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Investigating the Stability and Modes of Deactivation of Metal-
exchanged Zeolites via Computational Modeling

Keka Mandal

(ABSTRACT)

Zeolite-supported metal catalysts are an integral part of heterogeneous catalysis, with

applications in petrochemical processing, biomass conversion, conversion of aromatics,

and automobile exhaust aftertreatment. In addition to displaying excellent catalytic

activity, selectivity, and hydrothermal stability, zeolites enable tuning of the metal

distribution and speciation, ranging from isolated cations to nanoparticles, by means

of variation in synthesis, compositional parameters such as Si/Al ratio, metal load-

ing, and gas treatments. Metals in zeolites can exist as (a) cations exchanged in the

zeolitic framework, (b) clusters (< 2 nm) encapsulated in the zeolite cages, and (c)

extracrystalline nanoparticles located on the outer surface of zeolite crystallites. The

dynamic chemical nature of the metal active sites in ion-exchanged zeolites warrants

a molecular level investigation of their speciation and interaction with gas molecules

under reaction conditions of interest, to understand the deactivation and regener-

ation mechanisms of zeolite-supported metal catalysts. Here, we studied zeolites

ion-exchanged with Pd and Cu by employing computational modeling and tools such

as density functional theory (DFT), wave function theory (WFT), ab initio molecu-

lar dynamics (AIMD) simulations, first principles based thermodynamic calculations,

and kinetic Monte Carlo (kMC) simulations. We first investigated hydrothermal de-

activation and regeneration thermodynamics and mechanisms for Pd-zeolites. We

determined Pd cation speciation under different conditions and used this information



iv

to study the redispersion of extra-crystalline Pd nanoparticles to ion-exchanged Pd2+

cations in zeolites. We found that H2O pressure plays a critical role in determining

the phase boundary between Pd cations and Pd-oxide, and redispersion from Pd-

oxide to Pd cations follows an Ostwald ripening-like mechanism. Next, we studied

chemical deactivation via sulfur for commercial Cu-zeolites to determine Cu species

that are particularly susceptible to irreversible poisoning. Ab initio thermodynamic

models for sulfur poisoning of Cu-CHA zeolites showed that Cu dimers that form

at high temperatures strongly bind SO2 and SO3, forming (bi)sulfated Cu dimers

with remarkable thermodynamic stabilities, that require high temperature (> 870 K)

desulfation treatments for catalyst regeneration. Taken together, these studies point

towards molecularly detailed design rules for improving the thermal and chemical

stability of metal-containing zeolite catalysts.
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Chapter 1

Introduction

1.1 Significance of Supported Metal Catalysts in

Heterogeneous Catalysis

Transition metals on metal oxide supports such as silica, alumina, ceria, etc. are

widely used heterogeneous catalysts for several industrial applications, chemical man-

ufacturing, and environmental catalysis, to name a few. The performance of these

metal supported catalysts is closed linked to the metal particle size, with metal ac-

tive sites ranging from single metal atoms, sub-nanometric clusters (<1 nm) to large

metal nanoparticles (1–100 nm). Reduction in particle size increases its unsaturated

coordination and surface free energy, rendering the metal sites more reactive towards

the support and adsorbates. This correlation between particle size and activity and

selectivity often forms the basis for rational catalyst design and synthesis.1,2 However,

the optimal catalyst design and operation also needs to take into account the effect

of structural changes of metal active sites on the catalyst stability and deactivation.

Catalyst deactivation, i.e. the loss of catalytic activity and (or) selectivity over a pe-

riod of time (ranging from seconds to years), and catalyst instability under condition

of operation and (or) storage, pose serious economic and environmental challenges to

industrial processes. A rapidly deactivating or unstable catalyst, can raise replenish-
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ment costs, making the process operation cost-inefficient, or deter the commercial-

ization of new technologies which might otherwise have a high performance. Thus,

understanding the dynamic interplay between structure-performance relationships in

the context of catalyst stability and deactivation, under different reaction conditions

is crucial.

1.2 Modes of Catalyst Deactivation

The modes of catalyst deactivation can be broadly categorized as thermal, chemical,

and mechanical in nature.3,4 For the scope of this dissertation, we are going to focus

on thermal and chemical deactivation of catalysts.

1.2.1 Chemical Deactivation

Chemical deactivation occurs via strong chemisorption or reaction of the active sites

with reactants, products, and (or) impurities, which can either physically block the

active sites and (or) induce structural changes in the metal sites, transforming them

to an inactive phase.3–5 In particular, structure-sensitive reactions are reported to be

more susceptible to chemical poisoning compared to structure-insensitive reactions.

Chemical deactivation can be either reversible or irreversible, and necessitates struc-

tural information of the poison covered metal surface, and how the poison coverage

changes the surface structure and coordination chemistry.4 For instance, sulfur poi-

soning of industrial catalysts used in processes like hydrogenation, steam reforming,

ammonia synthesis, etc. is a long-standing challenge, whereby the sulfur can deac-

tivate the metal sites via (1) physical blockage of the adsorption or reactive sites;
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(2) restructuring of the catalytic surface; (3) electronic modification of the nearest

neighbor metal atoms due to the strong sulfur-metal chemical bond; and (4) limiting

or inhibiting surface diffusion and (re)combination of adsorbed reactants.4,6 Regener-

ation of sulfur-poisoned catalysts often requires high temperatures which can in turn

lead to sintering of the catalyst.4,7

1.2.2 Thermal Degradation via Particle Sintering and Redis-

persion

Thermal deactivation of supported metal catalyst results from exposure to high tem-

peratures and reducing species, causing single atoms and clusters to aggregate into

larger particles via (1) migration and coalescence of crystals on the support, and (or)

