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Abstract

Investigation of Passive NOx Storage on Pd/H-CHA: Effect of Water and Other Co-Adsorbates
by
Paul Kim
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Alexis T. Bell, Chair

Automotive exhaust contributes to air pollution through the emission of NOx, CO, and
hydrocarbons (HCs). Since the 1970s, catalytic converters, installed downstream of the engine,
have significantly reduced the emissions of these harmful pollutants by converting toxic gases
such as NOx to N2. However, to do so, catalytic converters need to reach a high enough temperature
to efficiently convert a high fraction of the NOx in the engine exhaust, which occurs during a “cold
start” of the engine. One way of handling this issue is to install a passive NOx adsorber (PNA),
between the catalytic converter and engine. The purpose of the PNA is to adsorb NO at lower
temperatures and release it once the catalytic converter is at a sufficiently high temperature. Pd/H-
CHA has attracted attention as a possible PNA because of its ability to adsorb NO strongly and its
hydrothermal stability. Despite the attention Pd/H-CHA has received, the mechanism by which
NO adsorption on this adsorbent occurs has been heavily debated in the literature; most of the
discussion focuses on the formation of Pd" cations, believed to be responsible for storing NO and
releasing at appropriately high temperatures. A second issue has centered on the interpretation of
peaks observed in infrared spectra of adsorbed NO and their assignment to NO adsorbed on Pd*
vs Pd*" The roles of CO and ethene in the stabilization of NO adsorption have also been a subject
of debate.

This dissertation is focused on uncovering the mechanism of NO adsorption on Pd-based
zeolites, specifically PdA/H-CHA. The emphasis is on investigating the influence of the various
components of exhaust gas (i.e. water, CO, ethene, air, and NO) to see how they affect the NO
release temperatures and the infrared spectrum of adsorbed NO. From observing the impact of co-
adsorbates, insights into the adsorption mechanism were obtained and used to propose elementary
processes by which NO adsorbs and desorbs from Pd/H-CHA. This understanding is essential for
determining the effectiveness of this adsorbent as a PNA material in terms of its ability to adsorb
NO and desorb it at temperatures above 573 K

Chapter 1 gives an overview of the literature concerning Pd/H-CHA and details what is
known and what is still controversial regarding the modes of NO adsorption, the oxidation state of
Pd, how Pd" is formed, and the interactions of CO and ethene with adsorbed NO. Pd/H-CHA is
well-suited for use in PNAs due to its combination of high capacity for NO storage and its
durability to hydrothermal aging and poisoning from other exhaust gas components. Theoretical
calculations have proposed that Pd* binds NO more strongly than other Pd states, such as Pd?",
PdO, and Pd nanoparticles. But observation of this oxidation state has eluded the field, and most
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evidence of this material is founded on indirect observation through theoretical calculations and,
for example, the production of NO> during the adsorption step. Electron paramagnetic resonance
spectroscopy has only identified Pd" in very restricted conditions outside the operating range of
PNAs. Another important factor to consider when studying NO storage on Pd is the impact other
co-adsorbates in the exhaust gas will have on total storage capacity. CO, H20O, and C2Hy are of
particular interest due to their proposed abilities to increase total NO storage capacity. The
mechanism by which these co-adsorbates increase storage is also debated, ranging from partial
reduction of Pd** to Pd" to the production of yet to be identified co-adsorbed complexes. The
literature surrounding NO adsorption on Pd-based zeolites has a wide variety of hypotheses. To
better understand the adsorption mechanism, this study seeks to reduce the complexity of the feed
conditions and propose reaction mechanisms, examining the effect of one adsorbate gas at a time.

Chapter 2 explores how NO adsorbs on Pd/H-CHA and the support zeolite, H-CHA. It was
determined that Pd improves the total adsorption capacity of the base zeolite, and is necessary for
high-temperature NO storage. The composition of the feed plays an important role in the
adsorption capabilities of Pd/H-CHA: in the presence of air, all of the adsorbed NO is released at
low temperatures (<573 K). A similar behavior in the temperature-programmed desorption (TPD)
spectra is also seen when NO is adsorbed from He. Water is found to be essential to produce the
sites that desorb NO at temperature >573 K. Pretreating Pd/H-CHA in water results in two NO
desorption peaks during TPD, one of which is observed at higher temperatures suitable for PNA
applications. Based on a combination of theoretical calculations and experimental results, it is
hypothesized that water reacts with NO and Pd?* cations to produce the Pd* cations, and these sites
are found to be responsible for high-temperature NO desorption. IR spectroscopy was used to
observe the frequency of N-O stretching vibrations. Evidence of NO bound on Pd can be found at
1860 cm™! and 1810 cm!. Further calculations revealed multiple possible Pd cation species
depending on their location in the CHA, that have overlapping, expected IR stretching frequencies.
In contrast to the literature, both experiments and theoretical calculations indicate that the two
bands observed cannot be assigned unambiguously to NO adsorbed on Pd** and Pd* cations.
Multiple NO-Pd*" and NO-Pd* species exist, differentiated by their location within the CHA, and
a mix of these complexes makeup the TPD peaks and the IR bands. However, experiments
designed to target Pd oxidation states could be used to support the formation of the Pd* cation. For
example, water can be introduced to Pd/H-CHA saturated with NO and used to selectively displace
NO that was stored on Pd*": the remaining NO is bound to only Pd" cations.

Chapter 3 complements the findings from the previous chapter and examines the influence
of carbon monoxide on the adsorption of NO. The impact of CO on the NO adsorption abilities of
Pd has been heavily debated in the literature. This co-adsorbate was of particular interest because
of one popular hypothesis that suggests that CO performs a similar function to that of NO by
partially reducing Pd** to Pd’. TPD experiments revealed that CO increases the amount of NO
desorbing at higher temperatures and decreases the amount of NO desorbing at lower temperatures.
The total NO stored during these tests does not change as a function of how CO is introduced,
demonstrating that CO does not increase the NO storage capacity, but redistributes the available
Pd cations between the two oxidation states. In addition, the lack of CO observed during TPD
indicates that CO does not form co-adsorbed complexes and bolsters NO storage by reacting with
Pd alone. Repeated NO storage cycles on Pd/H-CHA without any pretreatment or regenerative
steps were also studied. It is shown that without water in the pretreatment gas stream, the high-
temperature adsorption site, Pd" is lost after releasing NO. Theoretical calculations were used to
hypothesize that traces amounts of O, were sufficient to re-oxidize Pd* to Pd?* without the presence



of water. As a result, Pd/H-CHA cannot be used in successive storage cycles without the aid of a
pretreatment step to enable partial reduction of Pd?*. This phenomenon also impacts efforts
undertaken to identify Pd* via electron paramagnetic resonance spectroscopy. Since only a minute
amount of O is necessary the re-oxidize it to Pd*", it is very difficult to detect Pd".

Chapter 4 focuses on the effect of ethene, as a co-adsorbate. Ethene has been reported to
perform a similar function as CO and improve the NO storage capacity of Pd-exchanged zeolites.
In contrast to literature, TPD experiments show that ethene actually inhibits NO adsorption,
particularly the desorption at high-temperatures. Ethene competes with NO for low-temperature
adsorption sites (i.e. Pd*" sites), and reacts with NO to produce CO and methane. Ethene does not
adsorb on Brensted acid sites to a significant extent. Investigation of ethene storage on Pd/H-CHA
shows that ethene is primarily adsorbed but reacts during desorption to form CO. In addition,
exposure of the PA/H-CHA to ethene results in the formation of coke, which inhibits NO storage
in subsequent adsorption cycles. Other adsorption methodologies, such as co-adsorption of NO
and ethene or sequential adsorption of ethene and NO leads to a reduction in the NO storage
capacity. The NO helps oxidize ethene to CO and COx. IR spectroscopy was used to identify the
adsorbed species. Though no CO-Pd bands were bands were observed, bands attributed to ethene
adsorbed on Pd are observed. However, Pd/H-CHA suffers from coking due to exposure to ethene
that hurts its ability to store NO over several adsorption cycles; therefore, Pd/H-CHA functions as
an effective HC trap but at the expense of diminished NO storage.
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1 Introduction

1.1 Pd-based catalysts for passive NOx storage

Air pollution has detrimental effects on the environment, resulting in climate change and
substantial changes to global weather and temperatures. Of the many air pollution contributors,
transportation, and the high density of cars in urban areas in particular, has been one of the largest
sources of air pollution. Researchers and automakers are seeking ways to reduce the harmful
emissions from vehicles to protect the environment. A particularly effective strategy for dealing
with vehicular exhaust has been the three-way catalytic convertor. First installed in 1972, it has
led to orders of magnitude reductions in tailpipe emissions of CO, hydrocarbons (HC), and
nitrogen oxides NOx (x = 1,2).2° However, a remaining challenge in emissions control using
catalytic converters is the time required to reach efficient operating temperatures (>523 K).?
During this period, called the cold-start, the catalyst is not operating at its peak efficiency, and
pollutants escape unconverted into the air. Under Tier 3 regulations of the US Environmental
Protection Agency, automobiles will need to take additional steps to minimize the amount of NOx
and HC emitted during cold-start.?

One way to reduce NOx emissions during cold-start is to adsorb NO together with CO and
unburned hydrocarbons, and then to desorb these gases so that NO can be reduced in the catalytic
converter once it reaches a temperature of 523-573 K. This can be done using a PNA, a device
placed upstream of the catalytic converter that adsorbs NOx emissions while the converter is
heating up.* PNAs will capture NO at lower temperatures, in the temperature window of cold start,
and then release NO at appropriately high temperatures. This results in the release of any
unconverted NO, which can then be dealt with by the operating catalytic converter.

The PNA consists of a metal dispersed on a high surface area support, such as a zeolite or
mixed oxide.®> Research has been done on a number of both precious and transition metals for use
in PNAs.>8 Pd has been identified as a particularly attractive adsorbent for PNAs because of its
high capacity for NOx storage as molecular NO or as intermediates such as nitrites.”"!! Pd is also
more tolerant to sulfur poisoning compared to other precious metal candidates like Pt: this metal
has similar adsorption capacity and can be superior under the right conditions.!! However, Pt has
been reported to bind NO more strongly than Pd, resulting in higher desorption energies and thus
higher temperature requirements to release stored NO.!! The ideal adsorbent releases NO at around
473-573 K, corresponding with the peak efficiencies of catalytic converters.

The method by which Pd-based catalysts capture NO varies depending on a variety of
properties and the metal-support combination utilized. Feasible PNA development will require an
understanding of the NO adsorption reaction mechanism. Honda Motor Company has conducted
tests on Pd/ZSM-5, and shown that NO can be adsorbed without being oxidized to NO,.!2 Ji et al
have demonstrated that NO needs to adsorb in the form of a nitrite on Pd-promoted CeO>-ZrO»,
but is ultimately desorbed as NO at higher temperatures. Additionally, they have also reported the
benefits of co-adsorbed hydrocarbons (HC) alongside NO to improve not only the total storage but
also increase the desorption temperature. These results suggest that Pd-based PNA materials can
take advantage of HCs naturally present in exhaust gases to improve their storage properties.!!

There have been a number of articles analyzing the capabilities for NO storage of Pd-based
catalysts, but a fair amount of debate still exists about the state of Pd that enables adsorption and
how it is achieved.>!*!! Previous work in the Bell group has reported that the catalyst pretreatment
and Pd-loading can change the state of Pd.!* This work and prior studies also suggests that a
number of factors can impact the available Pd used for NO storage, and consequently, results differ



from one group to another depending on the method of catalyst preparation and pretreatment. Pd
for the most part is found to be present as isolated Pd cations, neutral PdOx species, and Pd
nanoparticles.!* The issues are further complicated by the fact that multiple states of Pd can exist
for a given Pd loading or pretreatment, and not all of the Pd may be able to adsorb NO at all. For
instance, PdO and Pd nanoparticles have been shown to be unable to adsorb NO.!>-!® This leaves
Pd cations as the primary adsorption species of interest.

The two oxidation states of most interest are the Pd*" and Pd" cations. Density functional
theory calculations have been conducted, and most of the literature has come to an agreement that
generally the Pd* cation will bind NO more strongly than Pd*".!°-2! Pd?* is commonly observed in
NO adsorption experiments.!!3!> However, the Pd* oxidation state has proven elusive. Though
many studies report the observation of Pd*, there is little direct evidence for this oxidation state
due to a lack of reference materials.!®*22* The strongest cases for the formation of Pd* come from
the production of NO; during the introduction of NO and electron paramagnetic resonance
experiments on Pd zeolites in conditions very different from cold start (e.g. pretreatment and
measurements taken at <107 torr).>>2> Additionally, most recent publications point to the
observation of an IR feature at around 1800 cm! as evidence for NO bound to Pd”. This band has
been corroborated by theoretical calculations.!”-*22% The assignment of these IR features, however,
are heavily debated and have been assigned to other possible NO adsorbed species such as NO
bound on Pd?* solvated in water molecules or a co-adsorbed complex of NO and OH on Pd?*.%20-26
Assigning the band near 1800 cm™! and finding additional methods to identify Pd* have been the
largest hurdles in developing an adsorption reaction mechanism for NO on Pd.

1.2 Zeolite supports for PNA

Zeolites have been a popular choice of support for Pd due to their durable framework
composition structures. These supports are crystalline, microporous silicoaluminates, possessing
various 3D pores, channels, and cages, and possess high surface area.?’ In addition to their use in
PNAs, zeolites have also been utilized as supports for selective catalytic reduction (SCR) of NO,
thanks to their stability and ability to limit the formation of side products like N2O.? The zeolite
chabazite (CHA) has been identified as the most suitable support for Pd based on a number of
characteristics. Its hydrothermal stability (stable up 1023 K for up to 16 h in air and water) makes
it a durable support that will not be in danger of dealumination during high temperature aging
treatments.?”-?%3% Their small pore size (0.22-0.39 nm) also inhibits Pd from agglomerating into
less active species. Larger pore sizes have also been reported to lower the desorption temperatures
of NO from the Pd zeolite.!®?!3! CHA also possesses a single Al site symmetry, which facilitates
conducting theoretical studies to support the hypotheses presented in this dissertation.?

Optimization of the zeolite support material is essential in order to maximize the cationic
Pd content without sacrificing the durability of the catalyst. While small pores can inhibit Pd
agglomeration, they increased risk of water condensation within the pores.** Another characteristic
of the zeolite is its Si/Al ratio. Lowering this ratio increases the amount of Al atoms in the zeolite,
which provides additional exchange sites for Pd and reduces the size of agglomerated Pd
clusters.!3* The former is particularly important for promoting the abundance of Al pairs that are
the most stable exchange sites for Pd.!*-* It also reduces the zeolite hydrophobicity, which makes
it easier for Pd to migrate deeper into the zeolite.>*3¢ Supports without any Al atoms adsorb little
to no NO.?” On the other hand, replacing more Si atoms with Al atoms in the zeolite reduces its
stability, and can result in a more fragile support that cannot withstand high temperature aging
treatments.*® Another factor to consider is the Pd weight loading. Too high of a concentration of
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Pd can be detrimental to the distribution of Pd species, since high weight loadings can result in Pd
agglomeration and, hence, less stabilization of extra-framework Pd cations.?**’ The ideal amount
of Pd loading lies between 1 and 2% weight.’* These factors will be considered when developing
Pd/H-CHA samples that are both durable and maximize the cationic Pd content.

1.3 Influence of co-adsorbates on NO storage

An additional consideration for PNAs is the composition of the exhaust gas: in addition to

NO, other gases such as HCs, CO, CO2, Oz, H>O flow through the adsorbent and can impact its
NO storage capabilities. One of the biggest questions regarding PNAs is whether the catalyst can
take advantage of these other gases to improve NO storage. For instance, some studies have
suggested that co-adsorbing HCs and CO together with NO can result in increased NO storage
capacity and also delay the desorption to higher temperatures.!”#14? At the same time, others have
reported detrimental effects of flowing co-adsorbates, such as water blocking adsorption sites on
Pd-based zeolites.>** Understanding how each of these co-adsorbates can impact NO storage will
aid in developing a mechanism for NO storage on Pd.

Various theories that have been proposed regarding the effect of CO on NO storage. Co-
adsorbed of CO with NO has been suggested to improve NO storage, but the mechanism still
debated. Theis and Ura have theorized that CO reacts with NO to produce isocyanate species that
are stored on Pd and decompose at high temperatures.** Other studies have suggested that CO and
NO form a co-adsorbed complex on Pd** that will then lead to NO desorption at higher
temperatures.?>* CO has also been theorized to partially reduce Pd** to Pd*, and thus increase
high temperature NO desorption by increasing the adsorption sites that bind NO more strongly.?34¢
This last theory is of particular interest due to its close ties to the hypothesis that Pd* is the high-
temperature desorption site. The observation of CO, while adsorbing NO on Pd/H-CHA has been
used as evidence that Pd* is formed from Pd?*.*647 In view of the various experimental studies of
CO and NO co-adsorption and the divergence in their interpretation, there is still motivation to
determine which of the proposed interpretations is right.

HCs such as ethene and propylene have been predicted to work similarly to CO in their
ability to improve NO adsorption.*”*® Ethene has been reported to aid in delaying NO desorption
by partially reducing Pd** to Pd*.>#74° Compared to CO however, ethene can compete with NO
for Pd adsorption sites and impact the durability of the catalyst over repeated adsorption cycles.’%>!
Propylene co-fed with NO on Pd/BEA had detrimental effects on the total NOy storage but shifts
more of the NO desorption to higher temperatures. The shift in desorption temperature is attributed
to a mix of propylene blocking BAS, which typically desorb NO at lower temperatures, and the
formation of propylene and NO complexes.*®3233 The role of HCs in NO storage has similar
questions as that of CO: though the effects are clearly observed during TPD, there are differences
in how to interpret the influence of these reductants on the Pd adsorption site. While there is some
evidence of the partial reduction of Pd due to the observation of acetaldehyde, most studies limit
their conclusions to the possible formation of HC-NO complexes.?**-* Therefore, uncovering
evidence for formation Pd" in the presence of HCs or identifying the co-adsorbed complex remains
a challenge in this field.

The influence of water has also been heavily studied as a part of the NO storage literature.
PNAs needs to be stable at high temperatures in wet feeds to be of practical use in vehicles. Not
only does water impact the availability of storage sites, but water can also adsorb on the Pd sites.
The importance of water in the pretreatment step prior to NO exposure in order to maximize the
total amount of available Pd cations has been noted.>® Others studies suggest that water poisons
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active Pd sites, resulting in further agglomeration and formation of inactive PdOy.>> Water can
outcompete NO for Brensted acid sites and Pd*" cations, inhibiting NO adsorption at these
sites.*#7 At the same time, water has also been reported to react or co-adsorb with NO on Pd
cations, resulting in one of the IR features reported.?®>¢ The dual effects of water are emblematic
of the difficulties in studying NO adsorption: the particular conditions used in each study lead to
different results. The aim of the present study was to develop a clearer understanding of the role
of water on the and the identify of Pd cations in Pd/H-CHA and the adsorption of NO on both
CHA and Pd cations exchanged into the zeolite.



2 Investigation of the Modes of NO Adsorption in Pd/H-CHA!

2.1 Abstract

This study investigates NO adsorption on Pd-exchanged chabazite (Pd/H-CHA), a promising
PNA for capturing cold-start NOx emissions of gasoline- and diesel-powered vehicles. TPD
and IR spectroscopy are combined with theoretical calculations to elucidate how and where NO is
stored, and how water and O affect this process. NO adsorption on Pd/H-CHA produces two TPD
features, around 423 and 753 K, and IR bands centered at 1860 and 1810 cm!. Calculated NO
stretching frequencies and maximum-desorption temperatures reveal that Pd** and Pd" sites are
responsible for these low- and high-temperature features, respectively, and that while the IR
feature at 1810 cm™ is due to NO adsorption on Pd*, the 1860 cm™! feature contains contributions
from both weakly-bound NO on Pd*" and more strongly-bound NO on Pd*, consistent with
experimentally observed effects of water and O».

2.2 Introduction

Several investigators have reported that the manner of Pd introduction onto a zeolite
support and the subsequent pretreatment and usage conditions affect the NO storage capacity and
release temperature of the PNA material.!>!>!8 These studies and others have also shown that Pd
can be present in multiple forms: isolated Pd cations (Pd**, Pd(OH)*, Pd"), PdOx (x = 1,2)
nanoparticles, and metallic Pd nanoparticles.?364¢-57-59 IR studies indicate that NO does not adsorb
on PdOy nanoparticles and adsorbs only weakly on metallic Pd nanoparticles.!®>%° Therefore,
isolated Pd cations are desired for PNAs, and the loss of such centers leads to a loss in the low-
temperature NO adsorption capacity of the PNA.!®

The critical role that isolated Pd cations have on NO adsorption is supported by recent work
on Pd/H-CHA samples prepared so as to have Pd present predominantly as isolated Pd cations.?®
IR spectra of adsorbed NO showed bands at 2170 cm™!, 1865 ¢cm™!, and 1805 ¢cm™!, which were
assigned to NO'Z-, (NO) Pd**(Z),, and (NO) Pd'Z, respectively, with the aid of DFT
calculations?62*6! (Z- denotes a cation-exchange site in the zeolite framework created by the
isomorphous substitution of tetravalent Si with trivalent Al). The presence of Pd** in as-prepared
Pd/H-CHA samples has been supported by X-ray photoelectron spectroscopy, X-ray absorption
spectroscopy, and diffuse reflectance UV-vis spectroscopy.!” Pd* cations have been suggested to
be produced upon NO adsorption via the reaction of Pd**(Z), + 2 NO — (NO) Pd* Z- + NO*Z,
based on the appearance of IR bands at 1805 cm™ and 2160 cm™!,?6 and as discussed below, recent
density functional theory (DFT) calculations that indicate that PA/H-CHA treated in water vapor
at high temperatures should thermodynamically favor the presence of Pd" cations. DFT
calculations using the GGA functional PW91-D2 by Khivantsev et al. have reported the electronic
energies for binding NO to Pd*" and Pd" cations as -226 kJ/mol and -192 kJ/mol, respectively.!”
However, Paolucci et al. have found that NO binding energies are highly sensitive to the choice of
density functional and that using GGA functionals can overestimate the NO binding strength by
up to 99 kJ/mol; hence, these authors report calculated NO binding energies of -175 kJ/mol for
Pd* and -70 kJ/mol for Pd** using the hybrid HSE06 functional.?

" This chapter was originally published in Applied Catalysis B: Environmental and had been adapted for inclusion in
this dissertation with permission from the coauthors J. Van der Mynsbrugge, H. Aljama, T. M. Lardinois, R.
Gounder, M. Head-Gordon, and A. T. Bell. Dr. Van der Mynsbrugge contributed the theoretical calculations and Dr.
Lardinois contributed the characterization of Pd/H-CHA.



