, structures look promising. We further
mapped out the complete methane oxidation pathways on the
2.75 and 2.99 A Pd, structures (Figure S3). Although they
share similar first two dehydrogenation steps, the key
mechanistic difference between the two structures is the
early participation of a bridging O atom in the 2.99 A Pd,
structure, which leads to facile water formation, followed by O,
activation (Figure 1b), while on the 2.75 A Pd,, O, gets
activated first before water formation (Figure S3). The
comparison revealed a key advantage of the 2.99 A Pd,
structure where the bridging O atoms between the two Pd
atoms can be more easily activated and reduced; the oxygen
vacancies between the two Pd atoms are also where O, gets
activated (Figure 1b). This is further supported by the lower
oxygen vacancy formation energy on the 2.99 A Pd, structure
(Table SS).

To further differentiate the catalytic activities of the 2.75 and
2.99 A Pd, models for methane combustion, which are not
immediately clear from the DFT energy profiles given their
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Figure 3. Local atomic structures of Pd in (3, S, 8) Pd samples. (a) Pd K edge XANES, (b) k-space, and (c) R-space EXAFS spectra of the spent
3Pd, SPd, and 8Pd catalysts. For comparison, the spectra of Pd foil and PdO are included. Panels b and ¢ share the same label as in panel a. The
comparison of experimental and the fitted spectrum of (d) spent 3Pd, (e) SPd, and (f) 8Pd catalysts. Panels d, e, and f also include the

contributions of individual fitting paths for references.

mechanistic differences, we performed microkinetic modeling
based on the DFT energy profiles. As compared in Figure 2b,
the 2.99 A Pd—Pd model shows a higher activity for the
temperature range examined. In addition, analysis of the degree
of rate control (Figure S4) indicates that the rate-determining
step for the 2.99 A model is the first C—H activation (TS1)
and dissociation of second adsorbed O, (TS5), while, on the
2.75 A model, the rate is strongly limited by the second water
desorption,”” which is 1.40 eV uphill (last step in Figure S3).
In contrast, the desorption energy of water is low on the 2.99 A
model (<0.5 eV).

3.2. Generation and Structure Determination of Pd—
Pd Structures with Different Distances. The above
theoretical results along with previous computational studies
show that the intrinsic activity of the 2.99 A Pd—Pd structure is
higher than that of the 2.75 A Pd—Pd structure, and both are
more active than Pd single atoms and PdO counterparts.”” To
test the theoretical findings, a series of Pd/CeO, samples are
prepared. To control the distance of the Pd single atoms, we
gradually increased the weight loading of Pd atoms on ceria.
Such an idea was also implemented by Kwak et al, who
constructed 2D Pt rafts on the y-Al,O; surface by adjusting Pt
loadings.52 In addition, we found that when the weight loading
of Pd was 1 wt %, Pd single atoms remained isolated
throughout the reaction of methane combustion."® Therefore,
in this work, we change the weight loading of Pd to 3, 5, and 8
wt % and these samples are correspondingly labeled as 3Pd,
SPd, and 8Pd hereafter.

To determine the local structure of Pd in 3Pd, SPd, and 8Pd
catalysts, Pd K-edge XAS spectra are collected. It is very likely
that the as-prepared catalysts or even the pretreated catalysts
will go through species/structure modifications under reaction