(2) Ostwald ripening due to gas-phase or surface mediated atomic migration.3,4,8 The

aggregation of active single metal atoms or smaller clusters to form larger particles

decreases the active surface of the catalyst, and is called as particle sintering. The

reverse process is known as particle redispersion, and depending on the nature of

active sites required for a reaction process, can cause catalyst deactivation (disinte-

gration of metal particles to inactive isolated sites) or catalyst regeneration (recovery

of active single atoms from particles). Critical reaction and catalyst parameters that

can affect particle sintering and redispersion are (1) temperature (sintering increases

exponentially with rise in temperature); (2) reaction environment (oxidizing condi-

tions promote sintering, while metal redispersion can be induced by high temperature

oxidation, followed by reduction. Water vapor has been shown to accelerate sinter-

ing in metal oxide supports); (3) metal-support interactions (also affects the thermal

stability of metal particles in O2); (4) presence of ‘trapping sites’ or defects on the

support (hinder mobility and surface migration, decreasing rates of sintering); and
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(5) porosity of catalyst supports (sintering is lower in porous supports such as zeolites

compared to non-porous ones).4

1.3 Role of Zeolites in Heterogeneous Catalysis

Zeolites are crystalline aluminosilicates made up of interconnected SiO4 and AlO4

tetrahedra, and are ubiquitous in heterogeneous catalysis, with applications for chem-

ical separations, petroleum refining, hydrogenation, oxidation, and carbon-carbon

coupling reactions, and pollution abatement technologies. Synthesis protocols and

gas treatments, along with compositional parameters such as Si/Al ratio, and metal

loading, can be used to tune the speciation, location and spatial distribution of the

metal species in the zeolites. Metal species in zeolites can be present as (a) single

atom cations exchanged in the zeolitic framework (represented as metal/zeolites), (b)

metal clusters (< 2 nm) encapsulated in the zeolite cages, and (c) extra-crystalline

metal nanoparticles located on the outer surfaces of zeolites. Unlike the case of tradi-

tional metal oxide supports where the metal-support interaction is not strong enough

to deter sintering of single metal atoms, the well-defined, nanoporous cage-like struc-

tures of zeolites can confine and stabilize small nanoparticles (< 2 nm), slowing down

rates of sintering.9,10
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1.4 Structural Interconversion between Metals Cat-

ions and Particles in Zeolites

Structural transformation between metal speciation in zeolites have been widely re-

searched in industry and academia. The extent of atomic dispersion and formation

of nanoparticles is also dictated by the synthesis techniques used for dispersion of Pd

into zeolite supports, such as incipient wetness impregnation, wet impregnation, solu-

tion ion-exchange, and solid-state ion-exchange.11,12 Solution ion-exchange has been

reported to impart the highest initial atomic dispersion of Pd to single Pd cations

exchanged in the zeolites.13 Studies have shown that solid-state ion-exchange in zeo-

lites with high Si/Al ratios (>10) induce PdO agglomeration, with HAADF-STEM

images showing PdO nanoparticles > 10 nm for Si/Al ∼ 30, and 1 wt% Pd loading.

Small PdO clusters (< 2 nm), seen at Si/Al = 12 and 1 wt% Pd loading, can exist

both as encapsulated particles in the zeolite cages, and on the exterior surface of the

zeolite. However, for an identical Pd loading, Si/Al = 6 showed complete atomic

dispersion to single Pd cations.

While reducing environments can lead to the agglomeration of single metal cations

ion-exchanged in the zeolite framework to encapsulated metal clusters and extra-

crystalline metal particles, the reverse, i.e. atomic redispersion of agglomerated metal

particles to single atom cations can also occur.10 Reversible interconversion between

Pt single atoms and nanoparticles in high-silica CHA zeolite was reported by Moliner

et al.14 via cyclical reduction-oxidation treatments. Sustained regeneration of Pd ac-

tive sites by reduction-oxidation cycles in Pd/MOR allowed Petrov et al.15 to maintain

high conversion (90%) of methane oxidation and stability even after more than 90 h in

hydrothermal aging (HTA) conditions. High temperature and presence of reductants



6

have a detrimental impact on the longevity of Pd/zeolites by inducing sintering of

Pd cations forming agglomerated metallic Pd, and PdOx domains, causing a loss in

their NOx storage capacity at low temperatures (< 473 K).13 Studies have reported

different zeolite topologies to have different outcomes when subjected to HTA. CO-

aged Pd/ZSM5 and Pd/MCM22 exhibited regeneration following HTA at 1023 K in

a recent study by Bello et al.,16 who found that while Pd/ZSM5 completely recovered

its NOx storage capacity, Pd/MCM22 regained only ∼50% of its previous capacity.

This was attributed to the formation of a higher fraction of larger metal agglomerates

(∼15-20 nm) in Pd/MCM22 during aging as compared to Pd/ZSM5, where majority

of agglomerates had average sizes < 4 nm.16 High temperature air treatments (723–

1023 K) have also been shown to impact the synthesis methods, resulting in a more

uniform spatial distribution of Pd.17 An increased amount of ion-exchanged Pd2+

cations were formed due to the redistribution of Pd species further into the interior

sites of the zeolites with greater number of Brønsted acid sites as a consequence of

the increased treatment temperatures.17 Together, these studies evince the critical

influence of the reaction conditions, and particle size on catalyst deactivation and the

potential for regeneration, via structural transformation between metal particles and

ion-exchanged cations.

Single metal cations in metal/zeolites, and their interaction with other compounds,

exhibit similarities to their well-documented counterparts in the organometallic and

homogeneous catalysis literature. Solvation and mobilization of metal ions by H2O or

other adsorbates such as NH3 appear to be a general phenomenon of metal-exchanged

zeolite systems under certain conditions, and has important consequences on catalytic

function and adsorption of other gases such as CO, hydrocarbons, and sulfur for auto-

mobile emissions control. Reaction condition-dependent metal speciation and adsorp-
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tion chemistry have important mechanistic implications on the catalytic performance

of Cu/zeolites for selective catalytic reduction(SCR) of NOx in diesel engines,18–21 the

chemical deactivation induced by sulfur exposure,22–31 and feasibility of regeneration

methods.23,28

Thus, given the widespread practical implications of zeolite supported metal cata-

lysts, and the dynamic nature of their physicochemical properties and catalytic ac-

tivity, they represent an ideal model system for the study of the thermodynamic and

kinetics of catalyst stability and deactivation.

