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Optimizing metal catalyst structures to achieve desired states is vital for effi-
cient surface reactions, yet remains challenging due to the lack of well-defined
precursor materials and weak metal-support interaction. Palladium-based
catalysts, when not properly tailored for complete methane oxidation exhibit
insufficient performance. Herein, we fabricate Pd oxide nano-clusters sup-
ported on SSZ-13 using atomic ions with strong metal-support interaction
(SMSI). Steam treatment of Pd/SSZ-13 transforms Pd particles into ions and
induces SMSI. Subsequently, CO reduction and O, oxidation yield mildly sin-
tered Pd oxide nano-clusters firmly anchored on extra-framework Alpenc, sites
of SSZ-13, facilitating superior activity. The robustness from SMSI prevents
irreversible deactivation, and water-resistance by complete dehydration sup-
presses reversible degradation in wet conditions. This catalyst exhibits high
performance in bench-scale reactions using monolith catalysts, ensuring
applicability for industrial methane abatement. The results demonstrate that
sequential treatment to Pd/SSZ-13 offers a promising approach for tailoring

metal structures to enable high-performance methane oxidation.

Designing the optimum and robust structure of supported metal is the
ultimate goal to achieve high performance in heterogeneous
catalysis' . Since Jones et al. reported the atom trapping method to
prepare the single-atom catalysts in 2016*, it has been used as a pre-
cursor to design the catalysts with a desired structure®”. A prerequisite
for effective structural control by post-treating the atomically dis-
persed metal on the support is a strong metal-support interaction
(SMSI)®°, Such SMSI suppresses excessive sintering and enables pre-
cise structural control of supported metals. Since Tauster et al. first
reported a phenomenon termed SMSI in 1978", it has received tre-
mendous attention due to its unique advantages in controlling the
structure'*”. Typically, the formation of SMSI is facilitated between

metal and reducible oxide support by high-temperature treatment
under reducing atmospheres or ultrahigh vacuum'". In addition,
steam treatment with water vapor at high temperatures (>700 °C) has
been demonstrated to induce the redispersion of metal species and
stabilize the dispersed atoms on the support, forming SMSI'*". Parti-
cularly, Pd particles could be favorably transformed into atomic Pd
ions on the SSZ-13 support through steam treatment’s",

The pressing crisis of global warming and air pollution poses an
imminent threat. Given that the shipping industry facilitates approxi-
mately 90% of world trade, its influence on atmospheric environment
is directly tied to maritime transport. Compared to heavy fuel oil,
liquefied natural gas (LNG) significantly reduces NO,, SO, and
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particulate matter emissions, while also achieving a more than 20%
reduction in CO, emissions®’. However, a notable challenge for LNG-
fueled ships is unburned methane (CH,) slip, which has a global
warming potential 28 times greater than CO, over a 100-year
period®*. Thus, complete CH, oxidation catalysts are becoming
increasingly important, and Pd-based catalysts have been extensively
studied as promising candidates®**. However, they often exhibit
inadequate activity at low temperatures and experience severe deac-
tivation due to unrefined and labile Pd phases®*. Particularly, Pd
catalysts are prone to reversible poisoning and irreversible Pd defor-
mation in the presence of moisture primarily due to competitive
adsorption and insufficient metal-support interaction, respectively,
posing a significant obstacle to practical applications”*, This chal-
lenge is critical given the urgent need to comply with impending
regulations on CH4 emission from LNG-fueled ships.

In this work, we designed Pd oxide nano-clusters on SSZ-13 sup-
port as an optimum catalyst for complete CH4 oxidation. SSZ-13 pos-
sesses small pores, strong acid strength, controllable water-resistance,
and hydrothermal stability, making it a suitable support for tailoring
the Pd structure and applying it in exhaust aftertreatments®*. Atomic
Pd ions were prepared through steam treatment of Pd/SSZ-13. Sub-
sequent CO reduction and O, oxidation transformed Pd ions into Pd
oxide nano-clusters, forming SMSI with the external surface of SSZ-13.
The Pd oxide nano-cluster catalyst was employed for complete CH,
oxidation with superior activity at low temperatures. Moreover, its
robustness and water resistance, derived from SMSI and complete
dehydration, endowed high durability against water-induced deacti-
vation. It overcame the limitations of Pd oxide particles, which are
readily deteriorated by moisture, or atomic Pd ions, which are less
active. Furthermore, a monolith catalyst was prepared and applied in a
bench-scale reaction to ensure feasibility for practical applications.

Results

Pd oxide nano-clusters strongly interacted with SSZ-13 support
The procedure for designing the Pd oxide nano-clusters on SSZ-13
support is illustrated in Fig. 1a. Initially, the Pd/SSZ-13 catalyst (as-
made), produced using the ion-exchange method, was subjected to
steam treatment (ST) at 750 °C to uniformly disperse the Pd species
and induce the SMSI between Pd and SSZ-13. Subsequently, the Pd
ions underwent mild sintering to form nano-clusters on the external
surface of SSZ-13 through CO reduction (ST-CO). Finally, the Pd oxide
nano-clusters on SSZ-13 support were prepared after O, oxidation
(ST-CO-0,), anchored on extra-framework Alpenca Sites of SSZ-13.
Thermally treated Pd/SSZ-13 (T) without steam and its CO-O, treated
sample (T-CO-O,) were also prepared to reveal the role of steam
treatment in tailoring the Pd structure into the Pd oxide nano-
clusters.

Even after steam or thermal treatment at 750 °C for 24 h, the
Brunauer-Emmett-Teller (BET) surface area remained similar to that
of the as-made catalyst (Table 1). Additionally, CO reduction and O,
oxidation did not affect the surface area of the Pd/SSZ-13 catalysts.
The X-ray diffraction (XRD) patterns in Supplementary Fig. 1 con-
firm that the SSZ-13 structure did not change after various heat
treatments. The actual Pd content was consistently close to 1wt%
for all Pd/SSZ-13 catalysts, as confirmed by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) analysis (Table 1).
However, the dispersion and particle size of Pd changed sig-
nificantly depending on the treatment conditions. While the as-
made Pd/SSZ-13 showed 35.4% dispersion (3.1nm), both ST and T
samples exhibited 99.7% and 99.3% dispersion, respectively, with Pd
sizes smaller than 1.0 nm. This indicates that Pd species were dis-
persed on the SSZ-13 support during steam and thermal treatments,
consistent with widely known phenomena™**2, When CO-0O, treat-
ment was employed, the Pd particle size increased, with the as-
made-CO-0, sample showing 22.0% dispersion (5.1nm). Pd in the

Pd/SSZ-13 catalyst is known to undergo sintering when exposed to a
CO reducing atmosphere at high temperatures®. The formation of
Pd carbonyl induces the escape of Pd from the zeolite pores,
resulting in the sintering of Pd on the external surface of SSZ-13.
Surely, Pd particle size increased upon CO-O, treatment for both ST
and T samples. However, the final Pd morphologies were distinctly
different for each sample, despite their similar Pd dispersion before
CO-0, treatment. ST-CO-O, showed 85.7% Pd dispersion with a
1.3 nm Pd size, whereas T-CO-0, showed 37.1% Pd dispersion with a
3.0 nm size. Notably, for the ST-CO-0,, the extreme sintering of Pd
was suppressed.

