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Abstract

Pd ion exchanged zeolites emerged as promising materials for the adsorption and oxidation of air pollutants.
For low-temperature vehicle exhaust, dispersed Pd ions are able to adsorb NO, even in H,O-rich exhaust in
the presence of carbon monoxide. In order to understand this phenomenon, changes in Pd ligand
environment have to be monitored in-situ. Herein, we directly observe the activation of hydrated Pd ion
shielded by H,O into a carbonyl-nitrosyl complex Pd*(NO)(CO) in SSZ-13 zeolite. The subsequent
thermal desorption of ligands on Pd**(NO)(CO) complex proceeds to nitrosyl Pd** rather than to carbonyl
Pd?" under various conditions. Thus, CO molecules act as additional ligands to provide alternative pathway
through Pd**(NO)(CO) complex with lower energy barrier for accelerating NO adsorption on hydrated Pd**
ion, which is kinetically limited in the absence of CO. We further demonstrate that hydration of Pd ions in
the zeolite is a prerequisite for CO-induced reduction of Pd ions to metallic Pd. The reduction of Pd ions
by CO is limited under dry conditions even at a high temperature of 500°C, while water makes it possible
at near RT. However, the primary NO adsorption sites are Pd*" ions even in gases containing CO and water.
These findings clarify additional mechanistic aspects of the passive NO, adsorption (PNA) process and will

help extend the NO, adsorption chemistry in zeolite-based adsorbers to practical applications.



1. Introduction

The global air pollution crisis poses a substantial challenge for the automotive industry to develop
improved emission technologies.!? Current and future regulations aim for nearly zero emissions, which
requires the development of effective technologies for NO, abatement during the cold start period of a
vehicle operation. Current NOy control for lean-burn diesel exhaust is achieved by either NO, storage and
reduction (NSR) catalysts or selective catalytic reduction (SCR) catalysts using urea as the reducing agent.*
5 Unfortunately, both technologies are ineffective for NO, abatement at temperatures below 200°C due to
the slow oxidation of NO to NO,, the unsatisfactory activity of NO reduction, incomplete decomposition

of urea to gaseous NH3, and the potential deactivation due to ammonium-nitrate salts deposition.®'?

One feasible strategy is passive NOx adsorption (PNA), which traps NO; at low temperatures and
releases it thermally at high temperatures where NSR or SCR catalysts start working. Johnson Matthey Inc.
first reported the potential of zeolite supported Pd catalysts as efficient NO storage materials.!! Unlike CeO,
supported Pd, which is severely deactivated with sulfur,'? the exchanged Pd ions located inside the zeolites
retain their NO storage capacities even after sulfation. (Our recent study on single Ru site for NO storage
revisited the potential of CeO»-based materials for industrial application.!®) Subsequent multiple studies
commonly showed that highly dispersed Pd*" ions in cationic positions of zeolites are the sites for NO
adsorption.'*!® Until recently, Pd/zeolite materials have been actively studied not only as a NOx adsorber

but also as a catalyst for oxidation of unburned methane and carbon monoxide.!”""’

Initially, researchers focused on how Pd could be well dispersed in small pore zeolites to increase
NO storage capacity with maximum atom efficiency. Although small pore zeolites with excellent
hydrothermal stability were justly preferred as supports for PNA materials,? it was difficult to disperse Pd
ions within zeolites due to the clustering of PdO species. Our studies, in which we systematically altered
the Si to Al ratio of SSZ-13 zeolites established that hydrophilic, i.e., Al-rich zeolites, were preferred for
dispersing Pd?** ions without formation of large PdO clusters.?! In addition, coordination of Pd** ions with
NH; ligands in precursor solution was found to be essential for achieving high dispersion in incipient
wetness impregnation method. One of the interesting properties of supported Pd materials is the dynamic
nature of Pd active species, which is usually accompanied by significant changes in their dispersion.?2-2¢
Such changes originate from transformation between PdO and Pd phase depending on oxidizing or reducing
atmosphere and the presence of anchoring sites for certain Pd species. For example, agglomerated PdO on
the external surface can reversibly disperse into the zeolite with high temperature treatment, which is
believed to be driven by the interaction between acid sites of zeolite and basic PdO.?” Ryou et al. observed

that hydrothermal aging of Pd/SSZ-13 containing PdO could redisperse PdO to Pd*" ions within the zeolite

structure.”® QOur earlier work, however, have shown that hydrothermal aging of Pd/zeolites containing
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dominantly Pd** ions resulted in the formation of PdO clusters.?’ This shows that the distribution of PdO
and Pd determined by hydrothermal treatment is strongly influenced by the initial state of Pd. In fact, a
recent study demonstrated that high temperature treatment without water is also effective in redispersing
PdO into Pd*" ions in SSZ-13 zeolites.*® Interestingly, our recent study observed that high temperature

treatment could not only disperse PdO but also affect the distribution of Pd** ions in FER zeolites.'®