1.5 Scope of This Dissertation

The aim of this dissertation is to develop a molecular level understanding of the

thermodynamics and kinetics associated with thermal and chemical deactivation of

metal-exchanged zeolites, using computational modeling and tools such as density

functional theory (DFT), wave function theory (WFT), ab initio molecular dynamics

(AIMD) simulations, first principles based thermodynamic calculations, and kinetic

Monte Carlo (kMC) simulations, that can complement as well as supplement the in-

sights gained from experiments and spectroscopic characterizations.

Chapter 2 presents a detailed examination of the speciation of Pd cations and their

complexing with H2O and NO, which are a critical parameters in the optimal design

and synthesis in their implementation as passive NOx adsorbers (PNAs) in diesel

engines. We report the formation of mobile and H2O-solvated Pd2+ complexes un-

der conditions of practical interest for PNAs, which upon exposure to NO evolve to

H2O-solvated PdII-NO- complexes, a behavior that transcends across different zeolite
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topologies.

Chapter 3 focuses on extracrystalline Pd nanoparticles and their conversion to ion-

exchanged cations in the zeolites via redispersion of agglomerates of metal and metal-

oxide domains. We found that nanoparticle size, and particle size distribution, gas

conditions such as O2 and H2O pressures, and zeolite composition, dictate the ther-

modynamic extent and rates of conversion, and conditions under which the particle

sintering (or redispersion) can occur.

Chapter 4 follows the distribution and coordination chemistry of monatomic and

dimeric Cu species in SSZ-13 zeolites as a function of treatment conditions and the

local Al distribution, and their interaction with SO2/SO3 at high temperatures (at

low coverages of NH3), and the implications of sulfur poisoning of dimeric Cu species

on the catalytic SCR performance.
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Chapter 2

Condition-Dependent Pd

Speciation and NO Adsorption in

Pd/Zeolites

This chapter has been reproduced in its entirety with permission from Mandal, K.;

Gu, Y.; Westendorff, K. S.; Li, S.; Pihl, J. A.; Grabow, L. C.; Epling, W. S.;

Paolucci, C. Condition-Dependent Pd Speciation and NO Adsorption in Pd/Zeo-

lites. ACS Catal. 2020, 10, 12801−12818. Copyright 2020 American Chemical

Society. The supplementary materials for this paper/ chapter can be found at

https://doi.org/10.1021/acscatal.0c03585. This chapter highlights the impor-

tance of a molecular level understanding of the Pd cation speciation in zeolites, and

its reaction chemistry under a variety of reaction environments, which are especially

relevant to the low temperature NO trapping in diesel engines for emissions control.

Here, we present experimental evidence from kinetic measurements and spectroscopy

data, along with DFT calculations and thermodynamic modeling to address some of

the ambiguities in the field of passive NOx adsorbers (PNAs) literature, and set the

stage for the subsequent chapter on the redispersion of Pd nanoparticles to cations in

zeolites. My contributions to this study included performing DFT calculations and

AIMD simulations for arriving at the optimized geometries of all the Pd/SSZ-13 struc-

https://doi.org/10.1021/acscatal.0c03585


10

tures considered in this work, functional sensitivity analysis, and development of the

thermodynamic model for evaluating the thermodynamic stability of Pd-coordinated

species under a variety of reaction conditions. As a co-first author of this paper, I

was palyed a lead role in the drafting and editing of the manuscript, and writing

the Introduction and computational results sections, addressing reviewer queries and

implementing suggested modifications.

2.1 Introduction

Metal-exchanged zeolites are widely used in chemical separations, catalysis, and pol-

lution remediation technologies.32–35 In the limit of single metal cations, the active

sites in these materials resemble their analogues in the organometallic and homoge-

neous catalysis literature.36 Metal cations form bonds to the zeolite or acquire ligands

via gas adsorption and can become solvated, interacting only electrostatically with

the zeolite framework.18 Solvation and mobilization of metal ions by H2O or other

adsorbates appear to be a general phenomenon of metal-exchanged zeolite systems

under certain conditions, and has important consequences on catalytic function and

adsorption of other gases.37–41 However, this phenomenon has largely gone unrecog-

nized in the Pd/zeolite literature. Here, we integrate computation at multiple levels

of theory, and in-situ spectroscopic and kinetic experimental measurements, to de-

termine the nature of Pd complexes exchanged in zeolites. We explore the molecular

structure of Pd-zeolite motifs under a wide range of conditions of practical relevance

for NO abatement technologies, and catalytic CO oxidation and methanol synthesis.

We show that H2O-solvation of Pd cations profoundly affects their chemical nature,

catalytic performance, and complexing with NO.
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Pd cations have been extensively explored in the inorganic chemistry and homo-

geneous catalysis literature. Similar to most group 8 and higher transition metals,

Pd typically favors lower oxidation states of Pd0 and PdII.42–44 While PdI and PdIII

have been observed, their presence has only been confirmed in a minute number of

homogeneous compounds.43–49 Infrared (IR) evidence of carbonyl anions of binuclear

PdI were reported by Goggin and coworkers,48 and binuclear PdI isocyanide com-

plexes have been synthesized by Otsuka et al.44 Similar binuclear PdI complexes with

various ligands have also been observed using a variety of spectroscopic characteri-

zation techniques.42–44 However, mononuclear homogeneous PdI complexes have not

yet been identified.44 Even though higher oxidation states like +4, +5 and +6 have

been identified for Pd in homogeneous complexes,47,50–57 structural characterization

of mononuclear Pd speciation in zeolites is wanting.