In the cryogenic Hy-temperature programmed reduction (TPR)
results (Fig. 1b), the as-made Pd/SSZ-13 displayed a strong H, con-
sumption peak at -9 °C with a small negative peak at 55 °C. The strong
H, consumption peak at lower temperatures is attributed to the
reduction of Pd oxide to Pd and then Pd hydride, whereas the negative
peak is ascribed to the release of H, during the decomposition of Pd
hydride**. This demonstrates that Pd oxide particles primarily exist in
the as-made sample. However, steam treatment led to significant
changes in the H,-TPR results. While both peaks at -9 and 55 °C were
hardly identified, a broad H, consumption peak centered at 97 °C was
noticeably observed. The broad H, consumption peak at higher tem-
peratures is attributed to the reduction of Pd ions in the zeolite'®*.
Thus, the Pd oxide particles were finely dispersed to ionic Pd through
steam treatment. The T sample showed a similar reduction peak of
ionic Pd as in the ST sample, but the reduction temperature was much
lower at 55 °C (Supplementary Fig. 2a). The more stabilized Pd species
can be reduced at the higher temperature®**, thus, it can be inferred
that steam treatment induced strong interaction as well as Pd
dispersion.

After CO-O, treatment, the H,-TPR spectra varied sig-
nificantly depending on the sample. As-made-CO-0, and T-CO-0O,
showed strong H, consumption peaks at -19 and -7 °C, respec-
tively, derived from large Pd oxide particles. However, a much
smaller peak appeared at a higher temperature of 21 °C for the ST-
CO-0, sample, suggesting the presence of smaller Pd oxide nano-
clusters that were strongly interacted with SSZ-13, distinct from
Pd oxide particles. The Pd ions in the ST sample were stabilized
more strongly than those in the T sample, therefore, they
were mildly sintered during CO-O, treatment. The SMSI in the
ST and ST-CO-O, was further investigated by quantifying the
H,-TPR peak (Supplementary Fig. 3 and Supplementary Table 1).
The content of reduced Pd in the sample was calculated using
the net amount of H, molecules consumed during H,-TPR. The ST
and ST-CO-O, exhibited a reduced Pd content of 0.531 and
0.256 wt% among the loaded 1wt% Pd, which is significantly lower
than the other samples because SMSI stabilized the Pd species,
thereby lowering their tendency to be reduced during H,-TPR.

The location of Pd species was investigated by comparing the
surface concentration of Pd, calculated from the X-ray photoelectron
spectroscopy (XPS) results (Table 1). The as-made sample exhibited
0.39 at% of surface Pd, but the surface concentration decreased to
0.20 and 0.21 at% after steam and thermal treatments, respectively,
due to the dispersion of Pd species in the SSZ-13 support. After CO-O,
treatment, the surface Pd ratio considerably increased to 0.73-0.77 at
%, suggesting an exposure of Pd species on the external surface of SSZ-
13. Additionally, the changes in CO adsorption properties after toluene
exposure were explored (Supplementary Fig. 4). Toluene has strong
adsorption affinity for Pd surfaces, which blocks the CO adsorption on
Pd surfaces®™*. Given that toluene molecules have a kinetic diameter
of 0.58 nm, exceeding the pore size of SSZ-13 (0.38 nm), they cannot
enter SSZ-13 pores. Therefore, CO molecules cannot adsorb on the Pd
species on the external surface of SSZ-13 after toluene exposure,
whereas CO can still adsorb on Pd species within the SSZ-13 pores. The
as-made sample exhibited CO peaks with 81 pmolsg.,’ of
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chemisorbed CO after toluene exposure. In contrast, CO-O, treated
samples displayed no identifiable CO peaks and nearly zero pmoleg ;™
of chemisorbed CO, confirming the exposure of Pd species on the
external surface after CO-O, treatment. Thus, steam treatment dis-
persed and effectively stabilized the ionic Pd species, and the sub-
sequent CO-0, treatment created small-sized Pd oxide nano-clusters
on the external surface of SSZ-13, forming the SMSI.

In the solid-state ¥Al magic angle spinning nuclear magnetic
resonance (MAS NMR) spectra (Fig. 1c), as-made exhibited a strong

resonance from the tetra-coordinated framework Al (Al,) at a che-
mical shift of 58 ppm. However, a significant decline in the signal
intensity of Al, Was observed for ST and ST-CO-0O,, indicating fra-
mework dealumination during the steam treatment®. This deal-
umination increased the amount of extra-framework Al, including
penta-coordinated Al (Alpenca) and octa-coordinated Al (Alycca) at 32
and O ppm, respectively. Although thermal treatment induced some
dealumination (Supplementary Fig. 2b), steam treatment resulted in
more extensive dealumination. The Brgnsted acid sites with bridging
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Fig. 1| Preparation of Pd oxide nano-clusters and the structural change of Pd/

SSZ-13 upon treatments. a Synthetic procedure of Pd oxide nano-clusters on

SSZ-13 support. Pd morphology characterizations of as-made, ST, and their CO-O,

Wavenumber (cm™)

treated catalysts through (b) cryogenic H,-TPR spectra, (c) Al NMR spectra,
(d) k>-weighted Fourier transformed-EXAFS R-space results (Pd K edge), and (e)
DRIFTS results obtained upon CO adsorption.

Nature Communications | (2024)15:8348


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52698-4

Table 1| Structural quantitative characterizations of Pd/SSZ-13 catalysts

Catalysts BET surface Pd loading amount Surface concentration of Pd Pd dispersion (%)° Pd domain Pd domain
area (m*g™) (Wt%)? (at%)° size (hm)¢ size (hm)®

As-made 789.8 1.073 0.39 35.4 3.1 2.8

ST 784.7 1.069 0.20 99.7 <1.0 -

T 779.2 1.030 0.21 99.3 <10 -
As-made-CO-O, 785.1 1.022 0.73 22.0 5.1 5.1
ST-CO-O, 781.4 1.038 0.77 85.7 1.3 1.3
T-CO-0, 783.6 1.057 0.76 371 3.0 3.0

SSZ-13 802.7 - - - - -

? The Pd content in the Pd/SSZ-13 catalysts was determined by ICP-OES.
® The surface concentration of Pd on the catalysts was calculated by XPS.

¢ The dispersion of Pd was assessed by pulsed CO chemisorption, using a Pd:CO ratio of 1:1 for calculation.
9 The average domain size of Pd was derived from the dispersion data, assuming a hemispherical shape for the Pd particles.

¢ The average domain size of Pd was estimated from HRTEM and HAADF-STEM images.

silanol groups (Si-OH-Al) in zeolites, based on Alyene,, are known for
their anchoring capability for Pd species®**'. Consequently, Pd oxide
nano-clusters were firmly anchored on Alpen, sites, abundantly formed
by steam treatment, leading to the formation of the SMSI.

The geometric structures were examined by extended X-ray
absorption fine structure (EXAFS) analyses (Fig. 1d). Supplementary
Fig. 5 shows the EXAFS fitting results, with the best fit values provided
in Supplementary Table 2. For the as-made Pd/SSZ-13, the coordination
number was 4.0 for the Pd-O interaction, and 1.8 (short) and 3.8 (long)
for the Pd-O-Pd interaction. However, the Pd-O-Pd interaction dis-
appeared after steam treatment, leaving only a coordination number
of 4.2 for the Pd-O interaction, confirming Pd ion structures. When the
as-made sample was treated with CO-0O,, the coordination number was
3.0 for the Pd-O interaction, 1.5 for the Pd-Pd interaction, and 2.1
(short) and 4.3 (long) for the Pd-O-Pd interaction. Thus, Pd in the as-
made sample were sintered, forming the Pd-Pd interaction. However,
for the ST-CO-O, catalyst, the coordination number was 3.3 for the Pd-
O interaction, and 0.5 (short) and 1.1 (long) for the Pd-O-Pd interaction,
without a noticeable peak from the Pd-Pd interaction. This indicates
that the ST-CO-O, consisted of Pd oxide nano-clusters, distinct from
the large particles. The T sample showed typical results from Pd ions,
similar to the ST sample (Supplementary Fig. 2c, d). However, T-CO-O,
exhibited that the coordination number was 2.9 for the Pd-O interac-
tion, 1.1 for the Pd-Pd interaction, and 1.5 (short) and 3.2 (long) for the
Pd-O-Pd interaction, derived from the large particles like those in the
as-made-CO-O, sample.

