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Abstract: We describe an efficient way to prepare moisture-tolerant
methane (hydrocarbon) combustion catalysts based on PdO
nanoparticles supported on siliceous SSZ-13 zeolite. Only zeolites
with high Si/Al ratios >15 are hydrophobic enough to exclude the Pd
from the micropores while forming well-faceted PdO nanoparticles.
Simultaneously, during self-assembly mobile Al hydroxo species get
incorporated into the as-formed PdO nanoparticles. For the first time,
we reveal selective incorporation of rows of OzAl(IV)-OHprigging
aluminum hydroxo-species into the (101) facets of PdO nanoparticles
that form during thermal self-assembly in Pd/SSZ-13 using state-of-
the-art atomically-resolved HAADF-STEM imaging, solid-state NMR,
DFT calculations and reactivity measurements. The Al*3-OH moieties
form atom-thin rows in place of tri-coordinate Pd ions Pd*? in Pd,O;
on (101) facets: these tri-coordinate Pd;*?O; are responsible for C-H
bond dissociation of methane and hydrocarbons during catalytic
methane oxidation. However, on unmodified or non-zeolite supported
PdO nanoparticles in the presence of water vapor from engine
exhaust, water competes with methane by forming a deactivated
Pdietra(OH)(H20)Pdierra site with two water molecules on contiguous 3-
coordinate Pd, which is not active for C-H bond activation. When Al-
OH moieties are present in place of some tri-coordinate PdO; sites,
water dissociation becomes kinetically unfavorable due to disruption
of Pdietra(OH)(H20)Pdietra  species formation. Consequently, our
catalytic measurements reveal a significantly more stable
performance of such catalysts in methane combustion in the presence
of water vapor. Our findings provide an unprecedented atomic-level
insight into structure-property relationships for supported PdO
materials in catalytic methane oxidation and offer a new strategy to
prepare moisture-tolerant Pd-containing methane combustion
catalysts for green-house gas mitigation by selectively doping
atomically thin rows of non-precious metal into specific facets of PdO.

Removal of toxic and greenhouse gases from air is the frontier of
the environmental and emission control catalysis [1-8]. For
example, NOx and CO emissions are regulated, and a lot of
progress has been achieved since 1960s to decrease their
emissions from stationary and mobile sources. More specifically,
catalytic converters, three-way catalysts (TWC) and selective

catalytic reduction (SCR) technology have been deployed
commercially to significantly decrease emissions of CO and NOy
gases for gasoline and diesel engines [1-10]. Methane emitted by
vehicles remains largely unregulated. However, the green house
potential of methane alone is ~25 times higher than of carbon
dioxide [11-20]. Considering also that there is a current industrial
push to introduce more efficient and environmentally clean natural
gas vehicles (NGVs) that operate under lean conditions, it
becomes obvious that effective catalysts are needed that would
provide stable methane combustion performance at relatively low
temperatures (<450 °C). Current state-of-the-art technology for
methane oxidation relies on palladium oxide nanoparticles
[11,12]. Good agreement has been achieved in recent years
considering the active phases and nanoparticle sizes. It was
determined that some optimal (not too small, >10 nm) size of PdO
nanoparticles is required to effectively catalyze methane and
hydrocarbon combustion in the studies by Chin and co-workers
[21-24]. Moreover, XPS and DFT single-crystal studies of Weaver
and co-workers [24-32] unambiguously identified that PdO (101)
facet, containing coordinatively unsaturated tri-coordinate
Pd(11)1O3 sites, is critical in inducing catalytic activity for both
alkane and methane combustion. These particular tri-coordinate
Pd(ll) sites are able to form a o-complex with methane: formation
of such a complex creates a pre-requisite site with close
geometric proximity between CHs and PdO required for further
heterolytic activation of methane C-H bond on the Pd-O pair, the
latter representing the rate-determining step of methane
combustion. PdO (100) surface was shown to be largely inactive
by the same authors. Since the first step of methane activation
involves the formation of a sigma-complex on 3-coordinate Pd
sites present only on (101) facets with the following (rate-
determining) heterolytic cleavage of C-H bond on Pd-O pair [21-
32], it is thus not surprising that larger particles with well-defined
facets are more active for methane combustion. However, the
main issue of supported and unsupported PdO nanoparticles is
their deactivation in the presence of water vapor (always present
in >2-3% in the vehicle exhaust) [11-20]. Water is believed to
compete with methane for the active site whereupon water
dissociates forming a catalytically inactive Pd-OH moiety. At
temperatures higher than >450-500 °C water desorbs from Pd-
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Figure 1. Representative HAADF-STEM images of 1 wt% Pd supported on H-SSZ-13 with Si/Al ~ A) 6 B) 12 C) 20-30.
D) High-energy synchrotron cryo-XRD data for samples A-C. Note that in this case A=0.2114 A (from Mo-source) and the