Zeolites are crystalline aluminosilicates comprised of interconnected tetrahedra of

SiO4 and AlO4 to form a nanoporous, three-dimensional cage-like structure. Re-

placement of SiIV with AlIII at the corner-sharing aluminosilicate tetrahedra, called

T-sites, induces a negative charge on the zeolitic framework that is compensated by

cations. Synthetic protocols determine the frame-work distribution of Al and the

Si/Al ratio, which influence the speciation and location of the exchanged cation.58–62

Depending upon the Al distribution, various local Al configurations are possible, pro-

ducing numerous possibilities for the charge-compensating cation, which has, hitherto

not been systematically investigated for Pd ions. The commonly observed PdII oxi-

dation state can charge-compensate one or two Al T-sites in the form of a single Pd

cation or Pd with an oxidizing ligand. Despite the absence of evidence for mononu-

clear PdI in homogeneous complexes, some studies have assigned PdI at a 1Al T-site

as a possible species.63–68
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Pd/zeolites have been investigated for catalytic alkene hydrogenation, methane ox-

idation, Wacker oxidation, selective catalytic reduction of NOx with methane (CH4-

SCR) and other applications.15,69–75 Recently, Pd/zeolites have been studied for low

temperature NOx trapping from automotive engine exhaust.11–13,76–81 Pd/zeolites,

among all other candidates, meet the practical requirements for NO storage capacity

and NO release temperature, although their resistance against different aging modes,

such as CO and hydrocarbon-induced degradation, and sulfur poisoning, needs further

investigation.13,77,82 Khivantsev et al.64 synthesized a series of atomically dispersed

Pd/SSZ-13 catalysts (Pd/Al = 0.03, Si/Al = 6) and reported IR features at 1860

cm-1 and 1805 cm-1 during NO exposure in the absence of H2O, similar to those re-

ported by Chen et al.77 They assigned the 1860 cm-1 feature to PdII-NO and the 1805

cm-1 feature to PdI-NO. The effect of multiple H2O adsorption and H2O-solvation of

Pd-nitrosyl complexes is still not well-understood.

Though there are IR NO stretching assignments in the Pd/zeolite literature for

PdI species,63–66 odd oxidation states including PdI and PdIII have only been directly

characterized in Pd/Y and X zeolites using EPR under vacuum and following exposure

to H2 at 298 K.83,84 Descorme et al. invoked PdI to explain NO2 formation upon NO

exposure on Pd/ZSM-5 in the absence of O2 and assigned an IR feature at 1881 cm-1

to NO on PdI; however, no other characterization was provided to demonstrate the

oxidation state of PdI.63

Literature results highlight a number of ambiguities in our understanding of Pd/zeo-

lites. The initial Pd distribution, Pd speciation during ion-exchange, and dependency

on zeolite composition are not clear. The precise nature of the effect of H2O on Pd

speciation is also unknown. The coordination environment of Pd-NO complexes in

the presence and absence of H2O, a ubiquitous and non-innocent spectator in emis-
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sion technologies, requires investigation. Here, we present a combined computational

and experimental study on Pd speciation under a variety of conditions, highlight the

hydration effect on Pd cation structures and reveal the intrinsic difference in the sites

formed in the presence and absence of H2O. We report that Pd complexes in zeolites

primarily manifest as mobile and H2O-solvated PdII complexes under conditions of

practical interest for PNA, and catalytic CO and Wacker oxidation. We show that

upon exposure to either NO, or mixtures of NO and CO, mobile and H2O-solvated

PdII-NO- complexes form, and these observations extend to multiple zeolite topologies

and rationalize a large number of observations in the literature.

2.2 Results

2.2.1 Pd Cation Speciation in the Absence of H2O, 1Al vs

2Al

Motivated by NO- and CO-probe molecule spectroscopy-based evidence (FTIR, EX-

AFS and XRD)12,64,65,85,86 and DFT calculations64,66,87 we constructed molecular mod-

els for Pd charge-compensated by one or two Al T-sites in SSZ-13 zeolites. SSZ-13,

classified as a chabazite (CHA) framework type,88 is made up of four-, six-, and eight-

membered rings (MR) arranged into an ~8 Å diameter cage with 3.8 × 3.8 × 3.8 Å

pore dimensions, illustrated in Figure 2.1a. We denote (Figure 2.1b) PdI cations

exchanged at one Al T-site in SSZ-13 as [ZPdI], and PdII cations exchanged at one

and two Al T-sites as [ZPdIIOH] and [Z2PdII], respectively. ‘Z’ symbolizes the Si

T-site substituted by Al, and when enclosed in square brackets, represents bonding

of the Pd cation and its associated ligands with the zeolite framework. CHA has one
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Figure 2.1: (a) Framework of the SSZ-13 cage, made up of four-, six- and eight-
membered rings (MR), and HSE06-optimized structures of (b) 1Al and 2Al Pd-
exchanged sites and (c) hydrated sites.

symmetry distinct T-site; therefore, substitution of a single SiIV with AlIII encom-

passes all Z-structures. PdI and [PdOH]+ can reside either in the 6MR or 8MR of the

1Al site, hence we compared the energies of both of these configurations using DFT

with the GGA-PBE and HSE06 functionals. We observed that PdI prefers to locate

in the 6MR, bound to two zeolitic framework oxygen (Of) proximal to Al (Al-Of )

and one Si-Of, with Pd-Of bond lengths ranging from 2.18 to 2.38 Å. Pd-OH favors

the 8MR, attached to two Al-Of, with similar Pd-OfAl bond distances of ~2.09 Å,

for both PBE and HSE06. Both species have a three-fold coordinated geometry as

shown in Figure 2.1b.

Incorporation of two Al results in multiple configurations, which can be codified by

Al-Al distance and the number of T-sites separating the Al pair, denoted as nearest

neighbors (NN).89 Figure 2.2 reports the lowest energy structure computed using

the PBE functional for each of the 25 possible Al-Al configurations in a 36 T-site

supercell adhering to Löwenstein’s rule90,91 (structures are included in the supporting



15

information CONTCARS attachment); full results are detailed in supporting informa-

tion 2.1.1-1. We also optimized a subset of structures using HSE06; relative energies

were analogous for both functionals (supporting information 2.1.1-2). PdII displays a

proclivity for Al pairs in the same 6MR; the lowest energy corresponds to that of the

6MR 3NN configuration where PdII is present in the center of the ring and connected

to four Al-Of. This is followed by the 2NN (+65 kJ mol-1) configuration, with the Pd

bonded to three Al-Of and one Si-Of. Similar to common configurations observed for

PdII homogeneous complexes, Pd has a four-fold coordinated, planar geometry with

Pd-O bond distances of ~2Å in these configurations.44,64,92,93 The other Al pair con-

figurations are +110–210 kJ mol-1 higher in relative energy. CuII and CoII have been

observed to preferentially locate to 2Al 6MRs in SSZ-13 and our computed results

for PdII, which is of similar size, are consistent with this observation.89,94–101

To compare the energetics of 1Al and 2Al Pd-exchanged sites, we evaluated the energy

required to transfer the Pd cation from the 2Al site to 1Al. Since this mechanism is

not unique, we considered different probable routes by constructing Z2 and Z sites

in the same, as well as separate, supercells; details of all the reactions considered are

provided in supporting information 2.1.2.