The structural changes of Pd upon steam and CO-O, treatments
were further investigated using diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) as depicted in Fig. le. CO probe
molecules preferentially adsorb in bridge and hollow modes on larger
Pd particles due to their extended surface area, while adopting a linear
mode of adsorption on smaller Pd species. For the as-made Pd/SSZ-13,
linear CO peaks at 2147 and 2119 cm™ from Pd*-(CO), and CO peaks at
2098 and 1942 cm™ adsorbed on Pd oxide particles in linear and bridge
modes, respectively, were observed’. After steam treatment, the
bridge peak was eliminated, while other linear CO peaks notably
appeared. The peaks at 2183 and 2160 cm™ are assigned to Pd**-(CO),
and [Pd(OH)]*-CO, respectively, and the peaks at 2142 and 2122 cm™
are attributed to Pd**(OH)-CO*. For the T sample, there were no CO
peaks adsorbed on Pd oxide particles at 2098 and 1942 cm, similar to
the ST sample. However, it exhibited different linear CO peaks at 2147
and 2119 cm™ (Supplementary Fig. 2e). For steam treatment, the dis-
persed atomic Pd ions exhibited a morphology associated with
hydroxyl groups, which was clearly distinct from that observed in the
thermal treatment. Hydroxyl groups can adsorb onto the metal atoms
and then contribute to the dispersion”, leading to strong Pd stabili-
zation on the SSZ-13 support.

In the as-made-CO-0, and T-CO-O,, linear peaks decreased, while
a bridge peak increased, derived from CO adsorption on largely sin-
tered Pd oxide particles. However, ST-CO-O, showed markedly dif-
ferent results, with very large linear peaks and a tiny bridge peak, which
can be attributed to mildly sintered Pd oxide nano-clusters. Addi-
tionally, these peaks were shifted to higher wave numbers because CO
molecules more weakly adsorbed on the strongly stabilized nano-
clusters than on large particles*’. The surface hydroxyl groups, formed
during steam treatment, were removed during the sequential CO
reduction at 700 °C and O, oxidation at 500 °C, which was confirmed
by the temperature programmed desorption (TPD) results of ST and
ST-CO-0, (Supplementary Fig. 6). While the ST exhibited a large H,O
peak from the desorption of surface hydroxyl groups, the ST-CO-0O,
showed no H,O peak. Therefore, Pd ions in ST were effectively stabi-
lized by hydroxyl groups, leading to their mild sintering to form Pd
oxide nano-clusters, which strongly interacted with Alpen, Sites on the
external surface of SSZ-13 support, through sequential ST-CO-O,
treatment.

The high-resolution transmission electron microscopy (HRTEM)
images (Fig. 2a-d and Supplementary Fig. 7) clearly illustrate the dis-
tinct Pd structure on the SSZ-13 following various treatments. The as-
made, as-made-CO-0O,, and T-CO-0, samples contained numerous Pd
oxide particles with approximate diameters of 2.8, 5.1, and 3.0 nm,
respectively (Table 1 and Supplementary Fig. 8). The average Pd sizes
closely align with the values estimated from pulsed CO chemisorption
except for as-made sample. The Pd particles within the SSZ-13 pores
are prone to Al decoration, which blocks the surface sites”. In the as-
made sample, some Pd species were present within the pores (Sup-
plementary Fig. 4). Thus, the average Pd size from pulsed CO chemi-
sorption (3.1 nm) was larger than size from TEM images (2.8 nm) due to
the hindrance of CO adsorption. The ST and T samples did not reveal
any identifiable Pd species in the HRTEM images. However, high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDS) map-
ping images (Fig. 2e and Supplementary Figs. 9a, b and 10) demon-
strate that the atomic Pd ions were evenly dispersed on the SSZ-13
support. Remarkably, the ST-CO-0O, sample exhibited small Pd oxide
nano-clusters and a uniform size distribution with an average size of
1.3 nm (Fig. 2d, f and Supplementary Figs. 7d, 8c, and 9c, d).

The oxidation states of Pd/SSZ-13 catalysts were investigated
through XPS and X-ray absorption near-edge structure (XANES) ana-
lyses. The XPS peaks were deconvoluted into peaks representing Pd*,
Pd*, and Pd°, and each atomic fraction was estimated from the area
ratios (Fig. 3a-d). The as-made sample entirely consisted of Pd*,
however the ST sample contained 15.6% Pd*" and 84.4% Pd*'. As the Pd
species were dispersed and stabilized during steam treatment, some
extent of over-oxidation to Pd*" occurred. When the CO-0, treatment
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Fig. 2 | Microscopic characterizations of Pd morphology. HRTEM images of (a) as-made, (b) as-made-CO-0,, (c) ST, and (d) ST-CO-O, catalysts supported on SSZ-13.
HAADF-STEM images of (e) ST and (f) ST-CO-O,. White circles indicate atomic Pd ions.

was conducted, ST-CO-O, consisted almost entirely of Pd**, whereas
as-made-CO-O, possessed 76.3% Pd*" and 23.7% Pd°. In Supplementary
Fig. 11a, b, the T sample contained a lower Pd** fraction (6.2%) than the
ST sample, due to the absence of strong stabilization by hydroxyl
groups. Also, sintered Pd oxide particles of the T-CO-O, sample
showed 89.8% Pd*" and 10.2% Pd°. After H,-TPR up to 300 °C, the ST
and ST-CO-0, samples exhibited notably lower Pd° ratios of 38.9% and
28.5%, respectively, compared to other samples where Pd species
predominantly existed in a metallic state (Supplementary Fig. 12). The
content of reduced Pd estimated from XPS closely matched the H,-TPR
results (Supplementary Table 1). This impeded Pd reduction in ST and
ST-CO-0, confirms the SMSI induced by steam treatment. In the
XANES spectra (Fig. 3e, f and Supplementary Fig. 11c, d), all catalysts
had high white-line intensities, similar to PdO, but there were slight
differences in the order of ST > T > as-made, ST-CO-O, > T-CO-O, > as-

made-CO-0,, in agreement with XPS results. Therefore, ST-CO-O, had
certainly different geometric and electronic structures from other
Pd/SSZ-13 catalysts. Steam treatment induced Pd dispersion and SMSI,
and the following CO-O, treatment enabled the preparation of Pd
oxide nano-clusters, anchored on the external surface Alpenc sites of
SSZ-13 support, with a Pd** valence state.