spectrum appears ,,compressed along the x-axis.
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Figure 2. FTIR data during 2 Torr CO adsorption on 1 wt% Pd SSZ-13 with Si/Al ~ 6(4), 10-12 (B), 20-30 (C).

OH and -OH moieties, restoring the active Pd{O; site and
methane activation can proceed without much influence from the
steam. However, at temperatures below, PdO materials quickly
deactivate in the presence of steam [11-20]. Recent studies
showed that PdO supported on zeolites exhibit improved stability
in the presence of water vapor relative to typical PdO/alumina
[33,34]. The reasons behind that phenomenon remain not fully
understood. Hydrophobicity of zeolite was suggested to be a
factor. Herein, we chose to investigate the PdO supported on
SSZ-13 zeolite since SSZ-13 is one of the most hydrothermally
stable zeolites known, it is used commercially for vehicle

emissions control (Cu/SSZ-13 is the commercial SCR system) [3-
8] and based on the available gas adsorption studies it has low
adsorption capacity for methane, especially in the presence of
other gases like water, carbon dioxide and propane [35]. For
example, at methane partial pressure of 0.11 kPa (corresponding
to ~1,000 ppm methane in an atmospheric gas mixture) at 100 °C,
SSZ-13 adsorption capacity for methane is essentially 0 [35].
Thus, majority of activity for methane combustion at temperatures
of interest will come from PdO located outside zeolite, thus
excluding the effect of Pd sites located in the pores.



To this end, we prepared 1 wt% Pd on SSZ-13 with varying Si/Al
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Figure 3. Methane conversion(%) vs. time-on-stream (minutes) profile

for Iwt% Pd on SSZ-13 with Si/Al 6(brown), 12(purple), 30 (vibrant

blue), Iwt% Pd on gamma-alumina (dull blue), and PdO nanoparticles
(red). Conditions: 120 mg catalyst (in case of unsupported PdO ~1.3 mg

of PdO nanoparticles were physically mixed mixed with low-surface-

area high-purity corrundum powder and loaded into the reactor) , 850

ppm methane, 12% O,, ~3 % H->0 in N, total flow rate 300 sscm/min
(GHSV ~ 150 L/g*hr). T=390 °C

ratios ~6, 10-12 and ~20-30. FTIR data (Fig. 2A-C) during CO
adsorption on all samples indicates that in the sample with 1 wt%
Pd/SSZ-13 with Si/Al ~ 6, Pd is dispersed selectively as isolated
Pd(11)/2 Al ions (also confirmed by HAADF-STEM imagine in Fig.
1 and additional HAADF-STEM images for Pd/SSZ-13 samples in
Fig.S1-S3). Super-electrophilic nature of a metal fragment in
zeolite was identified for the first time very recently [8,36-37].
Pd/SSZ-13 with Si/Al ~ 10-12 contains predominantly atomically
dispersed Pd as a mixture of Pd(II)/2Al and Pd(ll)-OH/1Al sites as
evidenced by FTIR measurements with CO probe molecule. In
this sample, about ~15 % of Pd dispersed as small PdO clusters
on the external surfaces of PdO, as evidenced by HAADF-STEM
imaging and quantified by NO adsorption adsorption studies [8]
(Fig. 1). For 1wt% Pd/SSZ-13 with Si/Al ~30, majority of Pd