[
Z2PdII(H2O)

]
→
[
ZPdIIOH

]
/ [ZH] ∆E = +85 kJ mol−1 (2.1)

[Z2PdII] +
1
2 H2O − 1

4 O2→ [ZH]/[ZPdI] ∆E = +82 kJ mol−1 (2.2)

Computed reaction energies are endothermic and indicate a Pd cation will preferen-

tially exchange at 6MR Z2 sites instead of forming [ZPdI] or [ZPdIIOH].

Since Pd preferentially locates at 6MR 2Al sites, identical to Cu and Co, we utilized

previously reported and validated models for Al distribution in CHA for common
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Figure 2.2: Z2Pd energy vs Al-Al distance, relative to the lowest energy 3NN 6MR
structure, based on PBE calculations. Only the lowest energy structure in each of
the 25 Al-Al arrangements complying with Löwenstein’s rule have been plotted. The
Pd-Of bond lengths (in Å) in each nearest-neighbor (NN) configuration are shown.
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syntheses to estimate the Pd/Al ratio, expressed as a function of Si/Al, at which all

6MR 2Al sites would be saturated.94,101,102 Cation-exchanged Pd/SSZ-13 materials

used in the experiments described below (Si/Al = 9, 15, and 17, and Pd/Al = 0.016,

0.032, 0.056, and 0.046), and reported elsewhere, fall well below the threshold of

Pd/Al necessary to saturate all 6MR 2Al sites (Si/Al = 9, Pd/Al = 0.146, and

Si/Al = 15, Pd/Al = 0.092, Si/Al = 17, Pd/Al = 0.081).94 We next confirmed the

absence of [ZPdIIOH] by comparing IR spectra of H/SSZ-13 and Pd/SSZ-13 under dry

conditions. Similar FTIR characterization for Cu/SSZ-13 showed the appearance of

[CuOH]+ at 3660 cm-1 in materials with Cu:Al > 0.21.94 Our DFT computed harmonic

frequency for the O-H stretch in [ZPdIIOH] is an analogous 3661 cm-1. Thus, a feature

for [PdOH]+ at a similar frequency would appear in the FTIR spectra of Pd/SSZ-13

sample, should it contain a population of [ZPdIIOH] sites. To validate this hypothesis,

we synthesized and characterized ion-exchanged Pd/SSZ-13 zeolites (Si/Al = 9 and

15, and Pd/Al = 0.016, 0.032 and 0.056) using a modified ion-exchange method.64

Full details of the synthesis and characterization are reported in section 2.4.4. We

pretreated all H/SSZ-13 and Pd/SSZ-13 samples at 873 K in 10% O2 for 1 hour,

and then collected diffuse reflectance infrared Fourier-transform spectra (DRIFTS)

at 473 K in 10% O2. As illustrated in Figure 2.3a, we observed features attributed to

Brønsted sites at 3600 cm-1 and 3580 cm-1, and silanol at 3730 cm-1.102–104 We do not

observe a difference in the peak intensity around 3660 cm-1 between the H/SSZ-13 and

Pd/SSZ13 materials. The absence of a new feature at 3660 cm-1, where other M-OH

stretches have been observed,94 along with our DFT-computed [PdOH]+ frequency,

implies an absence of [ZPdIIOH]. Taken together, our results indicate that, in the

absence of other adsorbates, exchanged Pd ions are solely [Z2PdII] at the 6MR 2Al

sites. This observation is consistent across all synthesized samples with varying Si/Al

and Pd/Al ratios (supporting information 2.1.3).
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Figure 2.3: (a) Ex-situ DRIFTS spectra of Pd/SSZ-13 (red solid line) and H/SSZ-13
(black solid line) collected at 473 K in 10% O2 after 873 K 10% O2 pretreatment. (b)
EXAFS spectra of Pd/SSZ-13 collected at: 298 K after exposed to ambient (blue);
473 K with 10% O2 and 3.1% H2O (light purple); 573 K with 10% O2 and 3.1% H2O
(light blue); 773 K with 10% O2 and 4.5% H2O (pink); 473 K after dehydration in
10% O2 at 873 K (red).

2.2.2 Pd Speciation in the Presence of H2O

To follow the coordination of H2O with exchanged Pd at 1Al and 2Al sites, we com-

puted the structures and adsorption energies of xH2O molecules (x = 1 - 6) on three

commonly proposed Pd cation motifs: [Z2PdII], [ZPdIIOH], and [ZPdI].13,66,67,87,105

1Al : ZPdI(H2O)(x−1) + H2O
∆Eads−−−−→ ZPdI(H2O)x (2.3)

ZPdII(OH)(H2O)(x−1) + H2O
∆Eads−−−−→ ZPdII(H2O)x (2.4)

2Al : Z2PdII(H2O)(x−1) + H2O
∆Eads−−−−→ Z2PdII(H2O)x (2.5)

The lowest energy structures for each of the xH2O adsorbed geometries obtained after

AIMD simulations, (full details in section 2.4.1) were computed using both PBE and
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Table 2.1: H2O Adsorption Energies (∆Eads), and Mobilities and Coor-
dination Numbers of Pd sites with xH2O (x = 1 - 4), Calculated Using
HSE06-D3(BJ)vdwa.

