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Abstract: Supported Pd catalysts are active in catalyzing the
highly exothermic methane combustion reaction but tend to be
deactivated owing to local hyperthermal environments. Herein
we report an effective approach to stabilize Pd/SiO, catalysts
with porous Al,Oj; overlayers coated by atomic layer deposi-
tion (ALD). ¥ Al magic angle spinning NMR analysis showed
that Al,O; overlayers on Pd particles coated by the ALD
method are rich in pentacoordinated AF" sites capable of
strongly interacting with adjacent surface PdO, phases on
supported Pd particles. Consequently, Al,Os-decorated Pd/
SiO, catalysts exhibit active and stable PdO, and Pd-PdO,
structures to efficiently catalyze methane combustion between
200 and 850°C. These results reveal the unique structural
characteristics of ALO; overlayers on metal surfaces coated by
the ALD method and provide a practical strategy to explore
stable and efficient supported Pd catalysts for methane
combustion.

The elimination of methane exhausts from natural-gas-
powered applications is an urgent environmental issue of
much concern owing to the high greenhouse effect of
methane.!! Palladium-based catalysts have been extensively
investigated for catalytic methane combustion, and this
catalytic reaction is structure-sensitive.'>? Both experimental
and DFT calculation studies suggest the Pd-PdO, interface as
the most catalytically active structure in dissociating CH,, the
rate-determining step in methane combustion, because OH
formation at a PdO, site promotes CH, decomposition at
a neighboring Pd site.” However, the Pd-PdO, interface is
always metastable on supported Pd catalysts during the highly
exothermic methane combustion reaction owing to the facile
decomposition of PdO, species at high temperatures.”! The
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decomposition of PdO, species into less active Pd species also
causes a serious practical problem for the catalytic combus-
tion of methane from vehicle exhausts, whose temperature
rises and falls frequently and quickly owing to the polytropic
operating conditions as vehicles move. Therefore, the metallic
Pd phase must be able to undergo fast reoxidation to recover
the active PdO, phase and ensure the catalytic efficiency as
the temperature falls quickly. An effective strategy to
fabricate stable and efficient supported Pd catalysts for
methane combustion is to form supported Pd (core)@active
oxide (shell) catalysts."® On one hand, the oxide shells
protect Pd cores from sintering. On the other hand, the
introduction of a palladium-active oxide interface improves
the catalytic activity of metallic Pd particles in methane
combustion.

The coating of thickness-controlled Al,O; overlayers on
metal particles by atomic layer deposition (ALD) has been
demonstrated as a novel powerful strategy to prepare
sintering-resistant supported metal catalysts.”! However, the
underlying mechanism for the much-enhanced stabilizing
effect of ALD ALO; overlayers on metal particles over the
widely used AL O; supports remains unknown. Herein, we
report the effect of ALD AlLO; overlayers on the stability and
catalytic performance of supported Pd catalysts for the
methane combustion reaction. Our results reveal that ALD
AlO; overlayers on Pd particles are rich in pentacoordinated
Al sites capable of strongly interacting with adjacent surface
PdO, phases to form stable PdO, and Pd-PdO, structures,
leading to high and stable activity in catalyzing the methane
combustion reaction.

To minimize the interference of different structures of Pd
particles, uniformly sized Pd cubes and octahedra supported
on as-synthesized SiO, nanospheres (size: 410-450 nm, see
Figure S1 in the Supporting Information; BET specific sur-
face area: 14.9 m*g™', see Table S1 in the Supporting Infor-
mation) were adopted as the starting supported Pd catalysts.
TEM and high-resolution TEM (HRTEM) images (see
Figure S2) showed that cubic Pd (c-Pd) and octahedral Pd
(0-Pd) nanocrystals (NCs) enclosed with {100} and {111}
facets, respectively, are uniform and have similar sizes of
approximately 7.0 nm, in agreement with previous results.”!
The morphologies of c-Pd and o-Pd NCs were largely
maintained in the c-Pd/SiO, and 0-Pd/SiO, catalysts, as
demonstrated by their representative TEM and HRTEM
images (see Figure S2). Thus, the nucleation and growth
behaviors of Pd nanocrystals seemed not affected much by the
presence of SiO, in the synthetic approach, which could be
associated with the relative inertness of the SiO, surface. The
BET specific surface areas of the Pd/SiO, catalysts were
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similar to that of SiO, (see Table S1). The XRD patterns only
detected the diffraction patterns arising from the metallic Pd
phase, whereas XPS spectra showed the Pd 3ds, binding
energies of metallic Pd and PdO, species (see Figure S3), thus
indicating the surface oxidation of supported Pd NCs.