(~70%) is present as well-defined crystalline PdO nanoparticles
on the external surface of SSZ-13 further consistent with
synchrotron XRD and FTIR data in Fig. 1D and Fig. 2C. As we
have previously shown, the reason for the preferential exclusion
of Pd from the micropores at high Si/Al ratios is the increased
hydrophobicity of zeolite with the Si/Al ratio [8]. More Al-rich
zeolites have a more hydrophilic micropore environment that
favours inclusion and anchoring of Pd(ll) as isolated sites
(depending on proximity of Al atoms these Pd atoms exist either
as Pd(I)/2Al or Pd(I)-OH/1Al).

We then tested these samples for catalytic methane combustion
in the presence of steam under industrially relevant conditions at
390 °C and GHSV of ~150 L/g*hr. This is a representative
temperature under which fast deactivation of various PdO
samples has been previously demonstrated during vehicle
operation, as mentioned in the introduction (Fig. 3).

For the sample containing atomically dispersed Pd in the
micropores with Si/Al ~6, we observed almost no activity at this
temperature. This is consistent with the presence of uniform redox
inactive Pd(Il1)/2Al site [8,36]: such isolated cationic sites cannot
activate oxygen and do not participate in methane combustion.
The sample with small, poorly defined PdO nanoparticles on the
external surface of SSZ-13 with Si/Al ratio of 12 has initial activity
but deactivates with time-on-stream. Notably, PdO on SSZ-13
with Si/Al ratio of ~30 shows very little deactivation within the
duration of the experiment (Fig. 3). We also tested PdO
nanoparticles prepared by simple thermal decomposition of
palladium nitrate precursor, which showed noticeable
deactivation under the conditions studied. Deactivation was also
observed for PdO/AI,O3 sample. Because in Pd/SSZ-13 sample
with Si/Al ~20-30 all the activity comes from PdO on the external
surface of

Pd/SSZ-13 samples, the difference in the deactivation behaviour
of PdO should be due to the difference in surface sites.
Atomically resolved HAADF-STEM images of crystalline PdO
nanoparticles on SSZ-13 with Si/Al ~20-30 were further analyzed
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Figure 4. A) HAADF-STEM image of a typical PdO particle on SSZ-13 with Si/Al~30. B) Atomically resolved HAADF-STEM image of (101) facets of the
image showing the presence of Al in place of missing Pd sites. Note that the missing Pd rows on (10-1) facet which equivalent with (101) are clearly shown in
Fig. §4 C). Structural representation of the observed structure showing that Pd atoms (cations) are replaced by Al-OH sites specifically in Pd;03 positions

and not in Pd;0, positions (based on the energies of calculated DFT structures).
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Figure 5. HAADF-STEM image of a typical well-faceted indexed PdO nanoparticle on SSZ-13 with Si/Al~30 and the
corresponding EDS maps. The EDS maps show preferential enrichment with Al of the (101) facets of PdO.

(Fig. 4 and Figs. S4,S5 for additional images). Surprisingly, we
could observe for the first time the presence of rows of missing
Pd atoms present exclusively on (101) facets of PdO. Careful
imaging of multiple nanoparticles in Pd/SSZ-13 Si/Al ~20-30
sample reveal this is a general phenomenon for (101) facets of
PdO and we could not observe similar results for any other facts
(confirmed by multiple HAADF-STEM images in Fig. S4, Fig S5
and Fig. S6). Our atomically resolved imaging shows (Fig. 4) that
the missing rows are either a) tetrahedral Pd*? atoms in Pd(I1)1O4
adjacent to 3-coordinate Pd(Il)1O3 cites as we mentioned earlier
(such 3-coordinate Pd sites present on (101) facets are the ones
responsible for the activation of methane), or b) tri-coordinate Pd
atoms adjacent to 4-coordinate PdO; sites.