Dispersed Pd?* ions anchored at negatively charged AlO4 sites within the zeolite frameworks are
known to effectively adsorb NO under dry conditions. Under wet conditions, however, the ratio of adsorbed
NO to Pd drastically decreases due to the competitive coordination of H,O molecules to Pd*>" ions.'* Our
earlier work found that the addition of CO improved the PNA storage capacity of Pd/SSZ-13 in the presence
of H,O, which was explained by the formation of a carbonyl-nitrosyl complex, i.e., Pd**(NO)(CO)."* This
complex was consistently observed for other Pd/zeolites, including BEA, SSZ-39, and FER, and was
suggested to be responsible for NO storage with the aid of static IR.!7!%3! Meanwhile, several studies raised
the possibility that the reducing effect of CO on Pd** ions could be responsible for promotion of NO
adsorption by CO.*?3* The existence of Pd*(NO)(CO) complex under practical conditions was also
observed: however, some groups observed the complex but some did not in the in situ DRIFTS

experiments. =37

In this study, we performed systematic diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) measurements over Pd/SSZ-13 materials to understand how CO promotion occurs during NO
adsorption and to elucidate the role of Pd**(NO)(CO) complex in passive NO, adsorption. The issues to be
addressed in this work include the following clarifications: (i) whether the Pd*(NO)(CO) complex actually
present at temperatures near 100°C in Pd/SSZ-13 under the simulated exhaust gas or not, and (ii) how the
state of Pd** ions can change upon exposure to H,O, NO, and CO. Valuable information was obtained by
comparing the absorption spectra for hydrated Pd/SSZ-13, which has condensed water in its micropore, to
those for “normal” dehydrated Pd/SSZ-13 pretreated at high temperatures. This work contributes to the
understanding of the state of Pd ions and their coordination environment in the zeolite framework, which

is necessary for designing efficient NO, storage materials for practical applications.

2. Experimental methods

The Pd/SSZ-13 material used throughout this work is the same material whose preparation method
was detailed in our previous studies.?"> ?° Briefly, NHs-SSZ-13 with Si to Al ratio of 6 was prepared by
hydrothermal synthesis of Na-SSZ-13 and its subsequent ion-exchange with NH4NOs aqueous solution.
Pd/SSZ-13 with 3 wt.% Pd loadings were prepared by modified ion exchange method using an aqueous 10



wt.% tetraamminepalladium(II) nitrate solution. A minimum amount of the Pd precursor solution was added
to the NHy-zeolite in the amount equivalent to the micropore volume of the zeolite. The thick paste was
mixed and stirred vigorously followed by calcination in air at 700°C for 5 h with the ramping rate of
2°C/min. Sample stored in vial was thermally treated at 700°C for 1 h in static oven to oxidize any

impurities before DRIFTS experiments and stored in vial again in ambient conditions.

The in situ diffuse reflectance IR measurements were performed in a commercial praying mantis
DRIFTS cell with ZnSe window. The IR spectra were collected on Nicolet iS50 FT-IR (Thermo Fisher
Scientific Co., USA) spectrometer equipped with a liquid nitrogen-cooled MCT detector. Each spectrum
was obtained as the average of 32 scans with 4 cm™' resolution. A background spectrum was recorded with
KBr powder at temperatures where measurements were conducted. The space through which the IR beam
passes on both sides of the reactor window was continuously purged with nitrogen to maintain a constant
background. In a typical experiment, the body of the sample cup was filled with a-alumina powder. Then,
a thin layer of sample was spread over it and pressed firmly. Gas stream through the DRIFTS cell was
controlled by mass flow controllers. The outlet of the DRIFTS cell was connected to a quadrupole mass
spectrometer (Hiden Analytical). For dehydration of the zeolite, the cell was heated to 450°C with the
ramping rate of 10°C/min and held at 450°C for 30 min in 1.5% O»/He flow. When conducting gas
adsorption on hydrated zeolite, the sample was only heated to the target temperature (usually 100°C) and
held for 30 min without any additional thermal treatment. H,O was injected by flowing the gas through a
glass bubbler filled with distilled water. The concentration of water was controlled by varying temperature

of bubbler from 0°C to RT.



3. Results and discussion

3.1. Formation of Pd?"(NO)(CO) complex under dry condition
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Figure 1. Series of DRIFT spectra collected after exposure of dehydrated (450°C under 1.5% O,) Pd/SSZ-13 to
200ppm NO + 1.5% O, at 100°C.

The Pd/SSZ-13 sample kept in ambient air is always fully hydrated due to the hydrophilic nature of the
zeolite framework (Si/Al~6).3® The sample was pretreated at high temperature before gas adsorption
measurement to remove H,O molecules coordinated onto Pd** ions. IR spectra of the Pd/SSZ-13 obtained
at 100°C before and after dehydration are shown in Figure S1. The broad band in the range of 2200 to 3800
cm’! represents the various OH groups contained in zeolite, including silanols and zeolitic OH groups that
interact with H,O molecules via hydrogen bonding.*®** A distinct IR band centered at 1630 cm™! is the
bending mode of adsorbed H»O. The dehydration process clearly removes these features of adsorbed water.
Another noticeable change caused by dehydration is the conversion of a relatively broad band near 924 cm-
! to a sharp band at 910 cm™. Both bands are related to the presence of Pd*" ions because they are not
observed in H/SSZ-13. In fact, this change is quite analogous to the case of Cu ion-exchanged SSZ-13
zeolite as described in our prior work.*® It has been reported that certain framework vibrational modes, v(T-
O-T), of zeolites are sensitive to the charge compensating cations, thereby inducing perturbed vibrational

features located between 850 and 950 cm™.4%4! The perturbation band of hydrated Cu?** ions appears around
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950 cm™ for the case of Cu/SSZ-13, while it gradually changes to intense feature of naked Cu?* ion near
900 cm™ with dehydration. Although the exact reason of such intensity variations of the framework
vibrations are not clearly understood, we tentatively assign the band around 924 cm™' to T-O-T vibrations
perturbed by hydrated Pd** ions and the band at 910 cm™ to naked Pd*" ions closely interacting with the

negatively charged framework.