The Pd/SiO, catalysts were coated with Al,O; overlayers
in 40 cycles of ALD. The resulting Al,O4/Pd/SiO, catalysts
were characterized by TEM, HAADF-STEM, and energy
dispersive spectroscopy (EDS) elemental mapping (Figure 1;
see also Figures S4 and S5). Al,O; overlayers with a thickness
of approximately 8 nm were clearly identified in the edge

Figure 1. TEM images, HAADF-STEM images, and EDS elemental
mapping images of Al,O;/c-Pd/SiO, (A1,A2)) and Al,O;/0-Pd/SiO,
(B1,B2).

regions in the TEM images, thus indicating an average Al,O5
growth rate of approximately 2 A per ALD cycle. The
reported ideal Al,O; ALD growth rates measured on flat
substrates are typically 1.1-1.3 A per ALD cycle."*) How-
ever, higher growth rates were often observed for AL,O; ALD
growth on particles,”™!” which was proposed to arise from the
different H,O adsorption/desorption kinetics on particles as
compared to flat substrates.'”* It was also observed that
exposure to a large amount of H,O in the Al,O; ALD growth
procedure as in our case could result in a strongly hydroxy-
lated ALD AlLO; surface and a large growth rate.'” Both
EDS elemental mapping images and EDS elemental line scan
profiles demonstrate distributions of Al,O; overlayers across
the whole of the Pd/SiO, catalysts. The BET specific surface
areas of the Al,04/Pd/SiO, catalysts are smaller than those of
the corresponding Pd/SiO, catalysts, most likely owing to the
formation of dense Al,O; overlayers (see Table S1). XRD and
Pd 3d XPS characterization results show that the AlL,O;
overlayers do not influence the Pd speciation of the original
Pd/SiO, catalysts (see Figure S3).

The dense Al,O; overlayers in Al,O4/Pd/SiO, catalysts
completely block the Pd surfaces, and the catalysts barely
show CO adsorption or catalytic activity in methane combus-
tion. Thermal treatment can introduce pores within Al,O;
overlayers that make embedded Pd particles accessible to
reactants.”) The procedure was optimized as a calcination at
900°C in 10% O,/Ar for 6 h, followed by reduction at 300°C
in 5% H,/Ar for 45min (see Figure S6). The acquired
catalysts are denoted as AlL,O,/Pd/SiO,-T. CO pulse chem-
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isorption results (see Figure S7 and Table S2) evidence CO
adsorption on Al,O5/Pd/SiO,-T in decreased amounts as
compared to Pd/SiO,-T (see Figure S8 for TEM and HRTEM
images of Pd/SiO,-T (Pd loading: 7.48 and 5.67 wt %) and
Al,O4/Pd/SiO,-T catalysts (Pd loading: 7.30 and 5.53 wt %)).
Severe aggregation of Pd nanocrystals occurred during
thermal treatment of Pd/SiO,, but not Al,04/Pd/SiO,. Thus,
the Al,O; overlayers can effectively prevent Pd particles from
sintering up to 900 °C. The BET specific surface areas of SiO,-
T and Pd/SiO,-T catalysts were slightly smaller than those of
corresponding SiO, and Pd/SiO, catalysts owing to sintering
(see Table S1), whereas the BET specific surface areas of
Al,O5/Pd/SiO,-T catalysts were slightly larger than those of
the corresponding Al,O5/Pd/SiO, catalysts, a result consistent
with the creation of pores within Al,O; overlayers of Al,O5/
Pd/SiO,-T catalysts.

