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Abstract

Defects may display high reactivity because the specific arrangement of atoms differs from
crystalline surfaces. We demonstrate that high-temperature steam pretreatment of palladium
catalysts provides a twelve-fold increase in the mass-specific reaction rate for C-H activation in
methane oxidation compared to conventional pretreatments. Through a combination of
experimental and theoretical methods, we demonstrate that an increase in the grain boundary
density through crystal twinning is achieved during the steam pretreatment and oxidation and is
responsible for the increased reactivity. The grain boundaries are highly stable during reaction and
show specific rates at least two orders of magnitude higher than other sites on the Pd/Al,O3
catalysts. Theoretical calculations show that strain introduced by the defective structure can
enhance C-H bond activation. Introduction of grain boundaries through laser ablation led to further

rate increases.

One-Sentence Summary: Grain boundaries in palladium nanoparticles show two orders of

magnitude increase in rates for methane combustion due to strain.



The catalytic activities of supported metal nanoparticles (NPs) can depend on their surface
structure and the exposed surface sites (/—5). Specific types of surface sites, such as terrace sites,
steps, grain boundaries (GBs), and metal-support interface sites, can be manipulated to improve
catalytic activity (6, 7). For instance, tetrahexahedral platinum (Pt) NPs with high-index facets
exhibit enhanced catalytic activity in electro-oxidation of formic acid and ethanol compared to Pt
nanospheres (8). A silver catalyst with a high density of stacking faults showed superior activity

and durability in the hydrogen evolution reaction (9).

Twin boundaries (TBs) and GBs are some of the most stable defects on metal surfaces and
can be the active sites in certain electrocatalytic reactions (e.g. CO; electroreduction) (/0—12). The
improvement in performance resulted from the lattice strain induced by structural perturbations in
the vicinity of the GBs at the catalyst surface (/3), and this effect can lead to orders of magnitude
higher catalytic rates (/4). Although GBs have been recognized as promising defects for the
activity of electrocatalysts, little is known about how they alter the catalytic properties in gas-phase

heterogeneous reactions.

In this work, we show that steam pretreatment of a Pd/Al,O3 catalyst enhanced its methane
combustion activity, with the mass-specific reaction rate increasing by ~12 times compared to the
same sample treated in Oz. The extent of formation of TBs and GBs was correlated directly with
the activity of these Pd catalysts. Density functional theory (DFT) calculations showed that
changes in reactivity can be explained by surface strain present in the immediate vicinity of GBs.

The specific active sites exhibited a two orders of magnitude higher intrinsic rate.

Uniform colloidal Pd NPs were deposited onto a commercial Al,O3 support (average

diameter of 15 nm; see Fig. 1A for size distribution and images). The catalytic performance of the



Pd/Al>Os catalyst was evaluated for methane combustion in the presence of steam (ramping the
catalyst from 150 °C to determine the light-off temperature) for the pristine catalysts and after
several gas pretreatments (O2, Ha, Ar, and steam) at temperatures of 300 °C or higher (fig. S1A)
(15). Negligible changes in light-off curves were observed relative to the pristine catalyst after
conventional pretreatments (O2, Hz, and Ar atmospheres) (fig. SIA) and had similar temperatures

needed to achieve 50% conversion of CH4 to CO; (Tso values) of =423 °C.

However, after a pretreatment in steam at 300 °C, the catalyst showed a noticeable
improvement in catalytic activity that led to the lowest Tso value (fig. STA). The Pd/AL2Os catalyst
was then pretreated in either steam or O; at increasing temperatures (300, 500, 600, and 700 °C).
No catalytic enhancement was found for the catalyst pretreated in O (fig. S1B), but after
pretreatment in steam, catalytic activity improved with increasing pretreatment temperature up to
600 °C and showed no further change at 700 °C (Fig. 1B). For this catalyst, a Tso of =373 °C was

measured, which was 50 °C lower than the one treated in oxygen (Fig. 1D).