NO adsorption in the presence of oxygen was conducted over dehydrated Pd/SSZ-13 by flowing a
200 ppm NO + 1.5 % O, mixture at 100°C (Figure 1). Exposure to this gas stream for 20 min was sufficient
to reach adsorption equilibrium under these conditions. The typical two sharp nitrosyl bands at 1863 and
1810 cm™ grew rapidly, which were previously assigned to the N-O vibrations in Pd**-NO and Pd*-NO
complexes, respectively.!* ** The broad band centered at 2186 cm™ represents nitrosonium ions (NO")
formed by the replacement of Brensted acid sites (H") in the zeolite.** Such oxidation of NO to NO* should
be coupled with the reduction of Pd** to Pd" or the reduction of O, to H,O. In fact, the peak of adsorbed
H,O at 1640 cm™ and broad band from 2200 to 3800 cm™! increase with NO adsorption, which indicates
the formation of H,O. There is general agreement that the peak at 1863 cm™! represents chemisorbed NO
on cationic Pd** sites,'> ?% 3542 but it is quite complex to find the origin of the band at 1810 cm™. Our earlier
static IR results on Pd/SSZ-13 under exclusively moisture-free conditions showed that pulses of NO
initially lead to the appearance of only the 1865 cm™ band: Its decrease within very short time coincides
with the appearance and increase of intensity of the bands at 1805 and 2160 cm™.*? Such decrease in Pd**-
NO accompanied by NO* formation implies that the 1805 cm™ feature is related to Pd*-NO. This is a
definitive proof that NO radical is able to transfer its free electron to the redox-active metal situated in the
zeolite, be it Pd(II) or Cu(II).* Interestingly, a recent study on Pd/SSZ-39 showed the increase of 1810 cm”
! feature without the formation of NO* species, which suggests the possible assignment of 1810 cm! feature
as Pd?*(OH)NO.!” Mandal et al. also suggested that the band at 1818 cm™ on Pd/SSZ-13 was related to
hydration of Pd?" ions in the presence of water.>® This implies that various kinds of NO species have similar
N-O frequencies in the 1810+10 cm™ wavenumber region. The band of framework vibration perturbed by
Pd>" ions at 910 cm™! gradually decreases in intensity with NO adsorption. The peak at 975 cm™! appeared
at the same time, which can tentatively be assigned as perturbed framework vibration by Pd**-NO. Similar
perturbation of divalent cation with coordinating molecule was previously observed for Co-ion exchanged
ferrierite.*! It is worth noting that the perturbation peak of the naked Pd** ion does not completely disappear
even after NO adsorption for 20min. The small remaining peak disappears quickly only when CO is added
to the NO stream (Figure 2b), indicating the interaction between the Pd** ions and the framework is

weakened.
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Figure 2. Series of DRIFT spectra collected from dehydrated (450°C under 1.5% O,) Pd/SSZ-13 at 100°C. After pre-
adsorption of 200ppm NO + 1.5% O, (a, b) the sample was exposed to CO with varying concentration from 150 to
2000 ppm. (c) Then, CO was removed from the NO+O; feed.

The addition of CO leads to the formation of Pd**(NO)(CO) complex evidenced by the
development of IR features at 2148 and 1801 cm™! (Figure 2a). As the CO concentration increases from 150
to 2000 ppm, the amount of Pd**(NO)(CO) increases with a decrease in the Pd**-NO peak at 1863 cm.
This observation is consistent with our previous data obtained from static FTIR experiments.!> One
interesting observation is the behavior of the NO* band at 2190 cm™!, which gradually diminishes with
increasing CO pressure. Considering that no adsorbed CO was found when flowing CO on bare H-zeolite
at 100°C, the above phenomenon cannot be the simple replacement of NO* with CO-related adsorbates.
One possibility is that desorption of NO* species to NO and NO; are facilitated with a trace amount of H,O
contained in CO gas, i.e., 2NO* + H,O — 2H" + NO + NO». When CO is removed from the NO+O stream,
the Pd**(NO)(CO) complex progressively decomposes and the Pd**-NO peak is fully restored (Figure 2c¢).
Note that an identical trend was also observed under vacuum condition in the static IR experiments. '’ First,
this observation shows different binding strengths of NO vs. CO ligands in Pd**(NO)(CO) complex under
these conditions, consistent with earlier findings that NO, unlike CO, does not adsorb linearly and
chemisorbs with the formation of a full sigma-bond via coupling of its unpaired electron with Pd electron
and assuming a bent configuration.* Second, Pd?>*-NO peak is exactly the same before and after CO

addition, which means that CO does not replace NO bound to Pd*"ions, and CO does not reduce Pd** ions.