Pd/SiO,-T and Al,O4/Pd/SiO,-T catalysts displayed the
diffraction pattern of the metallic Pd phase in their XRD
patterns (Figure 2A) and the Pd 3ds, binding energies of
metallic Pd and PdO, species, at 3353 and 336.8¢V,
respectively,"! in their Pd 3d XPS spectra (Figure 2B). The
PdO, species should result from surface oxidation of Pd
particles exposed to ambient atmosphere. Metallic Pd domi-
nated on the surface of all the catalysts, and the PdO,:Pd XPS
ratios were higher on Al,O4/Pd/SiO,-T catalysts than the
corresponding Pd/SiO,-T catalysts (see Table S3). DRIFT
spectra of CO chemisorption on Pd/SiO,-T showed dominant
vibrational bands below 2100 cm ' and a very weak band at
2170 cm™!' arising from CO bridge-adsorbed at Pd’ and
linearly adsorbed at Pd" sites, respectively.”? More specifi-
cally, the vibrational bands at 1985/1972 and 1946/1935 cm™!
represent CO adsorbed at step/edge and terrace sites of Pd
particles, respectively.'**!] Both the vibrational-band inten-
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Figure 2. A) XRD patterns, B) Pd 3d XPS spectra, and C,D) DRIFT
spectra of saturated CO chemisorption at 30°C of c-Pd/SiO,-T (al,a2),
Al,O;/c-Pd/SiO,T (b1,b2), 0-Pd/SiO,-T (c1, c2), and Al,0;/0-Pd/SiO,-
T (d1,d2) before and after activity evaluations in methane combustion.
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sity and density of step/edge sites of 0-Pd/SiO,-T are much
higher than those of c-Pd/SiO,-T, thus suggesting very differ-
ent surface structures of the Pd particles in both catalysts,
although they were subjected to harsh calcination treatment
at 900°C followed by reduction at 300°C. This difference
should be related to the original octahedral and cubic Pd
nanocrystals, respectively, in 0-Pd/SiO,-T and c-Pd/SiO,-T,
and implies the influence of the original surface structures of
the catalyst particles on the reconstructed surface structures,
consistent with previous reports.!"”!

After the decoration of Al,O; overlayers, the CO vibra-
tional bands at Pd’ sites were greatly weakened, and those at
1985/1972 cm ™! disappeared. This result suggests the prefer-
ential deposition of Al,O; overlayers at the step/edge of Pd
particles by the ALD method, in agreement with previous
observations.™>'?*¢ The very weak band of CO adsorbed at
Pd" at 2170 cm ! is visible for Al,O4/Pd/SiO,-T catalysts, and
the intensity ratio between CO adsorbed at Pd" and CO
adsorbed at Pd° of A1,O,/Pd/SiO,-T is higher than that of Pd/
SiO,-T, thus suggesting higher fractions of Pd" species on Pd
particles in Al,O4/Pd/SiO,-T, which is consistent with the
above XPS results. A new but weak vibrational band at 2035/
2024 cm™! emerged for Al,O4/Pd/SiO,-T catalysts and corre-
sponds to linearly adsorbed CO at a Pd site interacting with
an electron-donor center,**®! which can be attributed to Pd
sites at Pd-PdO, interfaces, since Pd/Al,O; catalysts do not
exhibit such a feature of adsorbed CO.'**!) These results
suggest that Pd-PdO, interfaces are much more abundant in
Al,O5/Pd/SiO,-T catalysts than in Pd/SiO,-T catalysts, and
that the ALO; overlayers can promote the formation of
surface PdO, species on Pd particles in the fresh catalysts.