Complete CH, oxidation using Pd oxide nano-cluster catalysts

Due to concerns regarding global warming, there is an urgent need for
the development of catalysts to purify exhaust CH, from LNG-fueled
ships. However, many catalysts have shown insufficient activity and,
particularly, have suffered from severe deactivation by moisture*,
Figure 4a,b illustrates the light-off activities for complete CH, oxida-
tion at a gas hourly space velocity (GHSV) of 200,000 mL g, h™.
Under dry conditions (Fig. 4a), the as-made catalyst achieved a 50%
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CH,4 conversion (Tso) at 309 °C, outperforming the Pd/y-Al,O; refer-
ence catalyst (750 = 335 °C). Following steam treatment, the ST catalyst
exhibited significantly lower activity, however, its activity was greatly
enhanced after CO-O, treatment, achieving a Tso of 281 °C for ST-CO-
0,. Conversely, the CO-0O, treatment adversely affected the as-made

catalyst, resulting in decreased activity with a T5o of 325°C for as-
made-CO-0,. Generally, moisture in the feed gas interferes with cata-
lytic complete CH,4 oxidation, leading to light-off curves being shifted
to higher temperatures (Fig. 4b, c). Pd/y-Al,O; was mostly degraded
with a ATso of 70 °C, and both as-made and as-made-CO-O, catalysts
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Fig. 4 | Catalytic performance for complete CH, oxidation. Light-off curves of
CH,4 conversion of as-made, as-made-CO-0,, ST, ST-CO-0,, and Pd/y-Al,O3 catalysts
under (a) dry and (b) wet conditions. ¢ The temperatures at which CH4 conversion
reached 50% (Tso) for dry and wet reactions. Durability tests at 350 °C for (d) 100 h
long-term under wet conditions and (e) 5-cycles humid switch on/off (2 h each)
mode for a total of 20 h using as-made, as-made-CO-0O,, ST-CO-0O,, and Pd/y-Al,O3
catalysts. f Light-off and (g) isotherm at 350 °C reactions using ST-CO-O, under

Temperature (°C)

Temperature (°C)

various moisture contents. h Heating-cooling and (i) repeated reactions up to
850 °C (inset: up to 450 °C) using as-made, as-made-CO-0,, and ST-CO-0O, catalysts
under wet conditions. The reactions were performed using 60 mg of each catalyst,
diluted with 540 mg of quartz sand. Total feed flow rate was 200 mL min™, main-
taining a GHSV of 200,000 mL g, h™.. The feed gas is composed of 5000 ppm
CHy,, 15% 05, 5% CO,, and 5% H,0 (for wet condition reaction) in a N, balance.

also exhibited significantly lower activity with a ATs, of approximately
60 °C. Notably, however, ST-CO-0, exhibited superior activity and the
least degradation under wet conditions with a ATso of 31 °C and a T of
312 °C, close to the dry condition activity of the as-made catalyst. The T
sample exhibited similar activity to the ST catalyst, whereas T-CO-0,
performed much worse than ST-CO-O, with Tsq values of 302 °C (dry)
and 360 °C (wet), and a ATsq of 58 °C (Supplementary Fig. 13). Further
investigation into the effect of Pd oxidation state was conducted by
measuring the activity of the ST-CO catalyst without the final O,
treatment (Supplementary Fig. 14). Under wet conditions, ST-CO
showed intermediate activity between ST and ST-CO-0O,, with a T5o of
398 °C. It had 83.5% dispersion (1.4 nm), similar to that of ST-CO-O, but
consisted of 27.3% Pd*" and 72.7% Pd°. Therefore, the catalytic per-
formance for complete CH, oxidation was also dependent on the Pd
oxidation state, and the superior activity of ST-CO-O, could be
attributed to both its small nano-clusters and the Pd** valence state.
To elucidate the relationship between the location of Pd species
and catalytic performance, the ST-H,-O, sample was prepared using H,
reduction instead of CO reduction because Pd species tend to sinter
within the pores under H, atmosphere®. Indeed, the CO adsorption
property of ST-H,-O, was barely affected after toluene exposure,

suggesting that most Pd species were located within the pores of SSZ-
13 (Supplementary Fig. 15). The ST-H,-O, had Pd oxide nano-clusters
similar to those of ST-CO-O, (Supplementary Fig. 16 and Supplemen-
tary Table 3). However, when both catalysts were employed to com-
plete CH, oxidation under wet conditions (Supplementary Fig. 17),
ST-H,-0, exhibited significantly lower activity (Tso = 338 °C) compared
to ST-CO-0; (Ts0=312°C). The surface active sites of Pd within the
SSZ-13 pores were blocked by Al decoration, resulting in lower CH,
oxidation performance®. This Al decoration was also evident in the CO
adsorption results (Supplementary Fig. 15). Despite having similar sizes
of Pd oxide nano-clusters, ST-H,-O, showed a smaller amounts of
adsorbed CO molecules (59.8 umol g.,") compared to ST-CO-O,
(80.5 umol g.,c ™), attributable to surface site blockage by Al decora-
tion. Thus, the Pd oxide nano-clusters on the external surface of SSZ-
13, achieved through the ST-CO-O, sequential treatment, represent the
optimum and most active structure for complete CH, oxidation.
Intrinsic activities of Pd/SSZ-13 catalysts were investigated (Sup-
plementary Fig. 18 and Supplementary Table 4). The activation ener-
gies and turnover frequency (TOF) values were calculated when the
CH,4 conversion was below 20% to avoid mass transfer limitations. In
this region, the reaction rates were nearly identical at both space
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velocities of 200,000 and 400,000 mL g.,. " h™, achieved by changing
the total flow rate from 200 to 400 mL-min™ while keeping a fixed
catalyst amount of 60 mg (Supplementary Fig. 19). Under dry condi-
tions at 250 °C, the ST-CO-O, catalyst exhibited a reaction rate of 229.4
umolcpagpg s and a TOF value of 28.5x107s™. However, other
Pd/SSZ-13 showed no more than 68.0 pumolcysgpq s ™ of reaction rate
and 19.5:103s™ of TOF. When the activation energies were estimated,
the values were found to be 132.4, 144.1,130.8, and 123.0 k) mol ™ for as-
made, as-made-CO-O,, T-CO-0O,, and ST-CO-O,, respectively. There-
fore, the ST-CO-0, is the intrinsically most active for complete CH,
oxidation. This excellent activity became even more pronounced
under wet conditions. The ST-CO-O, achieved a reaction rate of
240.1 umolcps gpq ' s and a TOF value of 29.8:107%s™, whereas other
catalysts showed no more than 19.7 umolcys gpq ' s™ of reaction rate
and 5.6 x107s™ of TOF at 285 °C. Additionally, the activation energy of
ST-CO-0, slightly increased to 129.1kJ mol™ under wet conditions,
however, other catalysts showed a significant increase in activation
energy, with values ranging 144.2 to 172.8 kJ-mol™.

To study the mechanism, in situ DRIFTS experiments were con-
ducted using ST-CO-0, and as-made-CO-O; catalysts (Supplementary
Fig. 20). The IR peaks were assigned according to previous in situ
DRIFTS studies on Pd catalysts for complete CH, oxidation****, As the
temperature increased, the CH, peaks at 1304 and 3014 cm™ gradually
disappeared, while CO, peaks at 2270-2390 cm™ emerged. For the
ST-CO-0,, the reaction began at a lower temperature of 225 °C, with
small peaks at 3200-3800 cm™ from surface hydroxyl groups, sug-
gesting effective CH, oxidation with resistance to water poisoning.
Conversely, the as-made-CO-0, showed significant peaks from accu-
mulated hydroxyl groups, inhibiting complete CH, oxidation with a
higher onset temperature of 325 °C. Furthermore, for ST-CO-O,, CH;
intermediate peaks at 1457 and 2930 cm™ appeared at 225 °C, followed
by a formate peak (1340 cm™) at 250 °C. As the temperature reached
300 °C, formate species transitioned to carbonate species at 1380,
1430, and 1480cm™. The CH; and formate peaks diminished
beyond 350 and 400 °C, respectively, due to their instability. The as-
made-CO-0, exhibited a similar trend, but intermediates appeared at
higher temperatures. Based on these findings, a model for the com-
plete CH, oxidation over the ST-CO-O, was developed (Supplementary
Fig. 21). The Pd oxide nano-clusters are highly active, particularly under
wet conditions, efficiently oxidizing CH, through CHs, formate, and
carbonate intermediates with less water poisoning.