+xH2O

adsorption site x = 1 x = 2 x = 3 x = 4

[ZPdI]
∆Eads (kJ mol-1) -105 -76 -77 -63

Of / CN 2/3 0/2 0/3 0/4

mobility 0.8 2.2 1.4 1.8

[ZPdIIOH] ∆Eads (kJ mol-1) -147 -53 -126 -71

Of / CN 2/4 1/4 0/4 0/4

mobility 0.4 1.0 1.4 2.6

[Z2PdII]
∆Eads (kJ mol-1) -52 -127 -88 -87

Of / CN 3/4 2/4 1/4 0/4

mobility 0.2 0.4 0.4 1.0

aCN and Of denote the coordination number of Pd and the number of zeolitic
framework oxygen bonded to it, respectively.

HSE06 functionals with the Becke-Johnson damping method (D3(BJ)vdw) included

for dispersion corrections. HSE06 calculation results are summarized in Table 2.1.

Calculated energies are similar for PBE and HSE06 (supporting information 2.2.1-1,

and optimized structures are in the supporting information CONTCARS attachment)

and show good agreement with reported PBE adsorption energies of xH2O (x = 1 -

4) ligands on [ZPdIIOH] and [ZPdI] sites in H/BEA zeolite, and x = 1 on the [Z2PdII]

site in SSZ-13.64,66,86 Normalized Pd oxidation states evaluated using Bader charge

analysis are detailed in supporting information 2.2.1-2.

Hydration of [Z2PdII] facilitates the movement of the Pd ion from 6MR (Figure

2.1b) to 8MR and finally, to the center of the zeolite cage (Figure 2.1c). Each H2O

molecule adsorbed replaces the zeolitic framework oxygen (Of), until at x = 4, the
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PdII cation detaches from the framework, attaining a four-fold, square planar geome-

try, which is commonly observed in Pd-organometallic complexes.44,64,92,93 Additional

H2O molecules (x = 5, 6) are physisorbed on the completely hydrated Pd complex,

without altering the coordination chemistry and are ignored in the subsequent calcu-

lations. [ZPdIIOH] displays identical behavior and coordination chemistry with H2O,

forming a four-fold, square planar hydrated Pd complex at x = 3 as shown in Figure

2.1c. In contrast to the PdII species, [ZPdI] evidences a different coordination behav-

ior with H2O. Adsorption of a single H2O molecule on PdI forms a two-fold coordi-

nated linear complex, still attached to the zeolite framework. Subsequently adsorbed

H2O molecules change the PdI-hydrated complex to a linear, two-fold coordinated

geometry, followed by three-fold and four-fold coordinated structures, separated from

the zeolite framework. These H2O-solvated Pd complexes, detached from the zeolite

framework and mobile, have not been considered in the previous Pd/zeolite literature.

To further quantify the observed H2O-promoted Pd mobility in the zeolite cage, we

resolved the supercell into a 0.2 × 0.2 × 0.2 Å grid, and accounted for the number

of cubes the Pd ion moved to during the course of an AIMD simulation at 298 K.

The count was scaled by the grid volume and normalized by the scaled volume of

Z2[PdII(H2O)4] (Pd mobility = 1.0). Table 2.1 reports the results of the mobility

analysis; we generally observe that Pd mobility is enhanced as the degree of hydration

is increased. There is however, a notable exception; the Pd mobility of Z[PdI(H2O)2]

is higher than Z[PdI(H2O)3] owing to the former’s H2O-solvated linear two-fold coor-

dinated structure, which can traverse the zeolite cage more easily due to its smaller

size.

We also considered hydration of Pd bonded to O or H ligands that have been pro-

posed in the literature, such as PdO and PdO2.11,64,85,87,106 Details of all 21 Pd species
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evaluated at 1Al and 2Al sites and their H2O adsorption energies are provided in sup-

porting information 2.2.1-2. We then compared their relative stabilities expressed as

a function of temperature and chemical potentials of hydrogen and oxygen, referenced

to H2O and O2, respectively. Z∗ represents Z and Z2 sites.

Z∗Pd +
x
2

(
H2O − 1

2 O2

)
+

y
2 O2

∆Gform−−−−→ Z∗PdHxOy (2.6)

The formation free energies (∆ Gform) of the Z*PdHxOy species are estimated using

HSE06-D3(BJ)vdw and thermodynamic correlations described in section 2.4.2. We

used the HSE06-computed energy of the exchange reaction (eq 2.1) reported in section

2.2.1 for the formation of [ZPdIIOH] from [Z2PdII(H2O)], to offset their 0 K energies,

and collate the 1Al and 2Al structures on a common energy scale, with [Z2PdII] de-

fined as the zero of energy. Figure 2.4a illustrates the formation free energies at low

temperature (condition 1, 298 K, 4.5% H2O, and 10% O2) and elevated temperature

(condition 2, 773 K, 3.1% H2O, and 10% O2). These temperatures are characteristic

of NO storage and release in PNAs, catalytic CO and hydrocarbon oxidation, and

Wacker oxidation11,13,15,66,67,77,85,86,105,107–109 and allow comparison of our computa-

tions with DRIFTS and X-ray absorption spectroscopy (XAS) data. The lowest free

energy species at 298 K (condition 1) from Figure 2.4a is Z2[PdII(H2O)4], followed

by [Z2PdII(H2O)3] which is +32 kJ mol-1 higher in energy. Formation of other Pd

species at the 2Al site, such as [Z2PdII], [Z2PdIIIO] and [Z2PdIIO2] are all endergonic,

with [Z2PdIIIO] being the least favorable species at this temperature. The lowest free

energy structure at the 1Al site is Z[PdII(OH)(H2O)3], while the hydrated form of

a PdI ion at the same site, Z[PdI(H2O)4], is endergonic by +51 kJ mol-1. This is

followed by species of varying degrees of hydration of [ZPdI] and [ZPdIIO2] at the 1Al

site. As the temperature is increased to 773 K (condition 2), the free energies of all
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Figure 2.4: (a) Formation free energies (∆Gform) of Z* PdHx Oy species at 1Al and
2Al sites represented on a common energy scale at condition 1 (298 K, 4.5% H2O, 10%
O2), and condition 2 (773 K, 3.1% H2O, 10% O2), and (b) Thermodynamic phase
diagrams for 1Al and 2Al Pd-exchanged sites on a common energy scale based on
HSE06-D3(BJ)vdw calculated energies. (The low and high temperature conditions
are labeled accordingly on the phase diagrams with the structures shown for the
corresponding minimum free energy species)

the hydrated species increase significantly, leaving [Z2PdII] as the most stable species

at the 2Al site, and [ZPdI] at the 1Al site.

