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Computational Modeling of Activation and Deactivation of Sup-
ported Metal Catalysts.

Asanka Wijerathne

(ABSTRACT)

Supported metal catalysts are widely used in heterogeneous catalysis applications
such as automobile exhaust gas treatment, petrochemical processes, and biomass con-
version. The transition metals that are often used in catalysts are either deposited
on support as metal (or oxide) particles or exchanged on or into the support in their
cationic form. While both cationic and particle forms could be active for different re-
actions, their catalytic performances are widely different. Further, cationic species ex-
changed into zeolites can interconvert between multiple types of monomeric, dimeric,
and metallic species under reaction conditions. We used computational methods such
as Density Functional Theory (DFT), first principles based thermodynamic calcula-
tions, and Monte Carlo (MC) simulations to interrogate the Cu cation speciation in
five zeolite frameworks (CHA, MOR, BEA, AFX, and FER). Our thermodynamic
analysis shows that frameworks such as MOR possess more exchange site locations
that prefer binuclear Cu species, leading to higher populations of Cu dimers than
in zeolites such as CHA. Cu exchange free energies calculated for these five zeo-
lites were then extrapolated to 200 other zeolite frameworks using a separate model
trained on our calculations. Secondly, we modeled interconversion between metal (ox-
ide) nanoparticles and metal cations observed for Pd exchanged zeolites under high-
temperature (593-973 K) oxidizing conditions. Kinetic measurements show that the

initial Pd particle size distribution strongly determines the rates of Pd nanoparticle
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redispersion into Pd*" cations. We explained this strong size dependency quanti-
tatively by combining classical particle growth (Ostwald ripening) theory with an
atom trapping reaction. The same mathematical model was then extended to ex-
plain Pt metal redispersion (into Pt*") reported for Pt-CHA, and our kinetic model
shows an excellent agreement with experimental data. Moreover, the model reveals
the metal particles encapsulated in zeolites have low surface energy, decreasing the
driving force for Ostwald ripening and leading to longer catalyst lifetimes. Thirdly,
we developed a model for atom trapping processes using a statistical mechanics ap-
proach to evaluate the equilibrium state of atom trapping systems. Our results show
that the configurational entropy of trapping sites can drive metal particles into the
trapping sites on the lattice, even with thermodynamically uphill trapping reaction
energies. These findings are consistent with experimental observations and help de-
sign catalytic materials with stable performance. Next, we studied the sintering of
Pd supported on Al,O; under oxidative and reductive gas conditions and initial size
distributions. Sintering is experimentally quantified using O, chemisorption, TEM
imaging and C,H, hydrogenation. Then, we used an Ostwald ripening sintering ki-
netic model to extract kinetic parameters from the experimental sintering data (size
vs time). The extracted kinetic parameters revealed that under oxidative conditions,
the decreased surface energy of particles (PdO) causes slower sintering, consistent
with previous experimental and theoretical observations. Taken together, the math-
ematical models we developed help estimate the population of cationic and metallic
species as a function of material composition and reacting gas environment to help

design catalytic materials with improved performance.
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Chapter 1

Introduction

1.1 Significance of Supported Metal Catalysts

Supported metal catalysts such as Pt on silica, Pd on alumina, Pt-Pd-Rh on
ceria and transition metals on zeolites are widely used as heterogeneous catalysts
for industrial applications such as chemical manufacturing and vehicle aftertreat-
ment systems. The exposed metal area per metal weight decreases with particle size.
Therefore, supported metal catalyst’s performance is particle size dependent. Un-
dercoordinated surface atoms that are present in higher fractions in small particles
generally bind reactant molecules strongly. Moreover, specific atomic ensembles are
required for some (structure-sensitive) reactions such as CH, oxidation.! Therefore,
tuning the particle size to achieve maximum activity and selectivity forms the basis
for rational catalyst design.?® Under reaction conditions, these metal active sites un-
dergo structural changes, forming reactive intermediates and catalyzing the reaction.
However, unwanted side reactions can also occur, reversibly or irreversibly deactivat-
ing the catalyst. Therefore, the optimal catalyst design for prolonged lifetime needs

to account for catalyst activation and deactivation mechanisms.

Catalyst deactivation is the decline in catalytic activity and/or selectivity over
time. If the deactivation and reactivation are reversible, the deactivated catalysts

can be continuously or batch-wise regenerated over cycles, as done in commercial



processes such as fluid catalytic cracking and catalytic reforming of naphtha. There-
fore, understanding the relationship between the atomic-level structure of supported
metal catalysts and catalytic performance is paramount for improving their stability

under relevant reaction conditions.

1.2 Catalyst Activation and Deactivation

Catalysts deactivate via thermal, chemical, and mechanical routes.* This dis-
sertation focuses on thermal and chemical activation and deactivation processes in

supported metal catalysts.

1.2.1 Chemical Activation

Supported metal catalysts often require a pretreatment (e.g. heat in air, flow
H, under high T') to generate active sites for a given reaction. Upon activation,
ensembles of sites are formed and contribute to the reaction rate (and/or selectivity)
to a varying degree. For example, flowing O, at high temperatures (T > T00K)
activates Cu-exchange zeolites to the partial methane oxidation (PMO) reactions.
The nuclearity of the Cu complexes formed upon chemical activation and the specific
location of a Cu complex is shown to determine the methane activation barrier.>® The
coexistence of sites with varying degrees of reactivity and their population changes
upon exposure to the reaction conditions and have a significant impact on observed
reaction rates and, therefore, must be treated properly in thermodynamic and kinetic

modeling of these materials.



1.2.2 Deactivation via Chemical Poisoning

Chemical deactivation happens when the active sites strongly react with reactants,
products, and (or) impurities. Those chemical species can either block the active
sites and (or) change the metal active site structure into an inactive or less reactive
structure.” ' Moreover, specific active sites can deactivate faster or slower depending
on their interaction with the poison. For instance, multinuclear Cu species in CHA

zeolites are more prone to poisoning by SO, than mononuclear Cu species.'?

1.2.3 Thermal Deactivation via Particle Sintering

Supported metal catalysts are often exposed to high temperatures and reactive
chemical species. These conditions cause highly dispersed single atoms and atomic
clusters to aggregate into larger nanoparticles or, smaller nanoparticles to grow larger
over catalyst lifetime. Overall, it reduces the metal particle size, and the amount of
metal sites that are accessible for reactants declines over time, decreasing the reaction
rates. This particle growth is referred to as sintering, and it follows two pathways:(1)
Ostwald ripening and (2) particle migration and coalescence (PMC). OR is driven by
gas phase or surface-mediated metal monomer diffusion between relatively immobile
supported nanoparticles.'>*® In contrast, mobile particles, mostly single metal atoms
or smaller clusters coalesce into larger particles in PMC.*® The relative contribution
of OR to PMC in sintering is determined by the metal support interaction strength

and the free energy barriers for monomer generation.6:17



1.2.4 Particle Redispersion

Particle redispersion is the reverse process of sintering where nanoparticles dis-
integrate into small clusters or isolated sites (single metal atoms). If the reaction
requires ensembles of more than one metal atom, this redispersion can cause catalyst
deactivation. Particle sintering and redispersion are affected by: (1) Temperature;
(2) gas environment (e.g. CO causes complete disintegration of Rh on CeO,); (3)
metal-support interactions characterized by the particle adhesion energy; and, (4)

the density of ‘trapping sites’ or defects on the support.

1.3 Aluminosilicates in Heterogeneous Catalysis

Aluminosilicate materials, mainly alumina (Al,O4) and zeolites, are widely used
in heterogeneous catalysis due to their cheap, scalable synthesis, high thermal and
chemical stability, and high porosity (and or specific surface area). Different Al,O,
phases, such as 7-Al, O3, 80-Al, 05 have been used in catalysis, whereas the most ther-
modynamically stable a-Al,Oj is less desirable for catalysis applications due to its low
specific surface area.'® Zeolites are crystalline aluminosilicates consists of connected
Si0O4 and AlQO4 tetrahedra and charge balancing cations. The metal speciation in
zeolites can be controlled by synthesis protocols (Si/Al ratio and Al distribution),!
gas treatments (hydrothermal aging, calcination),?® and metal loading.?®??* Metal
species observed in different metal supported zeolites are encapsulated or externally
supported metal (or oxide) particles, small atomic clusters (3-10 atoms), cationic
framework species (e.g. Ti, Ga) and, extraframework mononuclear and multinuclear
cationic species.?>?* These species coexist and interconvert with reaction and expo-

sure conditions.



In this dissertation, I explore the thermodynamic and kinetic factors affecting
metal speciation in aluminosilicate materials, which determine their reactivity, sta-

bility, and deactivation.

1.4 Scope of This Dissertation

This dissertation aims to develop a molecular-level understanding of the thermo-
dynamics associated with cation speciation in metal-exchanged zeolites and thermo-
dynamics and kinetics of sintering of supported metal catalysts using computational
modeling and tools such as density functional theory (DFT), classical force fields,

machine learning potentials, and kinetic Monte Carlo (kMC) simulations.

Chapter 2 presents an extensive study on the Cu cation speciation in different
zeolite topologies under varying H,O pressures and temperatures, which are critical
parameters in high-temperature SCR and partial CH, oxidation to CH;OH. Our
simulations of the copper dimer and monomer fractions with different Al distributions
demonstrate the key role of Al distributions in Cu cation speciation. Moreover, our
simulations show that condensation of proximal Cu hydroxyl sites occurs to form

water and Cu dimers, consistent with the experimental observations.

Chapter 3 studies a system where extracrystalline Pd nanoparticles convert to
jon-exchanged Pd*" in CHA zeolites via redispersion of agglomerates of metal or
metal-oxide domains. We found that both the average nanoparticle size and the size
distribution, gas conditions such as O, and HyO pressures, and zeolite composition,
dictate the thermodynamic extent and rates of conversion. However, the sintering
and redispersion kinetic parameters for a given gas condition and zeolite composition

were invariant to the particle size distributions.



Chapter 4 reports a study on zeolite-encapsulated Pt nanoparticles that redisperse
into ion-exchanged Pt?* in CHA zeolites. We used thermodynamic analysis of cationic
species and two well-established free energy models (supported and unsupported) for
particles to estimate the equilibrium extent of Pd redispersion. While thermodynamic
predictions were similar for both free energy models, the regressed kinetic parameters
against the experimental redispersion data show better agreement with the supported
particle model, indicating that the zeolite pore strongly interacts with the surface
atoms of the particle. We found that the zeolite encapsulation stabilizes the Pt
particles and sintering-redispersion by lowering the surface energy. These findings

help rationalize experimental approaches of zeolite encapsulation for combating metal

sintering.

Chapter 5 is a theoretical study on estimating the thermodynamic limit of nanopar-
ticle redispersion. We investigated many hypothetical material compositions to ex-
plore the effect of cation exchange free energy and atom trapping site density on the
equilibrium fraction of particle redispersion. We found that previously reported as-
sumptions break down for some material compositions while our predictions remain

within physical limits.

Chapter 6 reports a combined experimental and theoretical study on the sintering
of Pd supported on different amorphous Al,O; supports under oxidative (10 kPa O,,
10 kPa H,0, balance N, at T= 1073 K) and reductive (2 kPa H2, 10 kPa H,O, balance
N, at T= 1073 K) treatment conditions. The gas environment and Pd particle size
distributions significantly impact sintering rates, while the support properties have
a negligible impact on Pd sintering. We used an Ostwald ripening model to extract
kinetic parameters from the experimental sintering data (size vs time). The extracted

kinetic parameters show that under oxidative conditions, the slower sintering rate is



caused by the decreased surface energy of particles (PdO), which is consistent with
experimental and theoretical observations. These findings help formulate strategies to
minimize Pd sintering to design materials for automotive emissions control catalysts

with improved metal utilization for extended lifetimes.
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Chapter 2

Competition between Mononuclear
and Binuclear Copper Sites across

Different Zeolite Topologies.

This chapter has been reproduced in its entirety with permission from Wijerathne,
A.; Sawyer, A.; Daya, R.; Paolucci, C. Competition between Mononuclear and Binu-
clear Copper Sites across Different Zeolite Topologies. JACS Au. 2024, 1, 197-215.
Copyright 2024 American Chemical Society. The supplementary materials for this pa-
per are available at https://pubs.acs.org/doi/10.1021/jacsau.3c006327goto=
supporting-info. This chapter investigates the zeolite framework’s thermodynamic
preference to form mononuclear Cu vs binuclear copper species under different reac-
tion environments. We investigated the Cu speciation in different Al distributions
of selected parent zeolites (CHA, MOR, AFX, FER, BEA) using DFT calculations,
accelerated minimum energy structure sampling via machine learning potentials, ther-

modynamic modeling, and Monte Carlo simulations.

In this work, I did DFT calculations, trained the machine learning potentials, and
performed Monte Carlo simulations to predict the population of Cu species under a
variety of reaction conditions. As the first author of this paper, I also played a

lead role in drafting and editing the manuscript, writing the Introduction and results
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sections, and modifying the manuscript by addressing reviewer comments.

2.1 Introduction

Active site heterogeneity is a key concept in heterogeneous catalysis and a primary
challenge is identifying active sites and their distribution.!™ Active site heterogeneity

1,5-7 ;

can stem from differences in ligands and atomic environments, including variations

811 Materials containing a distribution of metal

in the nuclearity of metal active sites.
active site nuclearities can show drastic differences in reactivity for reactions including
ethylene hydrogenation,'?>'* D, exchange in CH,,'® and partial methane oxidation
(PMO).%16722 Copper-exchanged zeolites in particular have shown sensitivity to active
site nuclearity for a number of reactions including the selective catalytic reduction
(SCR) of NO,*%%* catalytic or step-wise PMO,'%1820 and NO oxidation.?® Here, we
develop condition-dependent computational models for Cu speciation in a wide variety
of zeolite topologies and compositions. We use our models to rationalize reported
trends and observations in a wide body of experimental literature, and determine

specific zeolite topologies that favor the formation of either mononuclear or binuclear

Cu complexes.

The nuclearity of ion-exchanged Cu is sensitive to structural and compositional
features of the zeolite host. Zeolites are nanoporous aluminosilicates consisting of TO,
tetrahedral primary building units (T=Si or Al), which connect to form different size
rings and cages known as secondary building units (SBUs) that comprise different
3D crystalline zeolite topologies (Figure 2.1). Substitution of Al in the zeolite lat-
tice creates anionic sites ([AlO,)7) that are charge compensated by extra framework

cations. The speciation of those cations is dictated by the arrangement of anionic
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26230 and exposure conditions.?3? For example, in the presence of

Al configurations
H,O at low (<473 K) temperatures, these cations form solvated complexes detached
from the zeolite framework, such as [Cu(H,0),]*", and are less sensitive to specific Al
arrangements and zeolite topologies.?!333* However, at higher temperatures, Cu ions
bond to the zeolite framework and form structures such as Z,?~ Cu*" or Z~ Cu™, where

k.431:3% The parent zeo-

Z denotes an anionic charge ([AlO,|7) in the zeolite framewor
lite’s Al distribution is mainly determined by the synthesis conditions,?®3%3" although
post-synthesis protocols such as hydrothermal aging and dealumination can alter the
Al distribution.?®“° However, once the parent zeolite is synthesized with charge-
compensating cations such as Na*, H, or NH,*, literature evidence suggests':323!
that the thermodynamics of Cu cation exchange largely dictates the formation of dif-
ferent Cu sites because framework Al is relatively immobile under typical ion exchange

conditions. 4143

The nuclearity and ligand environment of Cu sites depend on exposure conditions,
Al distribution, and zeolite topology.!*?3324446 Figure 2.1a shows CHA and MOR,
two zeolites that are topologically different (other zeolite topologies are discussed be-
low). We hypothesized that these topological differences may result in variation of
Cu speciation, even at similar compositions (Si:Al and Cu:Al). For example, Z,Cu
monomers (Figure 2.1b) preferentially occupy 2Al configurations in six-membered
rings (6MR) in CHA?"314748 and other zeolites,***? while 8MRs in CHA, MOR,
and other zeolites such as MFI and MAZ, appear to demonstrate a preference for

multinuclear Cu species (Figure 2.1¢).'®3? Tsolated Z,Cu sites have been shown to

18,50,51

be inactive for partial methane oxidation (PMO) reactions, whereas multinu-

18,52-55 56

clear Cu species, or proximal mononuclear Cu species,”® are suggested as active

sites. Although the exact nature of Cu active sites for PMO is debated, various forms
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species , (c¢) Cu-dimer species.
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of multinuclear Cu sites, and Cu dimers most commonly, have been implicated as
active sites. 1832525357 The abundance of multinuclear Cu species in zeolites such
as MOR could in part explain their higher methanol yields (per Cu) compared to
other zeolites such as CHA,'®? where redox-resistant isolated Z,Cu species may in-
hibit PMO reactivity. Similarly, for high temperature (>523 K) SCR and oxidation
of NO or NH,,'1#%859 framework-coordinated Cu dimers in CHA have been impli-
cated as active sites, and their number and speciation may impact high temperature
performance when comparing zeolites with different Al distributions and topologies.
While these observations support zeolite composition and topology as important fac-
tors in Cu speciation, many unknowns remain. Why does MOR appear to have a
higher population of multinuclear Cu species than CHA at most compositions? More
broadly, why (at equivalent exposure conditions) do certain Al distributions and ze-
olite topologies show a preference for forming Cu monomers or dimers, and can this

preference be predicted?

Here, we use a combination of machine learning-based interatomic potentials,
DFT calculations, and Monte Carlo simulations, to estimate the relative populations
of different Cu species across a wide variety of zeolite topologies. We show that
the nuclearity of Cu species depends sensitively on temperature and the availability
of specific 2Al configurations, and the multiplicity of these configurations is zeolite
topology-dependent. Our results rationalize experimentally observed differences in
PMO performance between different zeolites, and experimentally quantified variations
in Cu dimer populations as a function of temperature and topology. Finally, we
show that a machine learning-based classification model, using geometry and void
space descriptors, is capable of discriminating the propensity to form mononuclear

or binuclear Cu sites at specific 2A1 configurations in zeolite topologies across the
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international zeolite database (IZDB).

2.2 Results and Discussion

2.2.1 Al Configuration-Dependent Free Energies of Cu Mo-

tifs

Extra framework Cu cations charge-compensated by zeolite framework Al (Z) can
form either mononuclear or multinuclear complexes. The type of complex formed is
dictated by the sample history and external conditions (temperature and pressures),
the macroscopic composition of the zeolite (Si:Al and Cu:Al), and at a given com-
position, the distribution of Al arrangements. Ensembles of multiple Al result in a
distribution of environments for cation siting. To make the resulting configurational
space tractable, we limit our analysis to 1Al and 2Al configurations, oxidizing hy-
drothermal conditions (O- and H- containing Cu motifs) relevant to chemistries such
as PMO and high-temperature SCR, and monomer and dimer Cu nuclearities. To
determine the relative likelihood for different Cu species to form in a variety of zeo-
lite topologies (vide infra), we computed Cu exchange free energies (all energies were
computed using DFT, see Methods and Section S5 for free energy approximations)
at each symmetry distinct 1Al, and 2Al configuration within an Al-Al separation
distance of 10 A. At distances longer than 10 A, both Al are treated as functionally
isolated 1Al sites, and are assumed to exchange only ZCuOH (see Methods). For
each 2Al configuration the computed Cu motifs (Figure 2.1b,c) included monomers:
Z,Cu and 2 ZCuOH, and dimers: Z,Cu,0, Z,Cu,0, (trans, cis, and n? : n? isomers),

Z,Cu,OH and Z,Cu,(OH),. These species were selected because they are the most
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thermodynamically stable Cu?* motifs reported in previous experimental and com-
putational studies over a wide range of oxidizing conditions,!"31:32:35:48,60-65 glthough
under some oxidizing conditions, a minority fraction of these species may “autore-
duce” to ZCu (vide infra). For a given Cu motif and Al configuration, the free energy
to exchange Cu for the Bronsted acid sites in the proton form zeolite can be computed
for a set of gas conditions (7, Pu,0, Po,) and relative to a Cu reference state. We
chose CuO(s) as a convenient reference state, which results in the following general

equation for cation exchange:

2y—2x—2+2) (2—2)

Z5H,(s) + 2 CuO(s) + . 0,(g) + - Hgo(g)M

Z,Cu, 0, H,(s)
(2.1)

For example, this equation reduces to the following for three of the possible Cu motifs:

ACYVZ2Cu
Z,H, + CuO —— Z,Cu+ H,0 (2.2)
AGz,0u,0
Z,H, +2CuO ———— Z,Cu,0 + H,0 (2.3)
Z,H, + 2 Cu0 292201, 570,01 (2.4)

DF'T energies were computed for all Z,H,, structures with different 2Al configura-
tions, and details of the free energy calculations, structure generation, and sequential
optimizations for all Cu-containing structures are reported in Methods, Sections S2
and S4. The result of these calculations is an exchange free energy for each of the

six Cu motifs at each 2Al configuration (e.g. the 21 2Al configurations in CHA,
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Figure 2.2a, result in 150 computed free energies).

To evaluate the probability of forming a certain Cu species (s) relative to others
at a given aluminum configuration (i), we used the relative exchange free energies
(AG; ;) for each species and assumed they follow a Boltzmann distribution and are

kinetically accessible. Therefore, the probability (p;s) for species s to form at 2Al

—AG; s
exp ( —%r

Pis = ZAH Cu species —AGi.\
s XP\ —rr

site ¢ is:

(2.5)

This approach does not assume any Al distribution and gives Cu speciation prob-
abilities for all 2Al configurations in each zeolite. To begin, we chose CHA and
MOR (other zeolite topologies are discussed later) due to their topological differ-
ences (Figure 2.1a) and because previous studies have shown that Cu-dimers are the
8,66-68

majority Cu motif in MOR at a wide range of compositions, whereas prior ex-

perimental and computational results show Cu preferentially occupies the 6MR in

CHA forming Z,Cu monomers.?731:47:48,69,70

Figure 2.2a and b report the Cu speciation predictions for each distinct 2Al con-
figuration in CHA and MOR, respectively, at 973 K, 10 kPa H,O and 20 kPa O,.
This condition is representative of a high-temperature oxidative treatment in dry air,
and yields analogous results to 773 K at 10"® kPa H,O and 20 kPa O, (other conditions
at lower temperatures and variable H,O kPa are explored below and in Section S6).
For ease of visualization the summed probabilities for both monomers are compared
to the summed probabilities of the four dimers, and the most exergonic monomer and
dimer exchange energy for each 2Al configuration is reported in Figure 2.2c. Each
square in the grid represents a 2A1 configuration and all 2Al configurations are treated

as equally likely here. The squares are ordered in ascending order of Cu exchange
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Figure 2.2: Probability of dimer formation computed by equation 2.5 at 10°% kPa
H,O, 20 kPa O, at 973 K, for (a) the 21 symmetrically unique 2Al configurations
in CHA and (b) the 100 symmetrically unique 2Al configurations in MOR. Each
square in the upper two panels represents symmetrically unique 2Al configurations in
ascending exchange free energy order as numbered in the upper left panel. Schematics
of respective 2Al configurations for CHA are shown in (a) lower panel. (c¢)The lowest
Cu®" exchange free energies of monomers and dimers computed using equation 2.1
for each 2Al configuration within an Al-Al distance of 10 A and the marks that
form linear columns with roughly constant monomer exchange free energies are 2Al
configurations that have 2 ZCuOH Figure S4.3 as the most stable monomer.
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free energies (using the most exergonic exchange energy amongst all Cu species) from
left to right, and top to bottom, as numbered in Figure 2.2a upper panel, placing
the most thermodynamically preferred exchange reaction amongst all 2Al configura-
tions in the top-left corner and the least favorable in the bottom-right corner. The
equilibrium populations of Cu monomers and dimers will depend on both the rel-
ative exchange energies and the abundance of specific 2Al exchange configurations,
which is explored in the next section. For CHA the 3NN-6MR configuration has the
lowest Cu exchange free energy (Figure 2.2a, lower panel) followed by the 2NN-6MR,
configuration, and both configurations exchange Cu as Z,Cu monomers consistent

20357071 Gimilarly, in MOR, the lowest Cu exchange free energy

with prior studies.
occurs at a 2Al site in a 3NN-6MR configuration located in the side pockets of MOR
(Figure 2.1a) and exchanges Cu as a Z,Cu monomer (Figure 2.2b). In both zeolites,
the lowest free energy Cu dimers are predominately located at SMR 2Al sites, and
dimers form only up to 2Al separation distances of 8.2 A and 9.4 A, in CHA and
MOR, respectively (Figure S5.1). These results show that both CHA and MOR have
several 2Al exchange sites that preferentially exchange either monomers or dimers; ra-

tionalizing the observed differences in Cu speciation between the two zeolites requires

knowledge of the 2Al configuration multiplicities and the Al distribution.