The catalytic performance of Pd/SiO,-T and Al,O,/Pd/
SiO,-T catalysts was evaluated in successive cycles of
methane combustion between 200 and 850°C (Figure 3; see
also Figures $9-S12). As in previous studies,!! Pd/SiO,-T was
not stable under the harsh reaction conditions. The CH,
conversion decreased with each evaluation cycle, and serious
deactivation occurred during the cooling ramp of each
evaluation cycle. However, Al,O5/Pd/SiO,-T catalysts were
very stable. The CH, conversion did not change in different
evaluation cycles, and only slight deactivation was observed
during the cooling ramp for the Al,O5/c-Pd/SiO,-T catalyst,
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Figure 3. Methane light-off curves as a function of reaction temper-
ature of various A) c-Pd/SiO,-T and B) 0-Pd/SiO,-T catalysts during
successive heating (solid lines) and cooling ramps (dashed lines) up
to five cycles.
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whereas no deactivation was observed for the Al,O5/0-Pd/
SiO,-T catalyst. These results demonstrate that the Al,O;
overlayers can stabilize Pd particles under catalytic reaction
conditions as harsh as CH, combustion. The reference sample,
Al,05/S10,-T prepared by the ALD method, only showed
minor CH, conversion above 700°C (see Figure S13). The
catalytic activity of the Pd/SiO,-T catalysts decreased greatly
upon the addition of water to the reactants (see Figure S14),
as observed with previously reported supported Pd cata-
lysts,*! whereas the Al,O; overlayers enhanced the resistance
of Al,04/Pd/SiO,-T catalysts to water (see Figure S15).

The used catalysts were characterized in detail. TEM
images (see Figure S8) showed that the Pd particles in the
fresh and used Pd/SiO,-T catalysts had similar size distribu-
tions, since the fresh Pd/SiO,-T catalysts were subjected to
calcination at 900°C in 10% O,/Ar for 6 h. As shown in
Figure 2, the used Pd/SiO,-T catalysts exhibited predomi-
nantly the XRD pattern arising from PdO, the Pd 3ds,
binding energy of bulk PdO at 337.1 eV,''* and no vibrational
feature of adsorbed CO. All these observations demonstrate
that the used Pd/SiO,-T catalysts exhibit the pure PdO phase.
However, the used Al,O4/Pd/SiO,-T catalysts exhibited XRD
patterns arising from both PdO and Pd phases, the Pd 3ds,
binding energies of major PdO, species at 336.8 eV and minor
metallic Pd species at 335.3 eV, and very weak but distin-
guishable vibrational bands at 2039/2020 cm ' corresponding
to CO adsorbed at Pd sites of Pd-PdO, interfaces. Thus, the
used Al,O4/Pd/SiO,-T catalysts should exhibit core—shell-like
Pd@(dominant PdO, + minor Pd) structures. These results
demonstrate that the Al,O; overlayers can effectively stabi-
lize the surface PdO, species on Pd particles in the catalysts
under the conditions of CH, combustion reactions.

Therefore, AlL,O; overlayers on Pd particles coated by
ALD not only effectively prevent Pd particles from sintering,
but also effectively stabilize the surface PdO, species. It is
well-established that oxidized Pd species dominate at low
temperatures and metallic Pd species dominate at high
temperatures during the CH, combustion reaction. The
catalytic activity of various Pd structures in the CH,
combustion reaction decreases in the order: Pd"-PdO, inter-
face > PdO, species > bulk PdO > Pd".*" Thus, the stability
of various Pd species and the Pd speciation under the
conditions of the CH, combustion reaction govern the
catalytic performance of supported Pd catalysts. Fresh Pd/
SiO,-T catalysts are reconstructed into PdO/SiO, catalysts
after the first cycle of activity evaluation, resulting in an
activity decrease in the subsequent cycles of activity evalua-
tion, although the sizes do not vary much. At high temper-
atures, the reconstruction of fresh Pd/SiO,-T catalysts from
active Pd-PdO, and PdO, structures to less active Pd” during
the heating ramp and the reverse reoxidation and the reverse
reconstruction during the cooling ramp result in the observed
serious deactivation during the cooling ramp. The stabiliza-
tion effect of Al,O; overlayers on the surface PdO, species in
Al,O4/Pd/SiO, catalysts during CH, combustion reactions
prevents the formation of less active bulk PdO phase at low
temperatures, and also retains the active PdO, and Pd-PdO,
structures at high temperatures, thus greatly enhancing the
stability of AL,O5/Pd/SiO, catalysts in catalyzing CH, com-
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bustion reactions in a wide temperature range between 200
and 850°C.