3.2. Effects of CO on NO adsorption in hydrated Pd/SSZ-13



A series of experiments for dehydrated Pd/SSZ-13 ascertain the presence of Pd**(NO)(CO)
complex on naked Pd** ions. Identical experiments were performed on hydrated Pd/SSZ-13 without thermal
treatment: it is established that in this case most of the Pd** ions are coordinated with water condensed in
the micropores. In these experiments, Pd/SSZ-13 loaded in the DRIFTS cell was heated up to 100°C and
held for 35 min under 1.5% O»/He flow (Figure S2). With a slight decrease in the 3000 to 3500 cm™! band,
the features of the Fermi resonance between adsorbed water molecules and hydroxyl groups in framework
at 2400 and 3000 cm™! becomes more distinct at 100°C.* Also, the perturbation of hydrated Pd** ions at
942 cm! shifted to 915 cm™ with a slight decrease. These overall changes indicate that some of the
physically adsorbed water inside the micropores adjacent to hydrated Pd>" ions was desorbed at 100°C.
Compared to the spectra of fully dehydrated samples (Figure S1), however, it is obvious that most of the

water is still present in the zeolite after holding the sample at 100°C for 35 min.
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Figure 3. Series of DRIFT spectra collected for hydrated Pd/SSZ-13 at 100°C without dehydration. (a) Spectra
obtained during adsorption of 200ppm NO + 1.5% O, at 100°C. Subsequently, (b) sample was exposed to CO with
varying concentration from 150 to 2000 ppm. (c) Then, sample was heated to 300°C under CO+NO+O; flow.

The amount of adsorbed NO on hydrated zeolite dropped to less than half of the dehydrated zeolite
(Figure 3a). Such limited NO adsorption occurs because H>O molecules shielding Pd** ions make it difficult
for the NO molecules to coordinate. This may be due only to kinetic limitations, which is attributed to high
concentration of H,O compared to NO, because the binding of Pd**-NO is thermodynamically more stable
than Pd**-H,O as calculated in our earlier work.*? The absence of the NO* band near 2186 cm™! is the result
of strong coordination of H>O to Brensted acid sites. The 1640 cm™ band of H>O no longer grows during
NO adsorption, for the same reason. The addition of 150 ppm CO abruptly increases the intensities of both
Pd?*-NO bands, consistent with the observed increase in NO, storage in the presence of CO in typical PNA



experiments (Figure 3b). This clearly demonstrates that the presence of CO promotes NO storage in the
form of Pd**-NO and not Pd*-NO. Interestingly, at the low CO partial pressure of 150 ppm large increases
in the intensities of the Pd?>*-NO bands at 1863 and 1810 cm™ is observed primarily. When the CO pressure
was increased to 1000 ppm the intensity of the 1863 ¢cm™! feature decreased concomitant with an increase
of the 1801 ¢cm™! band, evidencing the formation of the Pd**(NO)(CO) complex (2148, 1801 cm™'). After
co-adsorption of NO and CO, the cell was heated from 100 to 300°C while maintaining the NO, CO, and
oxygen flows (Figure 3c). The Pd**(NO)(CO) complex is easy to decompose reflecting its low stability at
elevated temperature (the intensity of the 2148 c¢cm™ IR feature decreased dramatically as the sample
temperature reached 200°C). The base line shift above 2000 cm™ is related to the desorption of water. Such
dehydration produces more “naked” Pd** ions, resulting in a transient increase in the Pd**-NO band at 1858

cml.
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Figure 4. Series of DRIFT spectra collected at RT for re-oxidized (450°C, 1.5% O,) Pd/SSZ-13. Sample was purged
with He after CO adsorption under 2000ppm CO + 1.5% O».

3.3. Conversion of Pd**-carbonyl to Pd**(NO)(CO) complex

After re-oxidizing the Pd/SSZ-13 sample under 1.5 % O, at 450°C, the cell was cooled to ambient
temperature for CO adsorption (Figure 4). The most intense peaks located at 2211 and 2192 cm™! represent

dicarbonyl complexes of Pd** ions.*? These high wavenumber features have previously been assigned to



dicarbonyl Pd*" species.*® Our recent study, however, established that the negatively charged zeolite
framework acts as a weakly coordinating macroligand to naked super-electrophile Pd** that makes the C-O
stretching vibration of the Pd**-dicarbonyl species appear at extremely high wavenumbers.*? Peaks at 2145
and 2124 cm™ are assigned to Pd*"(OH)(CO) species, which are charge compensating 1Al sites. Note that
Pd?*(CO), cannot be observed when the Pd/SSZ-13 is exposed to 2000ppm CO at 100°C, because it is
thermally rather unstable. Purging the cell with He after CO adsorption results in the gradual (slow)

decomposition of Pd**-dicarbonyl species.
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Figure 5. Series of DRIFT spectra collected for re-oxidized (450°C, 1.5% O>) Pd/SSZ-13. 200ppm NO was added to
the sample after CO adsorption under 2000ppm CO + 1.5% O, at RT and subsequent He purging.

After CO adsorption and subsequent He purge, 200 ppm NO was introduced into the IR cell (Figure
5). The introduction of NO onto the CO-saturated Pd/SSZ-13 sample resulted in the fast intensity increase
of the 1796 cm! feature that has been assigned to the N-O vibration of the mixed-ligand Pd**(CO)(NO)
complex. Concomitantly, the intensity of the doublet feature (2192-2211 cm™) of the Pd**(CO), species
decreased while that of the 2148 cm™! band increased, indicating the conversion of the dicarbonyl complex
to the mixed-ligand carbonyl-nitrosyl complex. At longer NO exposure time the 1865 cm™ IR feature of
Pd**(NO) also increased. This can be explained by the slow, but continuous desorption of CO from the Pd**
adsorption sites, and/or by the oxidation of Pd(0) sites in the presence of NO to Pd*" and the subsequent
NO adsorption of the sites thus created (This may be substantiated by the disappearance of the IR band at
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~1900 cm! assigned to metallic Pd-adsorbed CO species). We conducted similar experiment at 100°C to
see whether the conversion of carbonyl Pd** can occur under PNA condition (Figure S3). In fact, the
conversion of Pd**-carbonyl to Pd**(NO)(CO) complex was much faster (completed in less than 30s) than
at RT. From these observations, we can deduce that once carbonyl Pd** ions are formed, they will be rapidly
converted into Pd**(NO)(CO) complex under PNA condition. Note that some of the formed Pd*"(NO)(CO)
can partially transform into Pd**-NO in the absence of CO (Figure S3).