Adsorption of NO on [Pd(OH)]" sites in Pd-exchanged zeolites has also been
proposed.??*#7 It has been hypothesized that [Pd(OH)]" is involved in the adsorption of NO, either
as an adsorption site or as a precursor to the formation of Pd" according to the reaction: NO + 2Z-
[Pd(OH)]" <> 2Z'Pd" + NO; + H>0.22?* On the other hand, Mandal et al. have concluded that
[Pd(OH)]* does not form on samples with Pd content lower than the number of paired Al sites, as
supported by DFT calculations and the absence of [Pd(OH)]* bands in IR spectra of Pd/H-CHA
acquired before and after NO.2° We also note that Khivantsev et al. have suggested that [Pd(OH)]*
adsorbs NO to form [Pd(OH)(NO)]".2° However, DFT studies reported by Van der Mynsbrugge et
al. suggest that in the presence of air and water, Pd*/H" and Pd** associated with pairs of Al atoms
in the 6-rings and 8-rings of CHA are the thermodynamically favored species.!” These calculations
also show that the stability of [Pd(OH)]" is lower than that of Pd*>* and Pd*/H" at Al pair sites, and
under the conditions used in experimental studies [Pd(OH)]" would readily react with the adjacent
H" to form a Pd** and water.

The influence of other gas phase species on the adsorption of NO has also been studied.
Water vapor present during NO adsorption has been reported to facilitate the mobility of PdO
particles, leading to redispersion of Pd as cations, !> and water vapor has also been found to displace
adsorbed NO from both the zeolite and Pd cations.** Oxygen, another component present in
automotive exhaust, can also impact NO adsorption by forming NOz, which has been reported as
a product upon NO desorption as well as an increase in the IR band associated with NO* on Pd/H-
ZSM-5.13 Oxygen also prevents the reduction of Pd cations to small Pd particles, which do not
adsorb NO.!32¢ Additionally, heating Pd-exchanged zeolites in O, has been shown to convert
metallic Pd nanoparticles to isolated Pd cations, thereby restoring the NO adsorption capacity of a
PNA following use.5?

Another factor influencing the adsorption of NO is the location where Pd cations are
exchanged into CHA. A recent theoretical study has shown that the relative stability Pd** and Pd*
in cation-exchange sites in CHA strongly depends on the location of the Al atoms in the
framework, as well as the operating conditions (e.g., exposure to water).!” Next-next-nearest
neighbor (NNNN) Al pairs (separated by two Si atoms) in the 6-membered ring provide four
zeolite oxygen atoms to coordinate Pd?* cations in an ideal square planar configuration. As a result,
Pd?" is significantly more stable than Pd" at these Al pairs, over a wide range of conditions. By
contrast, next-nearest neighbor (NNN) Al pairs (separated by a single Si atom) cannot provide the
ideal square planar coordination to stabilize Pd**, such that the relative stability of Pd* and Pd**
cations at these Al pairs depends on the temperature and partial pressure of water. The relative
amounts of Pd* and Pd** cations exchanged at NNN Al pairs can therefore be altered by varying
the temperature and partial pressure of water. The question of whether or not Pd" is present in as-
prepared and pretreated Pd/CHA remains open, as several authors have suggested based on
evidence inferred from IR spectroscopy that Pd* only forms upon NO adsorption via the process
Pd*(Z'), + 2 NO — (NO) Pd* Z + NO*Z"; however, direct evidence of Pd" in zeolites in the
absence of adsorbates has been reported by electron paramagnetic resonance spectroscopy
(EPR).22’26’63

The zeolite support onto which Pd cations are exchanged can also adsorb NO; hence, it is
important to understand what fraction of the NO adsorbed in a PNA material is associated with the
zeolite. IR spectroscopy has been used to identify the NO adsorption site in zeolites.%* The principal
feature observed in H-SSZ-13 (H-CHA) is a band at 2160 cm™ ascribed to NO*Z". It has been
suggested that this species forms via the reaction of two NO molecules (or NO and NOy) with two
Bronsted acid sites via 2 NO +2 H'Z"— 2 NO'Z + Hy or via NO + NO, + 2 H'Z- - 2 NO'Z +



H>O. The importance of proximate pairs of anion exchange sites to adsorb NO on acid sites in the
zeolite has also been reported.>

The present study was undertaken with the aim of identifying NO adsorption sites on Pd/H-
CHA and the effect of water vapor and oxygen on the sites to which NO adsorbs. This effort has
combined experimental studies and theoretical analysis based on DFT calculations. The questions
addressed are the effects of adsorbent pretreatment on the formation of NO adsorption sites on
both H-CHA and Pd/H-CHA, the relation between the oxidation state of Pd cations and the strength
of NO adsorption, the vibrational frequencies for adsorbed NO on various binding sites, and the
influence of H>O and Oz on NO adsorption on both H-CHA and Pd/H-CHA.

2.3 Experimental Methods
2.3.1 Adsorbent synthesis and characterization

The CHA zeolite (Si/Al = 12) was provided by BASF. This zeolite was the support utilized
for the experiments described below. Additional CHA zeolite (Si/Al = 14) was prepared and used
in experiments presented in the supplemental material. Palladium-exchanged zeolites were
prepared by incipient wetness impregnation.’* De-ionized water (18.2 MQ) was added drop-wise
to the NH4-form zeolite while stirring until the total pore volume reached saturation, evidenced by
a transformation from a powder-like substance to a liquid-like slurry. Assuming the same mass
uptake as water, a Pd(NH3)4(NO3), solution (10 wt%, Sigma-Aldrich) was appropriately diluted
with de-ionized water (18.2 MQ) to achieve a desired Pd loading, using the same deposition
procedure for the water-only trial. The Pd-form zeolite was dried in an oven at 393 K before
treating in flowing air (Air Zero, Indiana Oxygen, 6000 cm? h'! g'!) to 823 K (120 K h!) for 5 h.

The framework topology was characterized with ex situ powder XRD, using a Rigaku
Smartlab X-ray Diffractometer. Samples (0.01 g) were pressed onto low-dead volume holder
(Rigaku), and patterns were collected from 4-40° 26 with a scan rate of 60° h™! and a resolution of
0.01°.

Atomic absorption spectroscopy (AAS) was used to quantify the elemental contents using
a Perkin Elmer model Analyst 300. Samples (0.02-0.05 g) were digested with 2.5 g of hydrofluoric
acid (48 wt%, Alfa Aesar) for 3 days before diluting with 50 g of de-ionized water (18.2 MQ). The
Pd and Al contents in solution were determined by comparing to known elemental analysis
standards. The Si/Al ratio was estimated by subtracting the contribution of extraframework cations
and assuming a perfectly crystalline adsorbent with molar composition of [NH4"]x[Si1-0O02AlL]*".

The amounts of cationic Pd and agglomerated PdO domains were quantified using H:
temperature programmed reduction (TPR), using protocols we have reported previously.! H, TPR
characterizations were performed with a Micromeritics Autochem II 2920 Chemisorption
Analyzer, and H> consumption was quantified with a thermal conductivity detector (TCD). A TCD
response factor determined by flowing different partial pressures (0.1-5 kPa) of H» in balance Ar,
of which quantified a Micromeritics Ag>O standard within 10%. Zeolites (0.05-0.10 g) were
pretreated in flowing air (Air Zero, Indiana Oxygen, 1800 cm® h'!) to 473 K, 823 K, or 1023 K
(600 K h'!) for 1 h, cooled to 373 K before replacing the Air stream with Ar (UHP, Indiana
Oxygen), then cooled to 203 K using a Micromeritics Cyrocooler II accessory. The Ar stream was
replaced with 5 kPa H» in balance Ar (600 cm® h'!), then after achieving a stable TCD signal, the
sample was treated to 573 K (600 K h!). H> TPR profiles, quantifications, and discussion can be
found in the Supplemental Material (Section 2.8).



2.3.2 Temperature-programmed desorption (TPD) studies

All TPD studies were conducted in a quartz reactor. Typically, 100 mg of adsorbent were
loaded into the reactor. A quartz wool plug was placed below the bed to prevent the adsorbent
from entering the effluent gas line. Before NO adsorption measurements, the adsorbent underwent
hydrothermal aging (HTA) in a stream of air containing 5% water from 348 K to 773 K at 2 K/min.
The temperature was held at 773 K for 5 h, and then cooled back to 348 K in the absence of water
vapor.

For adsorption, a feed stream containing the adsorbate was flowed over the adsorbent at
348 K until adsorbent was saturated. The composition of the feed stream varies between a number
of experiments, and will be expanded upon in each section. The feed typically consisted of about
200 ppm of NO in a He flowing at 250 mL/min. 1000 ppm CH4 was added to the NO/He stream
as an inert tracer. He (purity of 99.999% from Praxair) was dried by passage through moisture trap
(Restek Moisture Trap, <10 ppb water) and NO (1.03% NO in He balance from Praxair) was
purified by passage through traps to remove moisture and NO; (Alltech Gas Drier, <l ppm NO;
and H>0). The air carrier gas provided by Praxair is rated as extra dry (<10 ppm H;O). The
adsorption of NO was monitored using an MKS 2030 Multigas analyzer, a non-dispersive infrared
(NDIR) spectroscopy instrument. The concentration of NO in the effluent was measured, and the
NO and CH4 were shut off once the effluent concentration of NO had reached the inlet value. The
adsorbent was then purged with He until the concentration of NO had returned to the level observed
before the start of the adsorption step. A purge stream of He (250 mL/min) was fed to the reactor
immediately after adsorption to remove any weakly-bound adsorbates. The adsorbed NO was
desorbed while the adsorbent was heated from 348 K to 773 K at 10 K/min, and then held at 773
K for 20 min. Throughout this period the concentration of NO and NO: in the effluent was
monitored by the Multigas analyzer. Following a TPD experiment, the adsorbent was treated in
one of several ways in order to prepare it for the next adsorption cycle. This typically involved
cooling the adsorbent from 773 K back to 348 K in a defined gas mixture (e.g., He, air, air plus
water vapor). This last step is referred to as a pretreatment, and for future discussion, the
pretreatment refers to the step performed before an adsorption measurement when the adsorbent
undergoes several adsorption/desorption cycles. Other pretreatment schemes involved the addition
of either air, or O», in He, and are detailed as they are discussed subsequently. In this study, cycles
typically refer to repeated experiments on the same adsorbent loading.

2.3.3 IR spectroscopy

The procedure for the initial treatment of Pd/H-CHA and pretreatment between NO
adsorption experiments is similar to that used for the TPD experiments. About 30 mg of adsorbent
was compressed into a pellet that was placed into a Harrick High Temperature cell with CaF;
windows. The cell was heated resistively and the temperature was monitored with a K-type
thermocouple. The adsorbent was exposed to NO for 15 min, after which the NO flow was stopped
and the TPD ramp was started. /n situ transmission IR experiments were conducted using a Nicolet
6700 spectrometer operated at 4 cm™! resolution. Each spectrum was obtained by averaging 256
scans. Background spectra of Pd/H-CHA, taken at the same temperatures as those at which spectra



were recorded during a TPD IR experiment, were subtracted from the spectra of NO adsorbed on
Pd-CHA. Additional baseline subtraction was conducted using Origin.

2.3.4 Theoretical calculations

The crystallographic structure of CHA was obtained from the database maintained by the
International Zeolite Association (IZA).%° A large cluster model containing 696 tetrahedral atoms
(T696) was constructed by selecting the framework atoms within a 25 A radius of a central cha
cage, and trimming the edges of the resulting fragment such that the cluster is terminated by double
six-ring units. This large model avoids any boundary effects and prevents the introduction of
unintended anisotropy in the description of long-range interactions.®¢

Al pairs were placed in various next-nearest neighbor (NNN), next-next-nearest neighbor
(NNNN) or next-next-next-nearest neighbor (NNNNN) configurations in the CHA framework.
The resulting double charge defects were compensated by either Pd*/H* or Pd**. A total of 16
structures in which the Pd cations are accessible from the cha cage were selected to model potential
NO adsorption sites. A hybrid quantum mechanics/molecular mechanics (QM/MM) approach was
applied to limit the computational expense. A smaller fragment of the zeolite cluster and the
adsorbates are treated quantum mechanically (QM), using the range-separated hybrid functional
®B97X-D¢7%8 combined with def2 basis sets, which include an effective core potential for Pd.
The QM region includes all neighboring T-atoms of each Al, as well as all Si and O atoms that are
part of the 4-, 6-or 8-ring(s) connecting the pair of Al atoms. Where necessary, the QM region was
extended further to fully account for the interactions of adsorbed NO with the zeolite framework.
The remainder of the large cluster model is treated using molecular mechanics (MM).%%70 Fig. 2.1
shows the T696 cluster model and highlights the 4-, 6- and 8-rings facing the cha cages. Geometry
optimizations and frequency calculations are performed at the ®B97X-D/def2-SV(P) level of
theory, followed by single-point energy refinements at the wB97M-V/def2-TZVPD level of
theory. Paolucci et al. have pointed out that binding energies of NO to Pd are particularly sensitive
to the choice of density functional.?’ In this study, we have selected the range-separated hybrid
meta GGA functional ®B97M-V7! to evaluate the energetics, because it has emerged as the overall
best performer out of the 200 density functionals evaluated by Mardirossian and Head-Gordon.”?
The MM region is described with a CHARMM-type force field using the P2 parameter set.” Initial
geometries were constructed with ZEOBUILDER.”! All QM/MM calculations were performed
with a developmental version of Q-Chem.”® Thermochemical quantities are calculated from a
normal mode analysis using the quasi-rigid rotor/harmonic oscillator approximation (RRHO)"*74
on the optimized structures.



1 [ =)

— T — \
{ central chg cage ?, !

/ﬂ G

1) -1

Figure 2.1: Left: T696 cluster model for CHA used in QM/MM calculations. Si atoms are represented in cyan, Al in
pink, O in red, H in white. The central CHA cage containing the adsorption sites is shown in bold lines. Right: 6-, 8-
and 4-rings in cha cage.

2.4 Results and Discussion
2.4.1 NO adsorption on H-CHA

NO adsorption on H-CHA (Si/Al = 12) was examined in order to characterize its interaction
with the zeolite support. Fig. 2.2 shows the TPD profile after NO adsorption on H-CHA. Both NO
and NO; were observed in the effluent in the ratio of 2/1, and the total amount of NO adsorbed is
5.4 umol NO per gram of adsorbent. This amount of adsorbed NO corresponds to about 7.3x10-3
mol NOx per mole of protons, indicating that only a small fraction of the zeolitic protons are
involved in NO adsorption.
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Figure 2.2: NO/NOz TPD profiles (a) and TPD IR spectra (b) for NO adsorbed on H-CHA. H-CHA was heated in air
from 348 K to 773 K at 2 K/min and held at 773 K for 1 h. The sample was then cooled in air from 773 K to 348 K.
Adsorption was from a flow of He (250 mL/min) containing 200 ppm of NO at 348 K. During TPD, the temperature
was ramped from 348 K to 773 K at 10 K/min and then held at 773 K for 20 min in He. The dashed line corresponds
to the maximum temperature of 773 K; the TPD profile beyond this line represents the continued temporal evolution
of the system at constant temperature. Nearly identical results were obtained over four adsorption-desorption cycles.
For the IR spectra, a reference spectrum was taken of H-CHA before NO adsorption, and then subtracted from the
spectrum taken after NO adsorption. Scans were taken every 100 K during which the temperature was ramped at 2.5
K/min in He.

Fig. 2.2 also shows the IR spectra taken during TPD. At 348 K, the bands observed are the
result of NO adsorption on H-CHA. The band at 2160 cm!, due to NO*Z-, appears to be comprised
of two components, reflecting somewhat different environments.>*’> The appearance of this band
is accompanied by a decrease in the band intensity at 3590 cm™! band due to Brensted acidic O-H
stretches.>® There is also an increase in a band 3670 cm™!, which is assigned to water adsorbed on
the zeolite.”® Additional evidence for the formation of water upon NO adsorption is the appearance
of broad bands located 2830 cm™!, 2390 cm!, and 1630 cm’!, all of which have been reported for
water strongly hydrogen-bonded to Brensted acid sites in H-CHA.”6-7® We note that the shape of
the broad centered at 1630 cm™! does not match that expected for water vapor adsorbed on H-CHA,
suggesting the presence of other species such as nitrates. The broad feature between 1500 and 1700
cm’! may also contain contributions from nitroso (NO>") and nitrates (NO3").23:767980 Thege latter
species very likely form during adsorption via the reaction of NO with small amounts of O»
retained on the sample from the pretreatment in air. During TPD, the features associated with
adsorbed NO and H>O are retained when the temperature rises to 373 K, but by 473 K, all of the
peaks have disappeared. This pattern is consistent with the TPD profile presented in Fig. 2.2a,
which shows that all NO and NO> desorbs by 473 K. It is also notable that the band at 3590 cm’!
for Brensted acidic OH groups is restored during desorption of NO, suggesting that these species
are associated with the adsorption of NO. This conclusion is confirmed by the observation that the
TPD profile in the TPD IR spectra in Fig. 2.2b is reproducible after multiple adsorption and
desorption cycles. Hadjiivanov et al. has proposed that NO and NO; react with two nearby
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Bronsted acid sites to form two NO™ bound to the zeolite, as well as a water molecule that is H-
bonded to another Bronsted acid site.>

The effect of water on NO adsorption on H-CHA was also investigated. To explore these
effects, NO was first adsorbed on H-CHA by exposure to 200 ppm of NO in He, and then to a He
stream containing 1% water for 10-20 min. After that, the sweep gas was switched to He and the
temperature was ramped from 348 K to 773 K. Exposure of the pre-adsorbed NO to water resulted
in the disappearance of the peaks for NO and NO; in the TPD profile. This figure is reported in
the SI (Fig. S2.2). These results are similar to those reported for zeolite BEA, which have shown
that water displaces NO adsorbed on the zeolite.* In addition, the inclusion of water in the
pretreatment also prevented any NO adsorption on H-CHA.

The effect of air on the adsorption of NO on H-CHA was also examined. As seen in Fig.
2.3a, the adsorption of NO from air resulted in the desorption of nearly equivalent amounts of NO
and NO; during TPD. The total amount of NOy adsorbed (as either NO or NO>) in this case is 63
umol of NOx per gram of adsorbent (5.7x10? mol NO/mol protons), which is considerably higher
than the amount for NO adsorbed from He, 5.4 pmol NOy/g of adsorbent (7.3x10~* mol NOx/mol
protons).> The appearance of equivalent amounts of NO and NO, during TPD suggests that a
fraction of the desorbing NO undergoes oxidation to NO,.

The TPD IR spectra for NO adsorbed from air onto H-CHA are shown in Figure 2.3b.
Similar to the TPD IR results for the case of NO adsorbed from He (Fig. 2.2b), all of the bands
disappear by 473 K. There is a sharp band at 2160 cm™! due to NO" adsorbed on the zeolite, and a
corresponding negative band at 3590 cm™! indicating the loss of Brensted acid sites. The band at
2160 cm! is also more intense when NO is adsorbed from air, supporting the mechanism proposed
by Hadjiivanov et al.>> When NO is adsorbed from air, the integrated area of the band for NO* is
4.8 times higher than that for NO adsorption from He, while the integrated area of the band for
water around 2890 cm! is about 3.0 times higher, which agrees semi-quantitatively with what
would be expected.>
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Figure 2.3: NO/NOz TPD profiles (a) and TPD IR spectra (b) for NO adsorbed on H-CHA. H-CHA was heated in air
348 K to 773 K at 2 K/min and held at 773 K for 1 h. The sample was then cooled in air from 773 K to 348 K.
Adsorption was from a flow of air (250 mL/min) containing 200 ppm of NO at 348 K. During TPD, the temperature
was ramped from 348 K to 773 K at 10 K/min and then held at 773 K for 20 min in air. The dashed line corresponds
to the maximum temperature of 773 K; the TPD profile beyond this line represents the continued temporal evolution
of the system at constant temperature. Nearly identical results were obtained over four adsorption-desorption cycles.
For the IR spectra, a reference spectrum was taken of H-CHA before NO adsorption, and then subtracted from the
spectrum taken after NO adsorption. Scans were taken every 100 K during which the temperature was ramped at 2.5
K/min.

2.4.2 NO adsorption on Pd/H-CHA

The adsorption of NO on Pd/H-CHA (Si/Al = 12, Pd/Al = 0.24) was investigated in order
to identify the different states of NO adsorbed on Pd cations and the influence of adsorbent
pretreatment on the distribution of these states of adsorbed NO. For these experiments, the
adsorbent was first heated to 773 K at 2 K/min in air containing 5% H>O, held at this temperature
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for 5 h, and then cooled to 348 K in dry air (anhydrous). This pretreatment was chosen to attempt
to maximize the amount of isolated Pd.! As seen in Fig. 2.4a, the TPD profile for NO adsorbed on
Pd/H-CHA exhibits two prominent NO desorption peaks: a low-temperature peak around 423 to
473 K and a broad high-temperature peak ranging from 550 to 900 K with a maximum at about
753 K. The low-temperature peak comprises 29% of the desorbed NO and the high-temperature
peak comprises 71%. No NO; was observed in the effluent during TPD. The total amount of NO
adsorbed on Pd/H-CHA is about 57 pmol of NO per gram of adsorbent, which corresponds to a
NO/Pd ratio of 0.73. This ratio agrees well with the fraction of isolated cations present in Pd/H-
CHA measured by H> temperature programmed reduction (0.79), suggesting that each Pd cation
adsorbs one NO molecule.

0.05
| | (a)
—~ 0.04
o)) |
“» 0.03 - |
IS ]
£ |
3 0.02 :
e ' I
< 0.01 1
] |
0.00 et —
350 450 550 650 750
Temperature (K)
0.3
— 348 K
——1373K <« 1860 cm-! (b)
| ——473kK
— 373K 1810 cm-!
v

Absorbance

0.0__...#_,_,_4#__'_-#;__
2000 1950 1900 1850 1800 1750 1700 1650 1600

Wavenumber (cm™)

Figure 2.4: The NO TPD profile (a) and the TPD IR spectra (b) for NO adsorbed on Pd/H-CHA. Pd/H-CHA was
heated in air and 5% H20 from 348 K to 773 K at 2 K/min and held at 773 K for 5 h. The sample was the cooled in
He and 5% H20 from 773 K to 348 K. NO adsorption was from a flow of He (250 mL/min) containing 200 ppm of
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NO at 348 K. During TPD, the temperature was ramped from 348 K to 773 K at 10 K/min and then held at 773 K for
20 min in He. The dashed line corresponds to the maximum temperature of 773 K; the TPD profile beyond this line
represents the continued temporal evolution of the system at constant temperature. Nearly identical results were
obtained over four adsorption-desorption cycles. For the IR spectra, a reference spectrum was taken of Pd/H-CHA
before NO adsorption, and then subtracted from the spectrum taken after NO adsorption. Scans were taken every 100
K during which the temperature was ramped at 2.5 K/min.