Co-feeding of steam in the reaction mixture usually has a detrimental effect on the methane
combustion activity of Pd catalysts (16, 17), so it was surprising that the steam pretreatment could
increase the activity of the catalyst. The higher performance after steam pretreatment was stable
for at least five cycles (5 hours spent on stream, fig. S2). We also considered the variability in
steam concentration and processing time during the pretreatment. The improved activity was
achieved at a water concentration as low as 0.8 % (by volume) and did not change at increasing
concentrations (fig. S3A). Changing the pretreatment duration from 0.5 h to 2 h did not change Tso
(fig. S3B). These experiments suggest that the pretreatment temperature was more important than

its duration and steam concentration.
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Fig. 1. Characterization and performance of Pd/Al,O; catalysts upon different gas pretreatments. (A)
Representative HAADF-STEM image of the pristine Pd/Al>Os (inset: size distribution of Pd NPs). (B)
Light-off curves for methane combustion (0.4% CHa, 4.0% O», 4.2% H»0, balance Ar) on pristine Pd/Al,O;
and after pretreatment in steam at increasing temperatures. (C) Pd 3d photoelectron spectra of Pd/Al,O3
after O, (600 °C), O,-H,, steam (600 °C), and steam-O, pretreatments. The spectral fittings are shown in
fig. S5. (D) Light-off curves and (E) Tso values of Pd/Al,O; after O, (600 °C), O-Ha, steam (600 °C), and
steam-O, pretreatments. Error bars represent the minimum and maximum measured values of at least three
repeated experiments. (F) Arrhenius plots of methane combustion on Pd/Al,Os after O,-H; pretreatment

and steam pretreatment (600 °C).

Using high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) analysis, we confirmed that there was no appreciable change in NP size distributions after



any of the treatments (fig. S4), so the improved catalytic activity was not the result of particle
sintering or redispersion. X-ray photoelectron spectroscopy (XPS) measurements demonstrated
that in the O»-pretreated catalyst, Pd 3ds» peak was located at 336.6 eV (Fig. 1C and fig. S5),
consistent with PdO phase. The steam-pretreated catalyst showed the peak at 335.0 eV attributable
to metallic Pd(0), which was consistent with x-ray diffraction (XRD) data (fig. S6). In any case,

the catalysts were oxidized under reaction conditions (see below).

There is still a debate as to whether Pd, PdO, or a Pd/PdO mixed phase is the active phase
for methane combustion (/8). To fairly compare catalysts with the same oxidation state, a
Pd/AlbO; sample was prepared through sequential oxygen and hydrogen treatments [labeled as O»-
H;-pretreated Pd/AL>O3, (15)] to convert the Pd oxide phase into metallic Pd, as confirmed by XPS
(Fig. 1C). However, the activity for this sample was similar to the one pretreated exclusively in O
and much lower than the steam-pretreated catalyst (Fig. 1, D and E). We subjected the steam-
pretreated sample to an oxygen treatment [labeled as steam-O»-pretreated Pd/Al.O3, (15)] to
convert the metallic Pd phase into PdO (as confirmed by XPS, Fig. 1C) and test whether the
oxidation would reduce its activity to that of the oxidized sample. No evident
activation/deactivation in light-off performance was found as compared to the steam-pretreated
sample (Fig. 1D). This demonstrated that the initial Pd oxidation state before catalysis did not
correlate with the methane oxidation activity of the samples, and steam pretreatment improved the

Pd activity regardless of its initial oxidation state.

Reaction rates were measured for these various Pd/Al,Os catalysts. Steam was not added to
the reaction mixture to avoid catalyst changes during kinetic experiments (fig. S7). The 600 °C
steam-pretreated catalyst had a =12 times higher mass-specific rate than the Oz-H-pretreated

catalyst (Fig. 1F). Activating the first C-H bond is recognized as the rate-limiting step in methane
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oxidation, and Arrhenius plots showed an apparent activation energy for the O»-Hx-pretreated
catalyst of 79+4 kJ-mol™!, in agreement with previous studies (/9). The steam-pretreated catalyst
had lower activation energy (664 kJ-mol™!). The two samples showed similar values of the pre-

factor (=3 x 10?° moleculescoa/gpd/s).

The effect of PdO reducibility state was explored with methane temperature-programmed
reduction (CH4-TPR, fig. S8A). Whereas methane oxidation was observed at <190 °C for the
steam-pretreated catalyst, the temperature shifted up to =215 °C for the Ox-pretreated catalyst,
consistent with the light-off curves (Fig. 1D). In temperature-programmed Pd oxidation (O2-TPO)
experiments, O> uptake was observed at =295 °C for the steam-pretreated catalyst versus =330 °C
for the O»-pretreated one (fig. S8B), in line with DFT calculations (see below). Thus, the Pd phase
in the steam-pretreated catalyst was more easily oxidized and reduced by Oz and CHa, respectively,

and could be more active in methane oxidation.