We extended the results of Figure 2.4a to formulate a combined phase diagram

for Z∗PdHxOy shown in Figure 2.4b, plotted over a range of temperatures and H2O

pressures at 10% O2. HSE06-computed phase diagrams of individual 1Al and 2Al

sites are shown in supporting information 2.2.1-3. Conditions 1 and 2 considered

in Figure 2.4a are labeled on the phase diagram. The lowest energy species at

low temperature and high H2O pressure are the completely hydrated Z2[PdII(H2O)4]

complexes; as the temperature is increased, waters of hydration desorb, giving the

adsorbate-free [Z2PdII].

To validate the predicted characteristics of Pd cations we performed in-situ XAS
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experiments on a Pd/SSZ-13 sample (Si/Al = 17, Pd/Al = 0.046) at 298 K after

ambience exposure, 473 K and 773 K in the presence of 10% O2 and 3.1% H2O, and

at 473 K following dehydration at 873 K in 10% O2. The extended X-ray absorption

fine structure (EXAFS) spectra are shown in Figure 2.3b and additional details

of the XAS experiments and fitting are reported in supporting information 2.2.2-1.

We do not observe EXAFS features associated with higher shell Pd-O-Pd scattering

in any of the collected spectra, confirming the absence of PdO nanoparticles in our

materials, and X-ray absorption near edge structure (XANES) results show a similar

edge energy to a PdIIO standard, confirming all cations have an oxidation state of

2+.

We observe a first shell Pd-O bond distance of 2.01±0.1 Å with a coordination number

of 4.0±0.3, and absence of second shell scatter after exposure to either ambience at 298

K or to 10% O2 and 3.1% H2O at 473 K (blue lines). These spectra are equivalent to

those of homogeneous aqueous PdII and CuII ions.110,111 Our results are in agreement

with the phase diagram prediction shown in Figure 2.4b, and support the formation

of H2O-solvated Z2[PdII(H2O)4] complexes detached from the zeolite framework.

EXAFS spectra collected at 773 K in 3.1% H2O and 10% O2 (pink line), or at

473 K following treatment at 873 K in 10% O2 and 0% H2O (red line), exhibit

second shell scattering (attributed to framework Si/Al)94 and a slightly lower Pd-O

coordination number, similar to dehydrated Cu/SSZ-13.94 We interpret these results

as the dehydration of Z2[PdII(H2O)4] to [Z2PdII] at 773 K in the presence of 3.1%

H2O, in agreement with the phase diagram prediction shown in Figure 2.4b. In-situ

DRIFTS dehydration experiments reported in supporting information 2.1.3 Figure

S3b, show similar trends in dehydration temperature.
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2.2.3 Pd Speciation During NO Adsorption

We next follow Pd coordination chemistry in the presence of NO and H2O.

2.2.3.1 NO Adsorption Energies

We computed NO adsorption energies, in the presence and absence of xH2O (x = 0 -

3), at the 1Al and 2Al Pd sites employing the AIMD and geometry optimization pro-

tocols described in section 2.4.1 using both PBE-D3(BJ)vdw and HSE06-D3(BJ)vdw

per the following reactions:

1Al : ZPdI(H2O)x + NO
∆Eads−−−−→ ZPd(H2O)x(NO) (2.7)

ZPdII(OH)(H2O)x + NO
∆Eads−−−−→ ZPdII(OH)(H2O)x(NO) (2.8)

2Al : Z2PdII(H2O)x + NO
∆Eads−−−−→ Z2PdII(H2O)x(NO) (2.9)

Full details and structure files along with the Pd oxidation states assessed by HSE06-

computed Bader charges can be found in supporting information 2.3.1-1, and the

CONTCARS attachment. Table 2.2 reports the computed NO binding energies;

depending on the choice of functional, we observe differences as large as +99 kJ mol-1

for the same structure, in contrast with H2O binding energies (supporting information

2.2.1-1). The significant disparity in NO adsorption energies is consistent with obser-

vations in the literature, which concur that GGA methods tend to overestimate the

exothermicity of NO binding energies on Cu/SSZ-13 zeolites by > 90 kJ mol-1.112–114

Regardless of the functional used, NO binding energies display similar qualitative

trends, with [Z2PdII] being the least, and [ZPdI] the most exothermic. Geometries
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Table 2.2: NO Adsorption Energies (∆Eads), and Mobilities and Coordina-
tion Numbers of Pd sites in the Absence and Presence of xH2O Molecules
(x = 0 - 3), Calculated Using PBE-D3(BJ)vdw and HSE06-D3(BJ)vdwa.

+xH2O

adsorption site x = 0 x = 1 x = 2 x = 3

[ZPdI(NO)]
∆Eads (kJ mol-1) PBE -272 -239 -240 -224

HSE06 -175 -142 -141 -146

Of / CN 3/4 2/4 0/3 0/4

mobility 0.4 1.6 1.6 0.8

[ZPdIIOH(NO)] ∆Eads (kJ mol-1) PBE -195 -126 -157 -99

HSE06 -140 -58 -103 -37

Of / CN 2/4 1/4 0/4 0/4

mobility 0.4 0.6 0.4 0.8

[Z2PdII(NO)]
∆Eads (kJ mol-1) PBE -123 -150 -120 -123

HSE06 -70 -106 -60 -68

Of / CN 4/4 2/4 1/4 0/4

mobility 0.2 0.4 0.4 0.2

aCN and Of denote the coordination number of Pd and the number of zeolitic
framework oxygen bonded to it, respectively.
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Figure 2.5: HSE06-optimized structures of (a) NO adsorbed on 1Al and 2Al Pd-
exchanged sites, and (b) NO adsorbed in the presence of H2O.