Fig. 2.4b shows the IR TPD spectra for NO adsorbed on Pd/H-CHA. For this experiment,
the adsorbent was heated to 773 K at 2 K/min in a flow of air containing 5% H>O and then held at
this temperature for 5 h, and then cooled to 348 K in air (not containing water vapor) and held at
this temperature for 5 h. After pretreatment, the sample was exposed to about 200 ppm NO in He
for about 15 min. The principal bands associated with adsorbed NO occur at 1860 cm™ and 1810
cm’!. Notably, the band at 2160 cm™! for NO*Z- is absent. We attribute this to the retention of water
vapor from the pretreatment step, which inhibits NO adsorption on the zeolite.** The bands at 1860
cm! and 1810 cm! have been observed previously in the IR spectrum of NO adsorbed on Pd-SSZ-
13 and have been assigned to NO adsorbed on Pd?* and Pd* cations, respectively, on the basis of
DFT calculations.?? The absence of a band at 2160 cm™! for zeolite-bound NO”, a consequence of
the pretreatment of Pd/H-CHA in a He/H>O mixture, indicates that all of the NOx that desorbs
during the TPD of Pd/H-CHA comes from NO adsorbed on Pd cations. As seen in Fig. S2.2, H-
CHA cannot adsorb NO when pretreated in He and H>O, due to water blocking BAS. Fig. 2.4b
also shows a broad band around 1600-1775 c¢cm™! attributable to water adsorbed on the zeolite
during the pretreatment step. This band is also observed prior to NO adsorption, and very little
NO: is observed during TPD. It’s likely that most of this band is adsorbed water and adsorbed
nitrates do not contribute significantly.?

IR TPD experiments were performed to observe how the band intensities change as a
function of temperature. Fig. 2.4b shows that the broad band at 1650 cm’!, due to water adsorbed
on the zeolite disappears between 358 K and 473 K, in agreement with previous observations.37®
More notably, the band at 1810 cm™! significantly weakens above 373 K and loses most of its
intensity by about 573 K. By contrast, the band at 1860 cm™! band only begins to lose intensity
above 573 K and is no longer visible by 773 K. The relationship between band assignment and
TPD behavior will be discussed in Section 2.5.

2.4.3 Effect of water on NO adsorption

Water vapor has been reported to affect the TPD profile of NO adsorbed on Pd-BEA.
Khivantsev et al. have shown that when NO is co-adsorbed with O, and H>O, only a high-
temperature NO TPD feature is observed above 473 K, and Chen et al. have shown that water
displaces the NO species responsible for the IR band at 1860 cm™!.2643 Consequently, we undertook
experiments to assess whether water displaces either of the two forms of adsorbed NO observed
during TPD and IR spectroscopy. The results of these experiments combined with theoretical
analysis, enabled identification of the Pd species on which NO is adsorbed and the effects of water
on the stability of adsorbed NO. Pd/H-CHA was pretreated by feeding a stream of air containing
5% water from 348 K to 773 K at 2 K/min. The temperature was held at 773 K for 5 h, and then
cooled back to 348 K in the absence of water vapor After pretreatment, Pd/H-CHA was exposed
to 200 ppm of NO in He, and then to a He stream containing 1% water for 20 min. After that, the
sweep gas was switched to He and the temperature was ramped from 348 K to 773 K. Fig. 2.5a
shows that exposure of the sample containing adsorbed NO to water vapor caused a complete
disappearance of the low-temperature NO desorption peak, but had no effect on the desorption of
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NO at higher temperatures. Fig. 2.5b also shows that pre-adsorbed NO desorbed from the sample
almost immediately after it was exposed to the He stream containing water vapor. In fact, the
amount of NO displaced by water vapor (12 umol NO per g of adsorbent and 0.15 NO/Pd)
corresponds closely to the amount of NO that would have desorbed in the low temperature NO
desorption peak in the absence of water exposure (16 pmol NO per g of adsorbent and 0.21
NO/Pd).
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Figure 2.5: (a) NO TPD profile for PdA/H-CHA without and with exposure of adsorbed NO to water vapor prior to the
onset of TPD. (b) The desorption of NO caused by exposure of NO adsorbed on Pd/H-CHA prior to the onset of TPD.
Pd/H-CHA was heated in air and 5% H20 from 348 K to 773 K at 2 K/min and held at 773 K for 5 h. After heating,
the sample was cooled in He and 5% H20 from 773 K to 348 K. NO adsorption was from a flow of He (250 mL/min)
containing 200 ppm of NO at 348 K. To observe the effects of water vapor on adsorbed NO on Pd/H-CHA, the flow
of NO in He was stopped and replaced by a He flow constraining 5% H2O at 348 K. The water exposure was held for
20 min, after which the water flow was stopped and TPD started. During TPD, the temperature was ramped from 348
K to 773 K at 10 K/min and then held at 773 K for 20 min in He. The dashed line corresponds to the maximum
temperature of 773 K; the TPD profile beyond this line represents the continued temporal evolution of the system at
constant temperature.
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Figure 2.6: IR spectra (a) and TPD IR profiles (b) for NO adsorbed on Pd/H-CHA. Pd/H-CHA was heated in air and
5% H20 348 K to 773 K at 2 K/min and then held at 773 K for 5 h. After heating, the sample was cooled in He and
5% H20 from 773 K to 348 K. NO adsorption was from a flow of He (250 mL/min) containing 200 ppm of NO at 348
K. To observe the effects of water vapor on adsorbed NO on Pd/H-CHA, the flow of NO in He was stopped and
replaced by a He flow constraining 5% H>O at 348 K. The water exposure was held for 20 min, after which the water
flow was stopped and the acquisition of TPD IR spectra was initiated. During TPD IR, the temperature was ramped
from 348 K to 773 K at 10 K/min and then held at 773 K for 20 min in He.
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Fig. 2.6a shows IR spectra of NO adsorbed on Pd/H-CHA taken before and after exposure
of the sample to water vapor. The spectrum recorded prior to water vapor exposure is identical to
that shown in Fig. 2.4b. After exposure to water vapor, the band at 1630 cm™! sharpens due to water
adsorption onto the Bronsted acid sites.> The band centered at 1860 cm'! loses intensity; however,
the band at 1810 cm™! is unaffected. Similar results have been reported by Mandal et al., who found
that increasing the concentration of water in the feed preferentially reduces the intensity of the
1860 cm! band compared to the 1810 cm™! band.?’ The loss in intensity of the band at 1860 cm™!
during water adsorption and the lack of NO desorption at low temperatures suggests that a portion
of the adsorbed NO contributing to the band at 1860 cm™ also contributes to low-temperature NO
desorption. The band at 1860 cm™! does not disappear completely, suggesting that it may comprise
multiples forms of adsorbed NO associated with Pd cations, as will be discussed below. The
absence of an effect of water exposure on the band at 1810 cm™! suggests that the NO-Pd species
contributing to this band and the part of the 1860 cm™! band unaffected by water vapor account for
the NO desorption observed above 500 K.

Fig. 2.6b also shows the IR spectra of adsorbed NO taken during TPD following the exposure
of adsorbed NO to water vapor. The band for water adsorbed on the zeolite disappears completely,
as soon as the temperature increases above 373 K. The bands remaining at 1860 cm™ and 1810
cm! follow a pattern very similar to that shown in Fig. 2.4b. With increasing temperature, the band
at 1810 cm! decreases first and loses intensity before the band at 1860 cm™! loses intensity. All IR
bands disappear by 773 K.

2.4.4 Effect of Oz on the adsorption of NO on Pd/H-CHA

Since air is present in automobile exhaust gas, it is important to determine how air affects
the adsorption of NO on Pd/H-CHA. For these experiments, NO was adsorbed on Pd/H-CHA from
flowing air stream using the same protocol described above for the adsorption of NO on H-CHA.
The results of these experiments are shown in Fig. 2.7.
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Figure 2.7: Comparison of NO and NO2 TPD profiles for NO adsorbed from air on Pd/H-CHA (a) and for NO adsorbed
from air on H-CHA (b) Pd/H-CHA was heated in air and 5% H>O from 348 K to 773 K at 2 K/min and then held at
773 K for 5 h. H-CHA was heated in air from 348 K to 773 K at 2 K/min and then held at 773 K for 1 h. Following
initial heating, both samples were cooled in air from 773 K to 348 K. Adsorption was from a flow of air (250 mL/min)
containing 200 ppm of NO at 348 K. During TPD, the temperature was ramped from 348 K to 773 K at 10 K/min and
then held at 773 K for 20 min in air. The dashed line corresponds to the maximum temperature of 773 K; the TPD
profile beyond this line represents the continued temporal evolution of the system at constant temperature.

When NO is adsorbed from air, the TPD profile shows prominent peaks for NO and NO;
centered at about 450 K. A smaller, broad feature is also observed for both species centered at
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about 575 K, but a large peak centered at 750 K is not observed, as otherwise appears in the TPD
profile of NO adsorbed from He (Fig. 2.4b). The total amount of NO desorbing as either NO or
NO:2 is 99 umol/g of adsorbent, which is 1.7 times larger than that for NO adsorbed on Pd/H-CHA
from He. Also plotted for comparison is the TPD profile for NO adsorbed from air taken for H-
CHA (see Fig. 2.3). While the shape and position of the low-temperature features for NO and NO»
are similar for Pd/H-CHA and H-CHA, the amounts desorbed at low temperatures for Pd/H-CHA
are smaller. As noted earlier, the amounts of NO and NO; desorbed from H-CHA are 31 umol per
gram of adsorbent and 32 umol per gram of adsorbent, respectively. This comparison suggests that
roughly one third of the NO/NO> desorbing from Pd/H-CHA may be due to NO/NO, adsorption
on the zeolite.
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Figure 2.8: (a) IR spectra of NO adsorbed from He or air on Pd/H-CHA. For the case of NO adsorption from He.
Pd/H-CHA was heated in air and 5% H2O from 348 K to 773 K at 2 K/min and held at 773 K for 5 h. In 8a, for the
NO adsorption from He, the sample was cooled in He and 5% H>O from 773 K to 348 K. For the NO adsorption from
air, the sample was cooled in air from 773 K to 348 K. Adsorption occurred at 348 K from a flow (250 mL/min)
containing 200 ppm NO in He or air. A reference spectrum was taken of Pd/H-CHA before NO adsorption and then
subtracted from the spectrum taken after NO adsorption. (b) TPD IR spectra taken during heating at a rate of 2.5 K/min
in flowing air (250 mL/min).

An IR spectrum of NO adsorbed on Pd/H-CHA from air is shown in Fig. 2.8a and the same
IR bands are present as were observed in the spectrum for NO adsorbed from He (Fig. 2.4b), except
that the band at 2160 cm™! is now significantly more intense. There is a small broad band around
1630 cm™!, attributable to water produced during the formation of NO*Z" and to nitrates formed
via the reaction of NO with O during NO adsorption.?*37-80 We also note that the appearance of
this band is accompanied by a loss in Brensted acidic O-H intensity upon NO adsorption. These
features are similar to those seen in Fig. 2.3 for the adsorption of NO from air on H-CHA. Fig.
2.8a also shows an apparent increase in the intensity of band at 1810 cm™! relative to that observed
for the case of NO adsorption from He. The increase is designated as apparent because a new,
broad band appears beneath the feature at 1810 cm™!, which on the low-wavenumber side extends
to 1750 cm™. The identity of this band is not known. Fig. 2.8b shows the TPD IR spectra taken
during NO desorption from Pd/H-CHA in flowing air. As seen in the TPD IR spectrum for H-CHA
(Fig. 2.2), the 2160 cm! band disappears by about 473 K, as does the broad feature at 1650 cm!
attributed to adsorbed water (which is likely associated with NO* formation).>® The two bands at
1860 cm™! and 1810 cm™ attenuate in a different manner compared to that seen in the IR TPD
spectra shown in Fig. 2.4b for NO adsorbed onto Pd/H-CHA from He. Both the band centered at
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1810 cm™! and the one centered at 1860 cm™! band disappear by around 573 K. This is consistent
with the TPD results but differs from the experiment in which NO is adsorbed from He; there, the
band at 1860 cm™! does not disappear until higher temperatures. The observed effect of O on the
adsorption of NO on the zeolite as NO* cations is very similar to that reported by Hadjiivanov et
al. for ZSM-5.%% The authors of this study propose that O» enhances the formation of NO* via the
reaction 2 H'Z" + 2 NO + 0.5 O —» 2 NO" Z" + H20. An assessment of this possibility and
alternatives are discussed below.

2.5 Theoretical Interpretation

2.5.1 NO adsorption in Pd/H-CHA

To elucidate which forms of adsorbed NO contribute to the low-temperature and high-
temperature features observed in the TPD experiments (see Fig. 2.4b), as well as the different
bands observed in the transmission IR experiments, theoretical calculations of NO adsorption on
a variety of Pd" and Pd*" sites, that can be expected to be present in Pd/H-CHA after the
pretreatment in wet air (T = 773 K and Pu2o = 5 kPa), were conducted. In a recent theoretical study,
it was shown that in the presence of air and water, Pd dispersed as Pd* and Pd*" cations is
thermodynamically most favorable at Al pairs in the 6-rings and 8-rings in CHA.!” The speciation
of Pd was found to be more sensitive to the partial pressure of water than that of oxygen.
Additionally, the preference for Pd* or Pd*" was found to depend strongly on the precise
configuration of the Al pair. These findings are illustrated in the phase diagrams shown in Fig. 2.9.
Because the NNNN Al pairs in the 6-ring allow for a near-perfect square planar coordination of
the Pd?* cation with four framework oxygen atoms, Pd?* is lower in free energy than the next most
favorable species at the NNNN Al pair by >30 kJ/mol over a wide range of conditions.
Consequently, it can be considered unchangeable throughout repeated adsorption-desorption-
regeneration cycles on the Pd/H-CHA samples. By contrast, at NNN Al pairs in the 6-ring or 8-
ring, Pd** and Pd*/H" might be interconverted depending on the temperature and the water partial
pressure. Finally, at NNNN and NNNNN Al pairs in the 8-ring, Pd*/H" is more favorable than
Pd?*, as the Al atoms in these configurations are too far apart to efficiently stabilize a single
divalent cation.
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Figure 2.9: [Pu20, T] phase diagrams showing the thermodynamically preferred Pd species at isolated Al and next-
nearest neighbor (NNN), next-next-nearest (NNNN) neighbor and next-next-next-nearest neighbor NNNNN) Al pair
in the 6- and 8-rings of CHA under flowing air (Poz2 = 20 kPa). Reprinted with permission from ref."”

In this study, we have examined NO adsorption and desorption from the Pd* and Pd** sites
predicted by the phase diagrams in Fig. 2.9 to be present at Al pairs in the 6-rings and 8-rings.
Additionally, we have considered Pd* and Pd*" sites that may be present due to NNN Al pairs in
the 4-rings and NNNN Al pairs spanning two or more adjacent rings, identified in a high-
throughput study on the stability of Pd cation sites in zeolites by Aljama et al.®! In these structures,
the charge-compensating Pd cations are also located in a nearby 6- or 8-ring, such that they are
accessible to adsorbates in the cha cage. Table 1 shows for each of the Pd sites considered in this
study the formation energy (AEfm) relative to the Bronsted acid protons at the same Al pair:

Pd) + H'H*(Z)2+ 0.25 Oz y— PAd"H"(Z)2+ 0.5 HyO) [2.1]
Pd) + H'H(Z)2+ 0.5 Oag))— Pd**(Z)2+ H2O(g) [2.2]

For all Al pairs except NNNN Al pairs in the 6-ring, the formation energy of Pd"H*(Z"), is
more negative than that of Pd?*(Z"),. For the NNN Al pairs in the 6-ring and the 8-ring, the
formation energy of Pd™H*(Z"), is lower than that of Pd**ZZ" by 50 kJ/mol and 30 kJ/mol,
respectively. As shown by the phase diagrams in Fig. 2.9, both Pd* and Pd*" sites may be present
at these Al pairs, depending on the temperature and the partial pressure of water. By contrast, for
the NNNN and NNNNN Al pairs in the 8-ring, for which the phase diagrams predict the presence
of only Pd* sites, the formation energy of Pd*H"(Z"); is 165-199 kJ/mol lower than that of Pd**(Z"
)2. Consequently, we can reasonably expect that both Pd* and Pd*" sites may occur at the NNN Al
pairs in the 4-ring and the NNNN Al pairs in adjacent rings for which the formation energy of

20



Pd?*(Z), is at most 50 kJ/mol higher than that of Pd*H*(Z),. A schematic representation of the
various Al pairs is included in the Supplemental Material (Fig. S2.5).

Table 2.1: Formation energies (AEfom) in kJ/mol for Pd* and Pd?" sites relative to the Bronsted acid protons at the
same Al pair reported in ref. [19] (T) and ref. [81] (}).

Pd" H'(Z ), PA*(Z):

6-ring’

NNN -266 -215
NNNN -245 -303
8-ring'

NNN -220 -181
NNNN -238 -74
NNNNN -237 -38
4-ring*

NNN-1 -250 -154
NNN-2 256 233
other?

NNNN-1 -280 -270
NNNN-2 284 243
NNNN-3 -286 -263
NNNN-4 =271 -130
NNNN-5 284 -143

To elucidate which NO adsorption modes contribute to the low-temperature and high-
temperature features observed in the TPD experiments (see above, Fig. 2.4b), we have combined
NO adsorption free energies (AGadgsNo) predicted by QM/MM for each of the potential sites with
an equilibrium desorption model to estimate the temperature at which the desorption of NO reaches
a maximum (Tmax). Details on the calculation of the maximum desorption temperatures as well as
XYZ coordinates of the optimized geometries of all NO adsorption complexes are included in the
Supplemental Material (Section 2.8.7 and 2.8.10). To aid in the assignment of the bands observed
in the transmission IR experiments, we also examined the NO stretching frequency in each of the
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model complexes. To mitigate systematic errors in DFT-predicted stretching frequencies caused
by both the harmonic approximation as well as the specific functional employed for the electronic
structure calculations, we have shifted the calculated NO stretching frequencies (vno.prr) by
adding the difference between the frequency for gas phase NO evaluated at the same level of theory
(2097 cm!) and the experimental value reported by NIST (1876 ¢cm™).>® The resulting values
(VNo.est) are then directly comparable with the spectra obtained in the transmission IR experiments.
This comparison is shown in Fig. 2.10, which juxtaposes our theoretical estimates for the
maximum desorption temperatures (Tmax) and NO stretching frequencies (vNo.est) With the results
of the IR-TPD experiments discussed in Section 2.4.2. Numerical values of the maximum
desorption temperatures and calculated stretching frequencies are listed in Table S2.4 in the
Supplemental Material. The results presented in Fig. 2.10 show that the TPD desorption feature
centered at 430 K is due exclusively to NO adsorbed on Pd?* cations at NNN Al pairs in the 6-
rings. The vibrational frequency associated with this form of NO is predicted to be in the region
of 1860 cm!. By contrast, the high-temperature NO desorption feature is due to NO adsorbed on
Pd" cations in a variety of environments. Between 550 and 750 K, NO will desorb from Pd" cations
at the NNN Al pairs in the 6-rings and the NNNNN Al pairs in the 8-rings. As a result, a decrease
in IR intensity is expected in the range of the lower-frequency band (i.e., 1810 cm™). Finally, above
750 K, NO will desorb from Pd* cations at NNN Al pairs in the 8-rings, resulting in the
disappearance of the IR feature around 1860 cm™. Pd** cations at NNN Al pairs in the 8-rings
might also provide very strong NO binding sites that contribute to both the high-temperature TPD
feature and the 1860 cm™! IR band.
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Figure 2.10: Theoretical estimates of IR stretching frequencies for NO (Ano, est) adsorbed on Pd" and Pd?' sites in
Pd/H-CHA vs. calculated temperatures of maximum desorption (Tmax) from the respective sites. Experimental IR
spectra collected at 348K, 373K, 473K, 573K, 673K and 773K are shown as solid black lines. The corresponding TPD
profile is shown above the graph. During TPD, the temperature was ramped from 348 K to 773 K at 10 K/min and
then held at 773 K for 20 min in He. The dashed line corresponds to the maximum temperature of 773 K; the TPD
profile beyond this line represents the continued temporal evolution of the system at constant temperature.

Combined, our calculated desorption temperatures and IR stretching frequencies provide
an interpretation that is consistent with the experimental observations from both TPD and IR TPD
spectra. The main conclusion from this analysis is that the IR stretching frequencies for NO
adsorbed on different Pd sites cover a broad frequency range and that NO adsorbed on Pd* and
Pd?* contribute to the broad band observed in the region of 1860 cm™. This finding is consistent
with that of Mandal et al.?® who calculated frequencies of 1866 cm! and 1853 cm™! for NO
adsorbed on Pd** and Pd" cations, respectively. They proposed that the band at 1810 cm™! is likely
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due to the presence of NO adsorbed on partially hydrated Pd*>* cations.?’ However, our
experimental conditions are different from those used by Mandal et al. who included both water
and oxygen in the NO feed,?® and therefore their interpretation cannot explain our observations.
Fig. 2.7 demonstrates that the band at 1810 cm™! also appears in the IR spectrum when NO is
adsorbed in the absence of water, on a Pd/H-CHA sample that was pretreated in dry air.
Furthermore, Fig. 2.5 shows that exposure of adsorbed NO to water vapor has no effect on the
band at 1810 cm’!, but instead decreases the intensity of the band at 1860 cm™'. We suggest that
this lower frequency band is best attributed to NO adsorbed on Pd*H" species at NNNN Al pairs
in a 6-ring or at NNNNN Al pairs in an 8-ring, which have calculated frequencies of 1800 ¢cm'!
and 1760 cm’!, respectively.

It is also noteworthy that NO adsorption on the thermodynamically most favorable Pd**
species at NNNN Al pairs in the 6-ring appears to be too weak to be relevant. The predicted
maximum desorption temperature for these sites (270 K) is well below the temperature of the
initial adsorption step (348 K). Nevertheless, it has been suggested that these sites might undergo
partial reduction upon NO adsorption via the following reaction?S:

Pd>*(Z"), + 2 NO — (NO) Pd* Z" NO* Z- [2.3]

Our calculations show that Reaction 2.3 is strongly exergonic, except for the highly stable
Pd?" sites at the NNNN pair in the 6-ring (for T = 348 K, Pxo = 20 Pa, AGrxn = +26 kJ/mol).
However, the experimental results presented here (see Fig. 2.6) show no evidence for the
concurrent formation of NO*Z" species when NO is adsorbed from He on Pd/H-CHA. Therefore,
we conclude that Reaction 2.3 is unlikely to occur. Furthermore, the experimentally observed NO
storage capacity of Pd/H-CHA typically approaches a 1:1 ratio, 1 mol NO per mol of atomically
dispersed Pd in the sample, indicating a low abundance of the thermodynamically most favorable
Pd?* sites at NNNN Al pairs in the 6-ring.