Changes in the support after steam treatment, including support hydroxylation, can promote
reactivity of supported metal phases (20). We treated the alumina support in steam before
depositing Pd NPs (/5), but this sample showed an even higher Tso than that of conventional
Pd/Al,0O; with the same NP size (fig. S9). The decreased activity could have been caused by
different metal-support interactions with hydroxylated alumina. Also, Pd/SiO> catalysts showed
the same improvement in activity when treated in steam versus oxygen or oxygen-hydrogen
atmospheres (fig. S10). Activity improvement could result from catalyst synthesis by-products
being removed from the surface by the steam treatment. Phosphorus is an impurity in the initial
Pd NPs. However, it was mostly removed after steam or O»-H; treatments, and there was no
difference in its concentration between the samples (fig. S11 and table S2). These results suggest

that the observed activity enhancement is related to structural changes in the Pd NPs.

7



We used HAADF-STEM to characterize the structure of the supported metallic Pd NPs (Fig.
2 and figs. S12 to S17). Oxidized Pd NPs underwent drastic electron-beam induced changes and
could not be investigated in detail. The pristine Pd NPs on alumina mostly had an amorphous
structure (fig. S12). However, after being treated in steam or O;-Hz, the NPs crystallized and

became highly faceted.

Different Pd exposed facets upon different gas pretreatments could account for the changes
in reactivity (fig. S17). The distances from the particle center to the outermost surface planes were
measured (table S3), and the corresponding three-dimensional crystal shape was derived by using
the Wulff construction. From the Wulff shape, the occurrence of different types of surface facets
was extracted (fig. S18). Although samples showed different fractions of exposed facets, no trend
correlated with the difference in catalyst activity (figs. S18 and S19), nor did the presence of voids
in the NPs created by Kirkendall effects (figs. S12 to S15 and table S4). A similar procedure was
used to analyze oxidized NPs, and although the beam sensitivity allowed measurements of only
few of them, comparable ratios of PdO {110} and {101} facets were observed (fig. S20 and table

S5).

Both the steam- and O:-H:-pretreated samples presented TBs that lay parallel to {111}
planes (also referred to as X3 {111} TBs, arrows in Fig. 2, A, B, and E). Separated by a coherent
TB, the surface structure shows a symmetrical lattice arrangement with an ABC|CBA stacking
sequence. The fast Fourier-Transform (FFT) diffractograms in Fig. 2J showed two sets of patterns,
in which the (111), (200) spots in grain G2 are mirrored, across the plane parallel to (111), by

(111), (002) in grains G1 and G3, forming a typical coherent TB pattern.



To assess the relation between the presence of TBs and catalytic activity, we measured the
TB surface density, which was taken to be the sum of the TB surface length over all measured NPs
divided by the sum of the NP surface areas (/5). We used experimental data on samples after
different treatments to estimate the TB density to be =58 um™! for the steam-treated sample and

=15 um™! for the O>-H,-pretreated sample (Fig. 2K and table S6). This result correlated well with

the observed catalytic activity trend.
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Fig. 2. Microstructure investigation. Atomic-resolution HAADF-STEM images of (A and B) steam-
pretreated (600 °C) Pd/Al,Os, (D and E) O,-H-pretreated Pd/Al>Os, (G and H) CO-O,-Hj-pretreated
Pd/ALOs. (C, F and I) Schematic of the TB density change in Pd NPs after different gas pretreatments. (J)

The area marked by the boxes in (B), revealing the detailed arrangements of Pd atoms. The dash lines



highlight 23{111} TBs. Corresponding FFT images of grains (G1, G2, and G3) labeled in the top panel.

(K) TB density statistical histogram of Pd/Al,Os after steam (600 °C), O,-Ha,, and CO-0O,-H; treatment.

To confirm the role of TB density, a pristine Pd/Al,O3; sample was subjected to dilute CO
treatment to cause Pd NPs to restructure into vicinal stepped surfaces (4) and decrease TB
formation. The sample was further subjected to O, and H; treatments to remove the carbon coating
induced by the CO treatment (fig. S21), reduce the Pd to metallic state, and create a fully accessible
and active Pd surface [labeled as CO-O,-Ha-pretreated Pd/Al>,O3, (15)]. No appreciable change in
NP size was seen in TEM images, and XPS confirmed the metallic state of Pd (fig. S22). The CO-
O,-Ha-pretreated sample indeed had low TB density of =4.9 um™!, as revealed by high-resolution
HAADF-STEM images (Fig. 2, G to I and fig. S15), was also less active than both the steam-

pretreated catalyst and the O»-H> catalyst, with higher Tso of = 446 °C (Fig. 3A and fig. S23).