Durability under wet conditions is one of the most demanding yet
challenging tasks in complete CH4 oxidation catalysts. We evaluated
the long-term durability of as-made, as-made-CO-O,, and ST-CO-O,
compared to the Pd/y-Al,Oj3 catalyst at 350 °C for 100 h (Fig. 4d). While
as-made, as-made-CO-0O,, and Pd/y-Al,Oj; catalysts experienced severe
deactivation, notably, ST-CO-O, maintained about 85% of CH4 con-
version under wet conditions. Catalytic durability was further investi-
gated through alternate dry/wet cycles of CH4 oxidation at 350 °C
(Fig. 4e). For the ST-CO-0O, catalyst, the CH, conversion decreased to
about 85% under wet conditions but fully recovered to about 95%
under dry conditions during the five cycles of humid switch on/off
mode. This implies that there is only reversible water inhibition but no
irreversible deactivation for the ST-CO-O, catalyst. On the other hand,
as-made, as-made-CO-0,, and Pd/y-Al,O3 suffered severely from not
only reversible water inhibition but also irreversible deactivation
under wet conditions. The CH, conversion decreased rapidly when
moisture was introduced to the feed gas, and the catalytic perfor-
mance continued to deteriorate under wet conditions which was not
fully restored in dry conditions. As the moisture content increased
from 3% to 10%, the light-off curves of ST-CO-0, gradually shifted to
higher temperatures, and the CH4 conversion at 350 °C decreased
(Fig. 4f) because the water inhibition became more severe. However,
the CH4 conversion of ST-CO-O, was fairly stable under each moisture
content, and it completely recovered upon returning to dry conditions

without any irreversible deactivation during both isotherm and itera-
tive light-off tests (Fig. 4g and Supplementary Fig. 22).

Figure 4h shows the light-off curves of as-made, as-made-CO-0O,,
and ST-CO-0, as the temperature was ramped from 200 to 850 °C,
then cooled back to 200 °C. The CH,4 conversion of the as-made and as-
made-CO-0, samples transiently decreased at temperatures between
600 and 750 °C during the downward cooling because the active Pd
oxide decomposes to the thermodynamically stable Pd metal, which is
much less active”. Moreover, a permanent activity loss was confirmed
even after the transient degradation disappeared. However, ST-CO-O,
exhibited considerably stable activity over the entire range of tem-
peratures without any deactivation. The light-off curve during the
cooling process was shifted to lower temperatures (by approximately
26 °C) compared to that of the heating process. Such hysteresis is
typical for exothermic CH, oxidation and has been attributed to the
surface temperature exceeding the gas inlet temperature due to the
heat released at the catalyst surface***’. Furthermore, wet condition
reaction was conducted iteratively; the reaction temperature was ele-
vated up to 850 °C and subsequently cooled back to 200 °C (Fig. 4i).
This cycle was repeated five times. The CH, conversion remained
relatively consistent for the ST-CO-O, catalyst, whereas the activity of
the as-made-CO-O, diminished with repeated reactions, even only up
to 450°C. Additionally, the catalytic performance of ST-CO-O,
remained stable even after hydrothermal aging at 750 °C for 24 h in
10% H,O/air (Supplementary Fig. 23). Thus, Pd oxide nano-clusters,
anchored on external surface Alpenea Sites of SSZ-13, exhibited high
durability under harsh conditions during complete CH4 oxidation.

Robust and water-resistant Pd oxide nano-clusters for
practical use
In complete CH,4 oxidation, catalysts are susceptible to deactivation by
moisture through two main phenomena: (i) fast and reversible inhi-
bition by water poisoning and (ii) slow and irreversible loss of active
sites”’”%, Remarkably, the Pd oxide nano-clusters did not experience
irreversible deactivation at all, whereas as-made and as-made-CO-O,
underwent irreversible deterioration as shown in Fig. 4. The conver-
sion of CH, in wet conditions is known to induce the deformation of Pd
structures, leading to the irreversible loss of active sites”**, Therefore,
we investigated the structural changes in Pd species after long-term
CH,4 oxidation under wet conditions. The SSZ-13 structure did not
change for all catalysts, as described in the XRD (Supplementary
Fig. 24a, b). However, large peaks at 33.9° and 42.1° appeared for the
as-made and as-made-CO-O, samples after the long-term reaction due
to the formation of large-sized Pd oxide particles. In the DRIFTS
spectra (Supplementary Fig. 24c), the adsorbed CO peaks on the as-
made and as-made-CO-O, significantly decreased, and in particular,
the decrease in the linear peak was noticeable after the long-term
reaction due to the sintering of Pd particles. For ST-CO-0O,, however,
there was no meaningful difference, implying no significant change in
the Pd structure. Steam treatment provided strong anchoring sites of
extra-framework Alyencs, leading to the formation of the robust Pd
oxide nano-clusters with SMSI.

The as-made and as-made-CO-0, exhibited considerable changes
in the EXAFS (Supplementary Fig. 24d and Supplementary Table 5).
The coordination numbers were 3.2 and 3.4 (short), and 6.5 and 6.9
(long) for the Pd-O-Pd interaction, indicating much larger Pd oxide
particles than before the long-term reaction. However, for ST-CO-O,,
EXAFS results were almost unchanged. In the TEM images (Supple-
mentary Figs. 24e-g and 25), large Pd oxide particles ranging from 20
to 40 nm were primarily observed for the as-made and as-made-CO-0,,
whereas Pd oxide nano-clusters were evenly dispersed on the SSZ-13
support (with 84.9% Pd dispersion) without any sintered particles for
the ST-CO-0, catalyst. Moreover, the Pd oxide nano-clusters displayed
remarkable robustness, preserving their structure without any Pd
deformation after iterative reactions up to 850 °C and hydrothermal
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aging at 750 °C, as confirmed in Supplementary Fig. 26. After long-
term reaction, all catalysts exhibited the oxidation state of Pd**, and
there was no change in ST-CO-O, compared to before the long-term
reaction (Supplementary Fig. 27). Consequently, the irreversible
deformation of the Pd structure was effectively prevented for ST-CO-
0, because the Pd oxide nano-clusters strongly interacted with Al,enca
sites on the external surface of SSZ-13 support.

Water poisoning obstructs the access of CH, molecules and
inhibits the initiation of the reaction, resulting in reversible degrada-
tion. To directly compare the degree of water poisoning, H,O-TPD was
performed (Fig. 5a). The samples were exposed to water vapor (3%
H,0/He) for 30 min, and the desorbed water was monitored while
being heated to 400°C under a He stream. The desorbed water
peaks of ST and ST-CO-O, were smaller than those of as-made and
as-made-CO-0,, indicating the improved resistance to water poisoning
by steam treatment. Steam treatment can increase the water-
resistance of Pd species by dehydrating Pd-hydrate ions*. Addition-
ally, steam treatment led to extensive dealumination (Fig. 1c), which
was evidently associated with an increase in water-resistance of SSZ-
13*, This water-resistance of SSZ-13 can further enhance the water-
resistance of Pd species, particularly when there is a SMSI***°, The
water-resistance of Pd/SSZ-13 catalysts was assessed using CO-DRIFTS
in the presence of water vapor (Fig. 5b, c). In the as-made and as-made-
CO-0,, CO adsorption peaks were significantly reduced, indicating
surface Pd sites blocking by water poisoning. In contrast, the ST-CO-O,
retained substantial CO adsorption peaks, suggesting enhanced water
resistance.