We have also calculated the thermodynamics for forming NO*Z" on H-CHA via the
reaction

H*Z + NO(g) + 0.25 Ozg) — NO™ Z+ 0.5 HoO(y) [2.4]

The formation of NO*Z is observed to occur on H-CHA (see Fig. 2.2), as evidenced by
the appearance of the IR band at 2160 cm™! at 348 K and the concurrent consumption of zeolite
protons and formation of adsorbed H>O. Reaction 2.4 is predicted to have a free energy of reaction
(AG®xn) of -12 kJ/mol for 200 ppm of NO (pno = 20 Pa) at 348 K, assuming only trace amounts
of O2 and H2O (po2 = pm2o = 0.1 Pa) are present in the zeolite after the pretreatment. Our
calculations predict an NO stretching frequency (vNo.est) for NO™Z™ of 2073 cm’!, consistent with
the frequency range in which the IR band is observed in the experiments.

We have also considered the possibility that desorption occurs via the reaction

NO'Z + 0.5 H2O — 0.5 NO + 0.5 NO, + H'Z [2.5]

Reaction 2.5 would explain how NO and NO> are formed in equivalent quantities, as can
be seen in Fig. 2.3. Assuming only trace amounts of NO and NO; are present in the gas phase (pno
= pno2 = 0.1 Pa) at 348 K, AG%xn = -28 kJ/mol if the water consumed in the desorption of NO*Z-
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was retained on a Brensted site, and AG%«, = -18 kJ/mol if trace amounts of gas phase water (pm20
= 0.1 Pa) are consumed instead. The results of our thermodynamic calculations for reactions 4 and
5 suggest that during the TPD, NO*Z" is much more likely to desorb via reaction 5 than the reverse
of reaction 4, consistent with the observation of significant amounts of NO> desorbing concurrently
with NO.

2.5.2 Effect of water on NO adsorption on Pd* and Pd** sites

To rationalize the effect of water vapor on NO adsorbed on Pd/H-CHA, we compare
adsorption free energies for NO and water under typical conditions (200 ppm NO, 5% water, 348
K). These values are listed in Table 2.2 for a selection of Pd* and Pd** sites. We find that water
adsorbs more than NO on Pd?* sites, but weakly on Pd" sites. Therefore, a purge with He-
containing water vapor after the NO adsorption step, as described in Section 2.4.3, is expected to
displace NO from Pd?** sites, but not from Pd" sites. Our previous assignment of Pd?* and Pd" sites
to the low-temperature and high-temperature TPD peaks, respectively, is therefore in agreement
with the experimental observation that the low-temperature feature is missing in the TPD profile
obtained after a wet purge. Similarly, the observation that the 1810 cm'! feature in the IR spectrum
is unaffected by the purge with He containing water vapor while the 1860 cm™ feature is somewhat
diminished in intensity agrees with our theoretical interpretation that the former is due to NO on
Pd* sites while the latter is due to a combination of NO on weak-binding Pd*" and strong-binding
Pd" sites.

Table 2.2: Adsorption free energies (AGads) in kJ/mol for 200 ppm NO (Pnxo = 20 Pa) and 5% water (P20 = 5 kPa) at
348.15 K on Pd?" sites at NNN Al pairs, Pd* and Pd*" sites at NNN Al pairs in the 6-ring and 8-ring and Brensted acid
sites in CHA.

AGags, NO AGads, H20

Pd* H'(Z')2

NNN (6R) 31 -8
NNNN (6R) -40 -4
NNN (8R) -79 55
NNNN (8R) -59 34
NNNNN (8R) 41 -44
Pd*(Z)

NNN (6R) -9 35
NNNN (6R) +14 +33
NNN (8R) -62 113
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2.5.3 Effects of Oz on the adsorption of NO on Pd* and Pd*" sites

As discussed in Section 2.4.4, when NO is adsorbed from air, the TPD profile exhibits
strong peaks for NO and NO> centered at about 450K and smaller, broader features around 575 K,
but no high-temperature peak around 750 K. Using our theoretical analysis, in Section 2.5.1, we
have attributed the low-temperature features to NO adsorbed on Pd?* sites and the high-
temperature features to NO adsorbed on Pd* sites. Therefore, the experimental observations
suggest that NO storage on Pd*" sites increases, while NO storage on Pd" sites decreases upon
adsorption from air. This interpretation appears to be consistent with the phase diagrams shown in
Fig. 2.9. These phase diagrams show that for NNN pairs in the 6-rings and 8-rings, Pd" sites could
be converted to Pd*" sites under oxidizing conditions, with Pd** becoming more favorable relative
to Pd" at lower partial pressures of water. As argued above, the same is likely to be true for Al
pairs in the 4-rings and those spanning adjacent rings for which the formation energy of Pd?** is
less than 50 kJ/mol higher than that of the corresponding Pd" site at the same Al pair.
Consequently, exposing Pd/H-CHA to air could result in an increased abundance of Pd?* sites with
maximum desorption temperatures below 500 K, formed by re-oxidation of Pd* sites with
maximum desorption temperatures between 500 and 750 K. As illustrated in Fig. 2.11, this change
in the Pd speciation is consistent with the observed shift in the TPD profiles when NO is adsorbed
from air instead of from He. Finally, Table S2.4 in the SI shows that the IR signatures of NO
adsorbed on the Pd" sites that are lost in the re-oxidation process and those of NO adsorbed on the
corresponding Pd** sites fall within the range of the broad band at 1860 cm, such that this
interconversion of Pd sites may not be evident in the IR spectra.
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Figure 2.1: Calculated temperatures of maximum desorption (Tmax) from Pd* and Pd?" sites in Pd/H-CHA vs.
corresponding experimental desorption profiles for NO (blue) and NO: (red) after NO adsorption from air. The blue
and red curves in this graph represent the difference between the TPD profiles on Pd/H-CHA and H-CHA (see
Figures 7a and 7b) in order to isolate NO adsorption associated with the Pd sites. The dashed line corresponds to the
maximum temperature of 773 K; the TPD profile beyond this line represents the continued temporal evolution of the
system at constant temperature. The Pd" sites that may be re-oxidized to Pd>" sites by air exposure are represented by
open symbols with black outlines. The corresponding Pd?" sites at the same Al pairs, which may become more
abundant by the oxidation of these Pd" sites, are represented by enlarged symbols.

2.6 Conclusions

In this study, we have investigated the adsorption of NO on H-CHA and Pd/H-CHA, and
the effects of H>O and O: on this process. NO adsorption on H-CHA involves a small percentage
(~ 7%) of the Bronsted sites on the zeolite support and is characterized by an IR feature around
2160 cm™!, and NO storage on the zeolite support is enhanced by the presence of O, and inhibited
by the presence of water. Theoretical calculations of free energies support the interpretation of this
adsorbed species as NO*Z and its formation being thermodynamically favorable. During TPD,
this species can react with small amounts of adsorbed or free water to form NO and NO; in
comparable amounts resulting in peaks centered at about 450 K. TPD profiles for NO adsorbed on
Pd-CHA show two distinct desorption features, a low-temperature peak between 423 and 473 K
and a broad high-temperature feature between 553 and 853 K which has a maximum at about 753
K. IR spectra of NO adsorbed on Pd/H-CHA exhibit two characteristic bands, around 1860 and
1810 cm™!. The low-temperature desorption feature is eliminated in the presence of water, while
the high-temperature feature is unaffected, while the opposite behavior is observed when NO is
adsorbed in the presence of O2. DFT calculations were used to determine the Gibbs free energies
for NO adsorption on Pd* and Pd?" cations in different environments and the corresponding NO
stretching frequencies. We find that NO generally binds more strongly on Pd" sites than on
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Pd?* sites, suggesting that the former are responsible for the high-temperature desorption peak
observed in the TPD experiments, while the latter contribute to the low-temperature
feature. Calculated NO stretching frequencies reveal that the IR feature at 1810 cm™! is due to NO
adsorption on Pd" sites with intermediate binding strength and a maximum-desorption temperature
of about 550 K. The 1860 cm™ feature contains contributions from both weakly-bound NO on
Pd?* sites desorbing below 500 K, and NO bound on Pd" sites in different environments with peak
desorption temperatures between 550 and 800 K. These findings show that the experimentally
observed TPD and IR features cannot be assigned unambiguously to specific NO-Pd adsorption
complexes. Taken in combination, the calculated desorption temperatures and IR stretching
frequencies for NO adsorbed on Pd cations in different environments provide an interpretation that
is consistent with the experimental observations from both TPD and IR spectroscopy. Our
calculations also show that water can displace NO from Pd*" sites, but not from Pd* sites,
corroborating the experimentally observed changes in the TPD and IR spectra upon exposure to
water. These findings further support our interpretation of the underlying modes of NO adsorption.
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2.8 Supporting Information
2.8.1 X-ray diffraction
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Figure S2.1: Ex-situ X-ray diffraction patterns of a (a) reference purely siliceous CHA, (b) H-CHA (Si/Al = 12), and
(c) H-CHA (Si/Al = 14).
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2.8.2  Synthesis of H-CHA and Pd/H-CHA

The CHA zeolite (Si/Al = 12) was provided by BASF. The CHA zeolite (Si/Al = 14) was
synthesized hydrothermally using a molar synthesis ratio of 1
Si02/0.0667A1/0.25TMAdaOH/0.25Na/44H,0.3? Trimethyladamantylammonium hydroxide (25
wt%, Sachem) and de-ionized water (18 MQ) were mixed under ambient conditions in a
perfluoroalkoxy alkane container (Savillex Corporation) with a magnetic Teflon stir bar for 0.25
h. Next, aluminum hydroxide (98 wt%, SPI Pharma) and sodium hydroxide pellets (98 wt%, Alfa
Aesar) were added to the mixture. Once homogenized, Ludox-HS-40 (40 wt%, Sigma Aldrich)
was added, and the final synthesis solution was stirred for 2 h. The synthesis gel was transferred
to Teflon-lined, stainless steel metal autoclaves (Parr Instruments), sealed under autogenous
pressure, and placed in a convection oven at 433 K. The synthesis was quenched every other day,
then vigorously stirred with a Teflon stir rod before re-sealing and returning to the oven. After 7
days, the solids were recovered with centrifugation and washed (30 mL per g-solid) a total of seven
times, alternating between water (18.2 MQ) and acetone (99.9 wt%, Sigma Aldrich) and ending
with a water wash. The solid zeolites were dried in a static oven at 373 K before characterizing the
topology with X-ray diffraction (SI Fig. S2.1). The CHA zeolites were treated in flowing air (Air
Zero, Indiana Oxygen, 6,000 cm® h'! g'!) to 853 K (60 K h'!, 10 h) to combust occluded organic
compounds from synthesis, and XRD was performed again to ensure no crystalline degradation
occurred (SI Fig. S2.1). The resultant Na-form CHA zeolite was contacted with 1 M NH4NO3 at a
ratio of 150 g-solution per g-solid for 24 h under ambient conditions. The solids were recovered
by centrifugation, washed four times (30 mL per g-solid) with de-ionized water (18.2 MQ), and
dried in a static oven at 373 K, resulting in the NHy4-form zeolite.

Table S2.1: Table comparing the characteristics of the Pd/H-CHA samples analyzed in this paper and supplemental
material. Note that the main manuscript only examines Pd/H-CHA (Si/Al = 12). Percentage of isolated Pd was
determined by temperature programmed reduction (TPR) in Hz: the Pd/H-CHA samples were pretreated in air to 773
K prior to TPR.!

Sample Name Si/Al Pd weight % Isolated Pd %
Pd/H-CHA (Si/Al = 14) 14 0.68 79
Pd/H-CHA (Si/Al = 12) 12 0.83 30

2.8.3 Effect of water on NO adsorption on H-CHA

The effect of water on the H-CHA (Si/Al = 12) sample was also investigated. Fig. S2.2 shows the
TPD profile after exposing a H-CHA sample saturated with NO to 1% H2O. All of the NO was
displaced and only a small amount of NO» was observed. This matches previously reported results
for adsorbed NO species being displaced by water.*
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Figure S2.2: Effects of water vapor on the NO TPD. H-CHA (Si/Al = 12) was heated from in air 348 K to 773 K at 2
K/min and held at 773 K for 1 h. The sample was then cooled in air from 773 K to 348 K. H-CHA adsorption was
from a flow of He (250 mL/min) containing 200 ppm of NO at 348 K. After saturating with NO, the flow of NO in
He was stopped and replaced by He flow constraining 5% H20. During TPD, the temperature was ramped from 348
K to 773 K at 10 K/min. It was then held at 773 K for 20 min. The dashed line corresponds to 773 K; beyond this line,
the temperature was held at 773 K for 20 min.

31



2.8.4 Effect of water in pretreatment on Pd/H-CHA

Previous studies have noted the importance of water vapor on the activation of Pd/H-CHA
for NO adsorption.!> To develop a better understanding of the presence of water vapor during the
pretreatment, the regenerative step between adsorption cycles, was investigated. After TPD, the
sample sits at 773 K and needs to be cooled down to 348 K for the next cycle. The gas composition
flowed during this cooling period was varied to see the effect on NO adsorption. The pretreatment
was found to be important for regenerating the adsorption sites on the adsorbent. There were three
different pretreatment feed gas compositions explored: (1) He and 5% H-O, (2) He, and (3) air.
These compositions were chosen to explore the importance of O2 and H>O in regenerating
adsorption sites. Note that these experiments were conducted on a different sample of Pd/H-CHA:
the one in the paper will be called Pd/H-CHA (Si/Al = 12, isolated Pd % = 79) and the sample for
this pretreatment study will be called Pd/H-CHA (Si/Al = 14, isolated Pd % = 30).

Table S2.2: Table comparing the NO/Pd ratios resulting from applying different pretreatments (cooling from 773 K
to 348 K) to Pd/H-CHA (Si/Al = 14) adsorbent before adsorption and TPD.

Pretreatment NO/Pd Desorption ~ NOx/Pd Desorption
He and H,O 0.50 0.50
He 0.67 1.01
Air 0.56 0.77
0.1
- Pretreatment: He

. 0.08 - )
Ny - Pretreatment: Air
(o))
% 0.06 - - Pretreatment: He+H20
©
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Figure S2.3: Desorption curves that result from the different pretreatment conditions on Pd/H-CHA (Si/Al = 14).
Pd/H-CHA was heated in air and 5% H20 from 348 K to 773 K at 2 K/min and held at 773 K for 5 h. The sample was
the cooled in He and 5% H>O from 773 K to 348 K. These TPD profile result from flowing about 200 ppm of NO
with CH4 tracer in He or air at a flow rate of about 250 mL/min. Adsorption occurred at 348 K. During TPD, the
temperature is ramped from 348 K to 773 K at 10 K/min. It was then held at 773 K for 20 min. The dashed line
corresponds to 773 K; beyond this line, the temperature was held at 773 K. Each pretreatment condition was performed
on the same sample of Pd/H-CHA (Si/Al = 14).

Fig. S2.3 compares the results of the TPD of NO after various pretreatments. Notably, the
presence of H>O is the only reactant that will lead to NO desorption at high temperatures. When
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the adsorbent is treated with H>O in the pretreatment, it desorbs NO at two temperatures, around
400 K and 623 K. In the absence of water, there is significantly more NO desorbed at low
temperatures: this matches previous evidence that water will block zeolite sites that will desorb
NO at lower temperatures. In addition to more NO, the He and air pretreatments also result in
significantly more NO: desorption that is not observed in the water pretreatment. It is likely that
the NO: is produced as a result of forming NxOy adsorbed complexes.>* However, without water,
there are no NO species that desorb at higher temperatures, which is the goal of using Pd/H-CHA
as a PNA material. Despite the lower NO/Pd, water was present in all pretreatments for the
experiments conducted in this paper in order to ensure the stability of adsorbed NO species to
higher temperatures.

2.8.5 Effect of increasing ion-exchanged Pd on NO adsorption
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Figure S2.4: The TPD profiles for NO desorption from Pd/H-CHA (Si/Al = 12) and Pd/H-CHA (Si/Al = 14).
The peak concentration values were adjusted for the weight of CHA zeolite. Both Pd/H-CHA samples were
heated in air and 5% H>O from 348 K to 773 K at 2 K/min and held at 773 K for 5 h. The samples were
then cooled in He and 5% H»O from 773 K to 348 K. About 200 ppm NO, 20% O,, and CH4 tracer were
flowed in a He at a flow rate of about 250 mL/min. Adsorption occurred at 348 K. During TPD, the
temperature was ramped from 348 K to 773 K at 10 K/min. It was then held at 773 K for 20 min. The
dashed line corresponds to 773 K; beyond this line, the temperature was held at 773 K.

Fig. S2.4 compares the NO TPD profiles for Pd/H-CHA (Si/Al = 12) and Pd/H-CHA (Si/Al
= 14). The shapes of the TPD profiles for both materials are roughly the same but the amount of
NO desorbed is significantly higher for PdA/H-CHA (Si/Al = 12) than Pd/H-CHA (Si/Al = 14). The
NO/Pd ratio for Pd/H-CHA (Si/Al = 14) is 0.44, whereas that for Pd/H-CHA (Si/Al =12) is 0.81.
The amount of NO adsorbed appears to be essentially one NO per Pd cation. The higher isolated
Pd content of Pd/H-CHA (Si/Al = 12) results in a larger amount of NO adsorbed on Pd sites and
consistently with more intense NO desorption features at both low and high temperatures.
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2.8.6 Details of experiments reported in the manuscript

Table S2.3 summarizes the experimental findings from the manuscript and compares the
amounts of NOy adsorbed, both per Pd atom and per gram of adsorbent.
Table S2.3 List of pretreatment conditions, adsorption composition, carrier gas used for TPD, and the

amounts of NO adsorbed for different experiments reported in the manuscript. The table is split into two
for easier viewing.

Figure Pretreatment Adsorption Feed Second TPD Adsorbent  NO/Pd
Adsorption

2.2 air NO in He N/A He H-CHA N/A

23 air NO in air N/A Air H-CHA N/A

2.4 He+H20 NO in He N/A He Pd/H-CHA  0.73

2.5 He+H>0O NO in He H20 in He He Pd/H-CHA  0.67

2.7 Air NO in air N/A Air Pd/H-CHA  0.62

Figure NOx/Pd NO pmol/g NOx pmol/g Water present in IR spectrum Water

adsorbent adsorbent (Source) introduced?
2.2 N/A 54 8.1 Yes (formed by NO adsorption) No
2.3 N/A 31 63 Yes (formed by NO adsorption) No
2.4 0.73 57 57 Yes (retained from pretreatment)  Yes
2.5 0.67 52 52 Yes (retained from pretreatment Yes

and from exposure of adsorbed NO
to water vapor)

2.7 1.22 52 99 Yes (formed by NO adsorption) Yes
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2.8.7 Calculated peak desorption temperatures

For each Pd* and Pd*" site, the temperature at which the desorption of NO reaches a
maximum (Tmax) Was calculated from the adsorption enthalpy (AHags) and free energy (AGads)
obtained from the QM/MM calculations:

* + NO(g) = NOaas) AG4s= AGrxn(T = 298.15 K, P=101,300 Pa)

The corresponding equilibrium coefficient K is given by:

AHgds)

K =K° S—
exp( RT

We assume that the relation between NO coverage of a given site, 0, the partial pressure of NOyy),
p, and the equilibrium coefficient, K, can be described by a Langmuir isotherm:

(1)

_ Kp
T 1+Kp

Throughout the TPD experiment, the instantaneous temperature T is defined by the initial
temperature To and the heating rate f:

We can then write the following mass balance, which states that the amount of NO desorbing from
the adsorption sites equals the amount of NO captured by the mass spectrometer:

_46 _ _pdb _ _Qp
at 'BaT_RTMSNS (2)

In equation 2, Q is the flow rate of the sweep gas applied during TPD, p is the partial pressure of
NO in the sweep gas, R is the universal gas constant, Tms is the temperature in the mass
spectrometer, Ns is the number of adsorption sites.

Combine equations 1 and 2:

k&P, 4K x4, dK
Qp = —p |~ Par Kp —aT Par 3)
RTpsNs 1+Kp (1+Kp)?

To solve for the temperature, Tmax, at which the partial pressure of NO, p, reaches its maximum,

set % = (. Because Kp « 1, equation 3 reduces to

Qp
RTysN

AH((l)ds AH((l)ds
RT RT?

= —BK°exp (—

Such that Tmax is given by:
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Tmax can be calculated for each of the Pd* and Pd** sites using equation 4: the NO adsorption
enthalpy (AHgs) is obtained from QM/MM. The temperature in the mass spectrometer is room
temperature (Twms) is 298.15K. The heating rate applied in the TPD experiments (B) is 10 K/min.
The flow rate of the sweep gas (Q) is 250 ml/min. The typical sample size of Pd/H-CHA is 100
mg, containing 1 wt% of Pd. Assuming full atomic dispersion of the Pd, the number of adsorption
sites (Ns) is approximated by the number of moles in 1 mg Pd, i.e., 9.3967x10°° mol. The function
W(x) in the denominator of equation 4 is known as the Lambert W function.

2.8.8 Al pairs considered in QMMM study

- [ @ o Wl
\V4 Q +50 +10
6R-NNN other-NNNN-1 *
o 0] — 4
+165 = 423
6R-NNNN '58 8R-NNNN other-NNNN-3
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e

8R-NNNN +199 other-NNNN-5

4R-NNN-2 423

Figure S2.5: Schematic representation of the different NNN, NNNN and NNNNN Al pairs considered in
the QMMM study. The difference in formation energy (AAEfm) in kJ/mol between Pd** and Pd"H" at each
Al pair is shown in blue. Schematic representations of the corresponding Pu»o,T phase diagrams are also

36



shown (purple square: Pd** most favorable over entire range of conditions; green square: Pd"H" most
favorable over entire range of conditions; split green and purple square: Pd*" or Pd"H" most favorable,
depending on Puzo, T). * = inferred on the basis of AAEfm.

2.8.9 Calculated vibrational frequencies for NO adsorbed on Pd* and Pd** sites

Table S2.4: Calculated maximum desorption temperatures in K and vibrational frequencies in cm™ for NO
adsorbed on Pd" and Pd*' sites in Pd/H-CHA. NO stretching frequencies calculated by QMMM at the
®B97X-D/def2-sv(p) level of theory (vnoprr) are shifted by adding the difference between the frequency
for gas phase NO evaluated at the same level of theory (2097 cm™") and the experimental value reported by
NIST (1876 cm™) to facilitate comparison with experimental IR spectra.