These results were consistent with the observed correlation of the increased activity of the
Pd/AL>Os catalysts with TBs, and the lack of TB formation under O, H», or CO atmospheres (Fig.
3B). We calculated an intrinsic reaction rate if the atoms at the TB for the measured TB density in
the steam-pretreated sample accounted for the increase in rate (/5). This rate was <785 times

greater than that on the in-plane Pd atoms.
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Fig. 3. Identifying TBs as the origin of increased catalytic activity and exploring their thermal
stability. (A) Light-off curves of Pd/Al,Os after steam (600 °C), O,-H, and CO-O,-H; pretreatments. (B)
Relationship between reaction rate/Tso and TB density. (C) Representative strain mapping for an individual
Pd NP in the stream-pretreated catalyst relative to the reference values in the horizontal direction. The
arrows denote the TBs. (D) and (E) Representative environmental TEM (E-TEM) images of the same Pd
nanoparticle in the steam-pretreated Pd/Al,Os; sample that was exposed to O, at 23 °C and 500 °C,
respectively, with the twin/grain boundaries highlighted by orange lines. FFT diffractograms (insets in (E))
indicating that the “cap” region separated by GB is preferentially oxidized at 500 °C. (F) Zoom-in of the
area marked by the white dashed box in (E) showing the exposed Pd and PdO facets in the vicinity of the

GB (orange line).

11



Enhanced catalytic activity associated with TBs could be related to strain effects given the
presence of the GB. The exit-wave power-cepstrum (EWPC) transform was applied to scanning
nanobeam electron diffraction data to explore the distribution of lattice strain in the steam- and
CO-0O»-Hs-pretreated Pd/AlbO3 catalyst (27). The strain values are relative to a reference value
(Lagrange strain), which was measured from the sum of all the diffraction patterns for individual
NPs (Fig. 3C). Analysis revealed a radial lattice expansion near surfaces in both stream- and CO-
O2-Hs-pretreated samples regardless of the presence of a TB, and no correlation between the
presence of a TB and a change in strain was identified in the Pd samples (figs. S24 and S25). A
previous report analyzing atomic resolution images of supported Pt NPs reported a 1% to 2%
expansion in the lattice planes immediately adjacent to the TB (22). The difference in results
reported here could originate from the material system and synthesis, or from the lower spatial
resolution of the strain routine implemented here lacking sensitivity. However, analysis of the pre-
reaction NPs may not be sufficient given restructuring under reaction conditions and oxidation of

the metallic surface.

Thus, we determined the thermal stability of the TBs under oxidizing conditions using
environmental transmission electron microscopy (E-TEM). Initially, the Pd/Al,O3 was exposed to
an O environment at a pressure of ~0.87 Pa at room temperature (Supplementary Video 1). The
catalyst was heated at a rate of 100 °C-s™! and stabilized at =500 °C (Supplementary Video 2). We
detected no apparent boundary segregation or disappearance as annealing temperature increased
(from Fig. 3D to E). Instead, surface oxidation on the NP was observed during this process: the
“cap” separated by the {111} TB was preferentially oxidized (Fig. 3, E and F), suggesting that the
TB may promote oxygen dissociation and serve as the precursor structure to the formation of a GB

between the Pd core and the surface PdO region. A slower heating rate experiment (200 °C-min’')

12



showed that the "cap" region was preferentially oxidized at =391 °C in the same O, environment
(fig. S26). We confirm the PdO phase formation based on the FFT diffractogram (bottom inset of
Fig. 3E) that matches well with tetragonal PdO and suggests the oxidized “cap” region is oriented
close to the [111] zone axis. The PdO surface is bounded by the (110) and (101) facets (Fig. 3F).
A time series of consecutive frames (each 2.5 sec apart) selected from Supplementary Video 2
shows the dynamic nature of the PdO facets in the oxidizing environment, with the PdO (110)
surface replaced by the (101) surface (second frame) before reappearing (third frame) (as shown

in fig. S27).

The E-TEM identification explained the O,-TPO data, in which the steam-pretreated catalyst
oxidized at a lower temperature compared to the Ox-pretreated catalyst. We conclude that the
original TB transformed into a general GB, indicating that these planar defects were maintained in
an oxidizing condition at a high temperature of at least 500 °C. The conversion of Pd to PdO

transformed the crystalline lattice from cubic to tetragonal.