Figure 2.2¢ shows the most exergonic exchange energy for a monomer and dimer
at each 2Al configuration in CHA and MOR. The competition between dimer and
monomer formation at each 2Al configuration (4) is dictated by these relative exchange
energies, as indicated by the blue and red shaded regimes separated by the purple line
(AG; monomer = AG; dimer) in Figure 2.2c. For example, if the monomer exchange free
energy is less than the dimer exchange free energy (AG; monomer < AG; dimer), that

2Al configuration thermodynamically favors Cu monomer exchange, and vice versa.
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The upper right quadrant shows configurations that exchange Cu endergonically at
these conditions, which for CHA consists of 7 2Al configurations (7-2 ZCuOH), and
for MOR 11 configurations (11-2 ZCuOH). Thermodynamically, Cu speciation will be
biased toward more exergonic 2Al exchange configurations and corresponding species

for a given zeolite, provided that each 2Al configuration is available in the zeolite.

2.2.2 Cu Speciation as a Function of Zeolite Composition

To assess equilibrium macroscopic Cu speciation as a function of Si:Al and Cu:Al
in CHA and MOR zeolites at 973 K, 10° kPa H,O and 20 kPa O,, we used Monte
Carlo (MC) simulations®"™ ™ as detailed in Methods. In brief, using an ensemble of
large zeolite supercells, we titrate 2Al sites with Cu motifs according to the computed
Cu exchange free energy probabilities (eq. 2.19, more exergonic exchange free energies
correspond to higher probabilities), and record the identities of the Cu species and the
2Al configurations they populate. The aluminum distribution of a zeolite depends on
the synthesis protocol?®"%7" and post-synthetic modifications.?” %780 We initially
assumed a pseudo-random aluminum distribution (referred to as random Al) in our
MC simulations, other Al distributions are explored further below. We excluded the
INN 2Al configurations when populating Al because such 2Al pairs are unlikely to

form in synthetic zeolites according to Lowenstein’s rule.®!

Figure 2.3 reports the computed fraction of Cu corresponding to each species (di-
vided by total Cu) for varying Cu:Al and Si:Al compositions. In CHA (Figure 2.3a),
Z,Cu monomers are the majority species at low Cu loading and Al rich compositions,
consistent with ca. zero Cu dimer formation probabilities at these sites for CHA

(Figure 2.2a). However, the fraction of Z,Cu monomers decreases as Cu:Al and Si:Al
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ratios increase in CHA, due to saturation of the available 6MR 2Al sites. The Cu:Al
and Si:Al values that 6MR 2Al sites saturate with Z,Cu at are identical to previous
studies.?’™ With increasing Cu loading, the fraction of Cu dimers increases, with a
maximum population of Cu dimers (0.49) reached at Si:Al=21 and Cu:Al=0.26. This
saturation phenomena is similar to Cu-exchange of zeolite-Y,*? where Cu is first ex-
changed as Cu*" monomers at proximal 2Al sites and at increasing Cu loading forms
primarily [Cu—O—Cu]** dimers separated by longer Al-Al distances. Conversely, in
MOR the majority Cu species are dimers (Figure 2.3b) and the total fraction of Cu
dimers is close to constant over a wide range of Cu loadings (Cu:Al<0.6) and Si:Al
ratios (Si:Al<40). For a given Si:Al, the saturation of Z,Cu in CHA (Figure 2.3a)
indicates that the Z,Cu population is limited by the availability of 6MR 2Al exchange
sites (2Al configurations 1 and 2 in Figure 2.2a) in a random Al distribution whereas,
the constant dimer fraction in MOR indicates the abundance of 2Al sites in a ran-
dom Al distribution that preferentially exchange Cu as dimers. Nevertheless, at the
highest Si:Al and Cu:Al (upper right corner of the heatmaps), ZCuOH monomers
are the majority species in both zeolites, due to the low number of Al per unit cell,
statistically limiting (for a random Al distribution) the formation of 2Al sites within
10 A , which are required to form either Z,Cu monomers or Cu dimers as detailed in

Section S5.3.

The fraction of Cu dimers depends on the zeolite topology; for all compositions
the fraction of Cu dimers is higher in MOR than in CHA (Figure 2.3a,b). This
difference stems from MOR facilitating dimer formation even at low Cu:Al, whereas
in CHA, Cu dimers populate only after a threshold Cu loading (that increases with
decreasing Si:Al) is achieved due to saturation of 6MR, 2Al configurations. In MOR,

despite the lowest exchange free energy 2Al configuration forming Z,Cu monomers,
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a Cuw:Al threshold for dimer formation does not exist because the lowest energy Cu-
exchange 2Al configuration (upper-left square in Figure 2.2b) has a lower statistical
probability of occurrence than other 2A1 configurations that form dimers with slightly
higher exchange energy (+5-20 kJ mol™!, see Figure S7.1b) due to differences in the

multiplicities of the four symmetry distinct T-sites in MOR.

At high temperature and dry conditions (973 K, 10% kPa H,0 and 20 kPa O,),
Z,Cu,O accounts for >90% of all dimers across a wide range of compositions in both
CHA and MOR zeolites (Figure 2.3-bottom). Consequently, independent MC simu-
lations at these conditions with only Z,Cu, ZCuOH and Z,Cu,O species show only
a small decrease (=5%) in the total dimer population (Section S6.6). These results
suggest that Z,Cu,O is a reasonable computational probe for estimating the equi-
librium total dimer fraction at high temperature dry conditions. Moreover, previous
experimental studies have shown spectroscopic evidence for Z,Cu,O as the majority
Cu dimer site in Cu-MOR, 51666883 Cu-MFI?*#4% and zeolite-Y®® following exposure
to high temperature dry air treatments. Therefore, for the next set of widely used
zeolites we studied, BEA, AFX, and FER, we used computed free energies for only
Z,Cu, ZCuOH, and Z,Cu,O species.

Figure S6.2 shows the dimer formation probabilities for BEA, FER, and AFX.
The AFX zeolite has a probability map similar to CHA, where the lowest energy
Cu exchange 2Al sites are Z,Cu monomers, followed by dimers and ZCuOH. Conse-
quently, the MC-generated composition diagrams for AFX, shown in Figure S6.3b,
are very similar to that of CHA, which is unsurprising because CHA and AFX have
similar ring sizes, the same SBUs, and share the same double six-membered ring
composite building unit, although the connectivity and the cage sizes are different.®”

Zeolite BEA, a large pore zeolite with 12-6-5-4 rings, has a much lower number of
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2Al sites that preferentially form dimers (Figure S6.2c and S6.3a) compared to CHA,
MOR, and AFX zeolites at similar conditions. FER and MOR have different ring
topologies, yet MC simulations reveal the Cu speciation in both zeolites show no
threshold Cu:Al required to form dimers, despite Z,Cu monomers being the most
exergonic Cu species in both zeolite topologies. Lack of a Cu:Al threshold for dimer
formation indicates that, for a random Al distribution, 2Al sites that preferentially
exchange Cu®" dimers are abundant in both zeolites (Section S7). However, more
ZCuOH form in FER (Figure S6.3c) than in MOR at similar compositions and condi-
tions. Although these MC simulations with random Al distributions serve as a useful
benchmark, both synthetic Al distributions (discussed below) and kinetic limitations
for reaching equilibrium Cu dimer populations will play a role in determining Cu

speciation.

2.2.3 Temperature Effects on Cu Speciation

Figure 2.4 reports the temperature-dependent Cu speciation (from MC simula-
tions at different temperatures) for CHA and MOR at fixed compositions (Si:Al =12
and Cu:Al =0.4, 2.1 wt% Cu) representative of commonly reported synthetic zeo-
lites.!8:80:8889 The 7Z,Cu fraction is roughly constant across different temperatures in
both zeolites. At temperatures below 700 K, the majority of dimers are Z,Cu,(OH),.
As temperature rises from 600 K to 1000 K, the Z,Cu,(OH), and ZCuOH popula-
tions decrease, and the Z,Cu,O population increases. The increasing population of

Z,Cu,0 is entropically driven through liberation of water by the reactions:

Z,Cu,y(OH)y, = Z,Cu,0 + H,0 (2.6)
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Figure 2.4: Temperature dependence of Cu speciation at 10° kPa H,0, 20 % O,
for a random Al distribution in (a) CHA and (b) MOR. Compositions for simulations
were fixed at Si:Al=12 and Cu:Al=0.4 for both zeolites.

and

2 ZCuOH = Z,Cu,0 + H,0 (2.7)

Consistent with this role of H,O, Figure S6.6 shows that the temperature where
Z5,Cuy(OH), and 2ZCuOH transition to Z,Cu,O depends sensitively on H,O pres-
sure. Lower H,O pressures (1077 — 10~® kPa H,O) promote formation of Z,Cu,O at
lower temperatures. Only ZCuOH pairs charge-compensating 2A1 within a maximum
separation of 8.2 A (CHA) and 9.4 A (MOR) of each other (Section S5.3) convert to
Z,Cu,0 with increasing temperature; further than these distances, 2 ZCuOH remain

lower in free energy than possible dimers.

Spectroscopic and kinetic experiments have suggested that 2 ZCuOH monomers

33,44,48,58,63,68.90-92 yypder a variety of reaction conditions.

may convert to Cu dimers
Pappas et al.’® observed a decrease in vCuOH (ca. 3650 cm™!) using in-situ FT-IR,

and a concomitant increase in Raman features assigned to Z,Cu,O from 523-673 K
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in their CHA materials. Similar observations and proposals of monomeric sites con-
verting to dimers have been invoked for MOR using XANES,%! CO-TPR,®® electron
paramagnetic resonance, operando-UV /Vis, in-situ photoluminescence, and FT-IR.%
Moreover, the proximity of ZCuOH sites, altered by varying Si:Al and Cu:Al for a
given zeolite, has been identified as an important factor for achieving higher methanol
yields (per mol Cu).?*? This proximity requirement is consistent with our finding
that only 2Al configurations within Al-Al separations of <8.2 A (CHA) and <9.4
A (MOR) convert to dimers (Figure S5.1) at high temperatures. Therefore, our
temperature-dependent MC simulations corroborate such monomer-to-dimer conver-
sions and predict the majority of ZCuOH monomers will convert to dimers in the
600-900 K temperature range in both CHA and MOR. Kvande et al.®® inferred (using
in situ XAS during CO-TPR) that proximal ZCuOH may be depleted by ca. 673
K in MOR. Similarly, Pappas et al.’® observed a gradual decrease in ¥CuOH from
523-673 K in CHA, and the ZCuOH population continued to slowly decrease when
temperature was held at 673 K for 150 minutes. Although our MC simulations for
both MOR and CHA predict a decrease in proximal ZCuOH pairs and Z,Cu,(OH),
populations in the same temperature range the above authors observe, our thermo-
dynamic models suggest that conversion of these species to Z,Cu,O will continue
past 673 K, and kinetic limitations for proximal ZCuOH to dimerize may play an

important role.

Our simulation results at 10~° kPa H,O for CHA and MOR both predict Z,Cu,(OH),
persisting as the majority dimer species until ~ 750 K, which is &~ 100 K higher than
conditions where Z,Cu,O has been reported the majority dimer species.’%-61:6891 Thig

discrepancy between the simulated and experimental temperatures for the transi-

tion between Z,Cu,(OH), and Z,Cu,O likely reflects differences in the actual H,O
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pressure for dry air treatments, which is challenging to quantify experimentally. Sim-
ulations spanning 10™* — 107!° kPa H,O (Figure S6.6) show that Z,Cu,O becomes
the majority species at 773 K when the H,O pressure is < 1077 kPa, and will re-
quire even lower temperatures to become the majority Cu species with a continued
decrease in H,O pressure. Thus, the trend of increasing Z,Cu,O populations with in-
creasing temperature (and decreasing H,O pressure) is consistent with many reports,

and may rationalize the need for high-temperature oxygen-activation treatments in

PMO cycles.

Our MC model for Cu speciation makes two assumptions that may be violated
due to kinetic factors or the presence of Cu®. The population of peroxides (Z,Cu,0,)
is likely underestimated at lower temperatures because our model ignores kinetic
limitations, so even if mechanistically peroxides form first and then convert to other
species,”®949 the peroxides could be trapped at lower temperatures before converting
to more thermodynamically stable species at higher temperatures. At the highest
temperatures, the population of peroxides increases due to the weak entropic driving

force from the exchange reaction:

1
ZoH, +2 CuO(s) + 50, BGrcw0z, 7 (0,0, + H,0 (2.8)

however, desorption of O, from Cu will also be entropically favored at high temper-

atures, potentially resulting in some amount of Cu™:

which is not captured in our model due to exclusion of Cu™ species. Minority fractions

of Cu™ are commonly reported following high-temperature oxidative treatments. The



30

mechanism and kinetics for this “autoreduction” phenemona are debated, but Cu

speciation and proximity have been implicated as important factors.®%

2.2.4 Cu Speciation for Nonrandom Al Distributions

Only certain zeolite types, such as CHA synthesized with specific protocols, evi-

97,98 whereas zeolites such as commer-

dence a pseudo-random aluminum distribution
cial MOR commonly show non-random Al distributions,Pedecek2012, 99-101 The groanic
structure directing agents (SDA), inorganic cations present in the synthesis media,
and synthesis conditions (temperature and time) largely determine the Al distribu-
tion. 2897102103 Although quantifying the populations of specific 2Al configurations
remains a challenge, techniques such as Co®" titration,?>” High-field Al NMR,30-104
and a combination of X-ray absorption and NMR!% give information on macroscopic
Al distributions. For nonrandom (biased) Al distributions, Cu speciation may change
significantly due to changes in the populations of 2Al sites that have the most favor-

able exchange free energies. To test how biasing Al distributions affects Cu speciation,

we chose several scenarios where experiments provide additional rules for Al-siting.

We ran MC simulations for CHA at 973 K (673 K simulations are in Section
S6.1) that prohibit 2NN-6MR and 3NN-6MR 2Al configurations to populate (the
lowest energy Cu exchange sites according to Figure 2.2a), still obey Lowenstein’s
rule, but otherwise populate Al randomly. The prohibition of these Al pairs has been
observed following the synthesis of CHA with TMAda™ in the absence of inorganic
SDAs such as Na™t.3"9" The probabilities used for MC simulations are the same as
Figure 2.2a because the probability of dimer formation for a given 2Al configuration

is independent of the macroscopic Al distribution and only depends on exchange
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Figure 2.5: Predicted Cu speciation for biased Al distributions at conditions of
10° kPa H,0, 20 % O, at 973 K for, (a) CHA zeolite and (b) MOR zeolite as a
function of material composition (Si:Al and Cu:Al). The Cu dimer heatmaps show
the summation of all types of dimers shown in Figure 2.1c. Heatmaps in (b) show
large gradients at Si:Al=8 due to the different MOR Al biasing rules used for Si:Al <

8 and Si:Al > 8. Speciation of Cu-CHA and Cu-MOR with fixed Si:Al=12 is shown
in the bottom as a function of Cu:Al

conditions. However, Figure 2.5 shows that the absence of 2NN-6MR and 3NN-
6MR configurations in the CHA lattice resulted in significantly higher total dimer

fraction (60%-80% of total Cu) than in a random Al distributions (Figure 2.3) and a
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negligible amount of Z,Cu (<10% of total Cu). The majority of (> 95%) Z,Cu that
populate are in 4ANN-8MR 2Al configurations (configuration 10 in Figure 2.2a) where
dimer formation is only marginally exergonic (—4 kJ mol™!) compared to monomer
exchange, resulting in a non-zero Z,Cu formation probability, and consequently a
mixture of dimers and monomers exchange at this 2Al configuration. At Si:Al=12
(Figure 2.3a-bottom), dimers populate in the CHA framework even at low Cu loadings
(Cu:Al<0.05), and as Cu loading increases, the total dimer fraction slowly declines
at Cu:Al=x0.35 due to the saturation of Al pairs that favor dimer formation and
increasing population of ZCuOH. This Cu speciation pattern differs significantly
from the a random Al distribution CHA (Figure 2.3a), but is similar to that of a
random Al distribution MOR, (Figure 2.3b). Referring back to Figure 2.2a,b, once
the first two 2Al configurations in CHA are eliminated, Cu are expected to occupy
the next lowest energy 2Al configurations, which favor Cu dimers. This results in
a macroscopic Cu speciation similar to MOR, but reaches a lower maximum dimer

population.

In the second scenario, we ran MC simulations for MOR obeying Lowenstein’s
rule and prohibiting 2NN 2Al configurations, as observed for 5MR-containing zeolites
with Si:Al>8,1067110 while constraining Al T-site occupancies to experimentally quan-

tified populations for commercial MOR zeolites (Section S8.1).% Although different

79,99,104 100,111

experimental methods and calculations show varying Al occupancy prob-
abilities (5%-10% deviation), a similar trend in Al occupancy is reported: T3(43%)
>T4 (29%)>T1(18%)> T2(10%),"99 100112 which are significantly different than
the theoretical occupancies for a random Al distribution: T3 (16.7%)=T4 (16.7%)
<T1 (33.3%)=T2 (33.3%). The abundance of Al in T3 and T4 sites and the absence

of 2NN 2Al configurations (for Si:Al>8) in the biased Al distribution gives a higher
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dimer population (Figure 2.5b) compared to a random Al distribution (Figure 2.3b).
The most thermodynamically favored Cu exchange configuration in MOR is a 2Al
T1-T2 pair that exchanges Z,Cu, and the next most favorable exchange site is T4-
T4, which exchanges Cu dimers. This preference is consistent with previous studies
that show 2Al sites with T3-T3 and T4-T4 combinations form more stable Cu dimers
than T1-T1 or T2-T2 combinations..®®1°L113 Therefore, increasing the %Al in T4
sites, and decreasing %Al in T1 and T2 sites, contribute to the observed increase of
dimers. This effect is further enhanced by the increased multiplicity of other T3- and
T4-containing 2Al configurations (Section S7) with slightly higher Cu dimer exchange
energies (5-40 kJ mol™!) than those discussed above because the abundance of such
2Al configurations makes those sites statistically favorable for Cu exchange. The bi-

ased Al distribution and higher multiplicity of dimer-preferred 2Al sites may enable

mol CH;OH f

MOR to reach close to the theoretical maximum methanol yield of 0.5 ———3-

mol CH3OH)
mol Cu

7Z,Cu,0 sites, as observed by Pappas et al.® (0.47 . Biasing Al distribu-
tions could be a powerful synthetic strategy to increase the number of dimeric (or
monomeric) Cu species in applications such as PMO, where binuclear sites are desir-
able. Both MOR and CHA Al biases considered above increase the dimer fraction,
and notably, biasing the Al distribution causes CHA to behave similarly to MOR.
Even within the same zeolite topology, Al distribution could alter the Cu speciation

significantly such that zeolites with the same macroscopic Cu:Al and Si:Al may have

dramatically different Cu nuclearities.

For BEA and FER MC simulations, we prohibited Al-O-Si-O-Al for Si:Al >8,

106-108,114 while imposing Lowenstein’s rule. However,

consistent with several studies,
for Si:Al <8, we only applied Lowenstein’s rule as those Si:Al ratios cannot mathe-

matically be achieved without forming Al-O-Si-O-Al sequences. For BEA and FER,
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Figure 2.6: Geometric feature distributions for DFT-optimized Z,Cu,O (mono-
p-oxo) dimers in CHA, MOR, BEA, and AFX zeolites. (a) Cu-O-Cu angle, (b)
Cu-Cu distance and (c¢) Cu-O,, distance where Oy, is the bridging oxygen between
two Cu®t ions. Above distributions only include Z,Cu,O dimers associated with 2Al
configurations that preferentially exchange Cu as dimers, indicated by red squares in
Figure 2.2a and b. Distributions including all dimers computed are shown in Section
S10.1.

MC simulations for different experimentally observed Al biases are shown in Section
S6.4. Al biases forcing 6MRs to contain a lower amount of Al than in a random Al
distribution significantly increases the dimer population in BEA (Figure S6.4b,c) and
FER (Figure S6.5a,b), similar to CHA. However, the elimination of Al from the T1
site in FER, consistent with the Al bias reported by Dédecek et al.l'%® yields 100%
monomers (Figure S6.5¢). These results for BEA and FER reinforce that sample-

specific Al distributions can strongly bias the Cu dimer population in a given zeolite.

2.2.5 Topology-Dependent Structural Features of Z,Cu,O

Geometric features of Cu dimers, such as Cu-O-Cu angle and Cu-Cu distance,

115-117

are reported as important parameters for PMO activity and potentially other

reactions. Signatures of these geometric features are typically detected using reso-
nance Raman (rR),%!% UV-Vis 9810116 and EXAFS.%! To determine how zeolite
topology influences geometric features of Z,Cu,O dimers, the most populous dimer

species at high temperatures, we analyzed DFT-optimized Z,Cu,O structures in the
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five zeolite topologies: CHA, MOR, BEA, AFX, and FER. Experimentally detected
distances (EXAFS) and angles are averaged over populated species, therefore, in our
computational analysis (Figure 2.6), we exclude dimers that form at 2Al configura-
tions that prefer monomer exchange. For completeness, we include geometric features

of all DFT-computed Z,Cu,O structures in the Section S10.1.

The violin plots in Figure 2.6 report the distribution of Cu-O-Cu angles, and
Cu-Cu/Cu—0,, distances (where Oy, is the oxygen bridging two Cu) of Z,Cu,O struc-
tures. The Cu—O0O, distances fall within a narrow range, and the Cu-Cu distances
are strongly correlated with Cu—O—Cu angles. We observe a bimodal distribution
of Cu-O-Cu angles centered at 120° and 140° for MOR, consistent with previous
studies reporting a bimodal distribution for Cu-O-Cu species and angles®10L119 for
MOR. These angles do not correlate with spin states, as both parts of the distribution
have (Figure S10.2) a mix of singlet and triplet ground states. Vanelderen et al.'™!
reported two distinct [Cu—O—Cu]*' sites in Cu-MOR by observing two absorption
bands in their O,-TPD experiments and rR spectra, and estimated Cu-O-Cu angles
to be 137°+1°and 141°+£1°, based on normal coordinate analysis of the rR vibrations.
While we observe both of these Cu-O-Cu angles in our MOR distribution, the smaller
Cu-O-Cu angles in our calculations are more skewed towards lower (=~ 120°) values,
consistent with angles reported in their later study on MOR,? which could be a con-
sequence of Al distribution. The Cu-O-Cu angles in CHA show a wider distribution,
including 120° and 140° Z,Cu,O dimers''® and one outlier at 90° at the 3NN-8MR
2Al configuration. The AFX, BEA, and FER zeolites show narrower Cu-O-Cu angle
and Cu-Cu distance distributions compared to CHA and MOR, indicating that the

populated dimer sites are more homogeneous in those zeolites.
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2.2.6 Correlation between Cu Dimer Fractions and Methanol

Yields

Although the methanol produced in cyclic PMO over different zeolites depends

19,55,88,120-124

on the Al distribution, activation conditions, and Cu-exchange proto-

5—
COI,S’IQO 127 18,88,128

some zeolite topologies, and specific compositions for a given topol-
ogy, have generally been reported to have higher methanol per Cu yields. While
we emphasize our goal here is not to determine specific active sites and activities
for PMO, we next tested if observed trends in methanol yields correlate with our
predicted total dimer populations. We used our MC predicted total Cu dimer frac-
tions at 973 K, where dimer populations have largely saturated, as an upper bound
for the total dimers in a zeolite sample with a specific Si:Al and Cu:Al. We used
this number as a conservative upper-bound for the total dimer populations because
the precise temperature for O, treatments varies, and as discussed above, analogous
dimer populations are obtained at lower temperatures (673-973 K) with variation of
H,O pressures between 1078 — 1075 kPa. Further, higher CH, pressures are demon-

strated!?*>122 to increase the pool of active sites engaged, supporting the use of total

dimer fractions as an upper bound.