3.4. Activation of hydrated Pd>" ions via Pd**(NO)(CO) route
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Figure 6. Series of DRIFT spectra collected for hydrated Pd/SSZ-13 at 15°C without dehydration. (a) Spectra obtained
during adsorption of 200ppm NO + 1.5% O, at 15°C. Subsequently, (b) 1000ppm CO was added to NO+O, flow at
same temperature, and (c) removal and reintroduction of CO was conducted.

The spectroscopic results presented in Figure 3 confirm the role of CO in accelerating the formation
of Pd?*-NO, which is kinetically limited in the presence of H>O. Our hypothesis is that on hydrated Pd**
ions it is difficult to adsorb NO and form Pd**-NO, and this process is likely activated by the transient
formation of Pd**(NO)(CO). The reason why Pd?>"(NO)(CO) was not the dominantly observed species
(Figure 3) is due to its instability as it easily decomposes into Pd?>*-NO under PNA condition in the presence
of low CO amounts (~200 ppm). To prove this, sequential adsorption of NO and CO on hydrated Pd/SSZ-
13 was performed at low temperature (15°C), where the Pd?>"(NO)(CO) complex is more stable than at
100°C. Another advantage of the low temperature experiments is that the reduction of Pd** ions by CO can

be minimized.
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The amount of NO adsorbed on hydrated zeolite at low temperature was much lower than at 100 °C
due to the large amount of moisture in the micropores (Figure 6a vs. results in Figure 3). The IR bands of
Pd?**-adsorbed NO are observed at 1876, 1831 cm! close to those seen at 100 C. Interestingly, addition of
CO to the NO+O, stream leads to the development of IR features at 2141 and 1778 cm™'. We assign this
feature to the hydrated mixed (CO)(NO) complex on Pd**, i.e., Pd*(NO)(CO)(H,0), (Figure 6b). This may
explain the ~20 cm! red shift of the N-O vibration (1796 vs 1778 cm™'). This is the first in situ observation
of the conversion of a hydrated Pd*" ion into a Pd>"(NO)(CO) complex. In contrast to the same experiment
conducted at 100°C, the Pd**(NO)(CO) complex no longer decomposes into Pd*>*-NO species. The small
band centered at 1946 cm™ is assigned to small metallic Pd clusters, which is formed by the reduction of
PdO clusters. Subsequent removal of CO from the gas stream leads to decomposition of the Pd**(NO)(CO)
complex and the appearance of a new peak centered at 1818 cm™ (Figure 6¢). This peak can undoubtedly
be identified as hydrated Pd**-NO. Note that similar assignment was also reported in a recent paper although
experimental conditions were different from those applied in this study.’> As shown in these spectra, the
promoting effect of CO on NO storage is maintained even after CO is removed, because the role of CO is
just to increase the formation rate of Pd**-NO by providing another pathway via Pd**(NO)(CO) complex
through which Pd?*-NO can be formed. The Pd**(NO)(CO) complex is completely recovered when CO was
reintroduced. This indicates that reversible transformation between hydrated Pd*(NO)(CO) and hydrated

Pd?*-NO is also possible in the presence of water in the zeolite.
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Figure 7. Effect of CO on dehydrated Pd/SSZ-13 was investigated by heating from 15 to 450°C under 2000ppm CO
in DRIFTS-MS. (a) Spectra were collected at 15°C after subsequent thermal treatments (1.5% O- at 500°C (Fresh),
2000ppm CO at 450°C, and 1.5% O; at 500°C again). (b) MS signals for CO and CO, during CO reduction for
dehydrated Pd/SSZ-13.

Several studies have emphasized the reduction of Pd** ions in Pd/SSZ-13 by CO and attempted to
correlate it with the promoting effect of CO on NO storage.**3* To thoroughly examine this possibility,
temperature-programmed reduction of Pd/SSZ-13 with CO was performed in the DRIFTS-MS setup
(Figure 7). Pd/zeolites usually contain some small PdO clusters inside the zeolite channels and/or at the
exterior of zeolite particles, which are hard to detect by bulk technique such as EXAFS and XRD. PdO
particles are readily reduced at lower temperatures compared to charge compensating Pd** ions.*%47-* When
dehydrated Pd/SSZ-13 is exposed to CO at 15°C, only slight CO, formation was observed probably due to
PdO reduction (Figure 7b). The main reduction peak is found around 270°C, which is much higher than the
temperature where NO, uptake is conducted during PNA. Since the promoting effect of CO was still
observed even at a low temperature where the reduction of Pd ions does not occur extensively, it seems that
the effect of CO has little relation to the reduction of Pd species at least for highly dispersed Pd/SSZ-13
material. One interesting observation is that only a fraction of Pd*" ions is reduced under 2000 ppm CO
flow up to 450°C (Figure 7a). The amount of Pd?*-dicarbonyl complex is significantly reduced, while that
of Pd*(OH)(CO) increased. At the same time there is an increase in the -OH intensity at 3605 and 3550
cm’! (Figure S4). Such formation of -OH groups mean there is a trace amount of H,O in the CO gas although
the experiment was conducted under dry condition. In fact, another cation, probably proton (H"), should be

present to charge compensate the zeolite framework after losing Pd** ions.
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Figure 8. Effect of CO on hydrated Pd/SSZ-13 was investigated by saturating zeolite with water before heating from
15 to 450°C under 2000ppm CO in DRIFTS-MS. Water saturation is conducted by exposing the sample under 2.8%
H>O for 10 min, then subsequently purging with He for 20 min. (a) Spectra were collected at 15°C after subsequent
thermal treatments (2000ppm CO at 450°C, and 1.5% O, at 500°C). (b) MS signals for H,O, CO and CO; during CO
reduction for hydrated Pd/SSZ-13.