Pd* H*(Z). Pd*(Z),

Trmax (K) Vnojest (cm™) Trmax (K) Vnojest (cm™)
6-ring
NNN 538 1835 416 1862
NNNN 270 1888
8-ring
NNN 781 1874 734 1851
NNNN 662 1856
NNNNN 580 1761
4-ring
NNN-1 705 1855
NNN-2 609 1840 273 1889
other
NNNN-1 600 1824 507 1921
NNNN-2 609 1839 336 1901
NNNN-3 600 1854 366 1894
NNNN-4 695 1840
NNNN -5 694 1844
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2.8.10 XYZ coordinates of optimized structures

See attached ZIP archive. The atoms included in the QM region for each of the complexes are

specified in Table S5.

Table S2.5: Atoms included in the QM region for each of the attached XYZ files

filename QM atoms
6-ring

pd1-no-6R-NNN.xyz 1-24
pd1-h20-6R-NNN.xyz 1-25
pd2-no-6R-NNN.xyz 1-23
pd2-no-6R-NNNN.xyz 1-23
pd2-h20-6R-NNN.xyz 1-24
pd2-h20-6R-NNNN.xyz 1-24
8-ring

pd1-no-8R-NNN.xyz 1-28
pd1-no-8R-NNNN.xyz 1-28
pd1-no-8R-NNNNN.xyz 1-28
pd1-h20-8R-NNN.xyz 1-29
pd1-h20-8R-NNNN.xyz 1-29
pd1-h20-8R-NNNNN.xyz 1-29
pd2-no-8R-NNN.xyz 1-27
pd2-h20-8R-NNN.xyz 1-28

4-ring

pd1-no-4R-NNN-1.xyz

pd1-no-4R-NNN-2.xyz

1,2,3,4,5,13, 14,15, 16, 23, 24, 26, 27, 28, 29, 30, 31, 43, 44, 46, 47, 48, 101, 102, 113,
168, 178, 192, 193, 219, 228, 229, 240, 241, 367, 368, 369, 2185, 2186, 2187, 2188

1,2,3,4,5,6,7,8,10, 11, 12, 13, 14, 15, 16, 17, 18, 20, 22, 24, 26, 27, 28, 30, 31, 32,
33, 38, 39, 40, 42, 44, 46, 47, 49, 50, 54, 57, 58, 61, 154, 201, 202, 203, 206, 268, 269,
291, 292, 293, 2185, 2186, 2187, 2188
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pd2-no-4R-NNN-2.xyz

other

pdl-no-other-NNNN-1.xyz

pdl-no-other-NNNN-2.xyz

pdl-no-other-NNNN-3.xyz

pdl-no-other-NNNN-4.xyz

pdl-no-other-NNNN-5.xyz

pd2-no-other-NNNN-1.xyz

pd2-no-other-NNNN-2.xyz

1,2,3,4,5,6,7,8,10, 11, 12, 13, 14, 15, 16, 17, 18, 20, 22, 24, 26, 27, 28, 30, 31, 32,
33, 38, 39, 40, 42, 44, 46, 47, 49, 50, 54, 57, 58, 61, 154, 201, 202, 203, 206, 268, 269,
291, 292, 293, 2185, 2186, 2187

1,2,3,4,5,6,7,8,10, 11, 12, 13, 14, 15, 16, 17, 18, 20, 22, 24, 26, 27, 28, 30, 31, 33,
38, 39, 42, 44, 46, 47, 50, 57, 58, 61, 152, 153, 154, 201, 268, 269, 270, 271, 444, 509,
525, 591, 609, 697, 735, 853, 912, 925, 967, 987, 1051, 1080, 1214, 1354, 1451, 1463,
1507, 1627, 1874, 1884, 1960, 2185, 2186, 2187, 2188

1,2,3,4,5,13, 14, 15, 16, 24, 25, 26, 27, 28, 30, 31, 44, 45, 46, 47, 228, 229, 230, 231,
234, 235, 236, 237, 238, 239, 240, 241, 367, 368, 369, 370, 371, 378, 379, 519, 2185,
2186, 2187, 2188

1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 24, 26, 27, 28, 29,
30, 31, 33, 34, 37, 38, 39, 40, 41, 42, 44, 46, 47, 48, 50, 51, 54, 57, 201, 202, 203, 206,
218, 2185, 2186, 2187, 2188

1,2,3,4,5,13, 14, 15, 16, 24, 26, 27, 28, 29, 30, 31, 44, 46, 47, 48, 192, 193, 194, 195,
196, 197, 198, 200, 291, 292, 294, 357, 358, 359, 360, 361, 362, 363, 364, 365, 366, 443,
531, 565, 587, 1590, 1639, 1798, 1962, 2185, 2186, 2187, 2188

19, 35, 36, 52, 53, 62, 64, 65, 66, 67, 68, 70, 242, 243, 244, 245, 246, 247, 248, 251, 252,
254, 296, 297, 298, 299, 300, 301, 303, 304, 305, 306, 318, 319, 320, 321, 322, 325, 348,
349, 350, 353, 354, 355, 864, 930, 984, 1810, 1923, 2185, 2186, 2187, 2188

1,2,3,4,5,6,7,8,10, 11, 12, 13, 14, 15, 16, 17, 18, 20, 22, 24, 26, 27, 28, 30, 31, 33,
38, 39, 42, 44, 46, 47, 50, 57, 58, 61, 152, 153, 154, 201, 268, 269, 270, 271, 444, 509,
525, 591, 609, 697, 735, 853, 912, 925, 967, 987, 1051, 1080, 1214, 1354, 1451, 1463,
1507, 1627, 1874, 1884, 1960, 2185, 2186, 2187

1,2,3,4,5,13, 14,15, 16, 23, 24, 25, 26, 27, 28, 30, 31, 43, 44, 45, 46, 47, 219, 220, 221,
222,223, 224, 225, 226, 228, 229, 230, 231, 234, 235, 236, 237, 238, 239, 240, 241, 367,
368, 369, 370, 371, 373, 374, 377, 378, 379, 380, 519, 952, 2185, 2186, 2187
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3 Experimental and Theoretical Studies of Pd Cation Reduction and Oxidation
During NO Adsorption on and Desorption from Pd/H-CHA!/

3.1 Abstract

PNAs have been proposed for trapping NOx present in automotive exhaust during the
period of cold start during which the three-way converter is not yet hot enough to be effective for
NOx reduction. Pd-exchanged chabazite (Pd/H-CHA) is a good candidate for passive NOx
adsorption due to its ability to store NO and retain it to high temperatures (>473 K). Previous
research suggests that NO adsorbs on both Pd*" and Pd* cations, and that NO desorption from Pd**
cations occurs at lower temperatures than from Pd" cations. Since experimental evidence shows
that Pd exchanges into CHA exclusively as Pd**, it is not clear how these cations are reduced to
Pd". In this study we show through experiments and theoretical analysis that Pd* cations can form
via two processes, each of which involves water adsorbed on Brensted-acid sites of the zeolite.
The first of these process is 1.5 NO + Pd**ZZ  + 0.5 (H,O)H'Z- — (NO)Pd"ZH'Z + 0.5 NO, +
0.5 H'Z". Experiments confirm that the ratio of NO2 upon NO adsorption to the NO desorbing at
elevated temperatures from Pd* corresponds to 0.5. Pd*" can also be reduced via the reaction 1.5
CO + Pd**ZZ + 0.5 (H,O)H'Z" — (CO)Pd*ZH'Z + 0.5 CO>+ 0.5 HZ". Upon subsequent
adsorption of NO, NO fully displace CO from Pd" to form (NO)Pd*Z'H*Z". In this case the amount
of CO; formed upon CO adsorption is 0.5 of the NO desorbing at elevated temperatures from Pd".
Gibbs free energy calculations for the above processes at various potential ion-exchange sites in
the cha framework indicate that these reactions are thermodynamically feasible. We also find that
Pd" is not formed in the absence of adsorbed water and is readily reoxidized to Pd** by trace
amounts of Oy.

3.2 Introduction

Automotive emissions of NOx (x = 1, 2) can be controlled very effectively using a catalytic
converter placed downstream of the engine.>* To attain high NOx conversion, the convertor must
operate at temperatures above 473 K; however, over a period of several minutes following engine
startup, a significant amount of NOy is emitted at the automobile tailpipe because the converter
has not yet reached its ideal operating temperature.®®> To address this issue, it has been proposed
that a PNA be placed upstream of the catalytic converter to capture and store NOx until the PNA
and the converter reach the temperature (> 473 K) at which full NOx reduction occurs.*

PNAs consist of a metal dispersed on a high surface area support.’> A promising choice for a
PNA is Pd supported on chabazite zeolite (Pd/H-CHA) because CHA exhibits hydrothermal
stability (up to 1023 K in air and water) and Pd is resistant to poisoning by other tailpipe emissions
such as sulfur dioxide.!!1®!® A number of studies have investigated the adsorption capacity and
desorption characteristics of Pd/H-CHA under both oxidizing and reducing conditions.??342>
These efforts have shown that Pd/H-CHA is capable of NO storage and release at temperatures
suitable for PNA applications and have motivated follow-up research devoted to understanding
the modes of NO adsorption on Pd/CHA.

I This chapter was originally published in Journal of Physical Chemistry C and had been adapted for inclusion in this
dissertation with permission from the coauthors J. Van der Mynsbrugge, M. Head-Gordon, and A. T. Bell. Dr. Van
der Mynsbrugge contributed the theoretical calculations. Dr. Chatterjee contributed the EPR results.
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TPD studies of NO adsorbed on Pd/H-CHA have shown that NO desorption can occur at
both low (423-473 K) and/or high (550-900 K) temperatures depending on the method of adsorbent
pretreatment and the conditions of NO adsorption, i.e., the presence of co-adsorbates such as O,
CO, and H>0, and the adsorption temperature.>>-*8>% The low-temperature and high-temperature
TPD features have been attributed to NO adsorbed on Pd** cations and Pd* cations, respectively.
IR spectra of NO adsorbed on Pd/H-CHA show bands at ~2170 cm™!, ~1860 cm™!, and ~1810 cm’
!. The first of these features has been assigned to NO* bound directly to the ion-exchange site of
the zeolite, whereas the latter two features have often been attributed to NO adsorbed on Pd** and
Pd* cations, respectively.?6$! Density functional theory (DFT) simulations of NO adsorption on
Pd/H-CHA have been used to confirm the assignments of the features observed in both TPD and
IR studies.?®*78* DFT calculations support the assignment of the low-temperature and high-
temperature TPD features to NO adsorbed on Pd** and Pd” cations, respectively. However, while
DFT calculations also support the assignment of the IR band observed at 1810 cm™! to NO adsorbed
on Pd* cations, we recently reported that the band at 1860 cm™ consists of contributions from NO
adsorbed on both Pd** and Pd" cations.®*

A question not fully addressed in previous studies is the process by which Pd" cations are
formed and the stability of Pd* to oxidation back to Pd*". Lardinois et al. have shown that Pd in
as-prepared Pd/CHA is present as either PdO or Pd?**, and that the fraction of the Pd present as
Pd?* cations ion-exchanged into the zeolite depends on the Si/Al ratio and preparation method of
the parent CHA. This work shows that the stabilization of Pd*" cations requires pairs of framework
Al atoms in next-nearest neighbor (NNN) and next-next-nearest neighbor (NNNN)
configurations.! Therefore, the greater the fraction of proximate Al atoms in CHA, the greater the
fraction of Pd present as Pd*" cations. It has also been found the ratio of adsorbed NO to total Pd
increases with the fraction of Pd cations exchanged into the zeolite, since PdO does not adsorb
NO.!638 It is still possible, though, that Pd** cations can be present as [Pd(OH)]" cations associated
with isolated Al cation-exchange sites.!62>>

Several proposals have been advanced to explain the reduction of Pd*" cations to Pd* cations.
In these reactions, Z represents a charge-exchange site in the zeolite (CHA). The simplest is that
Pd* is produced upon NO adsorption via the reaction of Pd** Z'Z-+2 NO — (NO) Pd* Z- + NO*Z-
based on the simultaneous appearance of IR bands at 1805 cm™ and 2160 cm™!, assigned to NO
adsorbed on Pd*Z- and NO'Z" respectively.?® However, Kim et al. have shown that pretreatment
of Pd/H-CHA in a stream of air containing 5% water prior to adsorption of NO from He results in
NO adsorption on both Pd?*" and Pd* sites and the absence of an IR band for NO*Z-.#* These authors
have proposed Pd** is reduced by the reaction Pd**Z"Z" + 0.5 H,O — Pd*Z/H'Z  + 0.25 O», and
found that the reaction free energy for this process is negative for all Al pairs, except NNNN(6R)
Al pairs under the pretreatment conditions used. We note, however, that neither the precise
mechanism for the formation of Pd" nor the possible role of NO in this process were considered.
In this connection, Gupta et al. have suggested that the precursor to Pd* is [Pd(OH)]", and that Pd*
forms according to the reaction: 0.5 NO + [Pd(OH)]* Z" <> Pd*Z" + 0.5 NO; + 0.5 H,0.?>? This
idea is supported by the observation of water and NO; desorption in the low-temperature portion
of NO TPD spectra.?>2* We note, however, that Mandal et al. have not observed an IR band for
isolated [Pd(OH)]" species and DFT calculations by Van der Mynsbrugge et al. show that
[PA(OH)]" located near framework Al that is part of an NNN or NNNN Al pair (i.e., in close
proximity to a Brensted acid proton) is not stable relative to Pd**ZZ-3* In this situation,
[Pd(OH)]"/H*Z" readily dehydrates via the reaction: [Pd(OH)]"ZH'Z" — (H.O)Pd**Z°Z". This,
however, does not exclude the possibility that [Pd(OH)]" cations associated with isolated Al
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exchange sites might undergo reduction in the presence of NO via the proposed reaction. Thus, it
remains unclear whether Pd* sites are formed during the pretreatment in water vapor or upon NO
adsorption on Pd/H-CHA.

It has also been reported that CO, another component of exhaust gas, is able to increase the
uptake of NO on Pd zeolites. Two possibilities by which CO does this include the formation of a
co-adsorbed CO/NO complex on Pd or an isocyanate intermediate.*>*’%5 Another hypothesis,
proposed by Ambast et al., is that the strength of NO adsorption is enhanced by the reduction of
Pd?* to Pd* via the reaction CO + [Pd(OH)]* Z" — 0.5 Pd* Z" + 0.5 (CO)Pd* Z" + 0.5 CO, + 0.5
H>0.%” For the reasons discussed above, this process should only be plausible for [Pd(OH)]*
cations associated with isolated Al cation-exchange sites. Finally, it is important to note that none
of the previous studies have examined the stability of Pd* to reoxidation to Pd*" and the processes
by which this might occur.

The present study was undertaken to elucidate the pathways by which Pd*" cations in Pd/H-
CHA are reduced to Pd* cations, and to identify the roles that adsorbed H,O, NO and CO play in
this process. The resistance of Pd* cations to reoxidation to Pd** cations during the desorption of
NO was also examined. To these ends, we have used a combination of TPD experiments, IR
spectroscopy, and DFT calculations.

3.3 Experimental Methods
3.3.1 Adsorbent synthesis and characterization

The NH4-CHA zeolite was provided by BASF. Palladium-exchanged CHA was prepared
by incipient wetness impregnation. De-ionized water (18.2 MQ) was added drop-wise to the NHy-
form zeolite while stirring until the total pore volume reached saturation, evidenced by a
transformation of the mixture from a powder-like substance to a slurry. Assuming the same mass
uptake as water, a PA(NH3)4(NO3): solution (10 wt%, Sigma-Aldrich) was dissolved in de-ionized
water (18.2 MQ) to achieve a desired Pd loading. The Pd-exchanged CHA form was then dried
overnight at room temperature (~298 K). The weight loading of Pd was determined by atomic
absorption spectroscopy to be 1.2 wt%, which corresponds to a Pd/Al ratio of ~ 0.1.

The distribution of Pd present on the CHA support was determined by H> temperature-
programmed reduction (TPR). Previous studies have shown that Pd in Pd/H-CHA can be present
as Pd cations and PdQ.346-3859 H, TPR was carried out to determine the fractions of Pd present in
each of the two forms by analyzing the effluent gas during H> TPR using a MKS Cirrus 3 mass
spectrometer.! For these experiments, the adsorbent (0.05-0.10 g) was first pretreated in flowing
air (Air Zero, Indiana Oxygen, 1800 cm? h'!') to 773 K (10 K/min) for 5 h, then cooled to 303 K.
The air stream was replaced with 15 mL/min of 1000-50000 ppm of H> in He. After achieving a
stable signal for m/e = 2, the sample was heated to 773 K at 10 K/min. Based on these experiments,
the ionic Pd content was estimated to be 100% of the Pd in the sample, meaning that there was no
PdO present. To determine the content of paired Al sites in Pd/H-CHA, Co?" titration was
conducted. The zeolite was mixed with CoCl» solutions, and the amount of exchanged Co was
determined by recovering the solids with centrifugation, washing samples with deionized water,
and drying in stagnant air. The Co exchanged sample was then treated in flow dry air at 773 K for
4 h, and then the sample was digested for elemental analysis.! For the Pd/H-CHA used in this
study, the Co?*/Al ratio was estimated to be 0.16, corresponding to about 32% of Al in pairs.!
Taking these figures and the measured weight loading of Pd into account, suggests that most of
the Pd?" cations are exchanged into NNN or NNNN pairs of Al charge-exchange sites as Pd**(Z-
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)2. This interpretation is supported by our theoretical calculations showing that proximate pairs of
Al charge-exchange sites are the preferred locations for accommodation of Pd** cations. '8!

3.3.2 Temperature-programmed desorption studies

All TPD studies were conducted in a quartz reactor. Typically, 100 mg of adsorbent was
loaded into the reactor. A quartz wool plug placed below the bed prevented the adsorbent from
entering the effluent gas line. Before NO adsorption, the adsorbent underwent hydrothermal aging
(HTA) in a stream of air containing 5% water heated from 348 K to 773 K at 2 K/min. The
temperature was held at 773 K for 5 h in air and water vapor, and then cooled to 348 K in the
absence of water vapor.

For adsorption, a feed stream containing the adsorbate was flowed over the adsorbent at
348 K until the adsorbent was saturated. The feed typically consisted of about 200 ppm of NO in
a He balance flowing at 250 mL/min. 1000 ppm CH4 was added to the NO/He stream as an inert
tracer. For experiments using CO, about 100 ppm of CO was added to the He stream. He (purity
0f 99.999% from Praxair) was dried by passage through moisture trap (Restek Moisture Trap, <10
ppb water) and NO (1.03% NO in He balance from Praxair) was purified by passage through traps
to remove moisture and NO; (Alltech Gas Drier, <1 ppm NO2 and H>O). The air carrier gas was
provided by Praxair and was rated as extra dry (<10 ppm H20O). The adsorption of NO was
monitored using an MKS 2030 Multigas analyzer, a non-dispersive infrared (NDIR) instrument.
The concentration of NO in the effluent was measured, and the NO and CH4 were shut off once
the effluent concentration of NO had reached the inlet value. The adsorbent was then purged with
He until the concentration of NO had returned to the level observed before the start of the
adsorption step. A purge stream of He (250 mL/min) was fed to the reactor immediately after
adsorption to remove any weakly bound adsorbates. The adsorbed NO was then desorbed as the
adsorbent was heated from 348 K to 773 K at 10 K/min, and subsequently held at 773 K for 20
min. Throughout this period the concentrations of NO and NO> in the effluent were monitored by
non-dispersive IR spectroscopy. Following a TPD experiment, the adsorbent was treated in one of
several ways in order to prepare it for the next adsorption cycle. This typically involved cooling
the adsorbent from 773 K back to 348 K in a defined gas mixture (e.g., He, air, air plus water
vapor). This last step is referred to as a pretreatment, and for future discussion, pretreatment refers
to the steps performed before an adsorption measurement when the adsorbent undergoes several
adsorption/desorption cycles.

3.3.3 IR spectroscopy

The procedure for the initial treatment of Pd/H-CHA and pretreatment between NO
adsorption experiments is similar to that used for the TPD experiments. About 30 mg of adsorbent
was compressed into a pellet that was placed into a Harrick High Temperature cell with CaF;
windows. The cell was heated resistively and the temperature was monitored with a
thermocouple. The adsorbent was exposed to NO for 15 min, after which the NO flow was stopped
and the TPD ramp was started. In-situ transmission IR experiments were conducted using a Nicolet
6700 spectrometer operated at 4 cm™! resolution. Each spectrum was obtained by averaging 256
scans. Background spectra of Pd/H-CHA, taken at the same temperatures as spectra recorded
during a TPD IR experiment, were subtracted from the spectra of NO adsorbed on Pd-CHA.
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3.3.4 Theoretical calcualtions

The crystallographic structure of CHA was obtained from the database maintained by the
International Zeolite Association (IZA).%° A large cluster model containing 696 tetrahedral atoms
(T696) was constructed by selecting the framework atoms within a 25 A radius of a central cha
cage and trimming the resulting fragment to be terminated at double six-ring units. This large
model allows representing the periodic crystal structure of the zeolite lattice by a finite cluster
without introducing boundary effects or spurious anisotropy in the description of long-range
interactions.®

Al pairs were placed in various next-nearest neighbor (NNN), next-next-nearest neighbor
(NNNN) and next-next-next-nearest neighbor (NNNNN) configurations in 6-rings and 8-rings
within the CHA framework. Charge-compensating cations (either Pd*/H* or Pd?") that are
accessible from the cha cage represent potential NO adsorption sites within Pd/H-CHA. A hybrid
quantum mechanics/molecular mechanics (QM/MM) approach was used to reduce the
computational cost. A smaller fragment of the zeolite cluster and the adsorbates are treated
quantum mechanically (QM), using the range-separated hybrid functional ©®B97X-D%"%8,
combined with def2 basis sets (detailed below), which include an Ar+3d effective core potential
for Pd. The QM region includes all neighboring T-atoms of each Al, as well as all Si and O atoms
that are part of the 6-or 8-ring(s) connecting the pair of Al atoms. The remainder of the large cluster
model is treated using molecular mechanics (MM).*7° Fig. 1 shows the T696 cluster model and
highlights the 6- and 8-rings facing the cha cages. Geometry optimizations and frequency
calculations are performed at the ®B97X-D/def2-SV(P) level of theory, followed by single-point
energy refinements at the ©B97M-V/def2-TZVPD level of theory. Paolucci et al. have pointed out
that binding energies of NO to Pd are particularly sensitive to the choice of density functional.?
In this study, we have selected the range-separated hybrid meta GGA functional ®B97M-V’! to
evaluate the energetics, because it has emerged as the overall best performer out of the 200 density
functionals evaluated by Mardirossian and Head-Gordon.”? The MM region is described with a
CHARMM-type force field using the P2 parameter set.”® Initial geometries were constructed with
ZEOBUILDER.”" All QM/MM calculations were performed with a developmental version of Q-
Chem.”® Thermochemical quantities are calculated from a normal mode analysis using the quasi-
rigid rotor/harmonic oscillator approximation (RRHO)’%7* on the optimized structures.

central cha cage

NNN (6R) NNNN (6R)

] }

@mm

a

, S
NNN (8R) NNNN (8R) NNNNN (8R)

Figure 3.1: Left: T696 cluster model for CHA used in QM/MM calculations. Si atoms are represented in cyan, Al in
pink, O in red, H in white. The central CHA cage containing the adsorption sites is shown in bold lines. Center: 6-ring
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and 8-ring in the cha cage. Right: Al pairs in next-nearest neighbor (NNN), next-next-nearest neighbor (NNNN) and
next-next-next-nearest neighbor (NNNNN) configurations in the 6-ring (6R) and 8-ring (8R). Adapted with
permission from [19].