Pd/SiO,-T and Al,O4/Pd/SiO,-T catalysts pretreated
under a flow of 10% O,/Ar at 50 mLmin~' for 1 h at 500°C
and then cooled to 200 °C, respectively of bulk PdO and core—
shell-like Pd@(dominant PdO, + minor Pd) structures, were
subjected to TPO measurements (Figure 4). Pd/SiO,-T cata-
lysts exhibited two O,-production peaks at approximately 780
and 848°C with comparable intensities during the heating

I0.01

AO/oPUSIOFT 477

O, Signal (a.u.)

Temperature (°C)

Figure 4. TPO profiles of c-Pd/SiO,-T, Al,O,/c-Pd/SiO,-T, 0-Pd/SiO,T,
and Al,05/0-Pd/SiO,-T samples during two cycles (st cycle: black;
2nd cycle: red) of the heating ramp (solid line) and cooling ramp
(dashed line) under 10% O,/Ar.

ramp, corresponding to the surface decomposition and partial
subsurface/bulk decomposition of bulk PdO, and an O,-
consumption peak at approximately 422 °C during the cooling
ramp corresponding to the oxidation of the Pd shell on the
PdO core. Al,O5/Pd/SiO,-T catalysts exhibited a major O,-
production peak at approximately 760 °C and a minor peak at
848°C during the heating ramp, corresponding to the
decomposition of major surface PdO, species and the minor
subsurface PdO phase of the Pd@(dominant PdO, + minor
Pd) structure, respectively, and an O,-consumption peak at
approximately 482 °C during the cooling ramp corresponding
to the surface oxidation of Pd particles. The higher reoxida-
tion temperatures also confirm a promoting effect of AL,O,
overlayers on Pd reoxidation.

In the subsequent second heating-ramp cycle, a weak and
broad O,-consumption peak emerged for all the catalysts,
corresponding to the further reoxidation of multidomain Pd
particles in contact with the support.'®! Such further reox-
idation processes of Al,04/Pd/SiO,-T catalysts occur at much
higher temperatures and with much weaker intensities than
for Pd/SiO,-T catalysts, thus suggesting the less extensive and
more difficult oxidation of Al,O;/Pd/SiO,-T catalysts with the
Pd@(dominant PdO, + minor Pd) structure. A new O,-
production peak at 723°C appeared at the expense of the
original decomposition peak at 760°C for Al,O5/Pd/SiO,-T
catalysts, and is possibly associated with the decomposition of
an intermediate of the PdO, species,'®! whereas the
decomposition peak at 848°C did not vary. Pd/SiO,-T
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catalysts exhibited a slightly increased subsurface/bulk
decomposition peak at 848°C at the expense of the surface
decomposition peak at approximately 780 °C. In the following
cooling cycle, the behavior of all catalysts was similar to that
in the first cycle. The TPO profiles of all catalysts remained
stable after the second cycle (see Figure S16 and Table S4).
These TPO observations suggest a reversible Pd@(dominant
PdO, + minor Pd)«Pd’ transformation of Al,0,/Pd/SiO,-T
catalysts during the CH, combustion reaction, but a reversible
PdO«+PdO@Pd" transformation of Pd/SiO,-T catalysts. Con-
sequently, AL,O,/Pd/SiO,-T catalysts can exhibit active and
stable PdO, and Pd-PdO, structures during CH, combustion
up to 850°C.