conditions (which will also be demonstrated in the later
section of this work).'”** We therefore focus on the spent and
stable catalysts (collected after methane combustion at the
highest temperature of 700 °C). Figure 3 shows the XANES
and EXAFS spectra of the spent 3Pd, SPd, and 8Pd catalysts.
As shown in Figure 3a, for the XANES spectra of all samples,
the position of the rising edge is similar to that of PdO,
suggesting that in all three samples Pd is in an oxidized state.
For the spent 8Pd catalyst, the XANES (Figure 3a) and
EXAFS (Figure 3b,c) spectra are close to those of PdO,
indicating that the PdO phase is formed and dominated in the
spent 8Pd catalyst. On the other hand, the XAS spectra of the
spent 3Pd and SPd are quite different from those of PdO and
Pd foil, suggesting that, in the spent 3Pd and 5Pd catalysts, Pd
atoms have local structures different from those in PdO and Pd
particles. By comparing the spectra of the spent 3Pd and 5Pd,
subtle changes can also be observed. Specifically, the maxima
(at about 24372 eV) of the XANES spectrum shifts slightly
toward lower energy for the spent SPd catalyst. In the EXAFS
spectra of the spent 3Pd and SPd catalysts, different features
can be observed in the range 8—10 A™" in the k-space (Figure
3b) and in the range 2.0—3.5 A in the R-space (Figure 3c).
To identify the reasons for the observed spectral changes
and obtain quantitative local structure information, EXAFS
analysis is performed. For the spent 8Pd catalyst, since its
spectrum is similar to that of PdO (based on the raw data
examination discussed above), the paths of Pd—O, Pd—Pd
(short), and Pd—Pd (long) that are extracted from the crystal
structure of PdO are included in the fitting model. In fitting the
spectra of the 3Pd and SPd catalysts, the model includes three
paths: Pd—O, Pd—Pd, and Pd—Ce. The comparison of the
experimental spectra and the fitted spectra and the
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Figure 4. Local distribution and electronic properties of Pd species. (a) Representative STEM image of the spent SPd catalyst. More images can be
found in Figure SS. Inset shows the presence of both single (c,) and dimer (c,) Pd atoms on crystalline ceria. (b) Pd 3d XPS spectra (scatter) of
the as prepared SPd catalyst and the SPd catalyst after the methane combustion at 300, 450, and 700 °C. (c) Pd 3d XPS spectra (scatter) of the as
prepared and spent (after reaction at 700 °C) 3Pd and 8Pd catalysts. For panels b and c, the fitted spectra and the contribution of Pd*" and Pd**
species are included for references. The Pd** concentrations obtained from peak fittings are also listed next to the corresponding spectra.

contribution of each path are plotted in Figure 3d,ef. The
fitting k range is 2.0—12.0 A1 and the fitting R range is 1.0—
3.5 A. The amplitude reduction factor (S,” = 0.79 + 0.05) is
obtained by fitting the spectrum of PdO. The best fitting
results are summarized in Table S6.

Based on the fitting results, in addition to the dominant Pd—
O contribution, a small Pd—Pd contribution (the Pd—Pd
coordination number is 0.7 & 0.6) can be detected in the spent
3Pd catalyst. The distance of this Pd—Pd path is 2.98 + 0.06 A,
similar to that of the nearest Pd—Pd path in PdO (3.01 + 0.01
A)" and similar to that in the theoretical 2.99 A Pd—Pd model
(Figure la, middle). Compared to the spent 3Pd catalyst, a
higher coordination number (1.6 + 0.7) of Pd—Pd bond is
obtained for the spent SPd catalyst and the Pd—Pd bond
distance is shorter (2.74 + 0.01 A), close to that of the nearest
Pd—Pd path in Pd foil (2.740 + 0.002 A) and that in the
theoretical 2.75 A Pd—Pd model (Figure la, left). The
obtained small Pd—Pd coordination numbers imply that the
Pd ensembles in the spent 3Pd and SPd catalysts are very
small, further confirmed by the STEM images of the spent SPd
catalyst, as shown in Figure 4a and Figure S5. Based on the
images collected on the multiple areas of the catalyst, only
isolated Pd atoms and very small Pd ensembles can be
detected, agreeing with the XAS results. In addition, as shown
in Figure S6, no Pd or PdO species can be observed in the
XRD patterns of the spent 3Pd and SPd samples, again
suggesting the small sizes of Pd species in these samples. For
the spent 8Pd catalyst, as expected, the local structure is similar
to that of PO, consisting of a short Pd—Pd (the nearest) path
at a distance of 3.01 + 0.02 A and a long Pd—Pd (the second
nearest) path at a distance of 3.41 + 0.01 A. The obtained
coordination numbers of Pd—Pd paths (2.3 + 0.7 for the short
Pd—Pd and 5.4 + 1.5 for the long Pd—Pd) for the spent 8Pd
catalyst are smaller than those in PdO (4.0 for the short Pd—
Pd and 8.0 for the long Pd—Pd), suggesting nanosized PdO in
the spent 8Pd catalyst. This is also supported by the weak
diffraction peak of PdO (reference code 04-005-4781) in the
XRD patterns (Figure S6). These quantitative results of Pd—
Pd coordination numbers and Pd—Pd distances for the spent
3Pd, SPd, and 8Pd catalysts reflect that by increasing the