The intensity present in the spots of missing Pd rows in (101) facet
of PdO (Fig. 4) suggests that rows of some other element are
incorporated into the structure. EDS mapping of the edges of PdO
(Fig. 5, Fig. S7) unambiguously shows selective incorporation of
Al*? in place of Pd*? atoms on (101) facets. It is important to note
that in the atomically resolved image of PdO nanoparticle on
which EDS was performed missing Pd was not clearly visible due
to the orientation of this particle to the viewing plain (electron
beam in Fig 5): the rows of missing Al atoms were located
perpendicular to the imaging direction beyond the Pd atoms on
the edge. Furthermore, we could not find rows of Al atoms
incorporated into any other facets except (101) with careful
HAADF-STEM imaging. To understand whether Al was
incorporated into Pd{O3; or Pd{O4 site (only one scenario is
possible), we performed DFT calculations (because the oxygen
sub-lattice of PdO (101) cannot be directly imagined, it is not
possible to conclude which specific Pd*? site is occupied by Al*®
from the images although it is clear that only a) or b) is possible).
For scenario a) Al would be incorporated as a pentahedral
04AI(V)-OH group. For scenario b) Al would be incorporated as a
tetrahedral O3AI(IV)-OH group.

We performed DFT calculations on PdO (101) to determine which
scenario is operative (Fig. 6). We find that incorporation of

O3AI"3(IV)-OH moiety in place of Pd*?,0; site (scenario b) is >1
eV more favourable than scenario b). Thus, we can conclude that
atom-thin rows of O3Al(1V)-OH occupy the spots of Pd1O3 directly
adjacent to Pd{O4 sites — the former being crucial for methane
activation.

When PdO forms and assembles from decomposition of a nitrate
precursor without the presence of mobile Al species, no
incorporation of Al would take place as expected. Countless
previous images of supported and unsupported PdO
nanoparticles (and oriented films) have never observed or
suggested incorporation of any other species in (101) facets.
Even for PdO formation on the typically used gamma-alumina
surface this does not occur — the reason for this lies in the stability
of gamma-alumina surface and its “unwillingness” to release any
Al species which is well known [38-40].

However, only when PdO self-assembly takes place from the
deposited nitrate precursor on zeolite SSZ-13, this phenomenon
does occur. Solid-state 2’Al NMR data for Pd/SSZ-13 system
confirms this finding (Fig. S8): more specifically, we observed that
highly mobile Al-aqua complexes are present in the sample
(formed from Al diffusion from the bulk of SSZ-13 crystals) (Fig.
S7). The mobility of these ions is evident due to the sharpness of
27Al NMR feature [41,42]. Thus, mobile Al ions, released in small
amounts by zeolite with low amounts of Al (siliceous zeolite), get
incorporated into the surface of PdO during PdO self-assembly
process. DFT calculations show (Fig. 6) the favourability of the
incorporation of rows of OzAI*3(IV)-OH moieties that insert into the
surface in place of Pd;O; specifically sitting next to Pd*2;04. This
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molecules (bottom graph,).
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indicates that the presence of such atomically thin rows of Al-OH
moieties adjacent to PdO4 prevents deactivation by water. We
turned to DFT calculations to help us understand the poisoning
effect of water on Pd1O3 sites (Fig. 6). On the undoped (101) PdO
surface, water adsorption on O3;Pd(IV)-OH site (with a bridging
proton forming simultaneously) is favourable. Surprisingly, we
found that dissociation of only one water molecule on (101) PdO
is energetically unfavourable (Fig. 6) compared to undissociated
water molecule, which is in agreement with pioneering studies by
Weaver and co-workers [25-32]. The dissociated state is higher
by 11 kJ/mol-Pd than the undissociated one. However, we
discovered that in presence of nearby H,O molecules on Pdy;,
chemisorbed near the dissociated H,O molecules on the adjacent
Pdtri site, leads to the extremely stable configuration with ~30
kJ/mol-Pd energy gain. Thus, the presence of H,O dimers (and
trimers) on the surface with one H>O molecule dissociated and 1
undissocated on the adjacent Pdy; site is responsible for the water
poisoning effect.