3.3.5 EPR spectroscopy

Electron paramagnetic resonance spectroscopy experiments were carried out using a Bruker
EMX plus EPR spectrometer. Samples were first treated in a quartz reactor in a similar manner to
the TPD experiments. Depending on the condition being tested, samples were taken from different
parts of the TPD methodology, such as before and after saturation with NO: they were cooled to
room temperature and then removed from the quartz reactors. 25-50 mg samples were loaded into
4 mm OD Clear Fused-Quartz tubes. They were attached to a Schlenk line through a Teflon
stopcock. The Schlenk line was utilized to put each sample under vacuum. Once connected, three
cycles of flushing with high purity N> gas and then evacuation were conducted. After the third
cycle, the stopcock was closed to keep the reactor under vacuum and separate it from the Schlenk
line. This line was then flame sealed using a gas-oxygen torch.

Following flame seal, EPR experiments were performed by Dr. Ruchira Chatterjee and
Kaitlyn Engler. EPR spectra were acquired at X-Band at 20 K in a Bruker EN 4118X-MD4
resonator on a ES80 Elexsys spectrometer equipped with an Oxford Instruments CF935 helium
cryostat. Three gauss modulation was applied during acquisition. Power and modulation levels
were varied to ensure the spectra were not saturated or broadened due to overmodulation.

3.4 Results and Discussion
3.4.1 NO adsorption on Pd/H-CHA
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Figure 3.2: a) NO/NO; profile for NO adsorbed on Pd/H-CHA during the adsorption step. NO adsorption
was from a flow of He (250 mL/min). (b) NO TPD profile for NO adsorbed on Pd/H-CHA. Nearly identical
results were obtained over four adsorption-desorption cycles.

A set of experiments was performed to assess whether NO is involved in the reduction of
Pd?* to Pd". The Pd/H-CHA catalyst used in the present study has a Si/Al ratio of 13 and a Pd
weight loading of 0.64%. This catalyst in particular has been extensively studied thanks to its
tunability as a zeolite and great hydrothermal study, making it ideal for usage in the hot and wet
conditions of exhaust gas.!! The Pd/H-CHA was first heated in air containing 5% H>O to 773 K at
2 K/min, held at this temperature for 5 h, and then cooled to 348 K in 5% H>O in He. NO adsorption
was from a flow of He (250 mL/min) containing 200 ppm of NO at 348 K. During TPD, the
temperature was ramped from 348 K to 773 K at 10 K/min and then held at 773 K for 20 min in
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He. This protocol is identical to that used in our earlier work and was found to result in the
appearance at high-temperature NO desorption peak during TPD, attributable to NO desorption
from Pd" cations. Fig. 3.2a shows the composition of the effluent from the reactor upon exposure
of pretreated Pd/CHA to NO. Traces are seen for both NO and NO,. Since the NO fed to reactor
is free of NO2, the NO> observed is formed during the adsorption process by reacting with the Pd
or the zeolite support.®* The integral of the trace of NO, corresponds to approximately 15 pmol of
NO; per gram of adsorbent. Fig. 3.2b shows the TPD spectrum for NO. Two NO desorption peaks
are observed: one at low-temperatures (423-473 K) and one at high temperatures (550-773 K) that
can be attributed to NO desorption from Pd** and Pd", respectively. The total amount of NO
desorbed is 57 umol of NO per gram of adsorbent, which corresponds to a NO/Pd ratio of 0.51.
The fractions of NO desorbing from Pd?>* and Pd" are 0.43 and 0.57, respectively. The ratio of NO
desorbing from Pd" to NO; formed during NO adsorption is 2.1, consistent with what would be
expected for the following process.

1.5NO + Pd*Z-Z- + 0.5 (H,0)H'Z- — (NO)PAd*Z'H'Z" + 0.5 NO, + 0.5 H'Z"  [3.1]

The ratio of NO desorbing from the high-temperature desorption peak, attributed to Pd*, to NO2
formed upon adsorption may vary due to the conversion of NO to NO> catalyzed by the zeolite.®*
The water involved in this reaction is assumed to be H»>O retained on unexchanged Brensted acid
sites during the cool-down phase of the adsorbent pretreatment.

To determine whether Reaction 3.1 is thermodynamically feasible, we calculated the
reaction free energy for this process. The calculated reaction free energies for Reaction 3.1 under
NO adsorption conditions (T = 348 K, Pno = 20 Pa, Pno2 = 0.1 Pa) are listed in Table 3.1 for Pd
cations at the various Al pairs in the 6- and 8-rings. This reaction is thermodynamically favorable
for all Al pairs, except for next-next-nearest neighbor Al pairs in 6-rings (NNNN(6R)).

Table 3.1: Reaction free energies (AGrxn) in kJ/mol under adsorption conditions (T = 348 K, Pno = 20 Pa, Pno2 = 0.1
Pa) for the reduction of Pd*" to Pd" at different Al pairs in the 6-rings and 8-rings in Pd/H-CHA before and after NO
adsorption on the newly formed Pd" sites.

Charge-Exchange Site Reaction 3.1
AGixa [kJ/mol]
NNN(6R) -87
NNNN(6R) +9
NNN(@R) -123
NNNN(8R) -224
NNNNN(8R) -241
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Figure 3.3: TPD IR spectra for NO adsorbed on Pd/H-CHA. A reference spectrum was taken of Pd/H-CHA before
NO adsorption, and then subtracted from the spectrum taken after NO adsorption. Scans were taken every 100 K
during which the temperature was ramped at 2.5 K/min.

IR experiments were also carried out in order to identify adsorbed NO species. Fig. 3.3
shows IR TPD spectra for NO adsorbed on the Pd/H-CHA. Pd/H-CHA was de-greened by heating
in air and 5% H>O from 348 K to 773 K at 2 K/min and holding at 773 K for 5 h. The sample was
then cooled to 75°C in air. NO adsorption was from a flow of He (250 mL/min) containing 200
ppm of NO at 348 K. During TPD, the temperature was ramped from 348 K to 773 K at 10 K/min
and then held at 773 K for 20 min in He. As previously reported, the main features associated with
NO adsorbed on Pd occur at 1860 cm™ and 1810 cm™!.%!743 While these bands have been attributed
to NO bound to Pd?>* and Pd*, respectively, recent work by Kim et al. indicates that the band at
1860 cm™! has contributions from NO adsorbed on Pd* as well as Pd**.3* DFT calculations reveal
that the frequency of the band for NO adsorbed on Pd" is quite sensitive to the location of the
charge exchange site at which the Pd" cation is located within the unit cell of CHA. These findings
demonstrate that IR spectroscopy cannot be used unambiguously to identify NO adsorbed on Pd".

3.4.2 Effect of CO on NO adsorption on Pd/H-CHA

Prior studies have suggested that CO can improve NO adsorption by either the reduction
of Pd** to Pd* or via formation of an NO-Co complex.!%!"-23 To test these alternatives, we carried
out experiments using CO. Pd/H-CHA was de-greened by heating in air and 5% H>O from 348 K
to 773 K at 2 K/min and holding at 773 K for 5 h. The sample was then cooled to 75°C in air. A
few different adsorption experiments were conducted, in which 100 ppm of CO was either co-
adsorbed with NO, or CO was adsorbed prior to NO adsorption. In both experiments, adsorption
was from a flow of He at 348 K. During TPD, the temperature was ramped from 348 K to 773 K
at 10 K/min and then held at 773 K for 20 min in He.
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Figure 3.4: NO TPD profiles for NO adsorbed on Pd/H-CHA. Additional gas feeds were tested: NO and CO were co-
adsorbed in one case, and the Pd/H-CHA was pre-saturated with CO prior to NO adsorption in the other.

As seen in Fig. 3.4, the co-adsorption of CO and NO significantly reduces the area of the
low-temperature TPD peak and increases the area of the high-temperature peak relative to what is
observed when NO is adsorbed alone. Adsorption of CO prior to the adsorption of NO has a similar
effect. In this case, though, the low-temperature NO desorption feature is almost completely
suppressed and the high-temperature feature increases further relative to what is seen for the co-
adsorption of CO and NO. Notably, in all these experiments, the total amount of NO adsorbed
remains the same at 0.51 NO/Pd. Additionally, neither of these experiments shows any evidence
for CO desorption coincident with the desorption of NO in the high-temperature peak. Therefore,
we conclude that NO and CO does not form a co-adsorbed NO/CO complex and that it is more
likely that CO reduces Pd** to Pd" (as suggested by Ambast et al.*”), which binds NO more strongly
than Pd*".
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Figure 3.5: TPD IR spectra for NO adsorbed on Pd/H-CHA. In (a), additional gas feeds were tested: NO and CO were
co-adsorbed in one case, and the Pd/H-CHA was pre-saturated with CO prior to NO adsorption in the other. In (b) the
sample was first pre-saturated with CO from a flow of He (250 mL/min) at 348 K. A scan was taken after CO
adsorption and prior to NO adsorption. This scan is then compared to a scan taken after NO adsorption.
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To help relate the change in TPD behavior to a change in NO-Pd speciation, IR spectra
were collected. PdA/H-CHA was de-greened by heating in air and 5% H>O from 348 K to 773 K at
2 K/min and holding at 773 K for 5 h. The sample was then cooled to 75°C in air. NO adsorption
was from a flow of He (250 mL/min) containing 200 ppm of NO at 348 K. In Fig. 3.5a, additional
gas feeds were tested: NO and 100 ppm of CO were co-adsorbed in one case, and the Pd/H-CHA
was pre-saturated with 100 ppm of CO prior to NO adsorption in the other. A reference spectrum
was taken of Pd/H-CHA before NO and CO, and then subtracted from the spectrum taken after
NO and CO adsorption. Spectra in Fig. 3.5a were taken just prior to TPD. In Fig. 3.5b the sample
was first pre-saturated with 100 ppm of CO from a flow of He (250 mL/min) at 348 K. A scan was
taken prior to NO adsorption, revealing the IR features associated with CO adsorption on Pd/H-
CHA. Then NO adsorption was from a flow of He (250 mL/min) containing 200 ppm of NO at
348 K. A reference spectrum was taken of Pd/H-CHA before NO and CO adsorption, and then
subtracted from the spectrum taken after NO and CO adsorption.

IR spectra taken after the adsorption of NO for each of the three experiments reported in
Fig. 3.4 are presented in Fig. 3.5a. Surprisingly, for all three scenarios — NO adsorption alone, CO
and NO co-adsorption, and CO adsorption followed by NO adsorption — the spectra are virtually
the same, exhibiting bands at 1810 cm™! and 1860 cm™!. Therefore, despite the distinct differences
in the TPD spectra for these scenarios, IR spectroscopy provides little insight into the changes in
Pd adsorption sites produced by exposure of the adsorbent to CO either prior to or together with
NO adsorption. As described previously, the IR band at 1860 cm™! contains contributions from NO
adsorbed on Pd" and Pd*" located in NNN and NNNN sites. If CO only redistributes the adsorbed
sites without creating additional ones (as indicated by the similar amounts of NO adsorbed with
and without CO), then those changes may not be reflected in the IR spectra. Fig. 3.5b shows a
spectrum of CO adsorbed on Pd/H-CHA. The band at 2130 cm! is attributable to CO adsorbed on
either Pd* or Pd*".!%2640 The absence of this band after NO adsorption or after co-adsorption of
CO and NO is consistent with the stronger adsorption of NO than CO (see more on this topic
below) and the displacement of adsorbed CO by NO illustrated in Fig. 3.5b. This result matches
the aforementioned TPD experiments which demonstrate that there is no formation of a NO/CO
co-adsorbed complex.
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Figure 3.6: NO/CO/CO: profiles during adsorption for CO and NO adsorbed on Pd/H-CHA. The profiles for NO, CO,

and CO2 were recorded during the adsorption step for Pd/H-CHA that was pre-saturated with CO prior to NO
adsorption.
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Further insights into the role of CO were obtained from monitoring the composition of the
gas leaving the reactor for the experiment in which CO is pre-adsorbed prior to the adsorption of
NO. Pd/H-CHA was de-greened by heating in air and 5% H>O from 348 K to 773 K at 2 K/min
and holding at 773 K for 5 h. The sample was then cooled to 75°C in air. The profiles for NO, CO,
and CO» were recorded during the adsorption step for PdA/H-CHA that was pre-saturated with CO
prior to NO adsorption. Fig. 3.6 shows that upon adsorption of CO a small amount of COs> is
formed during a period of about 15 min, corresponding to ~ 0.24 mol CO2/mol Pd. The partial
pressure of CO reaches a plateau about 40 min after its introduction but then is completely removed
during by the He flush.

It is notable that upon CO adsorption, a small amount of CO; is formed. We suggest that
reduction might occur via Reaction 3.2 or 3.3.

0.5 CO + Pd>* Z'Z + 0.5 (H20)H'Z" — Pd*Z'H*Z" + 0.5 CO»+ 0.5 H'Z: [3.2]
1.5 CO + Pd**ZZ" + 0.5 (HLO)H'Z" — (CO)Pd*ZH'Z + 0.5 CO,+ 0.5 H'Z"  [3.3]

As discussed for the case of NO adsorption in Section 3.4.1, the water required to perform the
chemistry is assumed to have been retained on the zeolite during its pretreatment.

The reaction free energies under adsorption conditions (T =348 K, Pco =20 Pa, Pco> = 0.1
Pa) were calculated for Reaction 3.2 and 3.3, and the results are listed in Table 3.2 for Pd cations
associated with various Al pairs in the 6- and 8-rings. This table shows that Reaction 3.2 and 3.3
are both thermodynamically favorable for all Al pairs, including the next-next-nearest neighbor Al
pair in the 6-ring (NNNN(6R)), and that the reaction free energy is more favorable for Reaction

3.3.

Table 3.2: Reaction free energies (AGrn) in kJ/mol under adsorption conditions (T = 348 K, Pco =20 Pa, Pco2 = 0.1
Pa) for the reduction of Pd*" to Pd" at different Al pairs in the 6-rings and 8-rings in Pd/H-CHA before and after CO
adsorption on the newly formed Pd” sites.

Reaction 3.2 Reaction 3.3

AGrxn [kJ/mol] AGixn [kJ/mol]
NNN(6R) -157 -180
NNNN(6R) -53 -100
NNN(8R) -145 -226
NNNN(8R) -266 -320
NNNNN(8R) -301 -360

Fig. 3.6 also shows that upon initial exposure to NO, a sharp burst of CO is recorded, indicating
that all of the CO that was previously adsorbed on the Pd/H-CHA is displaced by NO. The absence
of CO during TPD also indicates that NO and CO do not form a co-adsorbed complex for the
conditions investigated in this study. In addition, we note that the amount of CO» (0.24 CO»/Pd)
formed is approximately equal to half the amount of NO desorbing from Pd" at high 0.51 NO/Pd"*,
consistent with Reaction 3.2 or 3.3. These results show that CO can reduce Pd?* completely to Pd*,
resulting in the exclusive desorption of NO at higher temperatures (>500 K).
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3.4.3 Electron paramagnetic resonance experiments on NO adsorbed Pd/H-CHA

Co-adsorbate studies have shown evidence for the formation of Pd*. However, direct
observation of this oxidation state has remained a challenge in this field.!” EPR spectroscopy is a
technique that can detect radical electrons, making it one of the last bastions of experimental
techniques remaining that can be used to detect the formation of Pd*. These experiments were
conducted with the assistance of the Dr. Junko Yano from the Molecular Biophysics and Integrated
Bioimaging Division at Lawrence Berkeley National Lab.

Prior to EPR experiments, samples were first pretreated and saturated with NO. In Fig. 3.7,
three samples were compared. The first sample was H-CHA (Si/Al = 12) that was de-greened by
heating in air from 348 K to 773 K at 2 K/min, and held at 773 K for 1 h. The sample was then
cooled to 348 K in air. NO adsorption was carried out from a flow of He (250 mL/min) containing
200 ppm of NO at 348 K. The second sample was Pd/H-CHA (Si/Al = 12, Pd/Al = 0.24) that was
de-greened by heating in air and 5% H>O from 348 K to 773 K at 2 K/min and held at 773 K for 5
h. The sample was then cooled to 348 K in air. This sample was not saturated with NO. The third
sample was a Pd-CHA-10 that was de-greened by heating in air and 5% H>O from 348 K to 773
K at 2 K/min and held at 773 K for 5 h. The sample was then cooled to 348 K in air. NO adsorption
was from a flow of He (250 mL/min) containing 200 ppm of NO at 348 K.

Following each adsorption step (for Pd_zeolite, following the end of the de-greening step),
the samples were removed from their quartz reactors and transferred to EPR tubes inside a fume
hood. They were connected to a Schlenk line, where the samples were put under vacuum. Using a
valve, the EPR tube was separated from the Schlenk line and then flame sealed.

—Pd_zeolite

| —Pd_zeolite_NO

\ —NO_zeodlite

S(b 14b0 13‘)0 24‘00 2&‘)0 3450 33’)0
Magnetic Field [Gauss]

Figure 3.7: EPR spectra of Pd/H-CHA and H-CHA samples. Samples were pretreated in He and 5% H20. Samples
were removed from the quartz reactor and transferred to quartz EPR tubes. They were then moved to a Schlenk line
to put under vacuum. A stopcock was used to separate the vacuum sealed EPR tube from the Schlenk line. Samples
were then flame sealed. The Pd_zeolite sample was removed immediately after pretreatment. The NO_zeolite sample
was the H-CHA sample that was saturated with NO after pretreatment. The Pd_zeolite NO sample was the Pd/H-
CHA sample that was saturated with NO after pretreatment.
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There are two notable features observed in these EPR spectra: the peak around 1400 Gauss
is typical of iron impurities that is found in zeolites. The feature of interest is the one located at
around 3000-3300 Gauss or a g-value of about 2.1. This feature has been assigned to Pd*.>*?° Fig.
3.7 shows that following the de-greening step, there is no Pd" present prior to the introduction of
NO. Lardinois et al. have used H> temperature programmed reduction experiments to determine
that, using a similar pretreatment, Pd should be predominantly in the form of Pd** or PdO.! But
upon adsorbing NO, the EPR spectrum exhibits a peak, matching the hypothesis proposed in
Chapter 2 where it was suggested that NO is required to produce Pd".

However, subsequent experiments have failed to reproduce this feature at g~2.1. Fig. 3.8
showcases several additional EPR experiments conducted under similar conditions to those
reported in Fig. 3.7. In part a, the samples were first saturated with NO before sealing off the
reactor and transferring it to a glove box. The catalyst was then transferred to the EPR tube under
inert conditions. In part b, the sample was de-greened, and then transferred to the Schlenk line. In
the Schlenk line, the catalyst was exposed to NO and then put under vacuum for flame sealing.
However, neither of these methods resulted in the observation of the peak at a g-value of 2.1.

(a) (b)
——Pd/H-CHA - Glovebox —Pd/H-CHA - Schlenk Line
900 1400 1900 2400 2900 3400 3900 4400 4900 900 1400 1900 2400 2900 3400 3900 4400 4900
Magnetic Field [Gauss] Magnetic Field [Gauss]

Figure 3.8: EPR spectra of Pd/H-CHA samples taken using two different methodologies. In Fig. 3.8a, a PdA/H-CHA
sample was saturated with NO. Afterwards, two valves installed around the reactor were closed to seal the sample
from the air, and then the reactor was transferred to a glove box. In the glove box, the sample was transferred to a EPR
quartz tube before being sealed with a stopcock and connected to a Schlenk line to be put under vacuum. In Fig. 3.8b,
a Pd/H-CHA sample was pretreated in a quartz reactor, and then transferred to an EPR quartz tube. Once connected
to a Schlenk line, the sample was exposed to NO before being put under vacuum for flame sealing.

Both experiments sought to create environments free of air and H>O to maintain the
stability of the Pd" cation when moving from the quartz reactor to the EPR spectrometer. Given
the lack of consistency in EPR results, direct observation of Pd" proved difficult to confirm. One
potential issue is that even at very low temperatures (20-100 K), the Pd" signal in EPR possesses
a very short relaxation time which makes it difficult to detect.®¢ Theoretical calculations also
demonstrate the sensitivity of the Pd oxidation state to temperature, so the necessary low
temperatures (10-20 K) possibly convert Pd* to an EPR-silent species instead.!*?>4" High Si/Al
can also make EPR experiments difficult due to the very low population of exchanged Pd in the
catalyst.!'®4* Successful studies have observed Pd* in more extreme conditions such as high
vacuums and thermal reduction by H», which were not employed in the above experiments.?%-242587
Potential fixes could include increasing the Pd weight loading, which has been reported to
monotonically increase along with the EPR signal up to about 3% weight loading, or approaching
even lower temperatures (<10 K).3® However, it is possible that using an in situ EPR spectrometer
and adsorbing NO without the need to transfer the sample between instruments can overcome the
stability concerns of Pd".
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3.4.4 Retention of Pd" sites following NO TPD

A significant question is whether the Pd* sites responsible for the desorption of NO at high
temperature are retained after NO desorption. To address this issue the following experiment was
carried out. Pd/H-CHA (Si/Al = 14, Pd wt% = 0.68) was de-greened by heating in air and 5% H>O
from 348 K to 773 K at 2 K/min and holding at 773 K for 5 h. The sample was then cooled to 348
K in air. NO adsorption was from a flow of He (250 mL/min) containing 200 ppm of NO at 348
K. During TPD, the temperature was ramped from 348 K to 773 K at 10 K/min and then held at
773 K for 20 min in He. Immediately after the desorption of NO from Pd/H-CHA pretreated in He
and 5% H»O prior to NO adsorption, the sample was cooled in pure He and then exposed to NO.
Under these conditions, 39 umol NOx/g of adsorbent was stored. A second experiment was carried
out in which, following cooling in pure He, the catalyst was exposed to CO and then to NO. Under
these conditions, a similar amount, 44 NOy/g of adsorbent, was stored as in the first experiment.