High-resolution Al magic angle spinning (MAS) NMR
spectra of Al,O3/c-Pd/SiO, and Al,O5/c-Pd/SiO,-T catalysts
were measured to study the structures of coated Al,O;
overlayers on Pd particles (Figure 5; see also Figure S17).
The spectra of reference samples Al,O5/SiO, and Al,04/SiO,-
T were also measured (see Figure S17). Three peaks with
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Figure 5. Al MAS NMR spectra of A) Al,O,/c-Pd/SiO, and Al,O,/c-
Pd/SiO,-T, and B) corresponding 2D Al multiple quantum MAS
(MQMAS) NMR spectra for Al,O;/c-Pd/SiO,-T.

chemical shifts centered at 10, 35, and 67 ppm were clearly
identified in the spectra of Al,O;/c-Pd/SiO, and Al,05/SiO,,
and can be assigned to AI’" ions with octahedral (Al),
pentahedral (Alp), and tetrahedral (Aly) coordination envi-
ronments, respectively.'** The 2’ Al MAS NMR spectra were
fitted using quadrupolar line shapes with the DMFIT
program (see Figure S18 and Table S5).'! The percentages
of Alp sites are 47.4 and 47.0 %, respectively, in Al,05/SiO,
and Al,O;/c-Pd/SiO,, thus demonstrating the exceptionally
high density of Alp sites on amorphous Al,O; prepared by the
ALD method, consistent with previous reports.'’” The Al,
sites are usually created on y-Al,O; supports by dehydration
and dehydroxylation processes at elevated temperatures with
very low densities and exhibit a strong ability to anchor
supported metal particles.'”" The percentage of Al, sites
decreased sharply to 0.3 % for Al,O3/c-Pd/SiO,-T and only to
18.0% for Al,O5/SiO,-T. Meanwhile, the percentage of Alg
sites increased, whereas that of Al; sites did not vary much.
Thus, a large quantity of Alp sites should be located at the
interfaces of Pd particles and coated Al,O; overlayers in
Al Os/c-Pd/SiO,, and during the subsequent oxidation treat-
ment at 900°C, these Al sites interact with adjacent Pd
atoms, most likely induced by surface oxidation of Pd’ to Pd",
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with the formation of Pd"~O—Al bonds and transformation
into Alg sites in AlL,O4/c-Pd/SiO,-T. The strong Pd"-0O—Al
bonds resulting from Al, sites act to stabilize the surface PdO,
species in Al,O3/Pd/SiO,-T catalysts even during the harsh
CH, combustion reaction. High-temperature calcination
treatment is always involved in the ALD preparation of
Al,O;-coated metal particles, and its role is assumed only to
create pores within the Al,O overlayers.”! Our results reveal
the hidden key role of high-temperature calcination in
creating the strong interaction between metal and Al, sites
to stabilize metal particles. Although Al,O; overlayers on
metal particles coated by the ALD method have been
frequently reported to stabilize the metal particles, our results
clarify the origin of this effect as the presence of abundant Al,
sites in Al,O; overlayers coated on metal particles by ALD
that strongly interact and stabilize the coated metal particles.
In summary, efficient and stable Al,04/Pd/SiO, catalysts
for catalyzing methane combustion between 200 and 850°C
were successfully prepared by an ALD method. AlLO;
overlayers coated on Pd particles have abundant pentacoor-
dinated AP" sites capable of strongly interacting with
adjacent surface PdO, phases on supported Pd particles and
stabilizing active PdO, and PdO,—Pd structures. These results
reveal the underlying mechanism for the significant stabiliz-
ing effect of ALD-coated Al,O; overlayers on metal particles
and provide a convenient strategy to explore stable and
efficient supported Pd catalysts for methane combustion.
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