However, the Pd oxide nano-clusters still experienced water poi-
soning, leading to reversible degradation. As shown in Fig. 4, although
the Pd oxide nano-cluster catalyst did not suffer from irreversible
deactivation, its performance was reversibly degraded due to com-
petitive adsorption between reactants and water molecules.
Ultraviolet-visible (UV-vis) spectra revealed that the Pd species in the
ST-CO-0, were not fully dehydrated, as indicated by a peak at 410 nm™,
attributed to a Pd-hydrate complex (Fig. 5d). To achieve further
dehydration, N, treatment at 300 °C for 1 h was additionally conducted
(ST-CO-N,-0,) during the preparation of the Pd oxide nano-clusters.
The Pd oxide nano-clusters of ST-CO-N,-O, exhibited structures nearly
identical to those of ST-CO-O,, as confirmed by DRIFTS, EXAFS,
HAADF-STEM, and XPS analyses (Fig. 5b, Supplementary Fig. 28, and
Supplementary Table 6). However, in the UV-vis spectra, the ST-CO-N,-
0, sample showed only a peak at 450 nm™, derived from Pd*, with no
observed Pd-hydrate peak. Additionally, no significant desorbed water
peak was observed (Fig. 5a), and CO adsorption was not hindered by
water vapor (Fig. 5¢, d), indicating that complete dehydration sig-
nificantly enhanced the water resistance of the Pd oxide nano-clusters.

When the ST-CO-N,-O, catalyst was employed to complete CH,
oxidation (Fig. 5e), water-induced degradation of the Pd oxide nano-
clusters was entirely mitigated under wet conditions, even with
either 5% or 10% H,0. The Pd oxide nano-clusters, particularly in the
ST-CO-N,-O, catalyst, demonstrated a distinct advantage in activity
under wet conditions, compared to high-performance Pd-based
catalysts in the literature (Supplementary Table 7). Moreover, the
ST-CO-N,-O, consistently achieved approximately 95% CH, conversion
at 350 °C during five cycles of alternating dry/wet tests and 100 h long-
term reactions under wet conditions (Fig. 5f). Consequently, the water-
resistance of the Pd oxide nano-clusters, endowed by steam treatment,
SMSI, and complete dehydration, effectively suppressed the inter-
ference of water molecules with reactants adsorption. This indicates
that the robust and water-resistant Pd oxide-nano clusters did not
experience either irreversible deactivation or reversible degradation
during complete CH4 oxidation under wet conditions.

The powder catalysts pose challenges for practical applications in
exhaust CH4 removal, especially under high space velocity conditions
due to issues such as pressure drop, mass transfer limitations, catalyst

loss, and handling complexities™. From the standpoint of catalyst
commercialization, monolith catalysts offer significantly greater suit-
ability. Therefore, we prepared monolith catalysts of as-made, as-
made-CO-0,, ST-CO-0,, ST-CO-N,-0,, and Pd/y-Al,O5. Scanning elec-
tron microscopy (SEM) images of catalyst slurries reveal that the ball-
milled particles exhibited uniform particle size distributions with an
average diameter of 0.45-0.48 pum (Fig. 6a-e). The catalyst slurries
were coated onto the cordierite honeycomb substrates with 1-inch
diameter, 1-inch length, and 400 channels per square inch (cpsi)
(Supplementary Fig. 29). The SEM images in Fig. 6f-j demonstrate that
the catalysts were efficiently coated onto the walls of the channels of
the honeycomb substrate, exhibiting a uniform catalyst layer without
visible cracks or pores. The thickness of the coating layer was
approximately 5-10 pm.

The prepared monolith catalysts were placed in a laboratory
bench reactor, and complete CH, oxidation was performed under wet
conditions. The loading amount of catalyst for the monolith was
100 g- L™, and the corresponding GHSV was 20,000 h™ from powder
reaction conditions, resulting in a total flow rate of 4.3 L-min™. The
composition of the feed gas was the same as that for the powder
catalyst test. Figure 6k shows that all monolith catalysts exhibited
quite similar activities compared to those of the powder samples. The
Pd oxide nano-cluster, particularly ST-CO-N,-O,, is the most active,
with a T5o 0f 282 °C under both dry and wet conditions, demonstrating
high resistance to water-induced degradation. Additionally, Pd oxide
nano-cluster monolith catalysts were highly durable against irrever-
sible deactivation during long-term reactions under wet conditions
(Fig. 6l). CH, conversions were stably maintained at 350 °C for 100 h
without any activity loss, whereas the other catalysts experienced
severe deactivation.

The exhaust gas of LNG-fueled ships contains tiny amounts of NO
and SO,, which can deteriorate the catalysts®>*. Therefore, we intro-
duced 200 ppm NO and 10 ppm SO, into the feed gas to verify the
feasibility of the Pd oxide nano-cluster catalysts for practical applica-
tions (Fig. 6m). The ST-CO-O, and ST-CO-N,-O, monolith catalysts
stably maintained their high performance despite the addition of 200
ppm NO. When 10 ppm SO, was additionally introduced into the feed
gas, the ST-CO-O, catalyst experienced reversible degradation, with
CH,4 conversion dropping to approximately 45% at 350 °C. The zeolite-
supported Pd catalysts are generally susceptible to sulfur
poisoning”*’. However, the ST-CO-N,-O, monolith catalyst exhibited
high tolerance against sulfur-induced degradation, maintaining high
performance with approximately 95% CH4 conversion. The water-
resistant nature of the Pd oxide nano-clusters likely repels polar
molecules such as H,0 and SO,, facilitating the preferential adsorption
of non-polar reactants (CH, and O,). Therefore, the robust and water-
resistant Pd oxide nano-clusters on the SSZ-13 support overcame
reversible degradation and irreversible deactivation issues in complete
CH, oxidation under real exhaust gas conditions from LNG-fueled
ships, ensuring their feasibility for practical applications.

In conclusion, steam treatment transformed Pd particles into
atomic Pd ions and induced SMSI with SSZ-13. Leveraging the bene-
ficial effects of atomic Pd ions and SMSI, Pd nano-clusters, distinct
from Pd particles, were fabricated through mild sintering via CO
reduction. Notably, without steam treatment or its substitution with
thermal treatment, the process did not yield the Pd nano-cluster
structure. The O, oxidation modulated valence states to Pd*, resulting
in Pd oxide nano-clusters strongly anchored on Al,ene, sites of SSZ-13
external surface. When various Pd/SSZ-13 catalysts were employed for
complete CH, oxidation, the Pd oxide nano-clusters exhibited superior
activity, indicating that they represent the optimum and most active
structures. The robustness of Pd oxide nano-clusters, derived from
SMSI, prevented the irreversible loss of active sites by Pd structure
deformation. Also, the water-resistance, further enhanced by complete
dehydration, suppressed reversible degradation caused by water and
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sulfur poisoning. Therefore, the Pd oxide nano-cluster catalyst
achieved high durability in complete CH, oxidation under harsh con-
ditions. However, the Pd oxide particles displayed severe deactivation
caused by both reversible water poisoning and irreversible Pd defor-
mation. The excellent catalytic characteristics of Pd oxide nano-
clusters were also observed in bench-scale tests using monolith cata-
lysts. Their robustness and water resistance enabled high-performance
CH,; oxidation without any deactivation, even in the presence of
moisture and sulfur. The Pd oxide nano-cluster catalyst holds sig-
nificant potential for practical exhaust CH, abatement in LNG-fueled
ship applications, while providing the sequential treatment strategies
for designing the desired structures of metal catalysts.