After the first TPD experiment (with a pretreatment of He and H>O), the TPD spectrum
exhibits the high-temperature NO desorption feature. Fig. 3.9 shows that if the pretreatment in
H>O is not repeated prior to the second adsorption of NO, the TPD spectrum of adsorbed NO
exhibits primarily the low temperature NO desorption peak and very little of the high-temperature
feature. The results suggest that any Pd" sites that had formed during the adsorption of NO
following pretreatment in He containing 5% H>O were not retained after NO TPD. This
observation suggests that all Pd* sites were oxidized to Pd** sites during the first NO TPD process.
There is also a noticeable peak due to NO> desorbing: NO> is typically not observed in the TPD
when using pretreatments involving water. Prior work has shown that NO> is formed by the
reactions of NO with trace amounts of O retained on the Brensted acid sites of the zeolite.?*8*
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Figure 3.9: NO/NO2 TPD profile for NO adsorbed on Pd/H-CHA. The spectra above were collected after de-greening
the Pd/H-CHA in air and H20, adsorbing NO, and then doing TPD. Afterwards, the sample was cooled in He from
773 K to 348 K, NO was adsorbed again at 348 K, and then the TPD was done again, resulting in the spectrum
presented above.

Further support for the conclusion that all Pd”* sites are oxidized to Pd*>*during NO TPD
from Pd/H-CHA pretreated in 5% H>O and He is provided by inspection of the reactor effluent
during NO adsorption. Fig. 3.10a indicates that after Pd/H-CHA pretreatment in He, no NO» is
observed during the adsorption of NO in contrast to what was observed in Fig. 3.2a. Fig. 3.10b
examines the adsorption step of CO on Pd/H-CHA after a pretreatment in He (and no H»O). In this
case, there is no notable CO> formed in contrast to what was observed in Fig. 5b. The resulting
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TPD curve for this case (Fig. 3.10b) is similar to that shown in Fig. 3.10a, exhibiting little high-
temperature NO desorption. This is particularly notable for the CO experiment, because as
depicted in Fig. 3.5, the addition of CO in the adsorption protocol should have significantly
increased the amount of NO desorbing at higher temperature.
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Figure 3.10: a) The NO/NO2 profile for NO adsorbed on Pd/H-CHA during the adsorption step. NO adsorption was
from a flow of He (250 mL/min) containing 200 ppm of NO at 348 K. b) The CO/COz profile for CO adsorbed on
Pd/H-CHA during the adsorption step. CO adsorption was from a flow of He (250 mL/min) containing 100 ppm of
CO at 348 K.

The absence of a high-temperature NO peak from Pd/H-CHA that had not undergone
pretreatment in the presence of H2O prior to the adsorption of NO (or adsorption of CO and then
NO) suggests that Pd" is only formed through the interactions of adsorbed H>O with either NO or
CO (Reactions 3.1 and 3.3) and that upon NO desorption, Pd* is re-oxidized to Pd*". We
hypothesize that this process involves trace amounts (~1 ppm) of O, present in the feed (either
during pretreatment in He/air and 5% H>O or the adsorption in He and 200 ppm NO) and occurs
via the reaction:

Pd* Z/H* Z + 0.25 s (g) — Pd>*Z" Z" + 0.5 H,0 (g) [3.4]

Trace amounts are suggested because moisture and NO; (Alltech/Restek) traps were used to assure
the purity of the He and NO feed during the pretreatment and adsorption steps (as described in the
Methods Section).

To examine the possibility of reoxidation of Pd” sites due to trace amounts of oxygen via
Reaction 3.4, we calculated the reaction free energy at 773 K (the temperature at the end of
TPD/pretreatment in He). The tables below list the reaction free energies (in kJ/mol) for a range
of Oz and H>O partial pressures (in Pa) for the NNN Al pairs in the 6-ring and 8-ring. It is important
to note that the oxidation to Pd* to Pd*" in the presence of only Oz and H>O is only possible at the
listed pairs of framework Al sites. For the NNNN(6R) pair of Al sites, Pd*" prevails regardless of
Po2 and Pwzo. By contrast, at the NNNN(8R) and NNNNN(8R) pairs of Al sites, Pd" prevails
regardless of Po2 and Pu2o. In light of all the experimental observations, the latter finding strongly
suggests that Pd" cations are not formed at these Al pairs, since they would always be strong-
binding Pd" sites that would be impossible to reoxidize. The results show that reoxidation of Pd*
due to trace amounts of O is possible for Pd" associated with NNN(6R) and NNN(8R) Al pairs,
provided the amount of H>O is sufficiently low. This conclusion agrees with the earlier finding
that H>O in the pretreatment is crucial for generation of high-T NO desorption sites.
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Table 3.3: Reaction free energies (AGmn) in kJ/mol for the reoxidation of Pd* to Pd*" at NNN Al pairs in the 6-rings
and 8-rings in Pd/H-CHA, evaluated for various trace amounts of H2O and Oz (P20 and Poz in Pa) at 773 K.

NNN(6R)

Poz / Pu2o 2 0.1 1 10
0.1 -4.3 3.1 10.5
1 -8.0 -0.6 6.8
10 -11.7 -4.3 3.1
NNN(8R)
Poz / Pu2o 2 0.1 1 10
0.1 -14.8 -7.4 -0.0
1 -18.5 -11.1 -3.7
10 -22.2 -14.8 -7.4

3.5 Conclusions

This study has examined the chemistry by which Pd*" cations present in Pd-exchanged H-
CHA (Pd/H-CHA) are reduced to Pd" cations and the stability of the latter cations to reoxidation.
The results show that the reduction of Pd** to Pd" involves the reaction of small amounts of water,
retained on the zeolite following pretreatment in water vapor, with either NO or CO via the
Reactions 3.1 or 3.3:

1.5NO + Pd**Z'Z + 0.5 (H,0)H'Z" — (NO)Pd'ZH'Z + 0.5 NO,+ 0.5 H'Z"  [3.1]
1.5 CO + Pd>* Z'Z + 0.5 (H,0)H'Z — (CO)Pd*ZH'Z + 0.5 CO,+ 0.5 H'Z.  [3.3]

The free energy of reaction for both processes is negative but much more strongly so for Reaction
3.3, consistent with the observation that saturating the Pd/H-CHA with CO beforehand will shift
the distribution of NO desorption such that all of the NO desorbs at high temperatures. This result
demonstrates that nearly all Pd** cations are reduced to Pd* cations via this reaction but only a
subset of the Pd?* cations are reduced via Reaction 3.1. Additionally, CO adsorbed on Pd* cations
formed in Reaction 3.3 appears to be readily displaced by NO at 333 K. Finally, Pd" cations are
found to be reoxidized to Pd?* cations following TPD in He. It is suggested that this could occur
via Reaction 3.4:

Pd* Z/H* Z + 0.25 05 (g) — Pd**Z" Z" + 0.5 H,O (g). [3.4]

In summary, this work provides new insights into the redox chemistry of Pd cations present in
Pd/H-CHA and the role of this chemistry in adsorption and desorption of NO.
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3.7 Supporting Information

XYZ coordinates of all QM/MM optimized structures used in the thermodynamics calculations
are provided in the attached ZIP archive. The tables below show thumbnail images of the QM
region in each structure, and specify which atoms in the corresponding XYZ file are included in
the QM region.
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Table S3.1: 6-ring — NNN Al pair

structure filename QM atoms
Pd**zz pd2-6R-NNN.xyz 1-21
Pd*ZH*Z pd1-6R-NNN.xyz 1-22
(NO)Pd*ZH*Z pd1-no-6R-NNN.xyz 1-24
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(CO)PA*ZH'Z

pd1-co-6R-NNN.xyz

1-24
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Table S3.2: 6-ring — NNNN Al pair

structure filename QM atoms
Pd**zz pd2-6R-NNNN.xyz 1-21
Pd*ZH*Z ‘ pd1-6R-NNNN.xyz 1-22

(*)
(NO)Pd*ZH*Z pd1-no-6R-NNNN.xyz 1-24

59



(CO)P*Z'H*Z-

pd1-co-6R-NNNN.xyz

1-24
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Table S3.3: 8-ring — NNN Al pair

structure filename QM atoms
Pd%*77- ﬁ pd2-8R-NNN.xyz 1-25
Pd+z-H+Z- Q pdl-SR-NNNXyZ 1-26
(No)Pd+Z-H+Z- ﬁ pdl-nO-SR-NNN.XyZ 1-28
(Co)Pd+Z-H+z- ﬁ pdl-CO-SR-NNN.XyZ 1-28
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Table S3.4: 8-ring — NNNN Al pair

structure filename QM atoms
Pd*zZz pd2-8R-NNNN.xyz 1-25
Pd*ZH*Z pd1-8R-NNNN.xyz 1-26
(NO)Pd*ZH*Z pd1-no-8R-NNNN.xyz 1-28
(CO)Pd*ZH*Z pd1-co-8R-NNNN.xyz 1-28
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Table S3.5: 8-ring - NNNNN Al pair

structure filename QM atoms
I ¢ pd2-8R-NNNNN.xyz 1-25
PA*ZH'Z ¢ pd1-8R-NNNNN.xyz 1-26
(No)Pd+Z-H+Z- ¢ pdl-nO-SR-NNNNN.XyZ 1'28
(COP'ZHZ ¢ pd1-co-8R-NNNNN.xyz 1-28
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4 Investigation on the Impact of Ethene on the NO Adsorption Abilities of Pd/H-
CHA

4.1 Abstract

Exhaust gas contains a variety of compounds that have been proven to be detrimental to the
environment. NO, for example, is known for causing chemical smog and acid rain. To counteract
these concerns, passive NOx adsorbers or PNAs are installed downstream of the engine to capture
escaping NO that is not transformed by catalytic converters at lower temperatures. The
development of PNAs must also consider the presence of other components in the exhaust gas,
such as water, CO, and hydrocarbons. The latter two have been studied in an effort to take
advantage of their interactions with Pd: the previous chapter has shown that CO can be used to
improve NO storage on Pd for PNA applications. Similar hypotheses have been proposed for the
role of hydrocarbons such as C2Ha, which can partially reduce Pd** to Pd* cations that are capable
of binding NO more strongly. Temperature-programmed desorption experiments have
demonstrated that ethene does not have a positive effect on NO adsorption. Instead, ethene is found
to take up Pd adsorption sites and to desorb in the form of CO, due to oxidation by traces of Oz in
the feed and by steam reforming. Consequently, NO storage significantly decreases compared to
feeds free of ethene. In the co-feed experiments, NO enhances the ethene oxidation capabilities of
Pd, producing large amounts of CO and COs». In addition, exposure to ethene at higher temperatures
results in the formation of coke on the catalyst, blocking adsorption sites and preventing NO uptake
in subsequent cycles.

4.2 Introduction

Pd/H-CHA is a popular PNA catalyst chosen for its strong hydrothermal stability and its
high adsorption capacity compared to other supports.?>?63! The adsorption reaction mechanism is
heavily debated in the literature because of the lack of Pd" reference material and as a result has
numerous theories surrounding the formation and stability of the Pd adsorption site that will adsorb
NO up to high temperatures (>573 K).!%29-2360 However, additional insight on the adsorption
reaction can be interpreted by studying the effects of other co-adsorbates. CO has been used to
investigate the high temperature adsorption site in Pd/H-CHA. CO has been proposed to improve
NOx storage by forming a co-adsorbed complex with NO or producing an isocyanate complex.*>%3
Another hypothesis is that it produces additional Pd" cations that allow for more high temperature
NO storage, and CO co-adsorption has been used to support this hypothesis.*’*> As a result, there
is interest in looking into other co-adsorbates to glean additional support for the Pd" cation. These
co-adsorbates are also essential to study due to the hopes that automobile manufacturers will be
able to take advantage of their presence in exhaust gas to bolster the adsorption efficiency of the
catalyst.

Of the various co-adsorbates typically found in exhaust gas, HCs such as ethene and
propylene. Propene has been reported to decrease the total NOy storage, but shift more of the
distribution of desorbing NO to higher temperatures. Malamis et al suggest that propene
outcompetes NO for Brensted acid sites reduces total NO storage.>? On the other hand, Liu et al
report increased NO uptake when co-feeding propene and NO. They also hypothesize that
propylene both partially reduces Pd** to Pd* and reacts with NO to form a co-adsorbed complex
that desorbs at higher temperatures.*® Between these two experiments, the feed conditions differ
significantly: Liu et al include water in their feed and use a higher concentration in O> compared
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to that used by Malamis et al. As mentioned earlier, the difference in feed compositions in the
literature significantly changes the results and the interpretations that follow.

Similarly to propene, ethene has been reported to outcompete NO for Brensted acid sites and
increase the amount of NO desorbing at higher temperatures.*’-” However, there is still a debate
about how ethene aids NO storage. Ambast et al. have reported that ethene behaves similarly to
CO by partially reducing Pd*" to Pd*, and point to the formation of acetaldehyde as evidence of
this process.*” However, the authors also note that ethene can undergo oligomerization which
produces byproducts that make it difficult to decipher the adsorption reaaction.>* Zelinsky et al.
has also observed ethene oligomerization in their TPD experiments, noting that the amount of
ethene uptake was four times the amount of available Pd sites.”® Another interesting factor
observed upon addition of ethene into the NO adsorption cycle is the impact of steric hindrance:
Theis et al have reported that ethene improves NO adsorption on samples with few Al pairs.*® This
idea contradicts the understanding that more Al pairs allows for more Pd exchange and thus greater
NO storage.!*>°! The effect of ethene on the durability of the catalyst over repeated cycles is also
debated. Theis et al have also suggested that ethene co-adsorption reduces the total NOx storage
over repeated tests, but this effect can be mitigated by the inclusion of Hy.#44

In this study, the effect of ethene on the NO adsorption capabilities of Pd/H-CHA was
investigated. TPD and IR experiments were carried out on Pd/H-CHA using a mix of feed
compositions that includes NO and ethene. The goals were to determine if ethene improves NO
storage, whether it produces Pd", and whether there is a combination of gases that can both improve
storage without sacrificing the durability of the catalyst.

4.3 Experimental Methods
4.3.1 Adsorbent synthesis

The NH4-CHA zeolite was provided by BASF. Palladium-exchanged CHA was prepared by
incipient wetness impregnation. De-ionized water (18.2 MQ) was added drop-wise to the NHa-
form zeolite while stirring until the total pore volume reached saturation, evidenced by a
transformation of the mixture from a powder-like substance to a slurry. Assuming the same mass
uptake as water, a PA(NH3)4(NO3): solution (10 wt%, Sigma-Aldrich) was dissolved in de-ionized
water (18.2 MQ) to achieve a desired Pd loading. The Pd-exchanged CHA form was then dried
overnight at room temperature (~298 K).

4.3.2 Temperature-programmed desorption studies

All TPD studies were conducted in a quartz reactor. Typically, 100 mg of adsorbent was loaded
into the reactor. A quartz wool plug placed below the bed prevented the adsorbent from entering
the effluent gas line. Before adsorption, the adsorbent underwent hydrothermal aging (HTA) in a
stream of air containing 5% water heated from 348 K to 773 K at 2 K/min. The temperature was
held at 773 K for 5 h in air and water vapor, and then cooled to 348 K in the absence of water
vapor.

For adsorption, a feed stream containing the adsorbate was flowed over the adsorbent at
348 K until the adsorbent was saturated. The feed typically consisted of about 400 ppm of NO in
a He balance flowing at 250 mL/min. 1000 ppm CH4 was added to the NO/He stream as an inert
tracer. For experiments using C2Ha, about 300 ppm of CoH4 was added to the He stream. He (purity
0f 99.999% from Praxair) was dried by passage through moisture trap (Restek Moisture Trap, <10
ppb water) and NO (1.03% NO in He balance from Praxair) was purified by passage through traps
to remove moisture and NO; (Alltech Gas Drier, <1 ppm NO2 and H>O). The air carrier gas was

65



provided by Praxair and was rated as extra dry (<10 ppm H20). The adsorption was monitored
using an MKS 2030 Multigas analyzer, a non-dispersive infrared (NDIR) instrument. The
concentration of adsorbate in the effluent was measured, and the adsorbate and CH4 were shut off
once the effluent concentration of adsorbate had reached the inlet value. The adsorbent was then
purged with He until the concentration of adsorbate had returned to the level observed before the
start of the adsorption step. A purge stream of He (250 mL/min) was fed to the reactor immediately
after adsorption to remove any weakly bound adsorbates. The adsorbed adsorbate was then
desorbed as the adsorbent was heated from 348 K to 773 K at 10 K/min, and subsequently held at
773 K for 20 min. Throughout this period the concentrations of adsorbates in the effluent were
monitored by non-dispersive IR spectroscopy. Following a TPD experiment, the adsorbent was
treated in one of several ways in order to prepare it for the next adsorption cycle. This typically
involved cooling the adsorbent from 773 K back to 348 K in a defined gas mixture (e.g., He, air,
air plus water vapor). This last step is referred to as a pretreatment, and for future discussion,
pretreatment refers to the steps performed before an adsorption measurement when the adsorbent
undergoes several adsorption/desorption cycles.

4.3.3 IR spectroscopy

The procedure for the initial treatment of Pd/H-CHA and pretreatment between NO
adsorption experiments is similar to that used for the TPD experiments. About 30 mg of adsorbent
was compressed into a pellet that was placed into a Harrick High Temperature cell with CaF;
windows. The cell was heated resistively and the temperature was monitored with a
thermocouple. The adsorbent was exposed to NO and/or CoHy for 15 min, after which the NO flow
was stopped and the TPD ramp was started. In-situ transmission IR experiments were conducted
using a Nicolet 6700 spectrometer operated at 4 cm! resolution. Each spectrum was obtained by
averaging 256 scans. Background spectra of Pd/H-CHA, taken at the same temperatures as spectra
recorded during a TPD IR experiment, were subtracted from the spectra of NO adsorbed on Pd-
CHA.

4.4 Results and Discussion
4.4.1 NO and C;H4 storage on H-CHA
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Figure 4.1. NO and NO:2 TPD profiles for NO adsorbed on H-CHA. H-CHA was de-greened in air and NO was
adsorbed in He balance.
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H-CHA was heated in air from 348 K to 773 K at 2 K/min and held at 773 K for 1 h. The sample
was then cooled in air from 773 K to 348 K. Adsorption was from a flow of He containing 400
ppm of NO at 348 K. During TPD, the temperature was ramped from 348 K to 773 K at 10 K/min
and then held at 773 K for 20 min in He. Similar to previously reported results, H-CHA adsorbs
NO and releases it in the lower temperature range (<573 K) as NO and NOo. In the absence of
water in the pretreatment step, H-CHA is able to store 325 pmols of NOx per gram catalyst. NO
stores primarily as NO" and some smaller amounts of nitrates according to IR spectroscopy
studies.’*%" As shown in Chapter 2 of the manuscript, Pd is necessary to achieve high-temperature
NO desorption. NO release at this temperature is not ideal for PNA applications.
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Figure 4.2: CO and C2Hs TPD profiles for CoHs adsorbed on H-CHA. H-CHA was de-greened in He and C2Ha was
adsorbed in He balance.

As seen in Fig. 4.2, H-CHA is unable to adsorb significant amounts of ethene at 428 K. The lack
of additional byproducts, such as CO, ethane, and CO,, also points to the fact that the BAS are
incapable of catalyzing oligomerization and other reactions at the feed conditions. These findings
are consistent with those reported by by Ryu et al., who tested CoHs adsorption capacities of
various H-zeolites.”? Therefore, it is concluded that BAS do not play a significant role on the
influence of ethene on NO storage.

4.4.2 NO and CoHg storage on Pd/H-CHA
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Figure 4.3. NO and NO2z TPD profiles for NO adsorbed on Pd/H-CHA. Pd/H-CHA was de-greened in air and NO was
adsorbed in He balance.

The effect of C:Hs on NO adsorption was tested. First, the NO adsorption capacity of Pd/H-CHA
(Si/Al =11, Pd weight % = 0.94) was measured. For these experiments, Pd/H-CHA was first de-
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greened in a feed of air and 5% H>O by heating the sample to 773 K at 2 K/min and held there for
about 5 h. Then the sample was cooled back to 348 K in air. A feed of about 400 ppm NO in He
balance was fed to the reactor until it was saturated with NO. The sample was purged of weakly
adsorbed NO using a stream of He, and then heated at 10 K/min. As seen in earlier chapters, Pd/H-
CHA adsorbs NO and produces two desorption peaks during TPD centered around 430 K and 750
K. As discussed in earlier chapters, the high-temperature peak in the TPD spectrum corresponds
to NO desorbing from Pd”, and the low-temperature desorption peak corresponds to NO released
from Pd?" sites.!”#** Pd/H-CHA stored about 97 pmols of NO per gram catalyst, corresponding to
about 1.10 NO/Pd. One NO/Pd is considered the limit due to NO expected to adsorb on a single
Pd cation at most, assuming 100% ion-exchanged Pd. The additional NO is likely due to NO stored
on BAS that were not completely blocked by the inclusion of water in the pretreatment or de-
greening step. This additional NO also explains the appearance of the NO> in the TPD spectrum,
which forms alongside NO upon desorption on BAS.?
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Figure 4.4: TPD profiles for C2H4 adsorbed on Pd/H-CHA. Pd/H-CHA was first pretreated in He, and C2Ha was
adsorbed in He balance.

Next, the ethene adsorption capacity of Pd/H-CHA was investigated. The sample was pretreated
in He from 773 K to 348 K, and then fed about 300 ppm of ethene in He balance at 348 K. It was
found that the Pd/H-CHA does store significant amounts of ethene. A small amount of ethene
desorbs at lower temperatures (~400 K), but the majority of any adsorbed ethene desorbs as CO»
(16 umol per gram catalyst) at low temperatures (500 K) and CO (47 pmol per gram catalyst) at
higher temperatures (~730 K). Both of these TPD peaks, indicating the oxidation of ethene by Pd
or precious group metals, have previously been reported.”*** The COx appears despite the absence
of O atoms in the feed. For the He only pretreatment, it is likely that the trace amounts of Oo,
documented as an issue in Chapter 3, are involved in reacting with the ethene to produce CO. To
investigate this possibility further, a temperature-programmed reduction (TPR) experiment was
conducted.
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Figure 4.5: C2Ha and CO TPR profiles for PdA/H-CHA (left axis) and the temperature (right axis). Samples were cooled
in He from 773 K to 348 K, and then C2Ha was fed in He balance while increasing the temperature at 10 K/min to 773
K. It was held at 773 K for an hour. At high temperatures, CO begins to be produced before falling to a steady ~4
ppm, while C2Ha4 fell with the peak of CO before returning and holding at around 250 ppm.