It seems that Pd**(CO), complex can be reduced to Pd(0) in a large extent shown by the large decreases in
intensities of the doublet bands of this complex. This reduction leads to the appearance of the broad peak
between 1800-2000 cm! that can be assigned to multi-bound CO on metallic Pd. The Pd?>*(CO), complex
is reformed with its entire initial IR intensity after re-oxidation, indicating that the Pd** < Pd(0) cycle under
dry condition is completely reversible. However, the Pd**(OH)(CO) complex does not seem to reduce to

Pd(0) under these conditions.

Since the earlier studies on Pd/zeolites have reported that dispersed Pd ions in zeolites are easily
reduced and sintered into metallic Pd clusters by CO reduction,* *° we tried to find the reason for non-
reduced Pd ions in the above dry CO-TPR experiments. After saturating the oxidized (dehydrated) Pd/SSZ-
13 with CO at 15°C, we followed the changes in the IR spectra as a function of time as water was injected
onto the dehydrated zeolite sample (Figure S5). There is a sudden decrease in the intensities of IR bands
representing Pd*(CO), and Pd*(OH)(CO), while a broad band of metallic Pd cluster-bound CO
concomitantly appears at 1950 cm™. IR signals of gas phase CO, around 2350 cm™ are also detected during

the first few minutes. Such observations suggest that reduction of Pd ions can occur even at 15°C in the
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presence of water. In the following wet CO-TPR (Figure 8), the amounts of CO consumed, and CO, formed
largely increased. IR spectra also shows that both Pd**(CO), and Pd*(OH)(CO) can be fully reduced to
metallic Pd(0) (Figure 8a). This means that the reduction of Pd**(OH)(CO) complex requires the presence
of H>O. However, when this happens large Pd(0) “clusters” form as evidenced by the IR features at 1944
cm!, which is characteristic of CO bound to well defined metallic Pd particles in a bridged configuration.
These clusters cannot be completely redispersed into cationic positions by the re-oxidation at 500°C as
evidenced by the reduced intensities of the Pd*>"(CO), complex in Figure 8. This process seems to yield
larger PdO particles. Logically, Pd** ions bound to 2Al sites in zeolite framework cannot be reduced by CO.
Only oxygen containing species like PA(OH)" can be reduced to metallic Pd with the formation of CO; as
described in previous studies.!” If we assume that H>O can hydrolyze Pd**/2Al sites into Pd(OH)*/1Al and
H*/1Al sites, it is plausible to explain the results above: full reduction of Pd** can only occur for hydrated
zeolite. However, further investigation will be needed to support this model. Note that fully reduced
metallic Pd clusters can only partially recover to its initial state even after re-oxidation at 500°C (oxidation
at even higher temperature may promote full dispersion of Pd** ions). In conclusion, the results presented
in this part of the study clearly demonstrate that Pd*" ions (present either as Pd*" or Pd(OH)") in Pd/SSZ-
13 PNA materials can be reduced to metallic Pd. Full reduction, however, requires the presence of H,O and

elevated samples temperatures.

3.5. Effects of H,O on co-adsorption of CO and NO

The first step for activating hydrated Pd** ions is their coordination with CO ligands. To investigate
this process CO adsorption was performed on hydrated Pd/SSZ-13 at 100°C (Figure S6). Note that Pd?*-
dicarbonyl cannot be observed at this high temperature due to its unstable nature as mentioned before. Main
adsorption peaks under 150 ppm CO are found at 2134 and 2117 cm!, which can be assigned to Pd**-CO
or Pd**(OH)-CO, respectively. The additional peaks at 2145 and 2161 cm™! appear as the CO concentration
increases to 2000 ppm. This indicates the formation of polycarbonyl Pd** species, analogous to the case of
Pd/SSZ-39 that exhibited multiple peaks at 2163, 2153, and 2140 cm™! under high CO pressure.!” Based on
these observations and the results discussed in the previous paragraphs, the role of Pd**(NO)(CO) complex
in passive NO storage is suggested in Figure 9. The adsorption of NO on hydrated Pd*" ions is a slow
process kinetically limiting the NO storage capacity in the presence of H,O. In a CO+H,O gas stream
competition between CO and H»O takes place resulting in the formation of a complex with mixed H,O and
CO ligands bound to the Pd*" sites. However, once carbonyl Pd** species are formed they can be rapidly
converted into Pd?*(NO)(CO) complex. The stability of the thus formed Pd*>*(NO)(CO) complex depends

on the adsorption conditions: it is stable in the presence of CO in the gas stream, or, in the absence of CO,
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converts to Pd**(NO)(H>O).. High temperature and low CO pressure can facilitate the desorption of CO.
Thus, the critical role of CO is to provide an additional pathway for Pd**-NO formation with a lower energy

barrier.