Methods

Catalysts preparation

Pd/SSZ-13 powder catalysts were synthesized using the ion-exchange
method. Commercial NH,4-SSZ-13 zeolite powder (CCG-CHA-1) with a Si
to Al ratio of 15, confirmed by inductively coupled plasma-optical
emission spectroscopy (ICP-OES), was obtained from China Catalyst
Holding. 990 mg of SSZ-13 powder was dispersed in 100 mL of deio-
nized water, and then 44.2mg of Pd(Il) nitrate solution from SNS
Corp., with a concentration of 22.63%, was introduced into the SSZ-13
solution, resulting in a loading amount of 1wt% Pd. The solution was
stirred at 80 °C for 15h, and then filtered and washed several times
with deionized water until the pH of the solution reached 7.0. The

obtained powder was dried at 120 °C for 4 h and then subjected to
calcination in static air at 500 °C (2°C-min™) for 4 h, resulting in as-
made sample. The Pd/SSZ-13 powder catalysts underwent steam
treatment in a quartz glass cell by flowing gas containing 10% H,O and
15% O, in a N, balance at 750 °C for 24 h, resulting in a sample denoted
as ST. When the Pd/SSZ-13 catalysts were thermally treated without
steam, the resulting powder was denoted as T sample. Subsequently,
as-made, ST and T samples were reduced in a quartz glass cell by
flowing 1% CO/N, at 700 °C for 5min and then further oxidized by
flowing 10% O,/N, at 500 °C for 30 min, producing as-made-CO-0,, ST-
CO-0; and T-CO-O, samples, respectively. The ST-H,-O, sample was
prepared by flowing 1% H,/N, instead of 1% CO/N, at 700 °C for 5 min
during the reduction step. The N, treatment was additionally con-
ducted by flowing N, at 300 °C for 1h between CO reduction and O,
oxidation, resulting in ST-CO-N,-O, sample. The reference Pd/y-Al,O3
catalyst was synthesized via the impregnation method. Initially,
990 mg of commercial y-Al,O3; powder (MI307, Solvay) was dispersed
in 100 mL of deionized water in a round-bottom evaporation flask.
Then, a solution containing 44.2 mg of Pd(ll) nitrate was put into the
y-ALL,O3 solution, resulting in an impregnation of 1wt% Pd. Subse-
quently, the evaporation flask was placed in a rotary evaporator (Hei-
VAP, Heidolph), and the solution was completely evaporated at 80 °C
under vacuum with continuous stirring. The obtained powder was then
subjected to drying at 120 °C for 4 h, followed by calcination in static
air at 500 °C (2°C-min™) for 4 h.
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The prepared powder catalysts were applied onto a cordierite
substrate (Corning) with a honeycomb shape, which has 1-inch dia-
meter, 1-inch length, and 400 channels per square inch (cpsi). To
obtain the catalyst slurry with uniform particle size, 30 g of either
Pd/SSZ-13 or Pd/y-Al,O; powder was dispersed in 49.5 mL of deionized
water and subjected to milling with zirconia balls for 12 h. Commercial
boehmite binder (Disperal P2, Sasol) 0.93 g was then introduced to this
slurry. The resulting catalyst slurry was then transferred into a con-
tainer installed in a custom-made coating machine. The honeycomb
substrate was positioned on a rack beneath the container, and a low
vacuum was applied beneath the honeycomb substrate, facilitating the
wash-coating process. During this process, the Pd/SSZ-13 or Pd/y-Al,03
slurry was evenly distributed onto the inner walls of the honeycomb
substrate channels. Subsequently, the wash-coated sample underwent
drying at 120 °C for 4 h and calcination at 500 °C (2 °C-min™) for 4 h.
This process yielded Pd/SSZ-13 and Pd/y-Al,0; monolith catalysts, with
a loading of approximately 100 g-L! in each sample.

Characterizations

The Brunauer-Emmett-Teller (BET) surface area of the Pd/SSZ-13 cat-
alyst was estimated using volumetric adsorption equipment (BELSORP
MINI X, MicrotracBEL). X-ray diffraction (XRD) analysis was conducted
using a high-resolution powder X-ray diffractometer (SmartLab,
Rigaku) with Cu Ka radiation to explore the crystalline structure of the
Pd/SSZ-13 catalysts. ICP-OES analysis was performed using an
iCAP7400DUO (Thermo Scientific) instrument to identify the content
of Pd in the catalysts. The dispersion of Pd in the Pd/SSZ-13 catalyst was
determined by a pulsed CO chemisorption method using a BELCAT-II
(MicrotracBEL). Initially, 30 mg of catalyst powder was placed in a
quartz cell and pretreated with a 50 mL-min™ flow of He at 100 °C for
1h. After cooling to 30 °C, CO pulses in a He stream were then injected
every minute until CO chemisorption onto the Pd reached saturation.
Cryogenic Hy-temperature programmed reduction (TPR) was carried
out using a BELCAT-Il (MicrotracBEL) equipped with a thermal con-
ductivity detector (TCD). The powder sample (60 mg) was placed in a
U-shaped quartz cell and pretreated in the following sequence:
(i) 50 mL-min of 5% O,/He (150°C, 30 min), (ii) 50 mL min™ of Ar
(-120°C, 10 min), and (iii) 50 mL-min™ of 5% H,/Ar (-120 °C, 5 min).
Subsequently, the sample was heated to 300 °C with a ramping rate of
10 °C-min™ under a 50 mL-min™ flow of 5% H,/Ar. For toluene exposure
on the catalysts, initially, 30 mg of catalyst powder underwent treat-
ment with a 50 mL-min flow of He at 100 °C for 1 h. The catalyst was
then subjected to 30 mL-min™ flow of 1000 ppm toluene/He at 50 °C
for 30 min, followed by evacuation with a 50 mL-min™ flow of He for
30 min. Toluene gas was generated by bubbling He through a con-
tainer containing pure toluene in an ice water bath. After toluene
exposure, the catalyst was immediately employed for diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) and pulsed
CO chemisorption analyses.

Solid-state Al magic angle spinning nuclear magnetic resonance
(MAS NMR) experiments were conducted at room temperature using a
Bruker AVANCE II' 400 MHz NMR spectrometer (at KBSI Seoul
Western Center). A 4 mm MAS probe at a spinning rate of 12 kHz was
employed to collect the data. X-ray absorption spectroscopy (XAS) of
the Pd K edge was performed at the 10 C Wide XAFS beamline of the
Pohang Light Source (PLS). The Pd K edge spectra were acquired in
fluorescence mode using a passivated implanted planar silicon (PIPS)
detector (Canberra). Concurrently, reference Pd foil measurements
were conducted to calibrate each sample. The XAS data were pro-
cessed and fitted to obtain X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) results
utilizing the ATHENA and ARTEMIS software programs. The fits of the
Pd K edge were executed on the first and second coordination shells
with a radial range (R-range) of 1.0-3.5 A using Fourier-transformed
Ik>-weighted (k) functions within a krange of 3.0-13.9A7

Coordination numbers were determined by maintaining a fixed
amplitude reduction factor (S¢?) value, acquired from fitting the
reference Pd foil. The R-factor, representing the relative error between
the fitted values and experimental data, was assessed. A value of
R-factor less than 0.05 is typically indicative of a good fit. Although this
value does not guarantee absolute accuracy, it can serve as a skeptical
threshold for the fitting process.