Figure 2.7 shows the predicted equilibrium fraction of Cu dimers in CHA (random-

Al distribution) and MOR (biased-Al distribution) versus experimentally reported

mol CH;O0H

—&— in the literature (additional details in Section S9). We used a random Al

distribution for CHA because the reported zeolites either used inorganic SDAs or
were commercial samples. Similarly, the reported MOR samples are all commercial,

so we used the biased Al distribution discussed above that is representative of many

mol CH;OH

e fall near to or below the

commercial MOR zeolites. For CHA, all reported
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Figure 2.7: Experimentally reported . — versus the MC-predicted fraction
of total Cu dimers at 10°% kPa H,O, 20 % 0,, 973 K for (a) CHA, and (b) MOR.
Details for the zeolite compositions and references corresponding to each data point
are reported in Section S9.

line demarcating 1 CH;OH per predicted Cu dimer, showing a correlation between

mol CH;OH

the maximum achievable ——-2-— as a function of composition (Si:Al and Cu:Al),

and the predicted number of binuclear Cu sites at a given composition. With the

mol CH;OH

exception of one data point with ——=4-

= 0.6, MOR data also fall near to or below
the 1 CH;OH per predicted Cu dimer threshold, but there is far less variation in the
total dimer fraction at different Si:Al and Cu:Al ratios (Figure 2.5b). The majority
of experimental data for both CHA and MOR fall well below the line demarcating
one CH;OH per predicted Cu dimer. This result suggests that in most samples only
a fraction of the total binuclear Cu sites react with CH, to form CH;OH at the re-
ported O, and CH, activation conditions, consistent with the observations of many

. 4
experimental reports.®57,61,68,129

To compare across MOR, CHA, BEA, AFX, and FER, we used the most common
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Al distribution biases described in the literature for each zeolite along with Lowen-
stein’s rule. Specifically, we prohibited Al-O-Si-O-Al configurations for MOR, BEA,
and FER, used the Al T-siting bias described above for commercial MOR materi-
als, and random Al distributions for CHA and AFX. Our simulations show that on
the extreme ends, MOR has the highest fraction of Cu dimers at all compositions,
and BEA has the lowest dimer population, which is consistent with the significantly
lower PMO yields reported for BEA compared to CHA and MOR with similar com-
positions.1&19:125:130 The % values for AFX, FER, and BEA are again near
to or below the line demarcating one CH;OH per model-predicted binuclear Cu site
(Figure S9.2). FER methanol yields!3! for a random Al distribution (Figure S9.3b)
are far above this threshold, suggesting these FER materials do not contain Al-O-Si-
O-Al configurations at Si:Al >8, as reported by previous studies.!"®1%® At a typical

composition of Si:Al=12, Cu:Al=0.3 the ordering from most to least Cu dimers is

MOR(0.92)>>CHA(0.45) >FER(0.34) >AFX(0.32)>BEA(0.28), consistent with the

mol CH;O0H

——— that is reported for these five zeolites at simi-

ordering of the maximum
lar compositions'®®130 (Si:Al 8-15, Cu:Al 0.3-0.5) following cyclic PMO treatments.
Caution is warranted for this comparison because of the uncertainty in Al distribu-
tions of these materials. Taken together, our results reinforce that the equilibrium
population of higher nuclearity Cu species is a factor in determining the maximum
achievable CH;OH yields, however, under the vast majority of cyclic conditions and

sample compositions not all of these higher nuclearity Cu sites may be kinetically

accessible, reactive, or selective.
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2.2.7 Classification of Zeolite Topologies

Differences in zeolite topologies create variations in Al-Al distances, ring sizes,
T-site connectivities, and pore volumes, which may determine whether a specific 2Al
exchange site populates with mononuclear or binuclear Cu sites. Our MC simula-
tions show that zeolites with 8MRs have more 2Al pairs that exchange dimers (MOR,
CHA, and AFX) compared to a zeolite with larger pores (BEA). We aimed to identify
such patterns in Cu speciation in a high-throughput fashion using a machine learning

model. Similar models have been reported for predictions of mechanical and chemical

132-134 35

properties of zeolites and metal-organic frameworks, 2D zeolite constructions,’

103,136 and C-H activation barriers at

zeolite-OSDA interactions governing synthesis,
[Cu—O—Cu]*" sites hosted in different zeolites.!'” The international zeolite database
(IZDB) contains 254 zeolites®” (composed of tetrahedral sites) that have been exper-
imentally synthesized, and our goal is to screen these structures and identify zeolites
with a strong preference for Cu monomers or dimers. To achieve this aim, we used

our prior DFT results to build a predictive model for dimer formation probabilities

and applied it to zeolites in the IZDB.

To correlate structural features of a given 2Al site with the preference for that
site to exchange Cu as a dimer or monomer, we trained an XGBoost decision tree
binary classification model (detailed in Methods) using our DFT-computed dimer for-
mation probabilities for five zeolites (CHA, MOR, AFX, BEA, FER) as the targets
of the classification model. Initially, as input descriptors, we used the Al-Al distance
(A) and the nearest neighbor connectivity (one plus the number of T atoms be-
tween Al-Al along the shortest path) corresponding to each 2Al configuration (within
10 A) for all five zeolites, resulting in 322 total training data points (CHA-25 data

points, MOR-100, BEA-154, AFX-43, and we held out FER-84 as a validation set).



40

The DFT-computed dimer formation probabilities are rounded to 0 (monomer) or
1 (dimer) to generate the target for this binary model. With these simple descrip-
tors, the model had 80% accuracy (10-fold cross-validation). We hypothesized that
an important feature not captured by these descriptors is the volume of void space
spanning 2Al. Corroborating our hypothesis, the accuracy of the model improved
to 95% after adding void space descriptors, which we derived from random sphere

packing in zeolite void space as described in Methods section.
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Figure 2.8: (a) Cu exchange free energy as a function of average projected void space
and Al-Al distance for each 2Al configuration in the training and validation dataset
excluding Lowenstein’s rule violations and Al-Al distances > 10 A. Larger circles
represent more exergonic exchange free energies, and the colors show the identity
of Cu species populated at the corresponding 2Al site. (b) Classification model-
predicted number of symmetry distinct 2Al sites that preferentially exchange Cu as
dimers divided by the total number of symmetry distinct 2Al sites, for 200 zeolites
in the IZDB. The five zeolites used for model training and validation are highlighted
with green boxes.

Feature importance scores (Figure S11.5) of the XGBoost model show the ag-
gregate score (mean, min, max, std. dev.) of the void space descriptors as the most
discriminating feature of the model, followed by NN connectivity and Al-Al distances,

which are similarly scored. Figure 2.8a reports the distance (A) and void space (di-



41

mensionless) spanning each of the 318 2Al configurations used to train the model.
Red and blue circles indicate preferential exchange of Cu dimers, or monomers, re-
spectively, and the size of each circle reflects the exergonicity of the corresponding
exchange reaction. The most stable Cu monomer exchange sites are clustered near
Al-Al distances of 5-6 A with low (0.05) void space, which correspond to exchange at
the 6MRs present in all five zeolites, and monomer exchange at 4MRs and 5MRs is
unfavorable. The most stable binuclear Cu sites generally fall into two clusters, 5-6 A
with low void space (analogous to monomers), and a broader cluster spanning ca. 7-8
A and void space > 0.1, roughly double the amount of void space needed for the most
stable monomers. These two clusters are representative of the bimodal Cu—O—Cu
angle distributions in MOR and BEA (Figure 2.6a), with the lower void space cluster
accounting for the shorter Cu—O—Cu angle sites and the one 90° outlier structure in

CHA.

Next, we made predictions using this binary classification model for 200 zeolites
out of 254 zeolites in the IZDB, excluding 54 zeolites due to the high computational
cost of generating graph-isomorphism-derived features for large supercells. For all
unique 2Al configurations in each zeolite, the model predicts whether each 2Al con-
figuration (within 10 A) exchanges Cu as dimers or monomers. For example, there are
100 predictions for MOR (Figure 2.2b). Using these predictions, we defined a metric
“Dimer 2Al Site Fraction (f)” that represents how many of those 2Al configurations

favor Cu dimer formation:

o Z W; Pi,dimer

Dimer 2Al Site Fraction (f) “Su
w;

(2.10)

where w; is the multiplicity of the i*" 2Al configuration in the zeolite supercell based

on the graph-isomorphism test (Methods and Section S1.1) and p; qimer is the binary
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probability of dimer formation (0 for a monomer and 1 for a dimer) at 2Al configu-

ration ¢, as predicted by the classification model.

Figure 2.8b shows the model predictions as a histogram, where zeolites have been
sorted into f = 0.05 bins. The order of FER, BEA, CHA, AFX, and MOR is generally
consistent with their MC simulation results, suggesting this is a reasonable approach
for estimating nuclearity preferences for zeolite topologies. Zeolites sharing all SBUs
generally appear together, for example, the CHA-AEI-AFT-AFX family of small
pore zeolites all appear in the f = 0.35 — 0.45 regime. The majority of zeolites
show f << 0.5, indicating that most known zeolites have higher populations of 2Al
configurations that favor monomer exchange, likely a consequence of the commonality
of 6MR SBUs across zeolites. At the extreme end, the zeolites OSI, BEC, ASV, and
IWR, have zero predicted 2Al configurations that favor dimer formation, indicating
that they should only form mononuclear Cu sites, regardless of their Al distribution.

These zeolites all have 6MRs, and do not have 8MRs.

In contrast, zeolites favoring binuclear sites are rare, and none of the zeolites
has f = 1, indicating that there will always be a possibility of Cu monomer forma-
tion. The model identified 2Al configurations in zeolite topologies with 8MRs and no
6MRs as the zeolites with the highest fraction of 2Al configurations that favor dimers,
although we note that some of these topologies have not yet been synthesized as alu-
minosilicates, such as SBN. In zeolites that are not heavily biased towards monomers
or dimers, the relative Cu exchange free energy rankings and Al distribution will
play an important role in determining Cu speciation, and the descriptors used in this
model are incapable of predicting accurate Cu exchange free energies. However, our
results discern the important structural features of each zeolite’s 2Al environments

that lead to equilibrium Cu nuclearity biases, and identify zeolite topologies on the
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extreme ends as candidates for further computational and experimental exploration.

2.3 Methods

2.3.1 Initial structure generation

To generate initial structures, we started by enumerating all symmetrically unique
2Al pairs for each selected zeolite topology. The zeolite unit cells, in their pure silica
form, were obtained from the international zeolite association database (IZDB),*" and
we repeated the zeolite unit cell in each direction until all cell vectors were at least 10
A. Next, for a given zeolite topology we generated supercells containing each of the
possible 2Al configurations (Z,) with Al-Al distances within 10 A. The choice of a 10
A cutoff distance is justified because at longer distances 2 ZCuOH is more stable than
Z,Cu or Cu dimers (Section S5.3) for most 2Al configurations, and the % of 2Al sites
populated by Z,Cu and Cu dimers is negligible at longer (> 9.4 A) Al-Al distances
(Figure S5.1). Lowenstein’s rule is the observation that Al-O-Al bond formation is

unlikely to be observed in synthetic zeolites,®!

and therefore Z, configurations with
Al-O-Al were removed when enumerating 2Al configurations, except for CHA zeo-
lite, which we kept Al-O-Al configurations for to benchmark relative Z,Cu energies
with previous work.?” To determine crystallographically unique 2Al configurations,
we used a connectivity-based graph isomorphism test using the python NetworkX
code.'®” This graph isomorphism test is a binary comparison,'®® where all 2A1 substi-
tuted zeolite unit cells connectivity of Al and Si atoms were compared to each other.

The graph isomorphism test significantly reduces the number of 2Al configurations;

for example, for the 36 T site CHA cell, we initially generated 630 (36 choose 2) 2Al
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Figure 2.9: Initial geometry generation: (a)vector addition method and geometries
generated for, (b) ZyCu , (c¢) ZyH,, (d) Z,Cu,O | (e) ZyCu,O, , and (f) Z,Cu,OH
using vector addition method. Atomic structures were visualized using the VESTA
package.!

configurations and only 25 of those 630 2Al configurations are symmetrically distinct.
We also retrieve the multiplicity of each unique 2Al configuration from the isomor-
phism test. For example, in the 36 T site CHA unit cell, the 6MR-2NN configuration
statistically occurs 36 times, and 6MR-3NN configuration only occurs 18 times. From
the isomorphism test, we record these multiplicities of each 2Al configuration and the

indices of Al atoms that result in the same 2Al configuration.

To generate the initial structures for mononuclear Z,Cu, ZCuOH, and binuclear
ZCuOCuZ, ZCuO,CuZ, ZCu(OH)CuZ, and ZCu(OH),CuZ, we first added the ex-
traframework species to the symmetry unique 2Al configurations in zeolite unit cells.
For 7Z,Cu structures, the metal ion is placed inside a zeolite ring using the vector
7

equation:?

Al — Cu = (Al-0y) + (Al-0,) (2.11)
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for each unique 2Al configuration. The bold letters indicate each atom’s position
vectors and O, and O, are the oxygen atoms bonded to one of the Al under consid-
eration. Figure 2.9a-b shows how this method places the Cu inside a zeolite ring on
the same plane generated by Al-O; and Al-O,. This method of generating initial
guess Cu structures is repeated for every possible choice of bonded oxygen atoms, for
example the 2Al configuration in Figure 2.9a has four oxygen associated with each
Al resulting in 12 initial Cu positions. We used another graph isomorphism test to
remove similar Z,Cu structures based on the connectivity of Cu, Al, and Si in the
structure, for Figure 2.9a this reduces the unique Cu locations to 6. We extended
this vector addition method to generate initial structures for the species shown in

Figure 2.9c-f and for ZCuOH, as discussed in Sections S1.2-S1.4, respectively.

2.3.2 High-throughput Structure Screening

The above workflow results in numerous initial guess Cu structures for each 2Al
configuration and each Cu motif. For the 2Al configuration in Figure 2.9a, before
symmetry reduction 12 Z,Cu, 36 ZCuOCuZ, 36 ZCuO,CuZ, and 36 2 ZCuOH struc-
tures are generated. For all 2Al configurations in CHA, 3000 total structures were
generated, and 12,000 structures for MOR. After symmetry reduction, these num-
bers reduce to 2100 and 10200 for CHA and MOR, respectively. To evaluate all of
these structures with DFT would be computationally expensive and likely result in
many unstable high-energy structures that may fail SCF-convergence. Thus, start-
ing from the database of structures generated through vector addition, we optimized
structures using two different forcefields in series to downselect structures for spin-

polarized DFT-optimizations (Scheme 2.1).
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First, we performed global optimizations for all Z,Cu, ZCuOCuZ, and ZCuO,CuZ
structures using a physics-based interatomic potential that we developed (full de-
tails provided in Section S2) to determine energy and forces, and basin hopping as

1011 a5 implemented in the Python Scipy package.'®?

the optimization algorithm
Each structure from vector addition was input to basin hopping and we obtained
the global minima computed for each structure (still 2100 total structures for CHA).
Subsequently, each of these structures, along with all of the vector addition-based
structures for 2 ZCuOH, was optimized to a local minimum using the FLARE3 ver-
sion 0.2.4 Gaussian process-based interatomic potentials that we trained individually
for each Cu motif; full details of the method and training is in Section S3. Unlike
the physics-based potential, the FLARE potential accurately predicts relative energy
differences in Z,Cu structures, but is not effective for global optimization because it
lacks training data representative of structures far from local minima. The lowest
energy structures computed with FLARE for each Cu motif at a given 2Al configura-
tion were then used as input structures for subsequent DFT calculations; additional
structure selection details are reported in Section S3. For example, we optimized 6
symmetry distinct CHA-Z,Cu structures using the physics-based potential followed
by the FLARE potential, and then picked the two lowest energy structures of the six
for subsequent optimization with DFT. To downselect Cu dimer species, we checked
the connectivity of each extraframework Cu motif and the zeolite framework. For
example, in Z,Cu,0, we checked if Cu—O—Cu bonds were preserved, and no Si-O or
Al-O bonds were broken in the zeolite framework. If either of these were violated the
structure was discarded. Altogether, filtering structures using this approach resulted
in a significant reduction (3,000 to 190 for CHA and 12,000 to 640 for MOR) in the
number of initial guess structures for DF'T calculations. We emphasize that all of the

results reported in Results and Discussion use only DFT-computed energies.
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Scheme 2.1: Workflow for generating structures for DF'T calculations. Initial struc-
ture generation, sequentially optimized using the physics-based force field and ma-
chine learning potential. Finally, DFT calculations are used for exchange energy
evaluations.

We predicted the minimum energy Z,H, structures for each 2Al configuration
using the ZH energies computed for each symmetry unique T site and structural
descriptors of vector addition-generated Z,H, structures. Our model for predicting
relative energies of Z,H, structures (details in Section 4.3) is based on DFT calcula-
tions reported by Nystrom et. al,'** where we use Al-Al and H-H distances evaluated
before DFT-geometry optimization to estimate the relative energy of Z,H,. From this
screening we acquired the lowest energy Z,H, structure for each unique 2Al site, and
then used DFT to optimize and obtain the energy of the selected Z,H, structure. This
method results in significant downsampling to approximately one structure input to

DF'T for every 16 Z,H, structures generated.

We calculated the energies of all 2ZCuOH structures generated for CHA and
MOR using DFT, and our results suggest that if Al-Al separation distances are >
10 A, the energy of exchanging Cu into two isolated ZH motifs to form 2ZCuOH
is approximately equal to the energy of exchanging 2 Cu at Z,H, to form 2 ZCuOH
structures. Full details are reported in Section 4.4. Therefore, past 10 A, we approxi-
mated 2 ZCuOH exchange energies with 2x ZCuOH exchange free energies. For AFX,
BEA, and FER we used these mean-field 2 ZCuOH energies computed for each T site

pair instead of computing 2 ZCuOH energies separately for each 2Al. The majority of
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ZCuOH structures optimize to threefold coordinated Cu centers, however, a minor-
ity of sites form fourfold coordinated ZCuOH (with three bonds to extraframework

oxygen), consistent with previously reported structures.4®

2.3.3 DFT calculations and exchange free energies

To compute Cu exchange free energies (AGgpecies) at each 2Al configuration, we
optimized all the Z,H,, Cu monomer, and Cu dimer structures (selected from our
structure screening described above) using the Vienna Ab Initio Simulation Pack-
age'1® (version 5.4.4). Structures files for optimized structures are provided as a
supplementary attachment. Our spin-polarized DFT calculations used the projector-

146,197 method of core valence interactions and a plane wave cutoff

augmented wave
energy of 400 eV. The first Brillouin zone was sampled at the I' point only, as ap-
propriate for the large supercells (cell vectors for all zeolites multiplied until > 10
A) of these insulators. The generalized gradient approximation functional of Perdew-
Burke-Ernzerhof (PBE)!® was used to describe the exchange-correlation potential
with the Becke-Johnson damping method (D3(BJ)vdw) included for dispersion cor-

151 and limitations in the ac-

rections. %10 Motivated by recent literature reports,
curacy of energies for some Cu-ion complexes computed using DFT,%1517153 we also
tested the sensitivity of our predictions to PBE+U (Section S5.4) with a U param-
eter calibrated with crystalline Cu dimer compounds.'® All electronic energies were
converged to 107% eV and atomic forces to less than 0.03 eV/A. Harmonic vibrational
frequencies were computed with finite differences on atomic forces with displacements

of 0.015 A for all the atoms. Zero point vibrational energies (ZPE) were computed

as:
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ZPE= ) %hvi (2.12)

To calculate the vibrational entropy of each dimeric and monomeric species (Z,Cu, O, H,_(s)),

1 —1 154

we included frequencies > 100 cm ™!, and frequencies < 100 cm ™! were set to 100 cm

h'ui
Son. = —kp Zln (1 — e_’“BT> (2.13)

To compute the exchange free energy of species (AGsgpecies), We used eqn. 2.1
and the DFT-computed (including ZPE’s for all species) exchange reaction energy
(AE,, ) computed as follows:

(2y— 22— 2+ 2)
4

(z—2)
Eo, g ———=—En,o()

2
(2.14)

AE:L’,y,z = EZQCuzOyHZ (s) _EZ2H2(S) _xECuO(s) -

Treating the system as closed with respect to the Cu concentration gives the free

energy as:

AGyy.=AFE,, .+ AZPE,, . — TASub (2y,) — ©AGcuo(T)

2y —2x — 2+ 2
— ( y 4 )A,u%(g)(T, P()Q) (215)
(2 —2)

2

Apm,oe) (T, Pu,o)

where the chemical potentials Ay, of gas species and free energy of CuO (AGcuo(T))

are evaluated as follows:

Ap; = (G°(T) — G°(0 K)) + kT In (;) (2.16)

AGcuwo(T) = G°(T) — G°(0 K) (2.17)



50

using free energy values interpolated from the NIST JANAF thermochemical ta-

bles.155

To avoid many computationally expensive frequency calculations we assumed
AZPE, . and Sy, (z,4,-) are independent of 2Al configuration and zeolite topology,
and depend only on the specific Cu motif. To estimate the ZPE and S, correspond-
ing to each Cu motif a number of structures were sampled, these results show minimal
variation for a given Cu motif and were averaged for use on other 2Al configurations
(Section S5). Based on these calculations, we expect the errors introduced by assum-
ing such 2Al configuration independence is negligible compared to the other terms

such as AE, , .. The CuO(s) formation energy:
1
Cu(s) + §OQ(g) — CuO(s) (2.18)

is incorrectly predicted by the PBE (-131 kJ mol™!) functional, and therefore, we
corrected the energy of CuO such that it reproduces the experimentally reported
formation enthalpy (-154 kJ mol™').'> However, we did not apply this correction
to our PBE4U calculations (Section S5.4), because the PBE+U functional more
accurately predicted the CuO formation enthalpy (-152 kJ mol™!). We compared
exchange free energies obtained from PBE with PBE+U (with U = 6 eV'! and all
other parameters kept the same as PBE), and observed only minor changes in relative

exchange free energies between the Cu motifs as shown in Section S5.4.

2.3.4 Monte Carlo Simulations

To estimate the equilibrium fraction of different Cu species in a macroscopic

zeolite system, we used Monte Carlo (MC) simulations based on the computed Cu
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exchange probabilities for each species at all 2Al sites in the corresponding zeolite
supercell. The zeolite supercells used for our DFT calculations were repeated 3x3x3

times to improve the sampling of 2Al configurations.

For a given Si:Al ratio we generated a 3x3x3 zeolite supercell and populated
with Al up to the desired ratio, according to the rules described below. Subsequently,
every possible 2A1 configuration in the cell is enumerated, and relative probabilities
for exchange of each of the six Cu motifs for each 2Al configuration are computed

(eq. 2.19).

7AG'L,S
XP\ "mr

N2Al contig. All Cu species —AG; s )
> s > s EXP\ ~&T

Pis = (2.19)

These probabilities are used to generate a weighted list of all possible Cu exchange
events and a random number between 0-1 is chosen to select the exchange event, then
the identity of Cu species and the 2Al configuration populated is recorded. Once a
2Al site is occupied by a dimer or monomer, we remove that Al pair from our 2Al list,
generate a new probability list, and repeat the Cu exchange until all the 2Al sites in
the zeolite are exhausted. For each Si:Al ratio, we averaged 20,000 independent MC
simulations and created 1-D interpolations of the occupied Cu fraction as a function
of Cu:Al for each species. Subsequently, all the 1-D interpolations for Si:Al=3-55
were combined to generate the 2-D interpolations of species shown in Figure 2.3. We
verified the convergence of our MC simulations by executing a separate MC simulation

with 10,000 2Al configurations (Section S8).

When populating Al for our MC simulations, we excluded the 1NN 2Al con-
figurations (Al-O-Al), obeying Lowenstein’s rule.®! Otherwise, each Al is populated

randomly or follows a T site bias according to the required macroscopic T site occu-
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pancy by Al (Section S8.1). Sample code for the MC simulations has been provided

as a supplementary attachment file.

2.3.5 Binary classification model for predicting dimer forma-

tion

To identify the 2Al configurations for a given topology that favor Cu exchange
as dimers, we trained an XGBoost!'?® decision tree classification model. Based on the
dimer formation probabilities (p; ;) at Cu exchange conditions of 10% kPa H,0, 20 %
O, at 973 K, calculated using equation 2.5, we labeled all 2Al configurations in CHA,
MOR, AFX, and BEA as 1 (p;s > 0.5) or 0 (p;s < 0.5). To generate the structural
descriptors for the model, we used the Atomic Simulation Environment (ASE)'®" and
NetworkX!3" python packages. For all unique 2Al configurations, Al-Al distances
(in A) in unoptimized zeolite cells and the nearest neighbor connectivity’s (integer,
refer to Section S11.1 for details) were generated as the first set of descriptors for the

classification model.