There can be multiple reasons as to why the TBs might lead to an increased reaction rate.
TBs may impart structural irregularities that induce reconstruction of the PdO surface (23). Further,
linear and/or point defects at the vicinity of the TB can lead to improved C-H bond activation(24).
Alternatively, the oxidation of the metal surface may generate strain in the Pd/PdO heterostructure
and in the fully oxidized PdO NP containing the GB. We explored this latter possibility in detail

using DFT.

We performed planewave DFT calculations for the dissociation of O on Pd(111) and a TB
model between two Pd(111) terraces (fig. S28). The binding energy of O was calculated to be -

1.07 eV and -1.19 eV on Pd(111) and the TB model, respectively. The O> dissociation barriers
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were calculated to be 0.66 eV and 0.49 eV on Pd(111) and the TB model, respectively. Overall,
when referenced to gas-phase O», the O» dissociation transition state is 0.29 eV more stable on the
TB model than on Pd(111) (which corresponds to ~150-fold difference in rate at 400 °C). These
results indicate that the presence of twin boundaries will increase the O population on the surface
and facilitate O; dissociation relative to the Pd(111) facet, both suggesting that PdO formation is
accelerated in the vicinity of twin boundaries. These results are in line with the CH4-TPR analysis

reported above.

Planewave DFT calculations were also performed to assess the effect of strain generated by
the GBs on the activity of the catalyst for the first C-H bond-breaking step in methane combustion,
known to be rate-determining given the rate orders for methane and oxygen of =+1 and 0,
respectively (fig. S29). PdO(110) and PdO(101) were chosen because the oxidized phase formed
under reaction conditions (Fig. 3E) and pre-oxidation of the NPs did not hinder catalytic activity
(Fig. 1D). These facets were specifically chosen because they were observed with E-TEM (Fig.
3F). The catalyst surfaces were modeled as bulk PdO surfaces because the NPs that were placed
under reaction conditions were measured to have PdO phases that were at least 4 nm thick, which
corresponds to approximately 13 atomic layers. At this PdO thickness, there should be a sufficient
number of PdO layers so that they would resemble the properties of a bulk PdO surface, whereas

the contribution from the supporting metallic Pd substrate is effectively screened.

Gibbs free energy (AG) diagrams and energy-optimized structures for adsorbed CH4*, the
transition states (TS), and the final states (CH3* + H*) were computed (Fig. 4, A to D). The
calculation of the AG assumed a temperature of 400 °C, at which the largest difference in methane
conversion between steam-pretreated and Oo-pretreated catalysts was observed (Fig. 1D).

Calculations were performed for each surface at -5% (i.e., 5% compressive), 0%, and +5% (i.e.,
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5% expansive) strain, so that the effects of both types of strain were explored and a trend could be

established between the reactivity and the applied strain level.

The AG of adsorbed methane on PdO(101) with -5, 0, and 5% applied strain were -0.03, -
0.07, and -0.25 eV, respectively (Fig. 4A). These values indicate that CH4 binds stronger to the
surface with expansive strain, which is consistent with previous observed strain effects on metallic
surfaces(25). The TS AG relative to gas-phase CH4 were 0.89, 0.85, and 0.63 eV for -5, 0, and 5%
applied strain, respectively. These energy values are effectively the AG differences between the
C-H activation barrier and the desorption barrier of adsorbed CH4. Expansive strain could increase

the activity for C-H activation (as opposed to CH4 desorption) on the PdO(101) surface.

To give a sense for the magnitude of this effect, a difference of ca. 0.13 eV in activation
energy corresponds to one order of magnitude change in reaction rate constant at 400 °C. Thus,
imposing a 5% expansive strain on PdO(101) would yield an intrinsic reactivity enhancement
corresponding to a 0.22 eV TS energy difference, and a coverage term enhancement due to stronger
CH4 binding by 0.18 eV. Combined, this leads to =3 orders of magnitude in intrinsic rate
enhancement for the expansively strained PdO(101) surface, an estimate that is near the factor of

785 estimated from our experiments.
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Fig. 4. Theoretical calculations for the effect of surface strain on the C-H breaking AG and GB density
effect investigation. (A) and (C) Calculated free energy diagrams for breaking the first C-H bond in CH4 on
PdO(101) and PdO(110), respectively. The AG were calculated using a temperature of 400 °C and
referenced a clean surface and gas-phase CHj at infinite separation. (B) and (D) Top view of structures for
adsorbed CH4 (CH4*), TS, and co-adsorbed CHs; and H (CHs* + H*) on PdO(101) and PdO(110),
respectively (side views are shown in fig. S32). Light black rectangle denotes the unit cell. (E) High-
resolution TEM image of laser ablation-generated Pd NPs. The orange dash lines highlight ¥3{111} TBs

and the blue dash lines highlight GBs. (F) GB density statistical histogram of laser-generated Pd/Al,O3 and

16



Pd/Al,Os after steam (600 °C) and O»-H, pretreatments. (G) Arrhenius plots of methane combustion of

laser-generated Pd/Al,O3 and Pd/Al,O; after steam (600 °C) and O»-H; pretreatments.