In this experiment (See Fig. 4.5), Pd/H-CHA was pretreated in He and cooled from 773 K to 348
K. Then about 300 ppm of ethene was flowed in He balance at 348 K. Once the catalyst was
saturated, the temperature was ramped at 10 K/min to 773 K, still in a feed of ethene in He. There
is a peak of ethene released upon the onset of the temperature ramp. This is likely ethene that was
weakly adsorbed to Pd/H-CHA, which would have normally been released during the purge step
between adsorption and TPD in previous experiments. Ethene holds is retained up to 600 K, where
ethene concentration decreases as CO begins to rise. At higher temperatures, the Pd can catalyze
the reaction of ethene to CO, resulting in a peak of CO.?> However, due to the limited amount of
O: in the feed, the CO signal peaks and then falls to about concentrations of 8 ppm, while the
ethene signal increases again. This corresponds to an O> concentration in the feed of about 4 ppm.
The large desorption peak of CO observed in Fig. 4.4 when C;Hj4 is adsorbed alone on Pd/H-CHA
could be the result of trace O reacting with ethene and storing as CO or an unknown CH,O,
complex. Alternatively, the O atoms could also come from PdO present in the catalyst alongside
ion-exchanged Pd cations.”® However, repeated ethene cycles in the absence of O atom sources in
the feed have shown that this CO desorption peak persists, which would not happen if there was a
limited supply of PdO. After several hours at 773 K, the ethene signal returns to feed level
concentrations.
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Figure 4.6: TPD profiles for C2H4 adsorbed on Pd/H-CHA. Pd/H-CHA was first pretreated in He and 5% H20O, and
C2H4 was adsorbed in He balance.
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For comparison, ethene adsorption after adsorbent pretreatment in He and H>O was
investigated, both to serve as a comparison to Fig. 4.4 and to assess the previously reported
beneficial impact of water on oxidation of HCs.”>® In Fig. 4.6, there are additional products
observed that were not present in the absence of H>O, such as propane and methane. Compared to
the He only pretreated sample (see Fig. 4.4), there is more COx desorption (57 pmol CO per gram
catalyst and 11 pmol CO2 per gram catalyst) and there are additional byproducts including CH4
and C3Hs. The total amount of C moles desorbing from Pd/H-CHA is greater for the cycle with
water present during the pretreatment (165 pmol of C per gram catalyst) than the cycle without
water in the pretreatment step (95 umol of C per gram catalyst). Ryu et al. have reported that while
water and CoH4 compete over Pd adsorption sites on other zeolites, this behavior is actually
reversed for PdA/H-CHA, where the inclusion of water in the feed actually doubled the ethene
adsorption capacity. These authors also observed that in wet conditions, Pd/H-CHA converted
more of the ethene into other hydrocarbons.”? However, comparable amounts of COx were formed
even without water. From these results, it is evident that water assists the storage of ethene, but is
not the largest contributor to the formation of COx when water is absent from the feed.? Therefore,
It is likely that trace amounts of O present in feed stream are responsible for ethene oxidation.
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Figure 4.7: TPD profiles for C:H4 adsorbed on Pd/H-CHA. Pd/H-CHA was first pretreated in He, and then saturated
with air for 20 min. After stopping air flow and purging for 1 h in He, C2H4 was adsorbed in He balance.

A sequential adsorption experiment was conducted in order to gauge the role of O2 in the
formation of COx from ethene adsorption. In this experiment, Pd/H-CHA, following a pretreatment
in He, is exposed to a flow of air containing 20% O for about 20 min. The air flow was then
stopped, and the feed switched to He. The sample was purged of weakly adsorbed O» with the He
stream for an hour. Then, 300 ppm of ethene in He balance was fed to the catalyst for about 20
min. After which, the ethene flow was ceased, and after purging any weakly adsorbed species,
TPD was started. By exposing the Pd/H-CHA to air prior to the introduction of ethene, it is
expected that a small portion of the Oz will store on the sample and be available to help oxidize
ethene. No notable products were observed in the effluent when flowing in air alone and during
the He stream purge. The TPD shown in Fig. 4.7 reveals a spectrum similar to that seen in Fig.
4.4. However, there is a small increase in the of total moles of C desorbed: 119 pmoles of C per
gram catalyst compared to the 95 pmoles of C per gram catalyst in Fig. 4.4. All of the products in
the TPD increase to a small degree relative to those observed in Fig. 4.4. This experiment provides
additional support for the hypothesis that O is responsible for the adsorption and conversion of
ethene into COx and HCs.
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Figure 4.8: In Fig. 4.8a, the COz profile is shown during a high-temperature air treatment for a Pd/H-CHA sample that
recently underwent C2Hs TPR. Exposure to C2H4 at high temperatures results in buildup of coke on the sample: the
Pd/H-CHA was then exposed to a feed of air at 773 K for about 20-30 min to burn off coke. As a result, a peak of CO2
is observed. In Fig. 4.8b, the NOx TPD profile is shown for a sample that did not undergo a high-temperature air
treatment. Without this air treatment, the coke leftover from C2H4 TPR will remain and block NO adsorption from
occurring in subsequent cycles.

The ethene TPR experiments also raised the issue of coke on the catalyst. Evidence of coke
can be found when flowing air at high temperatures (773 K) through the catalyst (following ethene
TPR), upon which a peak of CO; is observed indicating combustion of carbon from the catalyst
(See Fig. 4.8a). This coking also causes issues in subsequent cycles, where the coke blocks NO
from adsorbing on both Pd** and Pd* sites, even after pretreatments involving water. It has been
previously demonstrated that Pd is more prone to deactivation resulting from high-temperature
reactions with ethene compared to other precious metals such as Pt and Rh.>> To illustrate this
point, Fig. 4.8b shows the TPR CO; profile observed during a high-temperature air treatment of a
Pd/H-CHA sample that had recently undergone C2H4 TPR. During the subsequent NO adsorption
cycle, no NO adsorption could be observed. To regenerate the catalyst for NO storage, a high-
temperature air treatment, such as heating the catalyst at 773 K in a feed of air for 20-30 min, was
necessary to burn off the accumulated coke. Afterwards, the NO storage capacity of Pd/H-CHA
returned, and the TPD spectra look similar to that shown in Fig. 4.3.
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Figure 4.9: TPD spectra for NO and C2Hs adsorption on Pd/H-CHA. Pd/H-CHA was pretreated in air and H20 and
NO and C2H4 were adsorbed in He balance. NO and C2Ha react with one another resulting in additional byproducts
like CO and small amounts of CHa.

NO and ethene co-adsorption was investigated to see if ethene could improve total NO
storage or promote additional NO storage at high-temperature adsorption sites. The adsorption
protocol was similar as the previous TPD experiments (pretreated in air and H20), but now the
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feed consisted of both 400 ppm NO and about 300 ppm of ethene in He balance. Fig 4.8 shows the
formation of a myriad of products, including NO, CO, and other hydrocarbons. However, the
beneficial effects on NO are not observed: although NO is desorbed by 700 K, the total storage is
significantly lower than what is observed when is NO adsorbed alone (only about 10 umol NO per
gram catalyst compared to 97 from Fig. 4.3). Instead, there is a large amount of COx that is released
during the TPD (807 pmol COx per gram catalyst). Gupta et al. have suggested that NO acts as a
promoter to help oxidize ethene.?* This promotional effect from NO could explain why the CO
desorption is so much higher compared to ethene only adsorption. In addition, there are no notable
C-based products that are produced during the adsorption step to suggest that CoHy reacts with
Pd?* to partially reduce it to Pd*. In these co-feed experiments, ethene has been hypothesized to
react with Pd to produce C2H4O and Pd*, but C2H4O was not observed.*’->*% Similar to the effects
observed when conducting ethene TPR studies on Pd/H-CHA, co-feeding NO and ethene also
results in a loss of high-temperature NO desorption sites in subsequent cycles. Unlike the
consequence of ethene TPR, the low-temperature NOx desorption peaks are still observed (See
Fig. 4.10), suggesting that exposure to ethene at higher temperatures may be necessary to
completely block all Pd sites. However, the Pd/H-CHA is still unable to reach the same level of
storage as reported in Fig. 4.3 (97 umol NO per gram catalyst), only storing a total of 32 umol NO
per gram catalyst. Another high-temperature air treatment is needed to regenerate the high-
temperature adsorption sites.
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Figure 4.10: NO and NO2 TPD profiles for PdA/H-CHA after adsorbing NO in He balance. First, PdA/H-CHA pretreated
in air and H>O was exposed to NO and C>Hs in He balance. Then, a TPD experiment was conducted, resulting in the
desorption profiles seen in Fig. 4.6. Afterwards, the sample was then pretreated in He and H>O from 773 K to 348 K.
The sample was exposed to NO in He balance, and then TPD was conducted again, resulting in the TPD profile above.
Due to the ethene exposure in the previous cycle, high-temperature NO desorption sites were blocked.
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Figure 4.11: TPD spectra for C2Ha then NO adsorption on Pd/H-CHA. Pd/H-CHA was pretreated in air and H2O. The
catalyst was first saturated with C2Hs4 in He balance for about 20 min, then the C2H4 flow was stopped, and the sample
was exposed to NO in He balance.

In addition to co-adsorption, ethene and NO can be sequentially adsorbed to tease out
additional insight into the adsorption mechanisms of the two adsorbates. In sequential adsorptions
(See Fig. 4.11), the Pd/H-CHA, following a pretreatment in air and H>O, is exposed to 300 ppm
of ethene in He balance for about 20 min. The ethene flow is then shut off, and the any weakly
adsorbed species are purged. Then, Pd/H-CHA is exposed to 400 ppm NO in He balance. Once
the adsorbent is saturated, the NO flow is ceased, and after purging any weakly adsorbed species,
TPD is started. This technique was used in Chapter 3 to examine the impact of CO on the NO
storage abilities of Pd/H-CHA. Unlike CO though, ethene does not enhance NO storage, and in
fact the sequential adsorption experiment stores less NOx and COx than the co-adsorption
experiment: there is significantly less COx desorbed at intermediate and high temperatures (only
desorbing 123 pmol of C per gram catalyst compared to 814 pmol of C per gram catalyst from
Fig. 4.9). This is likely due to the absence of NO to react with CoHs and provide additional sources
of O atoms to produce CO. Combined with the lack of high-temperature NO desorption, it can be
concluded that under these conditions, ethene does not assist NO storage on Pd/H-CHA, but the
reverse statement is true.
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4.4.3 1R spectroscopy of NO and C,Hs on Pd/H-CHA
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Figure 4.12: TPD IR spectrum for NO adsorbed on Pd/H-CHA taken at 348 K. A reference spectrum was taken of
Pd/H-CHA before NO adsorption, and then subtracted from the spectrum taken after NO adsorption.

IR spectroscopy was conducted to identify the adsorbed NO and ethene species that desorb
during TPD. Pd/H-CHA was de-greened by heating in air and 5% H>O from 348 K to 773 K at 2
K/min and holding at 773 K for 5 h. The sample was then cooled to 348 K in air. NO adsorption
was from a flow of He (250 mL/min) containing 400 ppm of NO at 348 K. During TPD, the
temperature was ramped from 348 K to 773 K at 10 K/min and then held at 773 K for 20 min in
He. Fig. 4.12 depicts the IR spectrum taken at 348 K after saturating the sample with NO. There
are two distinct NO-Pd bands, corresponding to NO bound on Pd** and Pd"*, at 1860 cm™ and 1810
cm’!, There’s also a smaller band around 2160 cm, likely due to remaining NO* species that were
not completely blocked by water: this explains the observed NO> desorption feature in the TPD
results (see Fig. 4.3), which is not normally observed after pretreatments including water.
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Figure 4.13: TPD IR spectrum for C2H4 adsorbed on Pd/H-CHA taken at 348 K. A reference spectrum was taken of
Pd/H-CHA before C2Ha4 adsorption, and then subtracted from the spectrum taken after C2Ha4 adsorption.

For comparison, the IR spectrum was taken for CoH4 adsorption on Pd/H-CHA in Fig. 4.13.
There are numerous bands that have been attributed to evidence of ethene adsorption on the zeolite
and Pd. The bands ranging from 2700 to 3000 cm™! have been assigned to interactions between the
exchanged metal and ethene.”””7?8 Other significant bands include a band at 1130 cm™ and 1380
cm!, which have been proposed to be methoxy and formate species respectively (involving C-H
or COO stretches).”® These species could be the precursors to COx species observed during TPD.
There is an absence of a band around 1680 cm’!, which has been attributed to the interactions
between ethene and BAS, supporting the results observed in Fig. 4.2 where no NO adsorption was
observed on H-CHA.?* There are some broader bands at around 2300-2700 cm! that have been
attributed to water, specifically O-H vibrations, as previously seen in Section 2.4.1 covering H.O
on H-CHA and Pd/H-CHA.’®8 In the TPD experiment in Fig. 4.4, all of the ethene comes off in
the form of CO. However, there are no CO-Pd bands in the 2000-2300 cm™! range, indicating that
CO produced in the experiment shown in Fig. 4.4 likely originates from ethene or the
aforementioned methoxy/formate species, and then reacts with water or trace Oz to produce
CO.23’90
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Figure 4.14: TPD IR spectrum for NO and C2H4 adsorbed on Pd/H-CHA taken at 348 K. A reference spectrum was
taken of Pd/H-CHA before NO and C2H4 adsorption, and then subtracted from the spectrum taken after NO and C2H4
adsorption.

To identify the adsorbed species in Fig. 4.7 and 4.9, the IR spectrum was also obtained for
NO and C;H4 co-adsorption in He balance. As seen in Fig 4.14, there are a few new notable IR
bands not previously observed when NO is adsorbed alone. There are no characteristic NO-Pd
bands in the 1800-1900 cm™! range, clearly showing that ethene does not improve NO adsorption
on Pd at the typical adsorption sites. Instead, there is a feature at around 1770 ¢cm™, which has
previously been reported as a NO and hydrocarbon co-adsorbed complex: Khivantsev et al. have
attributed this feature to a NO and CoHs complex, while Hamid et al. assign this band to a NO and
CsHes complex instead.!”” The band at 1600 cm™ has also been claimed to be a result of NO and
ethene co-adsorption.*” Unfortunately, the exact composition of this co-adsorbed complex has yet
to be identified, and the rest of the literature has loosely labeled the species as PA(I1)(NO)(C>Hs).
There are additional bands at 1480 and 1300 cm™! have been attributed to ethene or some C-H
signal, such as CH, scissoring or CH3 bending.*’** More interestingly, there is an absence of any
bands (2000-2300 cm!) that indicate the adsorption of CO on Pd sites, despite most of the ethene
in the TPD experiment coming off in the form of CO.!7*° Though it is difficult to ascertain the
exact exchanged species, there is enough evidence to demonstrate that NO does form a co-
adsorbed complex with ethene.

4.4.4 Effect of NO on C2H4 oxidation on Pd/H-CHA

The TPD spectra show a much larger amount of COx desorbing when NO and ethene co-
adsorbing compared to ethene adsorption on its own. Because of the absence of CO bands, it is
hypothesized that CO does not adsorbed on Pd, but is instead reacts with water or NO during the
pretreatment step to produce the CO and CO; observed during TPD. Pd-based zeolites have found
usage in HC trapping before, and are capable of catalyzing the oxidation of ethene, even without
an excess amount of air in the exhaust gas.’*°%92100 Ambast et al. have also proposed that Pd is
capable of both adsorbing excess ethene and catalyzing the oxidation of ethene; O can react with
ethene adsorbed on Pd to produce COx.*” The most likely case is that a combination of processes

76



causes the production of COx catalyzed by Pd. Ethene adsorbs on the Pd, and upon desorption,
alongside with the water or NO, at elevated temperatures results in the production of CO, while at
lower temperatures Pd can catalyze the formation of CO> via a steam reforming or water-gas shift
reaction. Although acetaldehyde was not observed during the adsorption step in our experiments,
the difference in feed conditions (Ambast et al. also fed air and water together with NO and ethene)
likely affected the results.*’ Ryu et al. reported that Pd allows for H-zeolites to store ethene, though
the exact mechanism is difficult to ascertain between 7 electron donation from the C=C to the
unoccupied Pd** orbitals vs. n-back donation of d orbital Pd?* electrons to the antibonding orbitals
of ethene. In addition, they directly note that increasing the Pd** population in their Pd-zeolites led
to a significant increase in the oxidation of ethene to CO,.°? Zelinsky et al. also found that
hydrothermal aging treatments, used to convert more non-reducible Pd** into [Pd(OH)]", hurt
ethylene oxidation activity: though we have disproved the formation of [Pd(OH)]" in our
experimental conditions, our equivalent reduced Pd species, Pd", could also be expected to have
reduced ethylene activity.”® Limited high-temperature desorption of NO may stem from the
suppression of Pd* formation in favor of Pd** reacting with ethene. These results suggest that Pd/H-
CHA functions as a strong HC trap, but still requires some form of a regeneration step to prevent
coke from blocking adsorption sites. Future work should take additional steps to better identify the
sources of O for ethene oxidation by utilizing isotopically labeled O2 and H2O in conjunction with
mass spectroscopy.

4.5 Conclusions

The role of ethene on the NO adsorption abilities of Pd/H-CHA was investigated. H-CHA is
unable to adsorb ethene, meaning all adsorption of ethene on Pd/H-CHA is due to Pd. Pd/H-CHA
adsorbs ethene and releases it during TPD as CO at high temperatures (750 K) and some CO; at
lower temperatures (500 K). IR spectroscopy was used to observe various C-H and COO
vibrations, suggesting ethene binds on Pd as methoxy/formate species. There is also an absence of
CO-Pd bands in the 2000-2300 cm™! range; this suggests COx is instead produced upon desorption
of adsorbed ethene. In the absence of O2 in the feed, this COx likely comes from trace amounts of
air that reacts with ethene. Water, when included in the pretreatment, can also react with adsorbed
ethene, undergo steam reformation to produce COx, and produce additional HCs like methane and
propane. Experiments involving ethene (including co-adsorption, sequential adsorption, and
ethene TPR) result in the formation of coke on the catalyst surface that blocks NO adsorption on
Pd/H-CHA in cycles immediately following the ethene exposure. High-temperature air treatment
(773 K) is necessary to burn off the coke, producing CO» and allowing Pd/H-CHA to adsorb NO
again. Previous studies have claimed ethene behaves similarly to CO, and reduces Pd** to Pd* to
improve total NO storage, citing the production of acetaldehyde in the adsorption step as evidence
for this reduction. However, no notable byproducts were found during the adsorption step. Instead,
it was determined that the Pd*" acts as both the ethene adsorption site and catalyst for ethene
oxidation. Rather than improving NO storage, the NO acts as a facilitator for ethene oxidation.
Experiments involving ethene and NO in He balance primarily result in oxidation of ethene to CO
and CO». Pd/H-CHA possesses a large capacity for HC trapping, but will require a regenerative,
high-temperature air treatment to deal with the dangers of coking.
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5 Conclusions

This dissertation has utilized TPD and IR spectroscopy together with DFT analysis to
uncover the nature of NO adsorption on Pd/H-CHA. Pd cations exchanged into CHA are found to
be present exclusively as Pd*" cations. These species adsorb NO but desorb it at low temperatures
(350-550 K). Pd" cations are formed by reduction of Pd?* cations. It is shown that Pd* cations can
be formed during NO adsorption via reaction of NO and H>O that had adsorbed on the zeolite
during pretreatment of PdA/H-CHA in H2O in He. This process can be described by the reaction 1.5
NO + Pd**ZZ + 0.5 (H,O)H'Z" — (NO)Pd*ZH'Z + 0.5 NO, + 0.5 H'Z". DFT calculations
confirmed that the free energy of this process is favorable for Pd** cations located various pairs of
cation exchange sites. The validity of this reaction is also supported by the observation that the
amount of NO; formed during NO adsorption at 348 K, is equivalent to amount of Pd* sites formed.
Adsorption of NO on Pd" sites is stronger that on Pd** sites, as shown by DFT calculations, and
correspondingly, the temperature for desorption of NO from these sites is high (750 K). IR
spectroscopy was used to assess whether NO adsorbed on Pd?* and Pd* could be identified with
specific bands, as had been suggested by the literature. A notable finding is that NO adsorbed on
both oxidation states of Pd exhibit bands at 1810 cm™! and 1860 cm™!, a finding supported by DFT
estimates of the N-O vibrational frequencies for adsorbed NO. Therefore, an important conclusion
of this study is that IR spectroscopy cannot be used to determine the presence of NO adsorbed on
Pd?* and Pd* unambiguously.

Attempts were made to identify the presence of Pd* by EPR. However, it was not possible
to obtain definitive evidence for these cations by EPR. One possibility is that Pd* cations are
oxidized to Pd*" cations due to exposure to trace amounts of O prior to measurement of the EPR
spectrum. This possibility is supported by theoretical calculations showing that even trace amounts
(ppm concentrations) of O, are sufficient to transform Pd* back into Pd**. Another reason is the
sensitivity of the Pd oxidation state to temperature, which may cause the produced Pd" to transform
to an EPR-silent species when conducting experiments at very low temperatures. In addition,
experiments that have successfully observed Pd" in EPR have done so in different conditions than
those employed in cold start. Future work could expand upon the theoretical work to determine
the stability of Pd" under these colder temperatures (10-20 K) or could attempt to increase the Pd
weight loading to increase the EPR signal.

Prior studies of NO adsorption on Pd/H-CHA have suggested that the co-adsorption of CO
strengthens the adsorption of NO. No evidence for CO and NO co-adsorption was observed by
either IR or TPD. In fact, NO was found to quantitatively displace any CO previously adsorbed
onto Pd/H-CHA, a result that was supported by DFT calculations. Pd" sites can also be formed by
the adsorption of CO prior to or together with the adsorption of NO. In this case, the reduction of
Pd?* sites occurs via the reaction 1.5 CO +Pd**ZZ- + 0.5 (H,O)H'Z" — (CO)Pd*"ZH'Z + 0.5 CO;
+ 0.5 H*Z". Here too, the proposed reduction process is supported by DFT calculations and by the
observation that the amount of CO; formed is equivalent to the amount of Pd" sites formed. Thus,
the only effect of CO adsorption was the reduction of Pd** to Pd" cations.

Another finding of the present work concerns the influence of ethene co-adsorption on NO
adsorption on Pd/H-CHA. Ethene on its own is capable of adsorbing on Pd/H-CHA, and is released
primarily in the form of CO and CO;. Although prior literature has hypothesized ethene also
strengthens NO adsorption, it was determined that ethene reduces total NO storage on Pd/H-CHA.
Instead, NO was the co-adsorbate that increased the amount of ethene oxidized and stored on Pd/H-
CHA. IR spectroscopy revealed a lack of CO-Pd bands in the 2000-2300 cm! range, but did
observe bands associated with co-adsorbed NO and ethene complexes (at 1770 cm™) as well as
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bands associated with formate/methoxy species (1300 and 1480 c¢m'). The Pd/H-CHA is
unfortunately vulnerable to coke formation at higher temperatures when flowing ethene, resulting
in the blockage of NO adsorption sites. This weakness makes Pd/H-CHA unsuited for exhaust

gases featuring a large amount of HCs without the aid of high-temperature air treatments in
between cycles.
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