We generated the second set of descriptors using random sphere packing to im-
prove the classification accuracy. We sample the zeolite void space by randomly
placing points in the zeolite unit cell with an average density of 1 point A Then,
we removed all points within 2.0 A of framework atoms, thereby only retaining points
that fill the zeolite void space (Figure S11.1). This 2.0 A cutoff was chosen to capture
Cu-framework oxygen interactions where Cu-O bonds are ~ 1.95A.2760 We derived a

custom descriptor, “projected void space” defined as:

All random spheres retained
Projected void space = E el=od) (2.20)
mid(Al-Al) to sphere distance (d)
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to capture the nature of the random packing, where d is the distance measured from
the bisection point of Al-Al to all the random spheres retained, and « is a hyper-
parameter for the projection. Additional details and figures for this approach are
located in Section S11.1. Statistics (minimum, maximum, average, and standard de-
viation) of the projected void space were generated from 2000 independent random
sphere packing simulations for each 2Al configuration. Al-Al distance, nearest neigh-
bor connectivity, and statistics of random sphere packing were used as features in our
classification model. Therefore, our training dataset consists of six descriptors and
318 data points (CHA-21, MOR-100, BEA-154, AFX-43), and FER data was held

out as a validation set.

We used the XGBoost classifier as implemented in the open source Python code
from Chen et al.'®® because boosting tree algorithms have proven robust for small
data sets.!%*150 The hyperparameters of the XGBoost model and « in void space pro-
jection were optimized using grid searches (Section S11). The 10-fold cross-validation
accuracy of the model was used as the metric for comparing different models. More
details on hyperparameter optimization and model accuracy can be found in Section
S11. The training data set has more 2Al sites that favor monomer formation (69.5%
of 2Al) than dimers (30.5% of 2Al), indicating a mild class imbalance. Therefore, we
tested ML models with and without adjusting for class imbalance (Section 11.3) and

found similar performance for both models.

To identify the features that are the most important when deciding a 2Al con-
figuration’s dimer (or monomer) preference, we used the “feature importance score”,
defined as how many times a feature is selected for splitting (making a decision),
weighted by the squared improvement of the model gained by each split, and aver-

aged over all trees.'1162 The final XGBoost model is provided as a supplementary
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attachment file.
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Chapter 3

Kinetic and Thermodynamic
Factors Influencing Palladium
Nano-particle Redispersion into

Mononuclear Pd(II) Cations in

Zeolite Supports

This chapter has been reproduced in its entirety with permission from Lardi-
nois, T. M.; Mandal, K.; Yadav, V.; Wijerathne, A.; Bolton, B. K.; Lippie, H.; Li,
C. W.; Paolucci, C., and Gounder, R. J. Phys. Chem. C 2022, 126, 19, 8337—
8353. Copyright 2020 American Chemical Society. The supplementary materials for
this paper/ chapter are available on https://doi.org/10.1021/acs. jpcc.2c01613.
This chapter studies the interconversion between Pd nanoparticles and cations in Pd-
CHA (SSZ-13) zeolites. These processes are responsible for the thermal activation
and deactivation of Pd-CHA materials and provide routes for catalyst regeneration.
I contributed to the kinetic analysis of this study by (1) combining the Ostwald
ripening model with an atom trapping reaction to simulate the particle redispersion

process and (2) performing kinetic Monte Carlo simulations to solve the resulting
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large system of differential equations. I also regressed the kinetic parameters to the
experimental redispersion data to estimate model parameters. As a coauthor on the

paper, I was responsible for writing the methods section for the kinetics model.

3.1 Introduction

The dynamic processes responsible for the sintering of metal nanoparticles and
their redispersion into smaller clusters and isolated atoms and ions on oxide supports
strongly influence the reactivity, selectivity, deactivation, and regeneration of hetero-
geneous catalysts and adsorbent materials.!® The redispersion of nanoparticles and
clusters to single atoms results in catalyst deactivation for methane oxidation on Pd
supported on Al,O3” and Pt supported on CeO,,® NO reduction in the presence of
CO on Pt supported on aluminosilicate MWW zeolites,”!? CO oxidation on various
metals (Ru,'* Rh,! Ir,'! Pt,'? and Pd'?) supported on CeO,, and propane dehydro-
genation on Pt-Sn clusters supported on CeQ,.'* Conversely, the formation of metal
nanoparticles from single atoms causes deactivation of Pt,51° Pd,'\1% Cu,'® and Rh'®
on CeO, for CO oxidation, Au on CeZrO,'" and CeO,'® for the water-gas shift re-

19,20

action, Au on carbon for acetylene hydrochlorination, and Rh on aluminosilicate

zeolites or TiO, for methane oxidation to methanol.?!

Compared to catalysts con-
taining larger nanoparticles, catalysts composed of single atoms and sub-nanometer
sized clusters are typically more susceptible to structural changes in response to their
reaction environment, and thus tend to sinter more readily via Ostwald ripening (OR)
under reducing conditions at high temperatures.’?? Redispersion of nanoparticles to

single atoms and ions can facilitate catalyst regeneration;?*?* however, the atomistic

details of the thermodynamic driving forces and kinetic mechanisms governing such
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redispersion processes are not well-understood.

The structural interconversion between oxide-supported Pd nanoparticles and
cations is strongly affected by reaction conditions and nanoparticle sizes,” 10232
and is of particular relevance for several catalytic and adsorption applications in-

39-43

cluding CO oxidation,'%!33373% Wacker oxidation,?¢3® methane oxidation, alkene

44-47

hydrogena-tion, and low-temperature (<473 K) NO trapping in diesel engine

emissions.*®* 2 While the dominant active sites for methane oxidation are located on
Pd nanoparticles,”3 isolated Pd atoms and cations are the active sites for Wacker338
and CO oxidation,’ hydrodechlorination,”® and NO trapping in passive NOz adsor-
ber materials.’®*” The redispersion of Pd nanoparticles to cations is facilitated by
reactants such as NO (during NOz reduction on TiOs-supported three-way cata-
lysts,?® Ha-selective catalytic reduction of NO on ZrO, supports,® sequential ad-
sorption of CO and NO on ceria-zirconia supports,®’ and solid-state ion-exchange
in CHA zeolites®!) and water (in FAU zeolites during Wacker oxidation®® %), and
via hydrothermal treatments with steam and air in aluminosilicate MFI, MWW and
CHA zeolites.52 % Redispersion can be further promoted when synthesis protocols
are used that promote the formation of defect or cation-exchange sites in the support
that are able to capture mobile metal species emitted from nanoparticles in atom
trapping processes.?*?* Metal-support interactions also play a crucial role to stabilize
dispersed isolated atoms, with CeOy and Fe;Os supports exhibiting strong bind-
ing to Pt,1214156566 Rh 15 Ry 67 and Cu.%1% Despite the low vapor pressure of Pd,'®
atom trapping mechanisms have been shown to stabilize isolated Pd on CeO,,!1:15:55.68
Ti0,,% ~-Al,03,7%* and aluminosilicate zeolites. Yet, numerous questions regarding

the kinetic and thermodynamic factors that influence conversion of Pd nanoparticles

to single atoms and cations, and their dependence on reaction conditions, initial Pd
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particle size, and the metal-support interaction remain unanswered.

In this work, we examine the thermodynamic and kinetic factors and reaction
mechanisms that govern the interconversion of Pd nanoparticles and cations, studying
Pd supported on aluminosilicate zeolites, given that these concepts are particularly
relevant for Pd-exchanged zeolites being explored in practical applications as materi-
als for passive NOz adsorption (PNA)?%5657 in automotive exhaust, Wacker®® 3® and

39,68,70.T1 Zeolite supports are also a versatile materials platform

methane oxidation.
for performing fundamental experimental studies because of the structural uniformity
of their crystalline frameworks and the ability to synthesize them with precise modi-

fications in bulk and atomic composition, which enable more faithful comparisons to

the structures modeled by theoretical studies. Pd-zeolites typically contain various

64,72 56,73,74

Pd structures of different nuclearity (mono- and polynuclear) and valence
(zero- to tetravalent),” ™ but only extraframework, mononuclear cation sites charge-
compensated by framework Al atoms (ion-exchanged Pd) are the purported binding
sites for NOz adsorption in the context of PNA applications®™ and the active sites for
Wacker oxidation.?¢3® The structural lability of Pd allows interconversion between
agglomerated domains and mononuclear ion-exchanged sites,*! which depends on the
size of Pd nanoparticle domain sizes and their density on the support,” and causes
undesirable agglomeration and deactivation under PNA and Wacker-relevant condi-
tions.?62:82:83 Yet such structural lability allows for the redispersion of agglomerated
domains to ion-exchanged sites under high-temperature (>500 K) air® or NQS:8
regeneration. Together, these challenges and observations motivate improved funda-
mental understanding of the critical thermodynamic and kinetic factors that govern

Pd structural interconversion in zeolites, to guide the design of these materials and

regeneration protocols based on solid-state ion-exchange routes.
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Here, we combine experiment and theory to understand the influence of ini-
tial Pd nanoparticle size and external gas conditions on the thermodynamic and
kinetic factors influencing structural conversion between Pd nanoparticles and ion-
exchanged Pd?" in CHA zeolites. Pd-CHA zeolites are prepared to initially contain
normally-distributed or log-normally distributed Pd particles of different mean size,
located at extracrystalline zeolite surfaces. These materials are then treated to high
temperatures (598-973 K) in flowing air with and without HyO, and the number
of agglomerated PdO domains and ion-exchanged Pd?* sites are quantified with H,
temperature-programmed reduction (TPR). Density functional theory (DFT) com-
puted thermodynamic phase diagrams are constructed for a range of Pd particle sizes
under various gas environments (Po,, Pu,0, temperature) to quantitatively compare
with experimentally measured ion-exchanged Pd?* contents on samples exposed to
similar treatments to show that HyO can promote the formation of PdO agglom-
erates from Pd?* cations. Apparent rates of conversion of metallic Pd domains to
ion-exchanged Pd?* sites under flowing air are measured as a function of temperature
(598-673 K) and H,0O pressure (0-2 kPa) to deduce mechanistic information and de-
termine kinetic implications of HoO and Os pressures and the Pd particle size on the
redispersion to ion-exchanged Pd** sites. Kinetic Monte Carlo (kMC) simulations
are performed to rationalize the observed kinetics, and show that Pd redispersion at
temperatures <900 K does not occur through a gas-phase process, but rather through
a surface-mediated OR mechanism whereby mobile monomers diffuse on the zeolite

support and bind at ion-trapping sites.
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3.2 Methods

3.2.1 Pd-Zeolite Characterization

The amounts of agglomerated PdO and mononuclear Pd?* cations were quantified
with Hy TPR procedures described elsewhere® using a Micromeritics AutoChem 11
2920 Chemisorption Analyzer equipped with a thermal conductivity detector (TCD)
to quantify Hy consumption. In brief, the TCD response factor was generated us-
ing varied partial pressures (0.5-5.0 kPa) of Hy in balance Ar, which quantified the
amount of Ag on a AgyO reference material (Micromeritics) to within a factor of
1.12. After a given treatment sequence, samples (0.3-0.6 g) were exposed to flowing
Ar (0.50 cm?® st UHP, 99.999%, Indiana Oxygen) with 1-2 kPa HyO for >0.5 h
to hydrate mononuclear Pd?" cations at 303 K. Samples were then cooled to 203 K
(0.167 K s!) in flowing Ar (0.167 cm? s!) using a Micromeritics Cryocooler II acces-
sory. An isopropanol slurry (cooled to 184 K with liquid Ny) was inserted between
the TCD detector and the sample to trap any condensable gases. The Ar stream
was replaced with 5 kPa Hy in balance Ar (0.167 cm?® s, certified mixture, Indiana
Oxygen), and once a stable TCD signal was achieved, the sample was treated to 573
K (0.167 K s') and held for 0.5 h. All H, TPR profiles and discussion of data fitting

procedures are reported in Section S4, SI.

Volumetric Oy chemisorption experiments were performed with a Micromeritics
ASAP 2020 Plus Chemisorption unit. Samples (~0.2 g) were treated in flowing Ho
(UHP, 99.999%, Praxair) to 673 K or 873 K in O, (UHP, 99.98%, Matheson) before
preparing for chemisorption. Samples were first flushed in flowing He then degassed
under vacuum (< 3 mHg) for 1 h at 373 K. Next, a leak test was performed to

confirm that leak rates were below the threshold of < 600 mHg h! (recommended
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by Micromeritics). Samples were then treated in Hy to 573 K (0.167 K s!') for 1 h,
evacuated at 573 K for 1 h, then another leak test was performed at 313 K. Then,
the sample was evacuated for 0.3 h at 313 K before collecting two O adsorption
isotherms (313 K, 2—42 kPa), with an evacuation step after the first isotherm to
remove non-chemisorbed Os. Isothermal uptakes were linearly extrapolated to zero
pressure, and the difference in uptakes at zero partial pressure yielded the amount
of chemisorbed O,. The dispersion was calculated assuming one O atom titrates one

surface Pd atom.

3.2.2 Isothermal Pd Redispersion Kinetics.

The as-exchanged [Pd(NHj3),*"-CHA (2.2 wt% Pd) material was first pelleted
then sieved to retain 180-250 um diameter aggregates. Treatment sequences and Hy
TPR analysis were performed with a Micromeritics Autochem II 2920 Chemisorption
Analyzer. Samples (0.03-0.05 g) were first pretreated in flowing Hy in Ar (0.5 cm?
st 5 kPa H,, certified mixture, Indiana Oxygen) to 673 K for 1 h, and cooled
to ambient temperature. Samples were then cycled through Hy treatments, inert
purge treatments, air treatments (i.e., isothermal redispersion treatments), and then
the amounts of PAO and Pd?** cations were quantified by Hy, TPR. As an example
procedure for an isothermal redispersion measurement at 648 K in air without added
H,0, the sample was treated in flowing (0.5 cm® ') 5 kPa Hy in Ar to 648 K (0.167
K s!) for 0.5 h, then the 5 kPa Hy in Ar stream was replaced with flowing Ar (0.5
cm? s71; UHP, 99.999%, Indiana Oxygen) to purge the system for 0.083 h. Then, the
Ar stream was replaced with flowing air (0.5 cm?® s7'; Air Zero, Indiana Oxygen) for
a specified amount of time (0.003-1 h), and then rapidly cooled (0.67 K s') from

648 K to ambient temperature in flowing Ar (0.5 cm?® s') Ar using a Micromeritics
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Cryocooler IT accessory. In cycling experiments, the air exposure times were randomly
varied between 0.003-1 h to avoid any systematic errors that may have been caused

by this step in the procedure.

3.2.3 Details of DFT, and Ab Initio Formation Free Energies

Calculations.

We used the Vienna ab initio simulation package (VASP, version 5.4.4)% to per-
form plane-wave, periodic DFT calculations with an energy cutoff of 400 eV and
projected augmented wave (PAW)®" pseudopotentials for core-valence interactions.
We used the bulk structures reported in the Materials Project® database for metal-
lic Pd and PdO, and the 24 T-site 1Al and 2Al Pd-exchanged SSZ13 species in the
study by Mandal et al.? as initial guesses, and optimized them with the Perdew-
Becke-Ernzerhof (PBE)? functional and subsequently, the Heyd-Scuseria-Erzenhof
(HSE06)%6:99 hybrid exchange-correlation functional. Dispersion corrections were
calculated using the Becke-Johnson damping (D3(BJ)-vdw) method.”"9> We used the
HSEO06 functional with D3(BJ) dispersion corrections because it correctly captures
the formation energy of PdO within 2 kJ mol™? of the experimental value (Table S5.2,
ST). We used a convergence threshold of 10® eV and 0.01 ¢éV/A for the electronic
energies and atomic forces, respectively. We used the Monkhorst-Pack k-point mesh
detailed in the Materials Project database to sample the first Brillouin zone for bulk
metallic Pd and PdO; only the I' point was used for zeolitic structures. The optimized
geometries of 6-MR 3NN ZsH; and Z,Pd have been provided in the CONTCARS at-
tachment of the SI. Additional details about the formation energy calculations can

be found in Section S5, SI.
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3.2.4 Details of Particle Size Dependent Models.

To estimate surface energies, we used the Python Materials Genomics ( Pymatgen)
package and its built-in Slabgenerator function®® to construct symmetric slabs of
up to Miller index 2 for metallic Pd and PdO from their respective optimized bulk
structures. The slab thickness was set to 10 A, and a 15 A vacuum space was ap-
plied to eliminate interactions between the periodic images of the surfaces in the z
direction. The k-point mesh for the slabs in the x and y directions was appropriately
scaled by using the k-points per reciprocal A for the bulk structures, with a single
k-point applied in the z direction. We optimized and computed the energies of the
unconstrained slabs using the PBE-D3(BJ)-vdw functional due to computational ex-
pense, and the same convergence criteria as that for the bulk structures. The surface

energies (7sa) of the slabs were calculated as:'%

Egab — npaFEvux — nopto(Po,, T)
2A

Vslab<P027 T) = (31)

where npq and ng represent the number of Pd atoms and excess or deficit O atoms in
the slab, respectively, uo is the chemical potential of O, A denotes the surface area
of one side of the slab, Ey.;, and Ey, are the total energy of the slab and the energy
of the bulk per formula unit, respectively. The equilibrium shapes of metallic Pd and
PdO nanoparticles were determined from their respective Wulff constructions which
represent the minimum surface energy for a given crystal. We used the Wulffshape
function in Pymatgen to generate the Wulff constructions for a range of jio values,*!

and evaluated the average surface energy (7).

Based on data fitted to calorimetric measurements of the chemical potentials of

transition metals on oxide supports, Campbell et al.!>1% expressed the free energy
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of supported hemispherical nanoparticles of an effective diameter d relative to bulk

(AG) as follows:

AG (d, Po,, T) = (37 (Po,. T) — Ea) <1+ %’) <%”) (3.2)

where p represents the volume normalized per mole of metal. The adhesion energy
between the nanoparticle and the support E,.qp is expressed according to the Young
equation:

Eaan = v(1 + cos 6) (3.3)

where 6 is the contact angle between the particle and support. While # = 66 — 90°

105,106 it js unknown for PdO on SiO,; therefore,

has been reported for Pd on SiO,,
we considered multiple values of § = 60°,90°, and 120° which are representative of

varying degrees of adhesion (Figures S5.9-10, SI).

Subsequently, we evaluated the formation free energy of PdO nanoparticles
(AGE) by incorporating the size-dependent free energy of PAO nanoparticles (AGpao)
with respect to bulk Pd (Eq. 3.2) as:

AGES (dpao, Po,, T) = AGRS.  (Po,, T) + AGpqo (dpao, Po,, T) — AGpq (dpa)
(3.4)

To relate the increment in volume associated with the formation of PdO from Pd,
we used the ratio of the particle diameters of PAO and Pd (dpqo/dpq = 1.19) from the

reported densities of bulk Pd (ppq = 11.41 g cm™3) and PdO (ppao = 7.79 g cm—3).58
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3.3 Results

3.3.1 Effects of Initial Pd Particle Size and Treatment Condi-
tions on the Conversion of Agglomerated Pd Particles

to Exchanged Pd?T ions

3.3.1.1 Synthesis of Monodisperse Pd Nanoparticles Supported on CHA

Zeolites

To isolate the effects of Pd particle size on their structural interconversion to
mononuclear Pd** cations that are charge-compensated by framework Al in zeolite
supports (denoted “ion-exchanged Pd?T”) during high-temperature air treatments,
Pd particles of monodisperse size distributions were synthesized using solution-phase
colloidal synthesis methods” and then deposited onto the exterior of CHA zeolite crys-
tallites (details of Pd deposition procedures in Section S1, SI). Three different colloidal
Pd nanoparticle solutions were characterized with TEM to contain monodisperse par-
ticles that were nominally 2, 7, and 14 nm in diameter (Figures S2.3-S2.6, SI). These
colloidal solutions were diluted in a hexane solvent and mixed with the H-form CHA
zeolite powder, and then sonicated to deposit the oleylamine-capped Pd particles
(denoted “as-deposited Pd-CHA”). Samples are referred to as Pd-CHA-X-ND, where
X is the average particle diameter (in nm) on as-deposited samples and where the
suffix ND denotes that a normal distribution of particle sizes are present initially, as

determined by TEM.

Figure 3.1 shows ez situ TEM images of the as-deposited Pd-CHA-X-ND sam-
ples, and Table 3.1 lists their particle size distributions and elemental analysis. Pd

particle size distributions were similar on as-deposited Pd-CHA-X-ND samples as in
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2.2%0.5nm 6.8+ 0.7 nm 14.4%+1.6 nm

Figure 3.1: Fz situ TEM images of the as-deposited Pd-CHA-X-ND materials: Pd-
CHA-2-ND (left), Pd-CHA-7-ND (middle), Pd-CHA-14-ND (right).

Table 3.1: Characterization Data on As-deposited Pd-CHA-X-ND
Samples®

nominal Pd TEM characterized
sample’ particle size / nm particle size / nm® Pd wt%? Pd/Al?
Pd-CHA-2-ND 2 22405 1.12 0.082
Pd-CHA-7-ND 7 6.8 £ 0.7 0.72 0.053
Pd-CHA-14-ND 14 144+ 1.6 0.84 0.061

“Particle size distributions are reported in Figure S2.7—2.9,Supporting Information.
b Samples are denoted as Pd-CHA-X-ND, where X denotes the nominal Pd particle
size and ND denotes a normal particle size distribution. ¢ The average particle size
plus or minus one standard deviation. ¢ The Pd wt % and Pd/Al molar ratio were
determined by inductively coupled plasma (ICP) spectroscopy.
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the colloidal precursor solutions, demonstrating the deposition procedure used did not
alter the monodisperse distributions of oleylamine-capped Pd nanoparticles; however,
this deposition procedure did result in some non-uniformities in how Pd particles were
spatially distributed at external crystallite surfaces, with some localized Pd nanopar-
ticle aggregation observed for the Pd-CHA-7-ND and Pd-CHA-14-ND samples. To
remove organic species without altering the Pd particle size distribution, as-deposited
Pd-CHA-X-ND samples were first treated in air to 548 K for 4 h, before studying
the effects of higher temperature air treatments. Samples treated with this protocol
were analyzed in a subsequent TGA experiment and did not show desorption events
for organic species (460-600 K), and TGA profiles were similar to that of the parent
H-CHA support (Figures S3.1 and S3.2, SI), indicating that the majority of organic
content at exterior Pd surfaces was successfully removed. TEM images of Pd-CHA-
X-ND samples treated to 548 K in air showed similar Pd particle size distributions as
present in their as-deposited form (Figures S2.10-S2.13, SI). Therefore, we conclude
that treatment of as-deposited Pd-CHA-X-ND samples in air to 548 K successfully
removed the majority of organic species while retaining the Pd particle size distribu-
tion and zeolite support intact, enabling subsequent studies of the conversion of such

particles to Pd*" cations upon treatment to higher temperatures (>548 K).

3.3.1.2 Effects of Pd Particle Size on Pd Oxidation and Structural Inter-

conversion

The as-deposited Pd-CHA-X-ND samples were treated to high temperatures (598
873 K) in flowing air to determine the effects of Pd particle size on the extent of
oxidation with O, and conversion to Pd?* cations. The amounts of agglomerated

PdO domains and Pd?* cations after high-temperature air treatments were charac-
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Figure 3.2: (a) The amount of ion-exchanged Pd*" (per total Pd) after treatment
in flowing air (593 873 K) for Pd-CHA-2-ND (squares), Pd-CHA-7-ND (circles), and
Pd-CHA-14-ND (triangles). (b) Total Hy consumed (per total Pd) from (a). Dashed
lines represent theoretical maximum amounts. Hy, TPR profiles reported in Figures
S4.1 54.3, SI.

terized with Hy TPR (profiles reported in Figures S4.1-S4.3, SI). Previous reports
concluded that agglomerated PAO domains have a lower barrier for reduction by Hs
than hydrated Pd?* ion sites; thus, Hy consumption features can be quantified and
assigned to agglomerated PdO and ion-exchanged Pd?" (further discussed in Section

S4’ SI).8178471077108

The total Hy consumption (per total Pd) and the amount of ion-exchanged Pd**
(per total Pd) after treatment in flowing air Pd-CHA-X-ND samples are reported
in Figure 3.2. At a given air treatment temperature, the amount of ion-exchanged
Pd?** formed on CHA increased as the initial Pd nanoparticle size decreased, consis-
tent with previous reports that smaller Pd nanoparticles (at fixed Pd density) were

converted to greater amounts of mononuclear Pd(OH)y on 7-Al;03.7 For Pd-CHA-2-
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Figure 3.3: (a) Framework of chabazite (CHA) made up of four-, six-, and eight-
membered rings (MR). (b) Pd cations exchanged at 1Al and 2Al sites.