weight loading of Pd, we indeed drive the pairing of Pd atoms
and the formation of Pd ensembles with different Pd—Pd
distances that are in good agreement with the DFT predicted
models.

In fact, in addition to the increased surface density, another
required driving force for the generation of Pd—Pd structures
in the spent 3Pd and SPd catalysts is the reaction condition,
which increases the mobility of Pd atoms. Figure S7 shows the
Pd K-edge XAS spectra of the as prepared 3Pd and SPd
catalysts, and based on the analysis (Table S6), the Pd—Pd
pairs barely exist in the as-prepared catalysts, suggesting that
isolated Pd single atoms dominate in the as-prepared 3Pd and
SPd catalysts and the small Pd ensembles (Pd pairs) are only
created during the reaction at elevated temperatures.
Accompanied by the developed Pd—Pd pairs in the spent
3Pd and SPd catalysts is the redistribution of oxidized Pd
species on the surface of catalysts. Figure 4b shows the Pd 3d
XPS spectra of the as-prepared and post-reaction SPd catalysts.
At room temperature (RT), Pd** (~337.2 eV) and Pd*
(~338.6 eV) species coexist in the as-prepared SPd
catalyst.'>*** With the increase of the reaction temperature
(RT to 450 °C), the concentration of Pd*" species increases
and the concentration of Pd*" decreases. Further increasing the
temperature to 700 °C, the concentrations of Pd*" and Pd**
remain almost unchanged. The temperature-dependent in-
crease of Pd*" species is also observed in the 3Pd catalysts
(Figure 4c). These XPS results, when combined with those
obtained from XAS, suggest that Pd atoms in the developed Pd
ensembles in the spent 3Pd and 5Pd catalysts are in an
oxidation state of +2 and they originate from the conversion of
certain Pd*" and/or Pd*" single atom species that pre-exist in
the as-prepared 3Pd and 5Pd catalysts. For the 8Pd catalyst, it
is dominated with Pd** (Figure 4c) in the as-prepared and
spent catalysts, agreeing with XAS results that the as-prepared
and spent 8Pd catalysts are primarily comprised of PdO
particles (Figure 3, Figure S7, and Table S6).

All of these results indicate that by tuning the weight loading
of Pd atoms on the ceria support and by controlling the
external environments, Pd—Pd structures with different
distances can be obtained. Furthermore, the experimentally
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Figure 5. Catalytic properties of Pd-based catalysts for methane combustion. (a) Light-off and light-out curves of CH, oxidation over 1Pd, 3Pd,
SPd and 8 Pd catalysts. Dashed line and open symbol stand for the first reaction cycle, while the solid line and symbol stand for the second reaction
cycle. The gas mixture consists of 0.5% CH, and 2.5% O, in He. (b) TOFs of 1Pd, 3Pd, SPd, and 8Pd at 350 °C. The inset shows the estimated

range of TOFs of Pd—Pd ensembles in 3Pd (T5) and SPd (T;) catalysts.

observed Pd—Pd distances in these structures match well with
those in the stable Pd—Pd models identified via the theoretical
method. This allows us to test the theoretical predictions of the
intrinsic activities of the different Pd species. Next, the catalytic
properties of these Pd—Pd ensembles in 3Pd and SPd are
examined and compared with reference single atom and
particle counterparts (1Pd and 8Pd).