DRIFTS was conducted utilizing a praying mantis DRIFTS
accessory (Harrick Scientific) installed on a Nicolet iS-50 (Thermo
Scientific). The 15 mg of catalyst powder was put into a sample
cup and then placed inside the DRIFTS room. Prior to analysis, the
sample underwent pretreatment by passing a 100 mL-min™
stream of He at 100 °C for 1 h to remove any water and impurities.
Following pretreatment, the sample was cooled to room tem-
perature under a flow of He. A 1% CO gas, diluted with He, was
introduced to the sample at room temperature for 10 min to serve
as a probe molecule. To study the effect of water vapor, a gas
mixture containing 1% CO and 2% H,O in a He balance was used.
The water vapor was generated by passing He through a container
of water. DRIFTS spectra were then collected under a He purge to
eliminate any interfering gaseous CO peaks. The existence of
hydroxyl groups on the surface of the ST and ST-CO-O, catalysts
was explored using temperature programmed desorption (TPD)
analysis. The samples were placed in a U-shaped quartz cell
immediately after preparation and heated to 400°C with a
ramping rate of 5°C:min™ under a 60 mL-min™ of He flow. The
desorbed H,0 (m/z=18) was monitored by mass spectrometry.

High-resolution transmission electron microscopy (HRTEM)
images of the Pd/SSZ-13 catalysts were collected using a Tecnai
G2 F30 S-Twin (FEI) operating at an accelerating voltage of
300kV. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and energy-dispersive X-ray
spectroscopy (EDS) mapping images were obtained using a
Spectra Ultra (Thermo Fisher) with an accelerating voltage of
300kV. The obtained HRTEM and HAADF-STEM images were
analyzed using DigitalMicrograph Software (GMS 3, GATAN). For
X-ray photoelectron spectroscopy (XPS) analysis of the electronic
properties of Pd in the Pd/SSZ-13 catalysts, a K-Alpha* XPS System
(Thermo Scientific) was utilized. A monochromated Al Ka X-ray
source (energy of 1486.8 eV) with a power of 72 W (6 mA x 12 kV)
was employed. The binding energies were corrected using the
maximum intensity of the reference C 1s signal at 284.6 eV.

Water adsorption on the catalyst was analyzed by H,O-TPD using a
BELCAT-B instrument (BEL) equipped with a TCD. A 60 mg of powder
sample underwent pretreatment by passing 60 mL-min™ of He at
100 °C for 30 min, followed by cooling to room temperature. Subse-
quently, 60 mL-min™ of 3% water vapor in He was introduced to the
sample using a syringe pump at room temperature for 30 min. After
purging the sample with 60 mL-min of He flow for 60 min, the sample
was heated to 400°C with a ramping rate of 5°C:min™ under
60 mL-min™ of He flow. Ultraviolet-visible diffuse reflectance spec-
troscopy (UV-vis) was conducted using a Cary 5000 (Agilent) for
powder samples at room temperature. Scanning electron microscopy
(SEM) images of the slurries and monolith catalysts of Pd/SSZ-13 and
Pd/y-Al,O3 were acquired using a JSM-6610LV (JEOL) operating at an
accelerating voltage of 30 kV. The particle size of ball-milled catalyst
slurries was determined using a LA-350 laser scattering particle size
distribution analyzer (Horiba).

Catalytic reactions

The complete CH, oxidation was performed using powder catalysts in
a quartz glass fixed-bed flow reactor at atmospheric pressure. A total
flow rate of 200 mL-min™ of feed gas was introduced to 60 mg of
catalyst to achieve a gas hourly space velocity (GHSV) of
200,000 mL-g., ' -h™. To avoid heat transfer limitations, 60 mg of
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catalyst was diluted with 540 mg of inert quartz sand (99%, Sigma-
Aldrich). To exclude influence on catalytic performance from impu-
rities, the quartz sand was calcined at 875 °C for 5 h prior to dilution.
The diluted mixture, consisting of 10 wt% catalyst, underwent pre-
treatment at 500 °C for 1 h under 15% O,/N, atmosphere, after which
the reactor was cooled down to 200 °C. Following pretreatment, the
catalyst was exposed to the feed gas mixture at 200 °C for 5 h to sta-
bilize before evaluating the catalytic activity. The feed gas composition
consisted of 5000 ppm CHy, 15% O,, 5% CO,, and 5% H,O in a N,
balance, with moisture introduced by vaporizing the supplied water
using a syringe pump. The reaction conditions were determined based
on the exhaust gas composition from LNG-fueled four-stroke marine
engines and from the literature in Supplementary Table 7. The reactor
was heated to the target reaction temperature with a ramping rate of
2°C:min”. The product gases were analyzed in real-time using an
online Fourier transform-infrared spectrometer (FT-IR, Antaris IGS gas
analyzer, Thermo Fisher Scientific) equipped with a gas cell (MER-
CURY, 17 cm path length, 170 mL volume). Additionally, the outlet
gases were analyzed using an online gas chromatography (GC)
instrument (Younglin 6500GC system) equipped with a Porapak N
column (13052-U, Supelco, 10 ft x 1/8 in x 2.1 mm) and a Mol Sieve 13X
column (13047-U, Supelco, 3 ft x 1/8 in x 21 mm) with a TCD and a
flame ionization detector (FID).

The mechanism of complete CH4 oxidation under wet conditions
was studied through in situ DRIFTS experiments. The 15 mg of catalyst
was heated to 500 °C for 1h in a 100 mL-min flow of 15% O,/He to
remove the surface impurities, then cooled to 200 °C. After acquiring
the background spectrum, a total flow rate of 100 mL-min™ of feed gas
was introduced at 200 °C. The feed gas contained 5000 ppm CH,, 15%
0,, and 2% H,0 balanced with He. The water vapor was generated by
passing He through a container of water. The temperature was then
increased from 200 to 450 °C at a rate of 5 °C-min™ under the feed gas
flow, pausing every 25 °C for 30 min to record the DRIFTS spectra.

Moreover, the performance of bench-scale complete CH,4 oxida-
tion was evaluated using monolith catalysts in an in-house laboratory
bench reactor at atmospheric pressure. A total feed gas flow rate of
43L'min™? was introduced to l-inch diameter and l-inch length
monolith catalyst, resulting in a GHSV of 20,000 h™". The monolith
catalyst underwent pretreatment at 500 °C for 1h under 15% O,/N,
atmosphere, after which the reactor was cooled down to 200 °C. Fol-
lowing pretreatment, the catalyst was exposed to the feed gas mixture
at 200 °Cfor 5 h to stabilize before evaluating the catalytic activity. The
feed gas composition mirrored the conditions of the powder catalytic
reactions, with an additional introduction of 200 ppm NO and 10 ppm
SO, to assess feasibility for practical application. The reactor was
heated to the target temperature with a ramping rate of 2 °C-min. The
product gases were analyzed in real-time using an online CH,/CO/CO,
gas analyzer (VA-5000, Horiba) and a total hydrocarbon gas analyzer
(FIA-510, Horiba). The CH,4 conversion was calculated using the fol-
lowing equation: ([CHylinier = [CH4louter) / [CH4liner * 100%, where
[CH4linter and [CH4louter represent the CH, concentration at the inlet
and outlet, respectively.

Data availability

The data that support the findings of this study are available within the
paper and its Supplementary Information files. All other relevant data
supporting the findings of this study are available from the corre-
sponding author upon reasonable request. Source data are provided
with this paper.
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