To understand this, we performed the DFT calculations on the
surface containing adjacent Al atoms replacing Pdy; sites on (101)
facet (Fig. 6). Our findings show that although some minor
decrease of water dissociation is observed (~4 kJ/mol-Pd), it is
too minor to account for the observed effect. Thus, we infer that
Al incorporation into (101) facets of PdO instead of Pdy; kinetically
destabilizes water dissociation by disrupting the formation of
extremely stable H>O dimers and trimers (with 1 H,O dissociated)
on adjacent Pdy; sites.

These findings, based on combined state-of-the-art
spectroscopic, microscopic, theoretical and catalytic approach
reveal a previously unattainable insight into structure-catalytic
property relationships of industrially used PdO catalysts, and
highlight a new strategy of developing an important class of
catalytical materials with water-tolerance on the basis of the facet-
selective heterometal doping approach.
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METHODS

Na-SSZ-13 with Si/Al ~ 6, 10-12 and 20-30 was hydrothermally synthesized using the
following recipe: 0.8 g of NaOH (Sigma Aldrich, > 99%) was dissolved in 50 ml of deionized
water. Then, 17 g of TMAda-OH (Sachem Inc., 25% N,N,N-trimethyl-1-adamantyl ammonium
hydroxide) was added as structure directing agent. Consequently, 1.5 g (or 0.75g, or 0.3g,
depending on the desired amount of Al in the framework) of AI(OH); (Sigma Aldrich, ~54%
AlO3) was slowly added to the solution and stirred at 400 rpm until it was completely dissolved.
Afterwards, 20.0 g of LUDOX HS-30 colloidal silica (Sigma Aldrich, 30 wt% suspension in
H>0) was added slowly to the solution until a uniform white gel was formed. The obtained gel
was sealed in a 125 mL Teflon-lined stainless-steel autoclave containing a magnetic stir bar.
Hydrothermal synthesis was carried out at 160 °C under continuous gel stirring at 400 rpm for 4
days. After synthesis, the zeolite cake was separated from the suspension by centrifugation and
washed with deionized water. It was afterwards dried at 80 °C under N> flow overnight and
calcined in air at 600 °C for 5 h in order to remove the SDA. The as-obtained Na-SSZ-13
samples with varying Si/Al ratios were ion-exchanged twice with 2 M NH4NO3 aqueous solution
at 80 °C for 3 hours yielding the ammonium forms of SSZ-13. NH4-SSZ-13 was subsequently
dried under ambient conditions and then at 80 °C.

Samples with 1 wt% Pd were prepared via the following method: minimum amount of the
[PA(IT)(NH3)4](NO3)2 precursor solution was added to zeolite in the amount approximately
equivalent to the total pore volume of the zeolite. The thick paste was mixed vigorously for 30
minutes, followed by calcination in air at 650 °C for 5 h (ramping rate 2 °C/min).

Sample with 1wt% Pd on SBA-200 gamma-alumina (CATALOX, high-purity gamma-
alumina) was prepared in an identical fashion as for zeolites and calcined in air 650 °C for 5 h
(ramping rate 2 °C/min).

Palladium oxide nanoparticles were prepared by decomposing palladium tetramine nitrate in
the air flow at 600 °C for 3 hours. For catalytic experiments, ~1.3 mg of PdO was mixed with
120 mg of pre-calcined low-surface area high-purity alpha-alumina.

Methane combustion experiments were carried out in a quartz plug-flow reactor. The gas
feed contained 850 ppm CHa, 13% O and ~3% H>O balanced with N». The total flow was

adjusted to 300 sscm/min. Gas concentrations were continuously monitored with an online MKS



MultiGasTM 2030 FTIR gas analyzer with the gas cell maintained at 191 °C. 120 mg of catalyst
was loaded and tests were conducted at 390 °C. The catalysts were first exposed to the dry air for
at the desired temperature for ~ 1 hours, then to reactants at 390 °C for 15 minutes for
stabilization. Methane conversion curves vs time-on-stream were collected immediate afterwards
and are reported in the main text.