Pd*"-(H,0),

$ Pd?* coordination
with CO

Pd2*-(CO),
Slow l Fast

Pd2*(NO)(CO)

) Keo=Przor Peo)

Pd?*-NO

Figure 9. The suggested role of Pd?*-CO-NO complex in activating hydrated Pd>" ion into Pd?>*-NO.

Although the series of experiments discussed above can explain the role of CO in the promotion of
NO uptake, one may consider another possibility, i.e., the role of a small amount of PdO clusters present in
the 3 wt.% Pd/SSZ-13 sample and its effect on NO adsorption. To minimize the potential effect of the trace
amount of PdO clusters, a 1 wt.% Pd/SSZ-13 sample was also tested under the same experimental
conditions as the 3 wt.% one (Figures S7-S8). Like the high Pd loading sample, hydrated Pd** ions, which
are ineffective for binding NO molecules, were activated by CO and form the same Pd**(NO)(CO) complex
observed in the high Pd loaded sample. Finally, we tested the promotional effect of CO on NO adsorption
in a gas mixture containing NO, CO, and H,O. After NO adsorption, the Pd/SSZ-13 was exposed to a gas
stream containing 0.5% of H>O (Figure 10a). The decrease in the intensity of the band at 1863 c¢cm™!
coincided with a slight increase in the band at 1810 cm™ after the initial 30s of H,O exposure. This
observation provides an evidence that the band centered at 1810 ¢cm™ assigned to Pd*-NO has some
additional components that can be promoted by water. One possibility is that part of this bands represents
hydrated Pd**-NO species, which was observed in 1818 cm™ in our studies at low (15°C) temperature. The
other possibility is a Pd>"(OH)(NO) complex that can be formed by the hydrolysis of Pd?*/2Al species. Our
earlier calculation results suggested the 1804 cm™! feature for Pd*-NO, 1828 cm! for Pd*(NO)(H,0), and
1796 cm! for Pd**(NO)(OH).*? Due to their very similar peak positions, it is quite difficult to make exact
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assignment for the nitrosyl band at 1810 cm™ in this experiment. Regardless of their identity, the broad

band at 1810 cm™ lost some of its intensity upon exposure to H>O due to formation of hydrated Pd** ions.
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Figure 10. (a) Series of DRIFT spectra collected for Pd/SSZ-13 at 100°C after dehydration. 0.5% H>O was added to
NO+O; stream after NO adsorption under 200ppm NO + 1.5% O, at 100°C for 30min. Then, (b) 150ppm CO was
added to H,O+NO+O, feed.

Like the experiments under dry condition, the addition of 150 ppm CO abruptly increases the Pd>'-
NO bands centered at 1810 cm™!, which is accompanied by the appearance of a small peak at 2143 cm’!
(Figure 10b). The peak at 2143 cm™ is the clear evidence for the formation of Pd*(NO)(CO) complex. In
fact, several reports observed similar spectra in in situ IR experiments,**3” but the very small intensity of
the 2143 ¢cm™! peak made it difficult to interpret. The small intensity of this band is simply due to the
competitive coordination of H,O and CO to Pd**-NO and the consequence that H>O concentration is usually
few percent while CO concentration is usually only few hundreds ppm. Although hydrated Pd** ions are
activated via Pd**(NO)(CO) complex, CO ligands can easily be displaced with H>O. In fact, the IR features
of Pd*(NO)(CO) complex become much stronger by simply increasing the CO concentration (Figure S9).
The removal of H,O from the gas stream converts hydrated Pd**-NO to H,O-free Pd**-NO species
evidenced by the development of two peaks at 1863 and 1810 cm™ (Figure S9). These peak positions are
exactly the same as the ones we first observed in NO adsorption under dry condition in Figure 1. Thus, CO

does not alter the chemical state of dispersed Pd*" ions even in the presence of H>O, if NO (and oxygen) is
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present in the gas stream. However, water promotes the reduction of Pd** ions by CO even at the low
temperature of 15°C (Figure 7-8). If Pd*" ions are similarly reduced under PNA stream containing CO, NO,
H,O, and O,, it is reasonable to think that NO adsorbed on metallic Pd should be dominantly observed. In
this study, however, we always observe the peak of Pd**(NO) at 1863 cm™! regardless of the presence or
absence of CO. The simplest explanation is that NO or oxygen can prevent the reduction of Pd ions by CO.
Further investigations would be needed to clarify this interesting phenomenon. Our work demonstrates that
DRIFTS results are consistent with the IR results obtained in a static system by selecting proper
experimental conditions. Also, clarification of the role of CO in NO storage will aid in the development of

efficient PNA materials.
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4. Conclusions