For comparison, the AG diagram for methane activation on the PdO(110) facet was also
calculated (Fig. 4C). The reactivity of this surface was probed at its oxygen-termination that
corresponds to a lower surface energy compared to its Pd-termination under the experimental
conditions used in this study (26). The application of expansive or compressive strain did not show
a large effect on the binding energy of CH4* or CHs* + H* on this surface, where only narrow
ranges of variances in the energies of CH4* (0.05 eV) and CH3* + H* (0.03 eV) were observed

(Fig. 4C).

The TS energies on the PdO(110) surface showed a different trend than that observed on
the PAO(101) surface as expansive or compressive strain was applied. The TS energies are 0.57,
0.61, 0.79 eV for -5, 0, and 5% applied strain, respectively (Fig. 4C). These results suggest that a
5%-compressed PdO(110) could increase intrinsic reactivity corresponding to a total of ~0.09 eV
lower AG, which is less than an order or magnitude at 400 °C, compared to 0% strain on that facet.

Expansive strain would decrease reactivity on that facet.

The DFT results for PAO(101) and PdO(110) together demonstrate that a strained surface
causes higher C-H activation rate. As mentioned previously in the E-TEM experiment, the PdO
phase tended to form a “cap” region on one side of the GB, so the PdO phase could undergo
compressive or expansive strain created by GBs, which, in turn, could increase reactivity. This
idea is consistent with the experimental results showing higher activity for NPs that have a higher

number of TBs.
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Our DFT results suggest that the enhanced activity for the steam-pretreated Pd catalyst
stems from a concerted effect of PAO formation and local strain caused by the presence of GBs.
Based on the reactivity enhancement estimates calculated on the stretched Pd(101) and on the
compressed PAO(110), and the respective comparisons with experimental rate measurements, we
conclude that stretched Pd(101) is likely the dominant active site on the steam-pretreated catalysts.
This assertion offers a potential avenue for improving Pd methane oxidation catalysts through

better control of the facets and strain during PdO growth.

Activity enhancement by steam pretreatment was not exclusive of the Pd(15 nm)/Al,O3
catalyst. The same pretreatment-dependent activity profiles were observed in a Pd/Al>O3 catalyst
prepared by conventional wet impregnation, and Pd/Al>O3 catalysts prepared from 8 and 12 nm
colloidal Pd NPs (figs. S33 to S35). In all these cases, the steam-pretreated catalysts exhibited
higher activity than the O-pretreated catalysts. The NPs with a larger size showed greater
improvement in rates upon the steam treatment (fig. S36). This observation may be explained by
the more energetically favorable formation of TBs in larger NPs that can more easily accommodate
defects. Despite a lower magnitude in rate increase likely caused by the smaller NP sizes and a
less uniform surface structure in the wet-impregnated catalyst, these experiments confirm the

generality of the effect of steam pretreatment on Pd catalysts.

Finally, the identification of GBs as highly active sites for methane combustion provides the
opportunity to engineer Pd/Al>O3 catalysts for even improved reactivity if the density of such
defects can be increased. With this goal in mind, a laser ablation process was used to fabricate NPs
rich in GBs (Fig. 4, E and F, and figs. S37 and S38) following previous reports (9) that were
deposited on the same alumina used for the colloidal NPs. As predicted by our observations, the

turnover frequency (TOF) of the laser ablation-generated Pd/Al,O3 catalyst was four times higher
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than that of the steam-pretreated Pd(15 nm)/Al,Os5 catalyst, and hence nearly twenty-five times
higher than a conventional catalyst pretreated in just oxygen and hydrogen (Fig. 4G and table S7).
These results may provide not only a general strategy for the rational design of the surface structure
in heterogeneous nanocatalysts, but also can help explain previous work on Pd-based catalysts for
methane combustion that demonstrated improved reactivity upon aging or disparate thermal

treatments (27).
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