3.3. High Intrinsic Activity of Pd—Pd Structures. To
correlate the structure of Pd species with catalytic properties,
we test the as-prepared 3Pd, SPd, and 8Pd catalysts for
methane combustion at different temperatures (300—700 °C)
for two cycles. In each cycle, the heating and subsequent
cooling processes are included. As shown in Figure Sa, all three
catalysts show improved and stable activities after the first
heating process, indicating that the as-prepared catalysts
experience structural changes during the first heating process,
which is supported by the observations obtained from XPS and
XAS. In addition, by combining the results obtained from the
activity test, XPS and XAS, it can be concluded that, for the
3Pd and SPd catalysts, the produced small Pd—Pd ensembles
are responsible for the improved methane conversion, while,
for the 8Pd catalyst, the increased activity after the first heating
process is most likely correlated with the increased particle size
of PdO, as evidenced by the increased coordination numbers
of Pd—Pd paths (Table S6). Previous studies also suggested
that PdO particles with larger sizes exhibited higher methane
combustion activity.*’

To determine the intrinsic activity of Pd sites in the spent
1Pd, 3Pd, 5Pd, and 8Pd catalysts, the turnover frequencies
(TOFs) of all catalysts are obtained by performing SSITKA
measurements at 350 °C that allow the tests to be conducted
under a kinetically controlled regime. The details of SSITKA
measurements and data analysis are in the supporting material
(Figures S1 and S2 and Table S7). As shown in Figure Sb, the
3Pd catalyst shows the highest TOF, suggesting that the active
species in the 3Pd catalyst has the highest intrinsic activity
compared to other catalysts: more than 26 times higher than
the single atom 1Pd and 4 times that of PdO in 8Pd. Based on
the light-off/-out, XAS, STEM, and XPS results, the Pd species
with high intrinsic activities in the spent 3Pd and SPd catalysts
must be correlated with the Pd—Pd structures formed during
the reaction.

16465

To determine the specific intrinsic activity of these Pd—Pd
structures, since they coexist with Pd*" and Pd** single atoms
based on the combined XAS, STEM, and XPS, one needs to
know the TOFs of Pd*" and Pd** and their concentrations in
the spent 3Pd and SPd samples. For the stable Pd*" single
atoms, they are embedded in the lattice of ceria supports and
thus most likely do not directly participate into the
reaction.”®* Therefore, we consider that the TOF obtained
for the 3Pd (or SPd) catalyst is largely contributed by Pd**
single atom sites and Pd** sites in Pd—Pd ensembles. Among
Pd** single atom and Pd—Pd ensembles, the concentration of
Pd—Pd ensembles in 3Pd (SPd) is estimated to be 0.3 < x; <
0.69 (03 < x; < 0.77) and x; (xg) is defined as the
concentration of Pd—Pd ensembles in the spent 3Pd (SPd)
catalyst (see Methods for the details of the estimation).
Therefore, based on the equations below, we could estimate
the TOF of Pd—Pd ensembles in 3Pd (SPd) catalyst at 350 °C.

T(1 — x3) + Tyey = 1.39

T(1 — %) + Ty, = 0.69

In these equations, 1.39 (0.69) s™" is the TOF of the spent
3Pd (SPd) catalyst. T, (T; or Ts) is the TOF of the Pd*" single
atom (Pd—Pd ensembles in the 3Pd or SPd catalyst). Since the
active site in 1Pd catalyst is a Pd*" single atom, T, can be
obtained from Figure Sb and Table S7 as 0.076 s~