The in situ static transmission IR experiments were conducted in a home-built cell housed in
the sample compartment of a Bruker Vertex 80 spectrometer, equipped with an MCT detector
and operated at 4 cm™! resolution. The powder sample was pressed onto a tungsten mesh which,
in turn, was mounted onto a copper heating assembly attached to a ceramic feedthrough. The
sample could be resistively heated, and the sample temperature was monitored by a
thermocouple spot welded onto the top center of the W grid. The cold finger on the glass bulb
containing CO was cooled with liquid nitrogen to eliminate any contamination originating from
metal carbonyls. Prior to spectrum collection, a background with the activated (pre-oxidized)
sample in the IR beam was collected. Each spectrum reported is obtained by averaging 256
scans.

HAADF-STEM was used to probe the dispersion of Pd in prepared samples as well as
provide imaging of PdO at the atomic level. The analysis was performed with probe corrected
Themo Fisher Titan 80-300 and Themis Z 30-300 microscopes operated at 300 kV. Both
microscopes are equipped with CEOS GmbH double-hexapole aberration corrector for the
probe-forming lens. Images obtained with Titan were acquired with annular dark field (HAADF)

detector, using a convergence angle of 18 mrad and the inner collection angle of 52 mrad.
Compositional analysis was performed with EDS, using an Oxford X-MaxV100TLE solid drift

detector SDD (100 mmz). The EDS data collection and processing was performed with Oxford’s
Aztec software package. Images obtained with Themis Z were acquired with annular dark field
(HAADF) using convergence angle of either 19 or 26 mrad and the inner collection angle of 48
mrad. The EDS data were collected with Thermo Fisher Super-X Detection System and Velox
software package.

Cryo High-energy X-ray Diffraction (XRD) data were collected at beamline 11-ID-B at the
Advanced Photon Source at Argonne National Laboratory using 58.6 keV (0.2114 A) X-rays.
Samples were loaded in the powder form in low-background Kapton capillary holders, and cooled

using liquid nitrogen microjets. Data were collected using amorphous silicon-based area detectors.
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Geometric corrections and reduction to one-dimensional data used GSAS-II. 2’Al MAS NMR
measurements were performed at room temperature on a Bruker 850 MHz NMR spectrometer,
operating at a magnetic field of 19.975 T. The corresponding 2’ Al Larmor frequency is 221.412598
MHz. All spectra were acquired at a sample spinning rate of 18.7 kHz (+ 5 Hz) and externally
referenced to 1.0 M aqueous AI(NO3); (0 ppm). The advantages of both enhanced spectral
resolution and sensitivity for acquiring 2?A1 MAS NMR at ultrahigh field (19.975 T) have been

established previously.
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= 20 nm

Figure S1. Additional HAADF-STEM images of 1 wt% Pd/SSZ13 with Si/Al ratio 6.

——— 10 nm

Figure S2. Additional HAADF-STEM images of 1 wt% Pd/SSZ13 with Si/Al ratio 12.
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Figure S3. Additional HAADF-STEM images of 1 wt% Pd/SSZ13 with Si/Al ratio 30.
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Figure S4. HAADF-STEM images (of different magnification) of a faceted PdO crystal on 1
wt% Pd/SSZ13 with Si/Al ratio ~20-30 showing presence of rows of “missing” Pd atoms

exclusively on (101) facets.
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Figure S5. HAADF-STEM images of another faceted PdO crystal on 1 wt% Pd/SSZ13 with

Si/Al ratio ~20-30, showing rows of “missing” Pd atoms on (101) facet.
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Figure S6. Additional HAADF-STEM images of non-(101) PdO facets on 1 wt%Pd/SSZ-13
with Si/Al ~ 20-30, showing lack of missing rows of Pd atoms.
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Fig. S7. Atomically resolved HAADF-STEM images of a well-faceted PdO nanoparticle on the
surface of SSZ-13 zeolite. Missing rows of Pd atoms are identified on (101) facets. EDS maps
reveal incoporation of Al at the edges of PdO particles. Corresponding DFT calculations show
that incroporation of Al-OH in place of Pd tri-coordinate sites is signigicantly more favourable

than Pd tetra-coordinate sites.
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Figure S8. 2’Al high-field solid state NMR on 1 wt% Pd/SSZ-13 with Si/Al ratio 6, 12 and 30

respectively. Sharp signal at ~0 ppm corresponds to mobile Al species.
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