ND, the total Hy consumed per Pd was near unity at all air treatment temperatures
studied; thus, all of the 2 nm Pd nanoparticles were oxidized to Pd?*T during the
air treatment. In contrast, Pd-CHA-7-ND and Pd-CHA-14-ND showed sub-unity H,
consumption per Pd for low-temperature air treatments (598-673 K), suggesting that
a fraction of the 7 nm or 14 nm Pd nanoparticles were not fully oxidized during the air
treatment, consistent with a report by Chin et al. showing that higher Oy pressures
were needed to fully oxidize larger metallic Pd particles supported on v-Al,O3 at a

fixed temperature of 973 K.

3.3.1.3 Thermodynamics of Conversion of Agglomerated Pd Particles to
Exchanged Pd2* Ions

Estimating the maximum fraction of Pd atoms in nanoparticles that can convert
to ion-exchanged Pd?* based on thermodynamic considerations requires calculation
of both nanoparticle and ion-exchanged zeolite energies. Previous studies have shown
that Pd?* cations charge-compensating two Al tetrahedral sites (2Al) in the six-

membered ring (6-MR) are the most thermodynamically stable ion-exchanged Pd?**
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Table 3.2: HSE06-D3(BJ)vdw-calculated 0 K Formation Energies (AE),
and Formation Free Energies of Bulk PdO (AGEIS ), and 3NN Z,Pd
(AGRBY) at 598 K and 873 K, 20 kPa O, 0.014 kPa H,O.

AGP™ kJ (mol Pd)?!

reaction AE kJ (mol Pd)? 598 K 873 K
fora
Pdpuik + 305 25 PdOpyi (3.5) 111 -46 -16
AGEm,
Pdyuk + ZoHs + 10, —— Z,Pd + H,0 (3.6) +8 -50 -74
Pdpyi + ZoHy — ZoPd + Hy0 (3.7) +119 4 58

species in CHA, represented here by ZsPd where ‘Z’ denotes the substitution of frame-
work Si with Al (Figure 3.3).778%110 The lowest energy Z,Pd structure has 2Al in a
third nearest neighbor (3NN) arrangement (0 kJ mol™?), followed by the 2NN config-
uration (+65-80 kJ mol™!).7"8%110:111 One Al T-site (1Al) can be charge-compensated
by Pd™ cations (ZPd), or by Pd?* as [PAOH|" (ZPdOH). The ZPd structure is +28-
60 kJ mol! higher in energy than 3NN Z,Pd.”"® The existence of Pd* after high
temperature treatments in air with and without HyO is debated in literature;”” direct
characterization of Pd* has been reported only from EPR measurements of Pd/Y
zeolites performed under vacuum and after Hy treatment at 298 K.''? ZPdOH has
been identified in detectable amounts only for CHA materials containing a larger
number of ion-exchanged Pd?* species than the number of 2Al sites in the 6-MR,**
and is computed to be +60-79 kJ mol™* higher in energy than 3NN Z,Pd.”"8%111 The
Pd content of the Pd-CHA-X-ND samples here (Pd/Al = 0.05-0.08) are much lower
than the number of available 2A1 6-MR sites quantified by Co*" titration (Co®™/Al
= 0.12). Thus, we expect Pd*" in the 6MR 3NN configuration to be the predominant
cationic species in our materials; however, for comparison, we also considered 2NN

ZoPd, ZPd and ZPdOH in the analyses below.
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We next computed the thermodynamics of oxidation of bulk metallic Pd (Pdpuu)
with Og to form either bulk PAO (PdOy,) or ion-exchanged Pd cations (additional
details in Section S5, SI). Table 3.2 reports reaction energies (AFE) and free energies
(AG™™) for the formation of PdOyyy from Pdp,y (Eq. 3.5), and for the formation
of 3NN Z,Pd sites from either Pdyu (Eq. 3.6) or PdOpux (Eq. 3.7), at conditions
representative of the high-temperature air treatments (598-873 K, 20 kPa O,, im-
purity HoO estimated as 0.014 kPa H50) of the Pd-CHA-X-ND samples discussed
in Section 3.1.2. The conversion of either Pdyyx or PdOyg to 3NN Z,Pd sites is
endothermic, but thermodynamically favorable (exergonic) at temperatures >576 K
(0.014 kPa H»0, logio (Po,/P°) > -9.5 (Figure S5.2, SI). Reaction energies to form
2NN Z,Pd, ZPd and ZPdOH sites are >27 kJ mol! more endothermic than to form
3NN Z,Pd sites (Table S5.1 and Figure S5.2, SI). These results demonstrate that
conversion of bulk metallic Pd to either PdO agglomerates or to 3NN Z,Pd sites is
thermodynamically favorable over the range of high-temperature air treatments stud-
ied experimentally and suggest that the relative difference in the free energies of PdO

agglomerates and ZoPd cations will influence Pd speciation.

To compare our thermodynamic predictions to the experimental Pd redispersion
data in Figure 3.2, we estimated the thermodynamic limit of conversion of Pd
particles to ZoPd (Xz,pq) for a range of particle sizes (dpq = 2-100 nm) by considering
a Boltzmann distribution of the equilibrium population of PdO particles and Z,Pd

cations (Eq. 3.8):"

oo T
Xz,pa (Po,, Pu,0,dpa, T) =

£ £
( NM) exp <—AGZO;;;‘d(PoQ7PH20,T)—AG;58(Pog,dpd,T))
N.

AL ~AGE R (Poy Pity0 T) ~AGEE (Poy draT) \ | 4
exp KoT +

(3.8)
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where Noaj/Npq is the ratio of the number of 6-MR 2Al sites as quantified by Co®"
titration,''® and the number of Pd quantified by ICP. Analogous results for 2NN
Z-Pd, ZPd and ZPdOH are reported in Figure S5.4, SI. Particle size-dependent free
energies of Pd and PdO nanoparticles were determined relative to bulk free energies
using the free energy model for nanoparticles adhered to a support developed by

102-104

Campbell and coworkers using calorimetric measurements:

AG (d, Po,, T) = (3v(Po,, T) — Faan) (1 + 175) (%) (3.9)

where v is the particle surface energy (estimated from DFT), F.q, is the adhesion
energy of the particle to the support (estimated from literature values and our TEM
data), d is the particle diameter, and p is the volume normalized per mole of Pd;
additional details are reported in Section 3.2.4. Expansion of particle volume due to
the oxidation of Pd to PdO was accounted for by including a volume expansion factor

of 1.19 (described in Section 3.2.4).

Figure 3.4a shows the results for the compositional parameters (Nos;/Npq and
dpq) corresponding to the Pd-CHA-X-ND zeolites (Table 3.1) and their respective air
treatment conditions (Figure 3.2). Blue and yellow regions of Figure 3.4a denote
complete conversion of metallic Pd particles to PdO agglomerates and to ZyPd sites,
respectively. Figure 3.4a shows that complete conversion of 2 nm (squares), 7 nm
(circles), and 14 nm (triangles) Pd particles to ZyPd is thermodynamically feasible
at all the air treatment conditions in Figure 3.2 (598-873 K, 20 kPa O,, 0.014
kPa HyO), and these results are insensitive to perturbations in PdO adhesion energy
(contact angle varied from 60° to 120°) and surface free energy (£ 0.2 J m2) within the
particle size-dependent free energy model (Figures S5.5-5.6, SI). The thermodynamic

predictions for 2 nm particles are consistent with the experimental results for Pd-
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Figure 3.4: Pd particle size-dependent thermodynamic phase diagram for the con-
version of Pd particles to ZoPd in CHA (Si/Al =12, Pd/Al = 0.06) under (a) 20 kPa
Oy, 0.014 kPa HyO and (b) 20 kPa Oy, 6 kPa HyO, based on HSE06-D3(BJ)vdw cal-
culated energies. The fraction of Pd particles converted to ZsPd for 2 nm (squares),
7 nm (circles), and 14 nm (triangles) Pd particles at the experimental air treatment
conditions for Pd-CHA-X-ND samples are labeled. (c) Thermodynamic phase dia-
gram for the conversion of 7 nm Pd particle to ion-exchanged Pd?* cations on CHA
(Si/Al =12, Pd/Al = 0.06) as a function of temperature and Pp,o. The fraction of
Pd particles converted to ion-exchanged Pd?* cations at 20 kPa O,, 0.014 kPa H,O
(red circles), and 20 kPa O, 6 kPa HoO (blue circles) at treatment temperatures of
598-1023 K are labeled.
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CHA-2-ND, which contained predominantly ion-exchanged Pd** after treatment to
673 or 773 K. However, for 7 and 14 nm particles, the computed fractions of Pd
particles converted to ZsPd sites (~1.00) are significantly higher than the amount of
ion-exchanged Pd** observed experimentally for Pd-CHA-7-ND and Pd-CHA-14-ND
(598-773 K). Further, our model predicts complete oxidation of metallic Pd with O,
to mononuclear Pd** species (i.e., either agglomerated PdO or Z,Pd) under these
conditions; yet, a residual fraction of metallic Pd persists on both Pd-CHA-7-ND and
Pd-CHA-14-ND following air treatments (598 K for Pd-CHA-7-ND and 598-873 K for
Pd-CHA-14-ND). Air treatment of Pd-CHA-14-ND at 673 K for 1 h and 5 h formed
the same amount of ion-exchanged Pd?* and consumed the same amount of Hy per
Pd (Table S4.1 and Figure S4.3, SI). These results, together with our thermodynamic
modeling, suggest that complete conversion of large Pd particles (7-14 nm) to ion-
exchanged Pd*" is not thermodynamically limited at these conditions (598-873 K,
20 kPa O3, 0.014 kPa H50), and that kinetic barriers are instead responsible for the

incomplete oxidation and disintegration of large Pd particles into ion sites.

3.3.1.4 Effect of H,O on the Conversion of Agglomerated Pd Particles to
Exchanged Pd?T Ions.

The addition of HoO to the air stream has been proposed to facilitate the mo-
bility of Pd, causing a greater fraction of agglomerated PdO domains to convert to
Pd?* cations.®® To determine the thermodynamic influence of HyO pressure on Pd
structural interconversion, we constructed phase diagrams for air treatment condi-
tions with higher HyO partial pressures (6 kPa). Figure 3.4b shows the fraction of
Pd particles converted to ZsPd at the different treatment temperatures studied for

Pd-CHA-X-ND samples, which are labeled for comparison with Figure 3.4a. We
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considered a representative Pd particle size of 7 nm and show its conversion to Z,Pd
as a function of temperature and Py, in Figure 3.4c at treatment conditions of 20
kPa O, with 0.014 kPa HyO (red circles) and 6 kPa HyO (blue circles). Analogous

phase diagrams for Pd particle sizes of 2 and 14 nm are reported in Figure S5.12, SI.

Our results predict that increasing Pp,o thermodynamically limits the amount
of ZyPd formed, and while the Xz,pq values predicted vary within + 20% (Figures
S5.9-5.11, SI) depending on the precise values used for nanoparticle adhesion and
surface energy, they are consistently lower than those predicted in dry air conditions
(Figure 3.4a). The inhibiting effect of HyO is especially pronounced for larger Pd
particles at temperatures <773 K. Our model predicts that 7 and 14 nm Pd particles
almost fully convert to ion-exchanged Pd?* during air treatments >600 K in the
presence of 0.014 kPa H,O (Figure 3.4a), but that the conversion of Pd particles
decreases (to 0.31 and 0.19 for 7 and 14 nm, respectively) when Pp,o is increased
to 6 kPa (Figure 3.4b). Conversely, the effect of higher Pp,o at temperatures
>600 K is negligible for 2 nm Pd particles, which are predicted to fully convert to
ZoPd during air treatments in the presence of 0.014 or 6 kPa HyO. At conditions
typically representative of practical PNA applications (2.5-6 kPa H,0),*® an increase
in Py,o favors formation of larger fractions of PdO agglomerates at temperatures
<800 K for dpq = 2-14 nm. The HyO promoted formation of agglomerated PdO
becomes attenuated with increasing temperature due to the increase in the entropic
contribution of HyO formation relative to the enthalpy of reaction (Figure S5.13, SI).
Consequently, complete conversion of Pd particles to ZsPd is again predicted for all

the Pd-CHA-X-ND zeolites at temperatures >800 K.

Our thermodynamic predictions suggest that adding HyO to air streams would

inhibit the structural transformation of agglomerated PdO domains to ion-exchanged
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Figure 3.5: (a) The amount of ion-exchanged Pd?* and (b) total Hy consumed nor-
malized per total Pd as a function of treatment temperature in flowing air (squares),
6 kPa HyO in balance air (circles), air (1 h) then adding 6 kPa HO (1 h, diamond),
and 6 kPa H,O in balance air (1 h) then air (1 h, triangle) for the Pd-CHA-7-ND
material. Dashed line represents theoretical maximum values. Hy, TPR profiles are
reported in Figure S4.7, SI.
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Pd?* cations. To experimentally test these predictions, the as-deposited Pd-CHA-
7-ND sample was treated in either flowing air with 6 kPa HyO or without H,O at
temperatures between 673-973 K, and the ion-exchanged Pd?* content and H, con-
sumption (per Pd) were quantified with Hy TPR. Figure 3.5 and Table S4.3, ST show
that fewer ion-exchanged Pd?* sites were formed and the PdO content increased after
the wet air treatment in comparison to the dry air treatment at temperatures <900 K,
which is qualitatively consistent with our thermodynamic predictions (Figure 3.4)
that increasing H,O pressures should reduce Pd?* cation content and increase the ag-
glomerated PdO content. Similar results have been reported for atomically dispersed
Pt on CeO,'* where steam exposure led to an increase in particle agglomeration. Ad-
ditionally, a larger fraction of residual metallic Pd remained after wet air treatments
than after dry air treatments for temperatures between 673 and 873 K, an effect that
may be due to HyO-induced hydroxylation of particle surfaces inhibiting the complete
oxidation of Pd.'" Treatment of Pd-CHA-7-ND in air at 973 K with and without H,O
resulted in the same amount of ion-exchanged Pd*™ (0.80-0.85 per total Pd) and Hy
consumption (0.87-0.88 per total Pd), consistent with the absence of an HyO pressure
dependence on our thermodynamic predictions at 973 K (Figure 3.4). Analogous
experiments on Pd-CHA-2-ND (Figures S4.4-4.5, SI) evidence no residual metallic
Pd, and similar fractions of Pd*" and PdO when either air alone or air and 6 kPa
H50O were co-fed, consistent with thermodynamic predictions that the effect of H,O
becomes attenuated for small particle sizes (Figure 3.4b). Together, our thermody-
namic and experimental results demonstrate that co-feeding H,O at temperatures of
673-873 K does not facilitate the transformation of PdO to ion-exchanged Pd?*, in
contrast to proposals in previous studies®® wherein the treatment temperature itself
was likely the dominant influence on the extent of agglomerated PdO converted to

ion-exchanged Pd?* cations. Instead, water promotes the formation of PdO, and this
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effect becomes attenuated with decreasing particle size and increasing temperature.

The decrease in cation formation when HO is co-fed (673-873 K) could re-
flect consequences of H,O inhibiting the kinetics of Pd redispersion to Pd?* cations,
or changing the thermodynamic equilibrium to promote the formation of PdO ag-
glomerates from Pd?* cations, in the latter case as suggested by our thermodynamic
calculations and formation of HoO as a product in the cation exchange reaction (Eq.
3.7). To determine if Pd?" cations could reversibly transform to PdO agglomerates
under wet conditions, the as-deposited Pd-CHA-7-ND sample was first treated in
flowing dry air to 673 K and held for 1 h, and then exposed to a wet air stream (6
kPa Hy0) stream for 1 h (Figure 3.5, green diamond). The amount of ion-exchanged
Pd?* (per total Pd) decreased from 0.72 (dry air) to 0.59 (dry air followed by wet
air), but did not reach the value measured on the sample exposed only to the wet
air treatment (0.43). These results demonstrate that starting from a distribution of
Pd?* cations and PdO agglomerates the addition of HyO to the air stream results
in the loss of Pd?* cations, an effect that shows that the reaction Z,H, + PdO <
ZoPd + HyO becomes reversible at 6 kPa H,O, an effect that must be driven by

thermodynamics.

To further confirm that PdO agglomerates form from Pd?* cations under hy-
drous conditions, and the generality of this observation, analogous experiments were
performed at 673 K and 773 K on the Pd-CHA-2-ND sample. The sample was treated
in flowing dry air to 673 K and held for 1 h, and then exposed to a wet air stream (6
kPa Hy0) stream for 24 h, and the Pd speciation quantified using Hy TPR (Figure
S4.5 and Table 3.3). Exposure to the wet air stream decreased the fraction of ion-
exchanged Pd?T (per total Pd) from 0.83 (dry air) to 0.71 (dry air followed by wet

air), and resulted in a concomitant increase of PdO from 0.17 (dry air) to 0.27 (dry
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Table 3.3: Pd Speciation After 673 K and 773 K Sequential Air and
Air/Water Treatments on Pd-CHA-2-ND*

673 K 773 K
673 K subsequent 773 K subsequent

air  air/ water  air  air/ water
PdO agglomerates/ Pdy,,  0.17 0.27 0.00 0.02
Mononuclear Pd*T/ Pdy,,  0.83 0.71 1.08 1.00
Hy consumed/ Pdy 1.00 0.98 1.08 1.02

¢ Hy TPR profiles reported in Figure S4.14, Supporting Information.

air followed by wet air). Similar experiments performed at 773 K (Figure S4.14, Table
S4.5, SI) showed an increase from 0.00 to 0.02 of the fraction of PdO after air/water
exposure, consistent with the suppression of PdO formation at small particle sizes

and higher temperatures predicted in Figure 3.4b.

Introducing HoO to the 673 K air stream after 1 h treatment of PAd-CHA-7-ND did
not reversibly generate the same distribution formed after the HyO-only treatment;
moreover, a longer treatment time (18 h) in the wet air stream following an air-only
treatment did not change the ion-exchanged Pd?* content or H, consumption per
total Pd (Table S4.2 and Figure S4.6, SI), demonstrating that the values reported
after a 1 h treatment in Figure 3.5 reflect a pseudo steady-state distribution of
agglomerated PdO and ion-exchanged Pd?*". Additionally, the reverse experiment
was performed where the Pd-CHA-7-ND sample was first treated in wet air (6 kPa
H,0) to 673 K for 1 h, followed by removing the HyO from the air stream and holding
for 1 h. The resulting ion-exchanged Pd** (per total Pd) increased slightly from 0.43
(wetted air only) to 0.49, which was significantly below the result on the sample

exposed only to a dry air treatment (0.72). The partially irreversible nature of Pd



103

structural interconversion between dry and wet (6 kPa H2O) air treatments can be
rationalized from conclusions of prior work®* that showed sample treatment history
influences the spatial distribution and particle sizes of Pd domains. Here, the first
dry air treatment (673 K, 1 h) of Pd-CHA-7-ND converted the 7 nm Pd particles
initially present at the exterior zeolite crystallite to different PAO domain sizes and
ion-exchanged Pd?* sites distributed deeper within the interior of zeolite crystallites;
thus, upon subsequent addition of H,O to the flowing air stream, there was a different
distribution of PdO particle sizes with some amount of ion-exchange Pd?*. Consistent
with these observations, exposure of the Pd-CHA-2-ND sample to air at 1023 K,
followed by air/water at 773 K did not result in formation of PdO (Figure S4.14, SI).
Taken together, our results show that at low temperatures the addition of HyO to
flowing air generates a thermodynamic driving force for the reverse exchange reaction
to occur (Eq. 3.7), forming PdO agglomerates from Pd*" cations, and that the sample
history and spatial distribution of Pd?* sites are important factors in the extent of

reversibility between Pd** /PdO distributions.

3.3.2 Quantifying Apparent Rates of Pd Redispersion

3.3.2.1 Effect of Treatment Temperature and H,O on Rates of Pd Redis-

persion.

To deduce mechanistic information for structural interconversion, we monitored
the conversion of agglomerated, metallic Pd domains to ion-exchanged Pd?* sites as
a function of time under flowing air at different temperatures. To explore the effects
of the functional form of the particle size distribution on redispersion rates, a suite of

Pd-CHA-X-LND samples were synthesized to contain varying average particle sizes
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Figure 3.6: (a) The amount of ion-exchanged Pd*" normalized per total Pd as a
function of time during isothermal switching experiments for three different treat-
ment temperatures (square: 673 K, triangle: 648 K, circle: 598 K) using the Pd-
CHA-2.9-LND sample, (b) The total Hy consumed normalized per total Pd from (a).
Dashed line represents theoretical maximum amount. Hy TPR profiles are in Figures
S4.9 54.11, SI.

(X=2.1, and 2.9 nm), using synthesis approaches that led to a more log-normally
distributed particle size distribution (denoted by ‘LND’ in the sample nomenclature,
synthesis and characterization details in Section S1, SI) than samples prepared by

colloidal Pd nanoparticle synthesis approaches.®

Figure 3.6 shows the amount of ion-exchanged Pd?" as a function of time and
temperature for the isothermal Pd redispersion rate measurements (further discus-
sion on rate measurements in Section S6, SI) of the Pd-CHA-2.9-LND sample. The
amount of ion-exchanged Pd?** formed after treatment in air for 1 h increased sys-
tematically with temperature, which agrees with thermodynamic predictions (Section

3.3.1.3) that higher temperatures facilitate the conversion of agglomerated PdO parti-
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Figure 3.7: (a) The amount of ion-exchanged Pd** (normalized per ion-exchanged
Pd?* content after treatment for 1 h, and denoted as conversion) as a function of time
during isothermal switching experiments performed at 648 K for Pd-CHA-2.9-LND
sample in air (circles), 2 kPa HoO in balance air (squares), and Pd-CHA-2.1-LND in
air (diamonds). Hs TPR profiles are in Figures S4.10, S4.12, and S4.13, SI. (b) Hy
consumed normalized to total Pd of materials in (a).

cles to ion-exchanged Pd?*, and is consistent with an activated process for structural
interconversion. Figure 3.6b shows that the Hy consumption per Pd was approx-
imately unity for all time points after 10 s, suggesting the observed ion-exchanged
Pd** formation rates were not limited by metallic Pd oxidation to PAO with O,. This
observation demonstrates the mechanistic role of Oy is only to oxidize metallic Pd;
thus, the reported formation of ion-exchanged Pd** as a function of time reflects the

rate of structural conversion of agglomerated PdO domains to ion-exchanged sites.

To determine the kinetic influence of HoO on the apparent redispersion rate,
we performed isothermal redispersion experiments on the Pd-CHA-2.9-LND sample
with and without 2 kPa HyO (Figure 3.7). Consistent with previous thermody-

namic arguments, adding 2 kPa HyO to the inlet air stream decreased the amount of
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ion-exchanged Pd** cations after treatment for 1 h (Figure S6.1, SI); however, when
the amount of exchange was normalized to the pseudo steady state value after 1 h
(i.e., normalizing rates to the reversible fraction of Pd that can interconvert), the
apparent rates of redispersion with and without HoO were similar within error. Addi-
tionally, the Hy consumption per total Pd was approximately unity for all time points
measured, again demonstrating the rate of Pd redispersion was not limited by Pd ox-
idation. Therefore, co-feeding HyO did not have a significant kinetic effect on the
redispersion of PdO particles to ion-exchanged Pd?* and, for this material and con-
ditions of these measurements, HoO apparently only influences the thermodynamics

of the redispersion process.

Time-dependent redispersion measurements of the Pd-CHA-2.1-LND sample
(Figure 3.7) showed faster apparent rates of redispersion to ion-exchanged Pd?*.
Notably, the shortest time point of 10 s resulted in almost complete conversion
(0.9) of the Pd species that reversibly convert between agglomerated domains and
ion-exchanged Pd?*. Additionally, all the redispersion rates measured for Pd-CHA-
2.1-LND showed H, consumptions per Pd near unity. These data suggest smaller
Pd nanoparticles disintegrate at a faster rate for structural interconversion to ion-

exchanged Pd?*.

3.3.2.2 Kinetic Models for Pd Redispersion

Experimental data and atomistic simulation results for supported metal particles
suggest that Ostwald ripening (OR) is the predominant mechanism for the disap-
pearance of small nanoparticles and sintering compared to particle migration and
coalescence.?>!1% The OR process is associated with the rapid disappearance of parti-

cles smaller than a critical radius, generating a pool of monomers that transport be-
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Scheme 3.1: Proposed scheme for Pd ion exchange via monomers gener-
ated from Ostwald ripening.