As shown in the inset of Figure Sb, which plots the range of
Ty and T as a function of the concentration of Pd—Pd
ensembles in the spent 3Pd and SPd catalyst, the TOF of Pd—
Pd ensembles in the spent 3Pd is estimated to be within the
range of 4.5 > T3 > 2.0 s™" and to be within the range of 2.1 >
Ty > 0.9 s~ for the Pd—Pd ensembles in the spent SPd, much
higher than the intrinsic activity of the Pd*" single atom site
dominated in the spent 1Pd catalyst and of the PdO
nanoparticle dominated in the spent 8Pd catalyst. Chu et al.
also reported that neighboring Pd single atoms surpassed
isolated single atoms for selective hydrodehalogenation
catalysis.’® In addition, the Pd—Pd ensembles in the spent
3Pd catalyst generally present better activity compared with
that in the spent SPd catalyst, as suggested by theory.

Obviously, fine-tuning the Pd—Pd distance forming a 2.99-A
Pd, structure significantly enhances the intrinsic activity of
CH, combustion. As confirmed by DFT calculations, such a
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structure is conducive to the formation of oxygen vacancies
between the two Pd atoms, which is favorable for the following
adsorption and activation of CH, and O,, and hence the facile
formation of H,O and CO,. One would doubt that the surface
defects (such as Ce®* sites and oxygen vacancies) would lead
to incorporation of some of the Pd cations in the ceria matrix,
and the resulting Pd—Ce interfacial sites would exert additional
influence on the intrinsic activity.'*”*® In this work, for all of
the samples, the catalyst surface displays similar physical and
defective properties based on the combined analyses from BET
surface area, XRD, Raman, and XPS measurements (Figures
S6, S8, and S9 and Table S6). Partial Pd species probably enter
the ceria lattice as singly dispersed Pd**/ Pd ** species (Figure
4b). By comparison, the 1Pd and 3Pd samples show similar
Pd—Ce coordination numbers (CNs, Table S6) but quite
distinct TOFs: the significantly increased TOF for spent 3Pd is
obviously caused by the newly present Pd—Pd structures, as
confirmed by the XPS analysis (Figure 4b). For the SPd
sample, the increased Pd loading leads to the increased
formation of Pd—Ce (Table S6) which barely contributes to
the activity according to the activity variation between the
fresh and spent catalyst until this species reconstructed into
2.75-A Pd, species (Figures 4b and S). For both spent 3Pd and
SPd catalysts, the significantly increased activity is accom-
panied by the transformation of isolated Pd species to Pd,
structures, whereas further increase of the Pd loading to 8 wt %
gives rise to stable Pd** species-dominated PdO nanoparticles,
which show decreased activity than those reconstructed Pd**
species.

4. CONCLUSIONS

In summary, our combined theoretical and experimental
results have revealed a Pd—Pd structure that shows high
intrinsic activity and atomic efficiency for the reaction of
methane combustion. DFT modeling and microkinetic analysis
suggest that among various diatomic Pd structures, a stable Pd
dimer structure with a 2.99 A Pd—Pd distance is the most
active for methane activation and oxidation. The predicted
structure and its superior activity for methane combustion have
been confirmed experimentally. This structure was synthesized
by tuning the weight loading of Pd on a ceria support and
through reaction activation. We found that the TOFs of ceria
supported Pd species follow the trend of 2.99 A Pd—Pd > 2.75
A Pd-Pd > PdO nanoparticle > Pd single atom. Such
agreements allow theory providing insights into the improved
catalytic properties of 2.99 A structure that the high activity of
2.99 A structure is correlated with the conductive local redox
environment from the two O atoms bridging the two Pd** ions,
which facilitates both methane adsorption and activation as
well as the production of water and carbon dioxide during the
methane oxidation process. Findings from this study hint that
confining fully exposed Pd single atoms and controlling their
distances or bonding environment can be a potential way to
maximize the catalytic CH, oxidation activity and the atomic
efficiency of precious metals.”” This work also suggests that the
most active Pd species may take only a small portion of all
existing species in a heterogeneous Pd catalyst. Maximizing the
percentage of the most intrinsically active Pd species will be
the focus of our follow-up work.
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