The promotion effect of CO on NO, storage capacity of model Pd/SSZ-13 PNA materials was
investigated with in situ DRIFTS. The formation of Pd*(NO)(CO) complex was clearly observable at
100°C in dehydrated Pd/SSZ-13 and favored by increasing CO concentration in the PNA stream. However,
the complex easily recovers to Pd**-NO in the absence of CO. For the hydrated Pd/SSZ-13 without
pretreatment at high temperature, the addition of CO clearly increases the amount of stored NO mainly in
the form of Pd?>*-NO, as well as small amounts of Pd**(NO)(CO) complex. However, at low temperature
where Pd*(NO)(CO) complex is rather stable, the addition of CO distinctly increases the amount of NO
storage only in the form of Pd*(NO)(CO) complex. The conversion of Pd**-(CO), to Pd**(NO)(CO) is
observed as a very fast process, and once formed the Pd**(NO)(CO) complex can further decompose to
Pd?*-NO in the absence of CO. These observations can explain why Pd?*(NO)(CO) complex is important
for activating hydrated Pd** ions into Pd**-NO species for NO storage in PNA. In addition, we found that
the reduction of Pd** ions by CO is limited without water in the micropores of zeolite. The reduction of
Pd** with CO is assisted by water and can occur even at the low temperature of 15°C. However, the Pd**-
NO is always observed regardless of the presence or absence of CO, which led us to deduce that the reducing
effect of CO would not satisfactorily explain the promoting role of CO in NO storage. Our findings are
useful for understanding the facilitating role of CO on a wide range of other zeolite-based NO, adsorption

materials.
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Figure S1. DRIFTS spectra of Pd/SSZ-13 collected at 100°C by using KBr background before and after dehydration
(450°C under 1.5% 0O,).

Figure S2. DRIFTS spectra of hydrated Pd/SSZ-13 during mild heat treatment at 100°C by using KBr background
(under 1.5% O,).

Figure S3. Series of DRIFTS spectra collected for Pd/SSZ-13 at 100°C after dehydration. 200ppm NO was added to
the sample after CO adsorption under 2000ppm CO + 1.5% O, at 100°C.

Figure S4. Effect of CO on dehydrated Pd/SSZ-13 was investigated by heating from 15 to 450°C under 2000ppm CO
in DRIFTS-MS. The spectra were collected at 15°C after subsequent thermal treatments (2000ppm CO at 450°C, and
1.5% O, at 500°C).

Figure S5. Series of DRIFTS spectra collected while saturating dehydrated Pd/SSZ-13 with H,O at 15°C after pre-
adsorption of CO. 0.5% H,O was flowed for 5 min and then removed while continuously flowing 2000ppm CO/He to
sample.

Figure S6. Series of DRIFTS spectra collected during CO+O> adsorption for hydrated Pd/SSZ-13 at 100°C.

Figure S7. (a) Series of DRIFTS spectra collected at 15°C during CO adsorption on dehydrated (500°C, 1.5% O>) 1
wt.% Pd/SSZ-13. (b) Spectra obtained during NO adsorption (200ppm NO, 1.5% O,) at 100°C on dehydrated 1 wt.%
Pd/SSZ-13.

Figure S8. Series of DRIFTS spectra collected for hydrated 1 wt.% Pd/SSZ-13 at 15°C without dehydration. (a)
Spectra obtained during adsorption of 200ppm NO + 1.5% O, at 15°C. Subsequently, (b) 1000ppm CO was added to
NO+O; flow at same temperature.

Figure S9. Series of DRIFTS spectra collected for Pd/SSZ-13 at 100°C. (a) After exposure to 0.5% H,0, 200ppm
NO, and 1.5% O,, sample was exposed to CO with varying concentration from 150 to 2000 ppm. (b) Then, H>O was
removed from the gas feed.
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Figure S1. DRIFTS spectra of Pd/SSZ-13 collected at 100°C by using KBr background before and after
dehydration (450°C under 1.5% O).
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Figure S2. DRIFTS spectra of hydrated Pd/SSZ-13 during mild heat treatment at 100°C by using KBr
background (under 1.5% O5).

25



] Dehydrated Pd/SSZ-13 —omin
0.9 4 Add NO on CO+O, at 100C —— 0.5min

— 1min

| 2min
0.8 3min
——4min
—— CO off

Absorbance/a.u.

T -
2000 1800

Wavenumber/cm’”

Figure S3. Series of DRIFTS spectra collected for Pd/SSZ-13 at 100°C after dehydration. 200ppm NO was
added to the sample after CO adsorption under 2000ppm CO + 1.5% O, at 100°C.
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Figure S4. Effect of CO on dehydrated Pd/SSZ-13 was investigated by heating from 15 to 450°C under
2000ppm CO in DRIFTS-MS. The spectra were collected at 15°C after subsequent thermal treatments
(2000ppm CO at 450°C, and 1.5% O> at 500°C).
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Figure S5. Series of DRIFTS spectra collected while saturating dehydrated Pd/SSZ-13 with H,O at 15°C
after pre-adsorption of CO. 0.5% H,O was flowed for 5 min and then removed while continuously flowing

2000ppm CO/He to sample.
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Figure S6. Series of DRIFTS spectra collected during CO+O, adsorption for hydrated Pd/SSZ-13 at 100°C.
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Figure S7. (a) Series of DRIFTS spectra collected at 15°C during CO adsorption on dehydrated (500°C,
1.5% O») 1 wt.% Pd/SSZ-13. (b) Spectra obtained during NO adsorption (200ppm NO, 1.5% O,) at 100°C

on dehydrated 1 wt.% Pd/SSZ-13.
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Figure S8. Series of DRIFTS spectra collected for hydrated 1 wt.% Pd/SSZ-13 at 15°C without dehydration.
(a) Spectra obtained during adsorption of 200ppm NO + 1.5% O, at 15°C. Subsequently, (b) 1000ppm CO
was added to NO+O- flow at same temperature.
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Figure S9. Series of DRIFTS spectra collected for Pd/SSZ-13 at 100°C. (a) After exposure to 0.5% H-O,
200ppm NO, and 1.5% O,, sample was exposed to CO with varying concentration from 150 to 2000 ppm.

(b) Then, H>O was removed from the gas feed.
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