Particles |[<= |Monomers| <= |Exchanged Pd*

) Gas_Phédse
O Moaéfmer
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Substrate
Monomer Transport

tween particles through either gas phase or surface diffusion processes, resulting in the
formation of larger particles. In contrast to conventional OR mechanisms, in the pres-
ence of framework Al ion-exchange sites in the zeolite support, we hypothesize that
monomers ejected from the surface of PdO particles form either larger PdO agglomer-
ates or ion-exchanged Pd?* via an atom trapping mechanism (Scheme 3.1). Figures
3.6 and 3.7 demonstrate that oxidation of metallic Pd to PdO is rapid relative to
the rate of redispersion to Pd?* cations, therefore we consider PdO to be the initial
state of the particles in the redispersion mechanism. Plausible monomer-facilitated
mechanisms proposed for the conversion of PdO nanoparticles to ion-exchanged Pd?*
involve the detachment of neutral, mobile species, such as Pd;O; and Pd; (OH), from
PdO agglomerates, and their successive reactions with the zeolitic Brgnsted acid

sites.”®117 There are established kinetic models for OR-based particle sintering for
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supported metal catalysts,?”!1819 however, kinetic models have not been reported
that incorporate monomer migration and subsequent atom trapping of monomers on

surface/lattice defect or cation exchange sites.

Ripening of nanoparticles occurs by diffusion of monomers through the gas phase
or on a substrate.?"1207126 Wynblatt and Gjostein proposed that monomer transport
via the gas phase takes place for metals with volatile metal oxides such as Pt.!'® Sim-
ulation results reported by Plessow et al. for dispersed Pt particles on silica using a
modified Wynblatt-Gjostein gas-phase sintering model show agreement with the ex-
perimental data in the high-temperature regime (>1023 K) where higher oxygen pres-
sures accelerated sintering via formation of volatile Pt;O5(g)."?" Recently, Goodman
et al. performed similar gas-phase sintering simulations for Pd/SiOy to demonstrate
that emission of Pd atoms in the vapor phase becomes substantially higher (5 atoms
s from a 8.8 nm Pd particle) with an increase in Pd vapor pressure at temperatures
>1173 K.1?® Although the air treatment temperatures reported here (598-1023 K) are
lower than those where gas-phase sintering has been shown to become appreciable, we

explored the possibility of both gas-phase and substrate-mediated Pd redispersion.

To determine the feasibility of a gas phase OR process, we next computed the
rate of formation of the most stable gas-phase Pd monomer, which was found to
be Pd(OH),(g) (details in Section S8.1.1, SI), consistent with prior reports.” We

estimated the pressure (Py) of ejected Pd(OH), (g) monomers in equilibrium with a

PdO nanoparticle comprised of k atoms as:”

form
Pd(OH)2(g)

PdOpyu + H2O Pd(OH)s(g) (3.10)
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(3.11)

_AGform +M
Pk: — PHQO exp ( Pd(OH)2(g) k

kT

where 7 is the average surface energy of the PdO surface from which monomers
detach, Ay is the surface area of the particle, and AG?&‘&)H)Q( o) denotes the formation
free energy of Pd(OH)(g) relative to bulk PdO. For a system with a distribution of

particle sizes, the background pressure (Py,) of Pd(OH),(g) is given by:'*

oAby

pP—
TS Ay,

(3.12)

where ny, is the surface density of the nanoparticle, and Py, is the equilibrium pres-
sure of monomers calculated using Eq. 3.11. Subsequently, the influx of Pd(OH)(g)
monomers Ji (monomers nm™? s') received by a PdO nanoparticle comprised of &

atoms can be estimated using kinetic theory of gases:

(B — P

Jp =
\V/2TMpa(on), (g kBT

(3.13)

where mpa(omn),(e) is the molecular mass of Pd(OH),(g). A lower background
monomer pressure would correspondingly result in a lower monomer flux. For ex-
ample, at 6 kPa HyO, 20 kPa Os, and 873 K, the particle size distribution for the
Pd-CHA-7-ND sample (Figure S2.8, SI) generates a background monomer pressure
of only 3.2 x 106 kPa, and 3.6 x 107 Pd(OH), (g) monomers per second collid-
ing with the surface of a 7 nm particle in the distribution. In comparison, a similar
Pt particle size distribution has a collision frequency of 25 PtO, (g) monomers s*
because of its substantially higher background monomer pressure (2.8 x 10°® kPa).

We also considered other plausible scenarios (e.g. PdO(g)) for gas phase monomer
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formation (Table S8.2, SI), but all such routes have fluxes that are even lower than
the formation of Pd(OH)s(g) from PdO agglomerates. The maximum rates of ion-
exchange (Section S8.1.3, SI) for the Pd-CHA-7-ND and Pd-CHA-2.9-LND samples
(Figure 3.7) are 10 s (673 K, dayg = 7 nm), and 10% s (648 K, daye = 2.9 nm),
respectively. The observed rate of ion-exchange for Pd-CHA-2.9-LND (~10"* s!) and
the time scale reported in our experiments (Figure 3.2) for complete ion-exchange
of Pd-CHA-7-ND (~1 h) are orders of magnitude faster than the computed gas phase

rates.

The available data show that Pd redispersion does not occur through the gas
phase at temperatures <900 K. First, the observed redispersion rates at the conditions
of our experiments are at least ~9 orders of magnitude faster than what would be
expected for a gas phase process. Challa et al.'?® invoked similar calculations for
emission of Ni monomers to show that monomers transport on the support during
the disappearance of small Ni nanoparticles supported on MgAl,O3. Second, since
Pd(OH)5(g) monomer flux is directly proportional to Py,o in a gas phase process
(Eq.s 3.10 and 3.11) changes in Pp,o should reflect changes on the rates of formation

of ion-exchanged Pd?".

For example, comparison of experimental and simulation results for isothermal Pt
sintering (873 K) showed faster rates of sintering with increases in Pg,.'*” However,
as evidenced by the results of the isothermal redispersion air treatment with and
without 2 kPa HyO (Figure 3.7), there was no change in the apparent rates of
redispersion, again suggesting that diffusion of monomers on the zeolite substrate is
the dominant process. Finally, if the OR process occurred via gaseous monomers, it
would be expected that all oxidized Pd would disintegrate and form cations, but this

is not the case as demonstrated in Figure 3.2. Taken together, these results imply
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that interconversion of Pd particles to ion-exchanged Pd occurs through diffusion of

monomer species on the zeolite substrate at temperatures <900 K.

To elucidate the particle size dependent nature of the redispersion of PdO ag-
glomerates and ion exchange process, we next incorporated an atom trapping surface
reaction assumed to be first order in both ZyHs exchange sites and mean-field sub-

strate monomer concentration:

dZ,H,
dt

= —kyxn|Z2Hs] [monomer] (3.14)

into the system of differential equations that correspond to the mass balance of
a substrate-mediated OR kinetic model'?!123 that accounts for activated monomer
formation, activated diffusion of monomers on a substrate, and exchange of monomers

between particles comprised of £ Pd atoms:

aC,

- _KosCin
dt !

Crdy, + (generation) (3.15)

o [ G\ _ o (G
P i ) ~ P\ ar

where, C}, is the particle number density (particles nm?), AG}, is the nanoparticle

free energy with respect to bulk PdO (computed using the relation developed by
Campbell et al. in Eq. 3.9), K is the lumped pre-exponential factor for OR, Cly; is
the far-field concentration of monomers in equilibrium with an infinite size particle
at an infinite distance from the particle-support interface, and dj is the effective
particle diameter (Table S8.1, SI). Full details of the OR kinetic model are reported
in Section S8.2, SI. Depending on the number of Pd atoms that correspond to the

critical particle radius (k., determined at each time step as described in Section S8.2,
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SI), a particle will either grow (k > k.) by consuming monomers or shrink (k < k)
by detaching monomers. The generation term represents formation of a new particle

with k£ Pd atoms:

KosCinf €xp (]S:*) — €xp (%) Ckfldkfl Zf k> k*

(generation) = 0 if k=Fk  (3.16)

Koo Cin| exp (g) — exp (fﬁ) Crosrdyrr if k< k.

Eq. 3.15 shows that the driving force for the OR process,

originates from the free energy difference between nanoparticles of different sizes. The

resulting monomer mass balance is:

d[monomer] B Z HQ d_Ck B Ry dCy
dt T

—Rx

(3.17)

and describes monomer consumption due to atom trapping at Z;H, sites, gener-
ation of monomers from smaller particles, and consumption of monomers by larger

particles.

The four model parameters are the rate constant for cation exchange from
monomers (k,.,, nm? s), the OR rate constant associated with activated diffusion of
monomers (K,,, nm s), the far-field concentration of monomers (Ci,, nm? related
to the monomer formation energy), and the surface energy of the nanoparticles (7,
J m? implicit in AG}). Typical reported values for these parameters are shown in
Table S8.5, SI. We randomly generated initial Pd particle size distributions that are

consistent with the log-normal distribution (LND) means and standard deviations of
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the experimentally observed particle size distributions for the Pd-zeolite samples in
Figure 3.7 (Table S2.1, SI). We started by assuming these particles oxidize rapidly
and their initial state is PdO, as evidenced by Figures 3.6b and 3.7b, and then
used kinetic Monte Carlo (kMC) to solve the resulting system of differential equa-
tions (Section S8.2, SI) for the particle size distribution, monomer concentration, and
the fraction of ion exchange as a function of time. The randomly generated particle
size distributions, and kMC itself, give stochastic results; therefore, the results from
350 independent kMC simulations were averaged to generate predictions for the frac-
tional extent of ion exchange. Figure S8.3, SI shows that by 250 kMC simulations
results are converged. We regressed the four model parameters using only the mea-
sured conversion of Pd-CHA-2.9-LND (Figure 3.7); regressed OR, parameter values
fall into the ranges of those previously reported (Table S8.5, SI) and the regressed

surface energy is within 0.1 J m™? of our DFT-computed value.

Figure 3.8 reports kMC results starting from a log-normal distribution (LND)
of nanoparticles, consistent with the samples prepared via incipient wetness impreg-
nation (Pd-CHA-2.1-LND (red traces), Pd-CHA-2.9-LND (green traces)), or a nor-
mal distribution (ND), consistent with the samples prepared from monodisperse Pd
particles via colloidal synthesis (Pd-CHA-2-ND (blue traces, 2.2 nm, particle size
distribution in Figure S2.7, SI), Pd-CHA-7-ND (purple traces, 6.9 nm, particle size
distribution in Figure S2.8, SI)). The model predicts that larger particles (2.9 nm)
have slower rates of ion-exchange compared to the smaller particles (2.1 nm) and
captures the differences in rate between the two particle size distributions that are
observed experimentally (Figure 3.7). We emphasize that the regressed model pa-
rameters are not particle size-dependent, and the effect of particle size on kinetics is

described solely by the physics of OR and atom trapping in the model. Smaller par-
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Figure 3.8: (a) The kMC predicted redispersion kinetics at 7' = 648 K. Model
parameters were estimated by fitting the 2.9 nm averaged log-normally distributed
(LND) sample (red traces) to experimentally measured conversion (red circles). The
error bars denote one standard deviation of experimental measurements. (b) Initial
simulated Pd particle size distributions. (c) The evolution of PdO particle size distri-
butions as a function of time, the number on the top right in each histogram shows
the conversion of Pd atoms in PdO particles to exchanged Pd?*. Simulation results
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ticles result in a higher substrate monomer concentration, which drives the exchange
reaction, and has a strong dependence on particle size. As released monomers are
consumed by the faster trapping reaction the particles continue to lose monomers onto
the substrate, and the exchangeable fraction of Pd for all distributions is completely
exhausted within 1000 s. Figure 3.8b shows that the narrower particle size distri-
butions for the ND samples (Pd-CHA-2-ND) result in faster rates of ion exchange
compared to the LND samples with similar average particle size (Pd-CHA-2.1-LND
and Pd-CHA-2.9-LND), because the largest particles located in the trailing tail of the
LND particle size distribution are the slowest to disintegrate. The Pd-CHA-7-ND
sample is predicted to reach complete conversion of exchangeable Pd by 400 s, which
is consistent with experimental observations that full ion-exchange is reached within 1
h. The model predicts the Pd-CHA-7-ND sample will reach complete conversion more
rapidly than the Pd-CHA-2.9-LND, highlighting the effect of size distribution. The
Pd-CHA-7-ND sample has a longer induction period than Pd-CHA-2.9-LND (Fig-
ure S8.4, SI), however, once redispersion starts, the majority of particles in a tighter
distribution will quickly release monomers. Although the unexchangeable fraction of
Pd reported in Figure 3.2 is not accounted for in our kinetic model, the substrate-
mediated OR model accurately describes the kinetics of the exchangeable Pd fraction,
suggesting that the experimentally observed incomplete ion-exchange likely reflects
the non-mean-field nature of diffusion through a porous three-dimensional substrate
and the spatial arrangement of particles at external zeolite crystallite surfaces. The
K, and k,,,, parameters depend on interparticle distances, and distances between par-
ticles and exchange sites, respectively, and their regressed values represent a weighted
average over different local environments of particles in the samples. These parame-

7,129

ters may vary with changes in the spatial distribution of particles and exchange

sites, and do not account for pore blocking, which may result in incomplete ion-
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exchange.'?%13! Further, the molecular structure(s) of the monomer intermediates
formed on the zeolite substrate are unknown; their energetics in our model are de-
scribed by the regressed k..., K,s, and Ci,¢ parameters. Nevertheless, our kinetic
model captures the observed kinetic dependence of redispersion on particle size and
demonstrates that integration of atom trapping kinetics with an OR kinetic model is

consistent with the available experimental data.

3.4 Conclusions

We combined precise catalyst synthesis techniques, quantitative site characteri-
zation methods, and computational thermodynamic and kinetic models to examine
the relative importance of the thermodynamic and kinetic factors governing the inter-
conversion of Pd nanoparticles and ion-exchanged Pd?* cation sites in CHA zeolites
under high temperature (593-973 K) air treatments with and without H,O. To facili-
tate quantitative measurements of Pd particle redispersion rates and their dependence
on the Pd initial particle size and particle size distribution, we prepared a series of
Pd-CHA materials using two different synthetic approaches; deposition of colloidal
Pd nanoparticle suspensions to form monodisperse, normally distributed Pd particles
of different sizes (2-14 nm), and incipient wetness impregnation yielding log-normally
distributed particles of varying average sizes (2.1 and 2.9 nm). Smaller Pd nanoparti-
cles (2 nm) readily converted to ion-exchanged Pd?* species in air. The conversion of
larger metallic Pd nanoparticles (7, 14 nm) to PdO domains and ion-exchanged Pd?*
was observed to be lower than the thermodynamic distributions predicted by DF'T,
indicating that larger metallic particles have kinetic barriers for oxidation with O, to

PdO and for the subsequent disintegration of PdO to ion-exchanged Pd?* sites. Ad-
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ditionally, increasing the HyO partial pressure shifts the thermodynamic distribution
away from Pd?" sites and toward agglomerated PdO domains, suggesting that H,O
present in exhaust streams facilitates Pd deactivation to PdO agglomerated phases.
Our results suggest that the widely observed agglomeration and deactivation of Pd
cation-exchanged zeolites in low temperature hydrous environments (e.g. Wacker ox-
idation, automotive exhaust, and PNAs) reflect thermodynamic factors that may be
deleterious to the long-term storage and stability of atomically-dispersed Pd-zeolite

materials.

To deduce mechanistic information of the Pd redispersion process, quantitative
measurements of Pd nanoparticle conversion to ion-exchanged Pd?* sites in air with
and without HyO were performed isothermally (598-673 K) with varying treatment
time (0.003-1.0 h). The oxidation of metallic Pd with O is complete after 0.003 h of
treatment time, and thus kinetically irrelevant for apparent rates of PAO conversion
to ion-exchanged Pd** sites. Additionally, a predominantly PdO-containing CHA
material treated in either inert (He) or air to 648 K resulted in similar extents of
PdO conversion to ion-exchanged Pd?*, further reinforcing that the dominant mech-
anistic role of Oy is to oxidize agglomerated metallic Pd to PdO. In the presence of
H,0, the extent of interconversion from Pd?* to PdO is lower when following higher
temperature pretreatments, suggesting that Pd?* ions located deeper in the zeolite
crystallite are kinetically inaccessible at these conditions.®* Under these conditions,
quantum chemical calculations predict PA(OH),(g) is the most thermodynamically
favorable gaseous Pd species, suggesting that adding HoO to the air stream may fa-
cilitate hydroxylation of the PdO surface to increase the rate of forming Pd(OH)(g)
intermediates. However, computed rates of gas-phase redispersion kinetics are orders

of magnitude slower than experimentally observed rates, and experiments performed
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with HoO (2 kPa) added to the air stream (648 K) show that HyO pressure (0-2
kPa) did not influence Pd redispersion rates normalized by the fraction of Pd that
reversibly interconverts between particles and cation sites. These observations show
that HoO strongly influences the thermodynamics, but not the kinetics, of Pd struc-
tural interconversion at 648 K. Smaller Pd nanoparticles result in faster disintegration
rates and a greater thermodynamic driving force to form ion-exchanged Pd**. Our
kMC simulations of a surface-diffusion mediated OR process, with exchange of mobile
Pd species at ion-trapping sites in the zeolite support (formed by Al substitution), are
consistent with the particle size dependent kinetics observed experimentally and cap-
ture the observed trends with respect to particle size and distribution. Monodisperse
particles exhibited faster rates of redispersion compared to log-normally distributed
Pd particles because the largest particles in the tail of the distribution require the

longest time to disintegrate to monomers.

We conclude that gas phase conditions, initial Pd nanoparticle sizes, and particle
size distributions (ND vs. LND), influence the critical thermodynamic and kinetic
factors that govern Pd redispersion to ion-exchanged Pd?" sites, which are the desired
precursor Pd structures for PNA, Wacker oxidation, and other applications. More
broadly, we show that low-temperature (<900 K) Pd redispersion does not occur
through gas-phase intermediates, but rather a surface-mediated OR process in the
presence of atom trapping sites, as recently suggested by Datye and coworkers for
noble metals on ceria supports.? Our results suggest that at low temperatures (<900
K), similar processes may govern the redispersion of Pd nanoparticles on other oxide
supports; thus, the non-mean field nature of diffusion on the support and the spa-
tial distribution of particles and atom or ion trapping sites are important factors to

consider in strategies to enhance or suppress the rate of redispersion of Pd and PdO
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particles into site-isolated cations.
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Chapter 4

Thermodynamics and kinetics of
interconversion between platinum
nanoparticles and cations in

zeolites.

I am a co-first author of the work described in this chapter studying thermody-
namics and kinetics of Pt particle redispersion in zeolites. The manuscript of this
work (Jayaraman, A.; Wijerathne, A.; Mandal, K.; Gounder, R., and Paolucci, C.
Thermodynamics and kinetics of interconversion between platinum nanoparticles and
cations in zeolites. J. Catalysis, Under review) is currently under review, and we are
addressing minor revisions. My contribution to this work is (1) Setting up the code
for kinetic simulations of the system, (2) Do DFT calculations for estimating the ad-
hesion energy between SiO, and Pt, and (3) writing the kinetics section and revising

the manuscript.
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4.1 Introduction

The catalytic behavior of supported Pt catalysts is affected by particle sintering
and redispersion,'® which are processes that dynamically restructure Pt sites and
their ensembles in ways that may activate or deactivate specific active sites. The
optimal active site structure depends on the catalyst application and may consist
3,6

of a single or multiple metal atoms,>%® and depending on the reaction environment

these species can dynamically interconvert between single atoms and nanoparticles

1.29,10 Redispersion and sinter-

via particle redispersion and agglomeration processes.
ing are also affected by the nature of the support,'' 4 which further alters Pt site
interconversion thermodynamics and kinetics. Therefore, an improved fundamental
understanding of the thermodynamic and kinetic factors that influence redispersion
and agglomeration processes for supported Pt particles would provide more precise
guidance for identifying synthesis and regeneration conditions for Pt catalysts on
different support materials. Here, we develop and demonstrate computational ap-
proaches for modeling the thermodynamics and kinetics of interconversion between

cations and nanoparticles for Pt-containing aluminosilicate zeolites and contribute to

the emergent topic of modeling catalyst stability and regeneration.

Zeolites have been widely investigated as potential supports to attenuate the sin-
tering of metal nanoparticle catalysts by providing binding sites and void spaces that
can stabilize small metal clusters and single atoms. For Pt supported on zeolites,
the stabilization of single Pt atoms at anchoring sites’?4%1%15 is facilitated by the
altered electronic structure and coordination of the metal to siloxane or aluminosilox-
ane rings within the zeolite framework."'% The three-dimensional, cage-like structure
of zeolites confers additional sintering resistance due to high energy barriers (= 1.12-

2.57 eV) associated with metal atom diffusion through zeolite pores.'% Nevertheless,
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under certain reaction conditions, Pt particles or the atoms that comprise them may
mobilize, enabling interconversion between different Pt metal structures.!**° The
thermodynamics and kinetics of particle restructuring depend on the zeolite compo-
sition and topology, environmental conditions, and particle size. Under high temper-
ature oxidative conditions, particles may disintegrate into smaller particles or single
atoms. Conversely, low temperature reducing conditions facilitate particle agglomer-

727

ation and growth.1?4910.17 Quch reversible transformations between different metal

species induced by varying reaction conditions have been explored in several studies

for Rh on ZSM-5 for methane oxidation to methanol,'®

redispersion of SnO, clusters
in BEA-zeolites during ketone oxidation,'® Pt cluster formation from isolated atoms
in Y zeolite during ethane dehydrogenation,?® high-temperature (>750 K) oxidations
on single-site Pt and Pt clusters in high silica CHA?%2! and MFI,**?? and hydrother-
mal treatments of Pd nanoparticles with air and steam in MFI, MWW, and CHA

zeolites. 2326

Here, we extend previous models for interconversion between cations and nanopar-
ticles?9 32 to redispersion of Pt particles in zeolites by analyzing the influence of the
initial Pt particle size distribution and environmental conditions on the interconver-
sion between Pt particles and cations. We used density functional theory (DFT)
calculations to determine the most stable Pt*" cation structures and use free en-
ergy approximations for supported and unsupported nanoparticles®* 3% to estimate
the size-dependent energies of encapsulated Pt particles in CHA zeolites. We com-
bine these cation and particle energies at different particle sizes and environmental
conditions (Po,, Pu,0, Pu,, T) to develop thermodynamic phase diagrams for Pt

speciation within the zeolite. The phase diagrams demonstrate that at low temper-

atures, at large initial particle size distributions, and under hydrating and reducing
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conditions, conversion from Pt particles to cations is negligible. Conversely, high
temperature and oxidizing conditions favor cation formation, consistent with experi-
mental data reported at the same conditions. The thermodynamic models were then
extended to BEA, TON, and MFI zeolites and validated with experimental litera-
ture reports. Ostwald ripening (OR) kinetic Monte Carlo (kMC) simulations show
that the supported particle free energy model best describes experimentally observed
interconversion kinetics for Pt-CHA, and model parameterization suggests van der

Waals-induced stabilization of Pt particles.

4.2 Methods

4.2.1 DFT and AIMD Calculations

We used the Vienna ab initio simulation package®®(VASP, version 5.4.4) to per-
form spin-polarized periodic, plane-wave calculations with an energy cutoff of 400 eV
and projected augmented wave (PAW) method for core-valence interactions.>”*% We
used the 12 and 24 T-site 1Al and 2Al Pd-exchanged structures in SSZ-13 (CHA)
from Mandal et al.,*® with the Pd atoms replaced by Pt atoms, and bulk Pt, a-PtO,
(space group: p—3ml), and Pt;0, (space group: Pm—3n) structures reported in the
Materials Project database® as initial guesses and optimized the structures with the
Perdew-Becke-Ernzerhof (PBE) functional,*! followed by the Heyd-Scuseria-Erzenhof
(HSE06)3¢:4116 functional. For the Pt and Pt-oxide bulk structures, we used the k-
point mesh detailed in the Materials Project database,*’ and for the zeolite structures,
we used only the I" point. We used self-consistent field (SCF) electronic energies and

atomic forces convergence criteria of 1078 eV and 0.01 ¢VA~! for calculations with
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the PBE functional and of 1076 €V and 0.03 eVA~! for calculations with the HSE06
functional. We incorporated dispersion corrections for all calculations with the Becke-
Johnson damping (D3(BJ)-vdw) method.*>*3 To further optimize the SSZ-13 struc-
tures beyond their local minima, we used spin-polarized ab initio molecular dynamics
(AIMD) simulations. The 60 ps NVT simulations (Nose-Hoover thermostat), with
0.5 fs time steps, began with the local energy minima optimized structure and were
run at 298 K with the PBE functional and D3(BJ)-vdw corrections. We then opti-
mized the five lowest energy structures from the AIMD simulation’s trajectories with
PBE, followed by HSEO06, and used the resulting lowest energy structure of the five
for our thermodynamic calculations. All optimized geometries are provided in the

CONTCARS attachment in the Supporting Information.

4.2.2 Ab Initio Free Energy Calculations

We calculated the 0 K energies, relative to bulk Pt, for cation species with O, and
H,0O-based ligands and bulk oxide species using Eqs 1 and 2, respectively. Likewise,
we used Eqgs 3 and 4 to calculate relative free energies. For a given species, ZPE repre-
sents the zero point vibrational energies and S¥IP represents the vibrational entropies,
both of which are derived from the calculated species frequencies. Frequencies were
calculated for gas-species (H,O, O,, H,), bulk Pt metal and metal-oxides, and CHA
cation and framework species. We assumed that the frequencies for cations in other
zeolite frameworks (TON, BEA, MFT) are comparable to those in CHA and thus used
the CHA frequencies to calculate the free energies of all zeolite frameworks. The term
ASST (Eq 5) accounts for the translational and rotational entropy difference between
bare and ligand-covered Pt in the zeolite framework. This value was calculated using

the Sackur-Tetrode equation, assuming that adsorbates retain ~ 2/3 of their gas-



144

phase translational entropy.™*® M, , in the Sackur-Tetrode equation is the mass of
the ligand(s) bonded to Pt. Ay; (Eq 6) represents the difference in chemical poten-
tial between 0 K and the environmental conditions for gas species i, where P? is the
standard state pressure (1 atm).%5 Gas species chemical potentials were calculated

using the NIST JANAF thermochemical tables.?!

orm X 1 Yy
AEQJ;y = Ez.ptn,0, — Epty — 5 (EH2O — §E02> — §E02 (4.1)
E b (E
form _ HPtaOp, buik O

AEPtaob, T Epty o — 2 ( 5 2) (4.2)

AGLT™(T, Apo,, Apn,o) = AELS™ + ZPE,,, — T (ASSL(T) + ASy»(T))

z,y y AQHO, s AUH,O z,y z,y z,y x,y

T 1 y (4.3)

) (AMH20 — §ANO2> — §Au02

orm orm vi b
AGES (T, Apo,) = ABSS 4+ ZPEpu,0, yue — T (ASPJZOM . (T)) — 5-Apo,
(4.4)
2 2w M, ks T\*? (kT €2
ST _ ~ z,yKB B
AS;y = (Ez.pur0, = Bzp) = ghaln (T) ( po ) N. (4.5)
P

Au(P,T)=RTIn (ﬁ) (4.6)

Similar to Eqs 4.1 and 4.2, Eqs 4.7 and 4.8 represent the 0 K energy and free energy

of Z,Pt under reducing conditions (in H,), respectively, relative to Pt bulk:

z

AEI™ = By pi, — Epy,,, — §EH2 (4.7)

AGI™(T, Apn,) = AEL™ — T (ASS™(T) + ASpy(T)) — gAuHQ (4.8)
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To derive the equilibrium fraction of ion-exchanged Pt (np;/Np;) at a given pressure,
temperature, and initial particle size, we minimized the free energy of the cation-
particle system (AGyys) with respect to the amount of ion-exchanged Pt (np). Eqs 9-
11 gives the free energy of the system assuming the ion exchange enthalpy is coverage-

independent:

particle

AGye (P.T,d) = npy (AGIT™(T) = AGEII(T)) = TASengig. (49)

Zi:Pt,a—PtOQ,Pt3O4 (AG%' exp (_}%TGi ))

AGI (P, T, d) = — (4.10)
Pt Zi:Pt,a—PtOZ,Pt304 (exp ( F?TGI))
_ i AG; exp (=24

AGIo™(P,T, d) = Lm0, Sl (4.11)

Zi:Zth,Z2Pt(H20)2 (exp (—ﬁ;ﬁ-))
Here, Aéggﬁ"ﬁle(P, T,d) is the Boltzmann averaged free energy (relative to bulk Pt)
of each particle species (i =Pt, a-PtO,, and Pt;0,) computed using Eq.18 or Eq.19.
Similarly, A@:{f’yr "™(P,T,d) is the Boltzmann averaged free energy (relative to bulk Pt)
of the cationic species (i = Z,Pt and Z,Pt(H,0),) with their respective x, y values as
denoted in Eq.4.1. The configurational entropy of cationic species in the zeolite lattice
(ASconfig.) is excluded when calculating A@gf’y" ™(P,T,d) and treated separately in Eq
4.9. The number of configurations for ion-exchanged Pt is computed as a function of
Np, __ Total number of Pt atoms in the systyem

= (Eq. S1 and S2) and the expression was then

Noay Total number of exchange sites

simplified using Stirling’s approximation (Eq. S3) to obtain ASc,fi,. Minimizing
AG,ys with respect to the amount of ion-exchanged Pt (np;) gives the fraction of

cationic species at equilibrium (Eq 12):

VA G i G Ol DY CR ) T

Npe 2(1=f)o

Xcation,tot(Pa T7 d)



146

where the Boltzmann factor partitioning free energies of particles and cationic species

in the system is denoted as f(P,T,d)

(4.13)

particle
RT

_(Aégorm _ Aéfm"m )
f(P,T,d) = exp .

and ¢ is defined as the ratio between total number of Pt atoms in the system to the

total number of 2Al pairs available for ion exchange:

Npy _ Total number of Pt atoms in the systyem

= = 4.14
Noaj Total number of exchange sites ( )

To calculate the fraction of Pt for each different species, we used the Boltzmann

factors associated with each species and mass conservation (Eqs 15-16):

Xcation,tot exXp ( _Rjgi )

Zi:ZZPt,ZQPt(HZO)Z (exp( Rjgi))

Xcation,i(Pa T7 d) = (415)

(1 - Xcation,tot) exp ( RIql)

Zi:Pt,afPtOz,P‘%OZl (exp (71%6’: )

Xparticle,i<P> Ta d) -

(4.16)

4.2.3 Pt Particle Size-Dependent Models

For calculating Pt metal and Pt-oxide surface energies, we used the Python Mate-
rials Genomics (Pymatgen) package. We used the built-in Slabgenerator function® 4
to construct symmetric slabs, with Miller indices of 1<, for Pt, a-PtO,, and Pt;0,
from their respective, optimized bulk structure. The slabs were 10 A in thickness
and had a 12 A vacuum space to avoid periodic interactions between surfaces in the

z-direction. To calculate the energies of these structures, we scaled the k-point mesh

in the x and y directions by the ratio of the bulk to slab dimensions in the x and
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y directions, respectively. The k-point mesh in the z direction was set to one. We
optimized the Pt and Pt;0, slab structures with the PBE-D3(BJ)-vdw functional,
using the same convergence criteria used with the bulk structures, to minimize com-
putational expense. We chose to compute relative surface energies for a-PtO, with
the HSE06-D3(BJ)-vdw functional to ensure that the calculated surface energies were
not negative (which is an issue for a-PtO, specifically) and remained physically rea-

sonable over all conditions. We calculated the surface energy (7gap) of each facet with

Eq 4.17:5
Egab — Mbuik Bpuk — nopto(Fo,, T)

Ystab (FPo,, T') = 7

(4.17)

where np represents the number of units of the bulk structure and ng represents
the number of O atoms, in excess or deficit of the bulk units, in the slab, pO is the
chemical potential of O, A is the surface area of one face of the slab, Eg,;, is the
total, DFT-calculated energy of the slab, and FEj is the energy of one unit of the
relevant bulk structure. We calculated the equilibrium average surface energies (Vayg)
and shape factors (n) of the Pt metal and oxides by using Pymatgen’s Wulffshape
function to generate their respective Wulff constructions.”® With the input of ~gap
for each species’ facets, the function outputs the average surface energies and shape
factors at a range of up values. At the conditions we explored uo ranges from -9.3 to

-4.1 eV.

To calculate the effect of particle size-dependence on free energy, we examined
thermodynamic predictions with both supported and unsupported free energy model
corrections. The supported model (Eq 4.18), based on calorimetric measurements of
metals on oxide supports and developed by Campbell et al., describes the free energy,
relative to the bulk free energy of formation, for a supported hemispherical particle

of diameter d.?3°7°® Here, d is the effective diameter, such that the d of a metal oxide
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particle is equal to the diameter of a Pt metal particle comprised of an equivalent
number of Pt atoms. In addition, EadhA(POQ,T) is the adhesion energy between a
particle and support, and p is the volume per mole of metal or metal oxide. Eq
4.18 reduces to Eq 4.20 when E,qn. (FPo,,T) is approximated with the Young-Laplace
equation (Eq. 4.19), where 6 is the contact angle between the spherical cap-like
particle on a flat support. In the absence of a known FE,q;,. for the Pt metal and oxide
particles supported on the zeolite, we considered # = 60°, 90°, and 120°to represent
a range of adhesion strengths (Fig. A2.1). The lack of variance in thermodynamic
predictions between the different angles allowed us to select § = 90°for the remaining

thermodynamic calculations.

1.5 2
AGuup(d, Po,, T) = (Fase(Po, T) = Baan(Po,, T (L + —=)(F)  (4.18)

Eadh.<P027T) = ’Yan(P()Q, T)(l + cos 9) (419)

1. 2
AGoup(d, Po,, T) = tues(Po,, T)(2 — cosf)(1 + 22y (4.0)

The unsupported model (Eq 4.21), based on work by Sun et al., describes the free
energy, relative to the bulk free energy of formation, for an unsupported spherical
particle, of effective diameter d, in a vacuum.*>** For this model, at d > 2 nm, the
free energy is described by a Gibbs-Thomson-like equation. At d < 2 nm, we used
the PBE-D3(BJ)-vdw functional to optimize and calculate the energies of Pt particle
structures from Ignatov et al.>® up to 260 Pt atoms (&~ 2 nm). These energies were
interpolated using a cubic spline to determine AGipyterp, Which provides free energy
estimates for any particles with d < 2 nm. The piecewise nature of AG s, corrects

for the shape factor and average surface energy dependence on particle size at d < 2
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nm (Fig. A2.2).%8

Ginterp<d) ,d < 2nm
AC;(unsup(da P027 T) - (421)

nfyavg(POQ,T)(%p) ,d > 2nm
To generate thermodynamic predictions, we calculated the fraction of a given Pt

species in the system with the size-corrected AG values.

4.2.4 Modeling Gas-phase Mediated Kinetics for Pt Redis-

persion

To model the redispersion of Pt metal to ion-exchanged Pt*", we used the kinetic
theory of gases and collision theory. The monomers are generated via a gas phase

OR process (Eq 4.22), and the process is modeled via Eq 23.
Pt, + O, «— PtO,(g) + Pt , (4.22)

A monomer ejected from the surface of a Pt particle may either bind to another
Pt particle or exchange as a Pt ion at a Z,H, site. Therefore, we represent the
competitive redispersion kinetics of the Pt-zeolite system by coupling Eqs 4.23 and
27. In Eq 4.24, Kog is the pre-exponential factor for OR, Ck is the concentration
of particles (per nm™) comprised of k¥ Pt atoms, and A, is the exposed surface area

of the same particle. The sticking coefficient (S) of monomers was assumed to be 1
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when calculating Kos (Eq 4.22), and mpo0,(g) is the molecular mass of PtO,(g).

)
—KosCrAk(Py — Py) + KosCro1Ak—1(Py — Pem1) P < By

dC,
2 — 0 ,P.=p,  (423)

kKOSOk:Ak(Pb — Py) — KosCri1Aw1(Py — Poy1) P> B

Kos = 5 (4.24)
\/ 2T, (g ke T

Depending on how the equilibrium monomer pressure of a particle (Py) compares
to the background monomer (PtO,) pressure (FP,) of the particle ensemble, the given
particle will grow (P, < B,) or shrink (P, > B,).2%%061 Considering PtO,(g) mass con-
servation, P, is given by the weighted average (by total exposed area) of equilibrium

particle pressures:©°

P > ok Axni Py
 — ek R Tk
2 AwTi

where n; is the number of Pt particles comprised of k atoms per surface area, and

(4.25)

Py, is the pressure of PtO,(g) in equilibrium with a Pt particle comprised of k atoms
at a given oxygen pressure. I, is the product of oxygen partial pressure Fo, and the
equilibrium constant between PtO,(g) and the Pt particle (Eq 4.26), which depends
on the formation energy of the PtO,(g) monomer (AGIo™ 3 and the free energy

monomer

of the particle.

—AGfom AG(d, POQ, T)) (4.26)

Pk _ P02 exp ( Inonomerk -
B

The collision frequency between gas monomers and atom-trapping (Z,H,) sites is

given by,
dizpe (1= 0z,p0) PS5
dt NO \/27Tmpt02 (g)kBT

(4.27)
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which describes the change in the fraction of occupied atom-trapping sites with time.26

In Eq 4.27, 0z, p is the fraction of trapping sites occupied with Pt, S is the sticking
coefficient, and Ny is the density of trapping sites (per nm?). We evaluated N
by assuming spherical CHA crystallites with a diameter of 50 nm and Si/Al = 8.5,
consistent with the data reported by Moliner et al.,? a random Al distribution, and
a framework density for CHA of 15.1 T atoms per 1000 A%. The monomer formation
free energy term (AGIo™ ) will be different for the supported or unsupported

Pt nanoparticle free energy models (Eq. 4.18 and 4.21). A sample code for the

simulations is provided as a Supporting Information attachment file.

To simulate redispersion kinetics under different conditions, we first generated
three unsupported (assuming spherical particles) and five supported (assuming hemi-
spherical particles) log-normally distributed (LND) particle size distributions (Tables
A3.1 and A3.2) consistent with the initial Pt-Pt coordination number of 7.36 (Fig
A3.1) observed experimentally by Moliner et al.? Subsequently, we solved the system
of differential equations defined by Eqs 23 and 27 using kMC. As kMC is a stochastic
method, we averaged 20 independent simulations to obtain predictions. Fig. A3.2
demonstrates that the kMC simulations converge by 20 iterations. Using the kMC
simulations for particle’s supported and unsupported free energy models, we explored
two types of temperature behaviors that correspond to the specific experiments re-
ported by Moliner et al.? The first temperature behavior was a temperature ramp
from 293 K to 773 K, at a rate of 10 K min?. The second behavior was sequential
isothermal treatments (373, 473, and then 773 K), each held for 120 minutes before
stepping to the next temperature. From the simulations, we obtained the extent of
ion exchange and particle size distributions as a function of time and calculated the

average Pt-Pt coordination number. To calculate the coordination number from the
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number of atoms in the particle, we interpolated the number of Pt atoms in a par-
ticle and the Pt-Pt coordination number reported by de Graaf et al.®?> We used the
MATLAB tool GRABIT® to extract the initial particle size distribution, the extent
of conversion over time, and Pt-Pt coordination numbers from Moliner et al.? Finally,

we compare those experimental observations with our simulation results.

4.2.5 Details of Zeolite Structure Sampling

To sample possible CHA (36 T-site supercell), BEA (64 T-site supercell), and
TON (48 T-site supercell) Pt zeolite structures, we generated initial Z,Pt and Z,H,
structures based on the pure silica form of the zeolite supercells from the international
zeolite association (IZA) database. We repeated IZA zeolite unit cells until each cell
vector was greater than 10 A to avoid self-interactions between atoms due to periodic
effects. From these supercells, we generated all possible two Al configurations (Z,)
within 10 A. To determine the symmetrically unique Z, configurations, we used a
connectivity-based graph isomorphism test using Python NetworkX code,®* similar
to prior work.%® All configurations with Al-O-Al were removed because according to
Lowenstein’s Rule,°57 Al-O-Al bond formation in zeolites is unlikely. The Pt and H
atoms, for the Z,Pt and Z,H, structures, respectively, were placed inside the zeolite

rings using vector Eqs 28%® and 29:%°

Al— Cu = (Al1-0y) + (Al-0,) (4.28)

(O—T1) + (O—T2>
[(O—=T1) + (O—Ty)|

%0.98 (4.29)

Here, O; and O, are the position vectors of oxygen atoms bound to the same Al, and

T, andT5 are position vectors of T-site atoms bound to the same O. These equations
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place Pt in the plane generated by Al-O; and Al-O,, and H atoms on the plane
generated by O-T; and O-T,,% with an O-H distance of 0.98 A. Once we placed
the Pt and H atoms, we performed another graph isomorphism test to remove any
similar structures. We optimized the remaining structures with the PBE-D3(BJ)-
vdw functional, followed by the HSE06-D3(BJ)-vdw functional. Our calculations for
CHA and TON showed that the low energy Z,Pt and low energy Z,Cu structures
reported in previous studies®® have analogous coordination to the zeolite framework.
Therefore, based on previously reported Z,Cu structures for BEA,% we only sampled

eight candidate minimum energy Z,Pt structures.

4.3 Results and discussion

4.3.1 Pt cation speciation in CHA zeolites

We identified the lowest energy Pt cation structure in CHA zeolites (Fig. la)
by considering structures with either one Al (“Z”) or two Al (“Z,”) T-sites with
different Al pair configurations, and ligands. For the 1Al exchange site, all T-site
positions for Al in CHA are crystallographically equivalent, therefore all ZPt sites
are the same. For the two Al exchange sites, we computed the relative energies of
Z,Pt structures with different Al pair configurations (Fig. A1.1). The lowest energy
Z,Pt zeolite structure, similar to other ion-exchanged Pt-group metals like Cu,” and
Pd,* contains a Pt*" cation populating a six-membered ring (6MR) with two Al
separated by two Si atoms (third nearest neighbor [3NN] configuration; Fig. 1b),
similar to the lowest energy structures reported for Cu and Pd exchange in CHA

zeolites.?"® We next calculated energies for different numbers of H- and O- ligands
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attached to the ionic Pt atoms in the Z,Pt and ZPt structures (Fig. 2a, b). To
determine the Pt species that are most thermodynamically stable at a given set of
environmental conditions, we first calculated the 0 K energies for all the cationic Pt
motifs considered (Z,PtH,0O,; »=1-2) using the HSE06 functional with D3(BJ)vdw
dispersion correction, and then used thermodynamic correlations detailed in Section
2.2 to compute the Gibbs free energies (AGY"™) of these structures relative to Z,Pt
as a function of T, Po,, and Pu,0. A comparison of AGTor™(T, Po,, Pu,o) for all
Z,PtH, O, species shows that Z,Pt, along with H,O-solvated Z,Pt (Z,Pt(H,0),-2.4),
are the most stable conformers over a wide range of conditions (Fig. 1b, 2a, and A2.3).
More specifically, the Z,Pt and Z,Pt(H,0), structures persist as the most stable Pt
zeolites structure under all temperatures and environmental conditions of interest for

interconversion between cations and nanoparticles® (T > 550 K, Py o/Po, < 0.5 at

Po, = 20 kPa).
@ (b)
AP T ol - —
Yp=yl Sy & (3
S, AL P — Asmd/ \k‘ \
I a1, [BMR) O ‘%—4
\ _ A=t YW /¢ |
! ' o yo— ) »\\-_,\/ .\\
N ' ol
. Z,Pt Zth Z,[Pt(H,0),]

Figure 4.1: (a) Framework of CHA with cutout of cage, comprised of four, six,
and eight member rings, from a periodic supercell and (b) the HSE06-D3(BJ)vdw-
optimized structures of the most stable Pt/CHA species.
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Figure 4.2: (a) Phase diagram of the most stable Pt/CHA species at different pres-
sures and temperatures. The dotted line represents the boundary of the conditions of
interest for interconversion. (b) Free energies of Z(1.)PtH,O, species at 10 kPa H,O
and 20 kPa O, for 550 K (blue) and 773 K (red).

4.3.2 Thermodynamics of Interconversion between Pt parti-

cles and Pt Cations

Under oxidizing conditions, our computational model consists of competing re-
actions that convert Pt metal into oxides (a-PtO,, Pt;0,) (Egs. 4.30 and 4.31,
respectively) and ion-exchange reactions that convert metal and oxide particles to

Z,Pt cations (Eqs.4.32-4.35):

4 1
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1
1
1 1
Pty + ZoHy «— Z,Pt + H, (4.35)

We next computed the relative stability of the species in Eqs 4.30-4.34 (Section
2.2) by evaluating AG7°™ at the conditions of interest (550 and 773 K, maximum
Pu,0/Po, = 0.5), relative to Pty using HSE06-D3(BJ)vdw computed energies.
The computed formation energies for the Pt-oxide species (Table A2.1, Fig. A2.4),
derived from Eqs. 4.30 and 4.31, are consistent with experimental and computational

values reported in the literature.” ™

The energies of Pt and Pt-oxides are sensitive to nanoparticle size. We estimated
the size-dependent energy of Pt metal and Pt-oxide nanoparticles using two different
models: supported and unsupported particles. These models bookend two extremes
for calculating particle free energies. The supported model (AGy,,; Eq 4.18), which
was developed by Hemmingson and Campbell, is consistent with calorimetry mea-
surements of oxide-supported nanoparticles®® and describes metal particles adhered
to a support (the zeolite in this instance) by stabilizing nanoparticle energies rela-
tive to cations through the contribution of the adhesion energy. We previously used
this model to estimate the free energy of Pd nanoparticles supported on the external
surface of zeolite crystallites.?6 This adhesion energy is absent in the unsupported
model (AGunsup; Eq 4.21), which was developed by Sun et al.?*** and considers the
metal particles to be in vacuum and is similar to the Gibbs-Thomson equation. In

Pt-zeolites, Pt particles may be located on the external surface of the zeolite crys-
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tallites or encapsulated within the zeolite pores,” which contain framework oxygen
atoms that provide multiple weak points of contact to stabilize particles via van der
Waals forces instead of requiring direct adhesion to the framework. Here, we con-
sidered both models and compared them to experimental studies to ascertain the
model that best describes these systems and determine how encapsulation modulates

nanoparticle energies.

Fig. 3 reports the resulting phase diagrams that show the equilibrium fraction
of Pt atoms that form Pt metal particles, Pt-oxide particles, and Pt cations, repre-
sented by green, blue, and red, respectively, for a range of Po,, Pu,0, Pn,, T, and
particle size distributions. Both the supported and unsupported free energy mod-
els demonstrate that under dry conditions (Pu,0/Po, = 5¢1), Pt cations are the
most thermodynamically stable species over nearly the entire range of temperatures
and particle sizes (Fig. 3a). This trend largely persists at increasing water pressure
(Pu,0/Po,= 0.50, Fig. 3b). In contrast, upon exposure to H,, which promotes the

141317 only small particles

reduction of Pt-oxide particles and Pt cations to Pt meta
(< 5 nm) at extremely high temperatures (> 1100 K) favor conversion to cations
(Fig. 3c). At 4 kPa H,, both models predict complete conversion to Pt metal parti-
cles at all particle sizes for temperatures below 923 K. This complete thermodynamic
reversibility between Pt cations and metal particles (< 923 K) through exposure to

O, and H, is consistent with experimental observations at these conditions.*?

Both of the free energy models predict results for Pt cation interconversion that
are consistent with experimental reports,? with only slight discrepancies between each
other. Under wet conditions, at low temperatures (< 700 K) and large, initial av-
erage particle sizes (> 10 nm), both the unsupported and supported models predict

a percentage (maximum of 32% and 53%, respectively, at 100 nm and ~ 610 K) of
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Figure 4.3: Pt particle size and temperature-dependent thermodynamic phase dia-
gram for the conversion of Pt particles to Pt species in CHA at (a) Pu,0 = 0.01 kPa
and Po, = 20 kPa, (b) Py,0 = 10 kPa and Po, = 20 kPa, and (c) Pu, = 4 kPa.
The top and bottoms rows represent predictions for the unsupported and supported
free energy models, respectively. (d) Color key that denotes red, green, and blue as
Pt cations, Pt metal, and Pt-oxides, respectively.

Pt-oxide particles, however, Pt-oxides are more pronounced in the supported model.
Similarly, under exposure to H,, smaller Pt metal particles persist at higher temper-
atures in the supported model. This difference is the consequence of the unsupported
model treating large particles in vacuum as less stable relative to particles supported
on the zeolite.** Both models predict 100% conversion to cations at most oxidizing
conditions, including at an average initial particle size of 1.5 nm at 773 K, under dry
conditions, which is consistent with experimental data from Moliner et al. at these
conditions.? Model predictions that the addition of H, at 673 K favors full reversibil-
ity back to Pt particles are also in agreement with Moliner et al.,? further suggesting
that both of our models appear to accurately represent the thermodynamics of inter-

conversion in CHA zeolites.
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4.3.3 Extending CHA Thermodynamic Model to Other Zeo-

lite Topologies

To demonstrate the generalizability of the two free-energy models to other zeolite
topologies, we examined the predicted thermodynamics for the BEA, TON, and MFI
frameworks. Each of these zeolites has a minimum energy Pt cation structure (see
Section 2.5 for details of structure sampling) similar to that of CHA. The Pt cation
structure of MFT is the same as Z,Pt structure in CHA, consistent with EXAFS data
and DFT calculations from Felvey et. al.,?? with a Pt*" cation in a 3NN 6MR 2Al
configuration. The IR spectra of Pt ion-exchanged MFI and BEA also contain T-
O-T stretching frequencies consistent with a Pt>T cation in a 6MR 2Al site,?? and
sampling different Al-pair configurations (Fig. Al.2a) indicates that the most stable
cation structure is Pt24 charge-compensating 3NN 6MR 2Al sites. The Z,Pt 6MR
2Al site is the most stable cation location for CHA, BEA, MFI, and TON (Fig.
A1.2b). Thus, we only consider adsorbate-free Z,Pt 6MR 2Al sites for modeling the

thermodynamics of the BEA, TON, and MFT zeolites.

Using the most stable cation structures for each of the zeolite frameworks and
their associated ion-exchange energies (and ]X,L:l‘ values consistent with experimentally
synthesized materials*?), we developed phase diagrams for the unsupported (Fig. 5)
and supported (Fig. A2.9) Pt free-energy models. Analogous to the thermodynamic
results for CHA, the models largely predict complete conversion to cations under dry
and wet conditions for each of the zeolite topologies (Fig. 5, A2.9). Exposure to
H, results in the formation of thermodynamically stable Pt particles at low temper-
atures. At higher temperatures and smaller particle sizes, each zeolite topology has

different degrees of ion-exchange (Fig. 5, A2.9). The structural difference between
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zeolites likely impacts conversion to Pt cations through changes in ring strain and
distortion in CHA (Fig. A2.10), BEA, MFI, and TON (Fig. 5c, f, i). Ring ex-
pansion due to ion-exchange, associated with more exothermic ion-exchange energies,
results in more thermodynamically favorable Pt cation species.?26%7 7 Conversely,
the more endothermic Pt exchange energy for CHA (Fig. S10) is associated with ring

contraction.

These thermodynamic predictions for each zeolite are consistent with a number of
experimental observations. Pt particles in MFI have been reported to undergo com-
plete particle redispersion at 20% O, and 923 K, and subsequent exposure to 10% H,
at 773 K results in Pt particle formation.??> Both of these observations for MFI are
consistent with the supported particle and unsupported particle model predictions
over the range of modeled particle sizes. Across the range of modeled particle sizes,
the thermodynamic predictions for BEA at 20% O2 and 873 K also agree with experi-
mental results that demonstrate the majority of Pt clusters in BEA redisperse to Z,Pt
after exposure to these conditions.?? The overall thermodynamic consistency of both
the unsupported and supported free-energy models across the four different zeolite
frameworks indicates that while both models are useful for estimating the conditions
where interconversion is thermodynamically favorable, thermodynamic considerations
alone are incapable of discerning the more accurate free energy model for encapsulated

Pt nanoparticle energies.
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Figure 4.4: Pt particle size (using the unsupported particle free energy model,
results for the supported model are shown in Fig. A2.9) and temperature-dependent
thermodynamic phase diagrams for the conversion of Pt particles to Pt cations in (a,
b) BEA (Npy/Nay = 0.021, Naa1/Nap = 0.08), (d, €) MFT (Npy/Naj = 0.036, Noa1/Nay
= 0.04), and (g, h) TON (Np;/Na; = 0.039, Napi/Nay = 0.05). The diagrams (a, d,
g) are calculated at Py,0 = 10 kPa and Po, = 20 kPa, and (b, e, h) Py, = 10
kPa. Zeolite structures show the 6 MR ring distortions from the Z,H, frameworks (H
atoms hidden for clarity) to ion-exchanged structures for (¢) BEA, (f) MFI, and (i)
TON. The exchange energies of Pt atoms in each zeolite framework under exposure to
O, and H,O (AE/9™) and H, (AE{"™) are listed under the respective framework’s

structure.
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4.3.4 Kinetics of Interconversion of Pt particles to Ion-exchanged

Pt Cations

The thermodynamic predictions for both supported and unsupported free energy
models are consistent with reported experimental data;*?? therefore, our next aim is
to discern the model that best describes the redispersion kinetics of encapsulated Pt
nanoparticles to Pt cations. To describe the kinetics of Pt redispersion, our kinetic
model assumes an Ostwald ripening (OR) mechanism (Eqgs. 4.23, 4.27) to generate gas
phase monomers that exchange between nanoparticles (analogous to the model devel-
oped by Plessow et al.%?), coupled with reaction of monomers at Z,H, ion-exchange
sites in the zeolite (Scheme 1).26 In OR, particles disintegrate to generate mobile
monomers (Eq 4.22), which under the conditions considered here are mobile, neutral,
gas-phase PtO,(g).”™ The gaseous monomers can traverse the zeolite and migrate to
either other Pt particles, facilitating particle growth, or monomers may travel to and
exchange at atom-trapping sites, which are the 2Al sites that exchange Pt to form
Z,Pt cations at the conditions of interest (negligible Py, 0, 20 kPa O,). At these
conditions, we assume that ion exchange is an irreversible process because equilib-
rium is heavily shifted towards cations at all temperatures, which is consistent with
our thermodynamic predictions in Fig. 3a. To model the redispersion process, we
simulated a two-step mechanism where the Pt metal particles eject monomers that

compete to form either larger Pt metal particles or ion-exchanged Pt** (Scheme 1).

To model time-dependent ion-exchange at different temperatures, we simulated
the Pt particle-zeolite system (Scheme 1) using kMC with constrained parameters
(Table 1). The parameters included the monomer formation energy (AGIo™ 3 and

monomer

nanoparticle surface energy (7avept) for the unsupported particle model and the entire
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Scheme 4.1: Proposed scheme for unsupported and supported Pt particle redisper-
sion and sintering, facilitated via gas-phase mediated Ostwald ripening with atom
trapping sites.

(3Yave,pt — Fadn) term in the supported particle model. The average particle size ()
and the standard deviation (sz) of LND (consistent with TEM) particle size distribu-
tions were constrained (Fig A3.1) to satisfy the initial Pt-Pt coordination number of
7.36 £ 1.4 reported by Moliner et al.? In the absence of energy estimates of Vayg py and
AGIorm for zeolite-encapsulated particles, and precise initial particle size distribu-

tion data, we searched for parameter sets (Yavept O (3Vavgpt — Fadn.), AGIor™ T,
and sz) starting with initial guesses consistent with surface energies for Pt nanoparti-
cles in the absence of the zeolite framework: Yays pr = 96 meVA 2 (DFT-computed),
Eadn. = Yavg peC and AGLorm=1.69 ¢\ 60 The parameter ranges explored in the kinetics
simulations resulted in negligible variations (Fig. A2.5-2.8) of thermodynamic pre-
dictions with both free energy models (Eq.18 and 21). First, we fit the kinetic model

parameters by minimizing the sum of squared errors between the predicted and ex-

perimentally reported extent of atoms in Pt particles converted to Z,Pt in Pt-CHA
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(grey points in Fig. 5a) during a linear temperature ramp from 293 to 773 K at 10

K min~! in 20 kPa O,.? Next, we validated these regressed kinetic model parameter
sets by comparing the simulated average Pt-Pt coordination numbers under sequen-
tial isothermal holds at 373, 473, and 773 K to the Pt-Pt coordination numbers from

EXAFS reported in the same study? (Fig. 5b).

Parameter Value

IS 1

*No 1.98 x 10® nm—2
2Po ) 20 kPa

3Yave,pt: for unsupported 40 — 105 meVA 2
3(3Yavg.pt — Faan.): for supported 110 — 210 meVA~2
SAG e 1.30 -~ 1.85 &V

3% 0.5 - 1.5 nm

’sp 0.18 — 0.48 nm

I Parameter value from Plessow et al.®°
2 Parameter value from Moliner et al.2
3 Ranges of considered values for parameters.

Table 4.1: Parameters used for gas-mediated ion-exchange mechanism.

Fig. 5a reports the best fit parameters for the fraction of Pt converted to Z,Pt
over time (grey points are experimental data). The kinetic model predictions for
different particle size distributions (Table A3.1 and A3.2) were explored using a grid

search of Yavgpt (OF 3Vavgpt — Faan. in the supported particle model) and AG{o™

monomer

(Tables A3.3-10) during parameter fitting, and are shown in Fig. A3.6 and A3.7. The

surface energy, Yavg pt, and the monomer formation free energy, AGJorm primarily

monomer?

influence the initial rate of interconversion. For example, either a higher 7ayg pt, or

a lower AGFo™ result in higher rates of PtO,(g) monomer formation, leading to

faster initial ion exchange (Fig. A3.3). The initial particle size distributions, each

2

consistent with the experimental average Pt-Pt coordination number,” control the

slope of the interconversion curve (Fig. A3.4 and A3.5).
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Figure 4.5: Kinetic model predictions (using kMC) for the (a) extent of ion-exchange
with the temperature ramp and (b) Pt-Pt coordination numbers for the isothermal
hold simulations. Purple (z =0.75 nm) and orange (z =1.25 nm) traces are the best-
fit unsupported and supported free energy models, respectively. The grey points are
experimental data from Moliner et al..?

With the best-fit parameters, both the supported and unsupported models pro-
duce comparable accuracy (Table A3.3-3.10) for kinetic predictions (Fig. 5a) and
validations (Fig. 5c¢). The distributions with # =0.5 and 0.75 nm for the unsup-
ported particle free energy model and z =0.75, 1.25 nm for the supported particle
free energy model predict Pt redispersion during the temperature ramp within a typi-
cal error for time-resolved XANES fitting (£ 10% each datapoint).®! For each of these
particle size distributions (PSD), we validated regressed parameter sets (Fig. A3.8
and A3.9) and found that 7 =0.75 nm (Yaygpe = 75 meVA~2 AGLo™ =165 eV)
and 7 =1.25 nm (3Yaygpi — Faan, = 160 meVA~=2 AGIorm =169 eV) best predict

monomer
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the average Pt-Pt coordination numbers (Fig. 5¢) for the unsupported and supported
models, respectively. However, the initial PSD of the best supported particle model
is consistent with the reported TEM particle size distribution (and not just the avg.
particle size estimated from EXAFS)? (Fig. A3.10d), while the unsupported model
deviates significantly from this distribution (Fig. A3.10g). Therefore, we conclude
that the supported particle model with the fit parameters above provides the best

consistency with experimental data.
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Figure 4.6: (a) Separated Pt(100) and hydroxylated silica slab, and (b) the change in
adhesion energy (FE,qn.) between Pt on silica vs the average distance between surface
Pt atoms and surface O atoms (on the silica slab). Non-surface atoms that were
constrained in DFT optimizations are depicted with low opacity in (a).

In the best (supported particle) model, the regressed AGZo™

monomer 15 eCIU1valel’lt to

that for Pt nanoparticles on other supports,®®:6

suggesting that the energy cost to
eject a gas monomer from a Pt nanoparticle is not sensitive to zeolite encapsulation of
the particle. To decouple the energy contributions of the regressed (37avgpt — Eadn.)
value, we computed the distance-dependent interaction energy between a silica slab

(as an approximate model for a high silica zeolite) and a Pt surface (Fig. 6a). The

hydroxylated silica 8-cristobalite (001) slab represents the internal or external zeolite
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surface, and the Pt(100) surface was used to represent Pt particles due to a minimal
lattice mismatch with the silica slab. This is a rough approximation that does not
account for several other factors that could influence the effective adhesion energy
between Pt and the zeolite, such as the degree of hydroxylation of the silica slab®*%3
and the exact surface structure of the particle. Fig. 6b shows that the attraction
between Pt and the silica surface results in an adhesion energy of 24 meVA~2 at an
ideal Pt-silica slab distance (2.5 A). Using this computed F.q, and the regressed
(3Vave,pt — Faan.) value in the best-fit model, the v,y p is 61 meVA~2, Therefore,
the average Pt surface energy deviates considerably from those in the absence of a
zeolite where 7,y py is 96 meVA~2 . This difference in surface energy is likely due
to a combination of stability imparted by zeolite encapsulation and (or) reduction
in the surface energy via oxygen binding, as suggested by Plessow et al.®C These
results suggest that zeolite encapsulation slows down the rate of monomer formation
in OR due to the lower 7,y pt. Consequently, zeolite encapsulation imparts additional

stability for Pt nanoparticles in comparison to other common oxide supports.
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Chapter 5

Thermodynamic Limit of
Nanoparticle Disintegration in the

Presence of Atom-trapping Sites.

This chapter describes a theoretical treatment of the thermodynamics of sup-
ported nanoparticle redispersing into mononuclear (single atom or cationic) species.
The manuscript for this work is currently in preparation (Wijerathne, A.; Paolucci,
C. Thermodynamic Limit of Nanoparticle Disintegration in the Presence of Atom-

trapping Sites , In Preparation).

5.1 Introduction

Losing surface atoms from supported metal particles due to sintering is a preva-
lent issue in catalysis, especially for applications such as Diesel Oxidation Catalysts
(DOC) where catalysts are exposed to harsh reaction conditions (10% H,O, ~ 1073 K
and residual air). To combat metal sintering, various strategies such as encapsulating
metal particles,'™ increasing the metal support interaction strength by modifying
the support,? and alloying®® are proposed in literature. The most common mode

of deactivation is Ostwald ripening (OR) mediated by mobile atomic species. These
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mobile atomic species are ejected from metal particles and facilitate sintering by trav-
elling from smaller particles to bigger particles due to local concentration gradients.””
However, if the support has a large number of atomic environments (referred to as
trapping sites: Scheme 5.1) that can capture and trap the mobile metal species, Jones
et al.!l% showed that these mobile metal species could be beneficial for maintaining
a high surface area of metal particles by isolating single atoms or small atomic clus-
ters, and prevent particle sintering. In their study, Pt/La-Al,O; is physically mixed
with ceria (CeO,) powder to increase the number of trapping sites, and the results
showed that depending on the morphology of CeQO, crystallites, sintering decreased
or stopped because of complete disintegration of Pt particles to Pt single atoms.

1.1* observed the same phenomenon of metal nanoparticles dis-

Later, Goodman et a
integrating into single atoms for 0.007%wt. Pd/Al,O,, causing deactivation of the
methane oxidation catalysts, where single atoms are inactive. However, for high Pd
loading (0.659%wt.) of the same Al,O, support, a lower degree of deactivation was
observed. Importantly, Pd particle sintering was the dominant process of deactivating
high Pd loading catalysts, in which particle disintegration was minimal. Goodman et

al.l! qualitatively explain those variations in degree of particle disintegration using

statistical mechanics arguments.

Atom trapping has been used as a promising approach to design highly dispersed
metal (Fe, Pt, Pd, Au, Ru, and Rh) atoms on various supports such as CeO,, Al,Os,
zeolites, and N doped graphene.'>'" However, almost a decade after Jone’s experimen-

!"a comprehensive theo-

tal observations!® and five years after Goodman’s analysis,!
retical study on atom trapping and its implications on particle growth, is still lacking.
Here, we theoretically investigate a general system consisting of metal nanoparticles

and trapping sites using a statistical mechanics approach. Then, we used numerical
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simulations to test the validity of our findings.

Initial system (1): All trapping sites are empty

Metal nanoparticles

[]

@ Metal atoms Support surface (top view)

Equilibrium system (2): Some of trapping sites have M

- D Trapping sites D
- ra
A4
Atom trapping |:| "'?.'_.,. :
8 ~ o O
@ Metal atoms Support surface (top view)

Scheme 5.1: Schematic representation of two states of the system of metal nanopar-
ticles supported on a trapping site containing support. Two states of the system are,
(1) no metal atoms in the trapping sites and, (2) some metal atoms that left the
particles are trapped in the trapping sites.

5.2 Theoretical treatment of thermodynamics of

atom-trapping

Suppose that the initial system consists of Ny number of metal atoms (M=

Pd, Pt, Ru, Rh, etc.) in the nanoparticles, and Ny, is the number of trapping
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sites on the support which are accessible for the metal atoms (Scheme 5.1-system1).
This initial system represents experimental procedures that follow a physical mix-
ing of nanoparticles with the support and subsequent thermal treatment to disperse
nanoparticles..!®!! One trapping site can only trap a single M atom. As a first approx-
imation, we assume all the M atoms in the particle state are energetically equivalent

(potential energy= Fy; per M atom) and Gibbs free energy of the initial system (G):

G"1 - NMEM + NtrapEvacancy - T(Sparticlesl + Svacanciesl) (5].)

where Eyacancy is the energy of a vacant trapping site, 7' is the temperature, and
Sharticles aNd Syacancies1 are the configurational entropies of particle and vacancy en-

sembles in the initial system respectively.

Consider another system with ny; metal atoms trapped in the support and (Ny —
ny) metal atoms remaining in the particles (Scheme 5.1-system2). Assuming all

trapping sites have similar M binding energies, the Gibbs free energy of this system

(Ga):

Ga = (Ny—nar) EviH (Nirap —1) Evacancy T EM, trapped in vacancy — 1 (Sparticles2+Svacancies2)
(5.2)

where, E\p, trapped in vacancy 18 the energy of the trapping site containing a single M

atom trapped in it. The free energy change from the initial state (1) to the final state

(2) in the system is given by,

AGsys - GQ - G1 (53)
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Substituting equation 5.1 and 5.2 to 5.3 , we get,

AC;’sys - nMAEbind - T(A’Sparticles + ASvacancies) (54)

and, the energy of M binding to a trapping site (AFEpq) is defined as the reaction

energy of the following atom exchange process:

M(in particles) + VaC&HCy — M(trapped in vacancy); A-Ebind (55)

To include the effect of reaction conditions (7T, P, gas concentrations) to the
binding energy, we replace AFEy;,q in equation 5.4 with AGhing , where AGpyq is the
Gibbs free energy for an atom trapping in an isolated vacancy site with the reaction

shown in equation 5.5.

AGsys - nMAGbind - T(ASparticles + ASvacancies) (56)

Note that we subsume all entropic contributions (at constant T') except the config-
urational entropy contributions to AGhing term because 0 K DFT calculations and
free energy approximations such as NIST-JANAF thermochemical tables'® commonly
used in the field do not account for configurational entropy effects. However, entropic
effects may play a critical role and have been proposed as the major driving force for
atom trapping in systems where atom trapping reactions are energetically uphill.!!

Therefore, we treated configurational entropy terms separately in the following sec-

tion.

For a given number of trapped M atoms (ny;), multiple combinations of trapping

sites on the support are available for atom trapping, giving rise to the configurational
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entropy term Syacancies- Statistically, all these configurations are equally likely and
viable microstates of the system. The initial system has only one configuration for
vacancies where all trapping sites are empty and for any reasonably sized (nar, Nigap >
1) system, Syacancies2 > Svacanciest = 1. This simplifies the configurational entropy

Change as, ASvacauncies ~ Ovacancies2-

The entropy due to particle ensembles are represented by Sparticles and a higher
entropy should be expected from non-uniform particle distributions (equation 5.5),
where large number of particle fractions(z;, ¢ = the number of atoms in the particle)

contribute to the entropy.'%?’

tmazx

Sparticles = —Nukgp Z x;lnz; (5-7)

i=1

The total number of metal atoms (Ny) is conserved during the exchange (equation
5.5), and Sparticles d0 not depend on the absolute size of particles (equation 5.7) but
depends on the size differences. Therefore, we assume that ASp,tices = 0 as both
initial and final systems may have a large number of particles with different sizes.
This approximation is expected to hold for most systems except for systems with

zero metal particles.

These two assumptions (Asvacancies ~ Ovacancies2 and ASparticles ~ O) Slmphﬁes the

equation 5.6 to the following:
AGsys - nMAGbind - TsvacancieSQ (58)

where Syacancies2 1 the configurational entropy of the M-trapped and the remaining

empty vacancies.
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To estimate the Siacancies2, We consider the microstates of the system consistent

with the constraints in the system-2: ny; M atoms in trapping sites, Ny total M

atoms, and Ni.p total trapping sites. Each trapping site can either exchange one M

atom, or remain vacant. For the number of trapped M atoms ny;, the total number

of configurations in the trapping site lattice is given by the product between the

number of ways for choosing ny number of M atoms out of Ny total Pt atoms, and

from vacancies, choosing ny trapping sites out of Nyy,p. Therefore, the total number

of configurations (Qyacanciesz) for atom trapping is given by,

QvacanciesQ = (NM) X <Nt1”ap)
nwm nwvm

By definition, the configurational entropy of the trapping sites is,

N, Nipa
SvacaniciesQ = kB In |:( M) X ( ¢ p)‘|
nM T],M

Nu! Nirap!
= /{ZB In P
(NM — TLM)'TLM' (Ntrap — TLM)'TLM'

Applying Stirling’s approximation, Siacanicies2 can be simplified to,

Svacanicies2 = kB [NM 1H(JVM) - (NM - nM) ln(NM - nM)]

+kg [Nivap In(Niyap) — (Nigap — 7o) In(N — nyp) — 20y In(ny)]

Substituting equation 5.11 to 5.8 gives:

AGsys = nMAGbind — ]{JBT [NM hl(NM) — (NM — nM) hl(NM — nM)]

—kBT [Nizap In(Niyap) = (Nixap — 7o) In(Neap — 1an) — 20 In(nay)]

(5.9)

(5.10)

(5.11)

(5.12)

As ny; (the number of M exchanged into the trapping sites) varies, AGyys also
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changes. The minimum AGgy corresponds to the minimum in free energy of the

system and, therefore, the thermodynamic equilibrium. At equilibrium,

OAGlys

=0 (5.13)

Using equation 5.12 and 5.13, we get:

(5.14)

]{JBT TL%A

AGhing —In <(Ntrap - nM)(NM - nM))

We then solve equation 5.14 for ny/Nip to evaluate the fractional exchange of M

atoms to the trapping sites. Rearranging 5.14 :

(”M )2(1—f)+(]\zzp>(¢+l)f—¢f=0

. _AGbind> Ny
with, f =exp| ————— | and, ¢ =
f P < kBT (b Ntrap

(5.15)

Equation 5.15 is a quadratic formula in <1\Z—M> that has two roots. However, only
rap

one of those roots satisfies the physical constraint set by the maximum number of M

atoms in the closed system: 0 < (;—“&) < 1. The valid root is given by the equation
5.16.

( n ) _VO+D P +40 - N)of — (@ +1)f (5.16)
Nizap 2(1-1)

Equation 5.16 has a singularity at f = 1, corresponding to a system with 0 binding
free energy. However, the solution from equation 5.16 converges to the expected root
of equation 5.15 with f = 1 as f — 1, indicating that the physical system does

not have a jump discontinuity in the solution as seen for processes such as phase

transformations.?"?? Using equation 5.16 we evaluate the equilibrium fraction of M
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atoms trapped in vacancies (Xirapped) as follows:

nM) BRVA RV O DYl 0 A

X rapped — (_
e Ny 20(1 - f)
Equation 5.17 describes the thermodynamic limit of atom trapping within our stipu-

lated assumptions above.

Goodman et. al'! analysed atom trapping in a system similar to Scheme 5.1 for
their Pd on Al,O; samples. Using the same terms described above, their approxi-

mated form of the thermodynamic limit for atom trapping is given by equation 5.18:

My /
Xtrapped - (NM) — f+¢ (518)

Equation 5.18 has a different functional form than equation 5.17 we previously ob-

tained.

(@) 102 (b) 102 1.0
0.8 &
n - _Exergonic -~ =
O Tbinding &l 063
L 100 U S
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Figure 5.1: The equilibrium fraction of M atoms in trapping sites computed using,
(a) equation 5.17 and (b) equation 5.18 for different support compositions and binding
energies (¢ and f).

To compare two solutions (equation 5.17 and equation 5.18), we computed the
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equilibrium fraction of M atoms trapped in vacancies (Xirapped) using both equations
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