of NO-adsorbed species at 1Al and 2Al Pd sites, optimized using both PBE and

HSE06 functionals, yield similar structures; HSE06-optimized structures are shown

in Figure 2.5a. Khivantsev et al. reported a similar PBE NO binding geometry and

energy on [Z2PdII] in the 6MR.64,66 However, for [ZPdIIOH] and [ZPdI], we found that

NO causes relocation of the Pd cation to a lower energy minima for both PBE and

HSE06. [ZPdIIOH], initially present in the plane of the 8MR, moved to the periphery

of the 6MR upon adsorbing NO. Likewise, [ZPdI(NO)] migrates to a lower energy

geometry in the 8MR, as opposed to the reported 6MR;64,66 the former being +50 kJ

mol-1 more exothermic.

Adsorption of subsequent H2O break the Pd-Of bonds, eventually forming the favored

four-fold coordinated, square planar hydrated Pd-nitrosyl complex at the center of

the zeolite cage, at x = 2 in [ZPdII(OH)], and x= 3 in [ZPdI] and [Z2PdII], shown

in Figure 2.5b. Similar to Cu-mixed ligand mobile complexes,115 the hydrated Pd-

nitrosyl complexes exhibited Pd mobility (normalized to Z2[PdII(H2O)4] = 1.0) as

well, although slightly reduced in comparison to their fully H2O-solvated analogues.
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The NO adsorption energy and optimized structure evaluated by Khivantsev et al. for

[Z2PdII(NO)(H2O)] using the PBE functional is consistent with our PBE results.64,66

Formation of the mobile hydrated Pd-nitrosyl complexes detached from the zeolite

framework requires adsorption of at least 2 H2O for all three models. However,

calculations with NO in the presence of > 1 H2O on either [Z2PdII] or [ZPdI] and

[ZPdII(OH)] have not been reported elsewhere.

To explore the adsorption of multiple NO, we determined the energy to adsorb

a second NO molecule on [ZPdI(NO)], [ZPdII(OH)(NO)], and [Z2PdII(NO)], using

both PBE and HSE06; results are tabulated in supporting information 2.3.1-2 and

structures files are provided in the CONTCARS attachment. PBE-computed values

parallel those reported in the literature.64,66,86 HSE06 calculations demonstrate more

endothermic energies for adsorption of the second NO on all structures. Moreover,

HSE06 calculations showed that the adsorption of a second NO on [ZPdI(NO)(H2O)2],

[ZPdII(OH)(NO)(H2O)] and [Z2PdII(NO)(H2O)2] was comparatively weaker than that

of adsorbing a third H2O molecule on these sites, implying the preferential adsorption

of multiple H2O molecules over multiple NO molecules for H2O-solvated structures.

We considered NO adsorption on all 21 Pd-bound ligands at the 1Al and 2Al sites

considered under hydrothermal conditions and employed thermodynamic analysis to

evaluate their relative free energies with O2, H2O and NO as the references for oxy-

gen, hydrogen and nitrogen, respectively. The formation free energies (∆Gform) of

the Z*PdHxOy(NO)z species are computed as per section 2.4.2 using both PBE-

D3(BJ)vdw and HSE06-D3(BJ)vdw energies, and both exchange reaction energies

with both functionals (eqs 2.1 and 2.2).

Z∗Pd +
x
2

(
H2O − 1

2 O2

)
+

y
2 O2 + z NO

∆Gform−−−−→ Z∗PdHxOy(NO)z (2.10)
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The four resulting thermodynamic phase diagrams are provided in supporting infor-

mation 2.3.1-3. While both PBE and HSE06 predict the same minimum free energy

species, the PH2O and T range over which the NO-bound species exist differ signifi-

cantly between the two functionals. To determine which of these two DFT models are

accurate, we next turn to coupled cluster theory-computed NO adsorption energies

on candidate structures from our thermodynamic analysis.

2.2.3.2 Electronic Structures and Vibrational Frequencies of Pd-NO Struc-

tures.

We first constructed two sets of molecular models for the minimum free energy species

resulting from our thermodynamic analysis: H2O-solvated Pd, and zeolite cluster

models. For the H2O-solvated Pd model, we extracted the four-fold coordinated

hydrated-Pd complexes, as shown in Figure 2.1b, from the PBE-optimized peri-

odic geometries of Z[PdI(H2O)4], Z[PdII(OH)(H2O)3], and Z2[PdII(H2O)4]. Since this

model is devoid of the zeolite framework, we compensated the charge by applying an

appropriate uniform background charge. Next, we computed the energy required to

exchange a single H2O with NO, forming the hydrated-Pd nitrosyl complexes depicted

in Figure 2.5b:

1Al : Z[PdI(H2O)4] + NO ∆E−−→ Z[PdII(H2O)3(NO)] + H2O (2.11)

Z[PdII(OH)(H2O)3] + NO ∆E−−→ Z[PdII(OH)(H2O)2(NO)] + H2O (2.12)

2Al : Z2[PdII(H2O)4] + NO ∆E−−→ Z2[PdII(H2O)3(NO)] + H2O (2.13)

The calculated energies required to replace H2O with NO were then approximated
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per the method proposed by Sauer and co-workers,116–121 and reported in Table 2.3:

Esupercell
HSE06 ≈ Esupercell

GGA + Ecluster
HSE06 − Ecluster

GGA (2.14)

To validate our methodology, we computed cluster model single-point energies using

the HSE06 functional and def-2TZVPP basis set for comparison to our supercell

HSE06 calculations. Comparison of the HSE06-computed energies for the periodic

model with the H2O-solvated Pd cluster model are within ±9 kJ mol-1, demonstrating

that the zeolite-excluded model is reasonably accurate. We also considered another

hybrid DFT functional, B3LYP, and found the results agreed with HSE06 within ±15

kJ mol-1. To benchmark our DFT results we performed WFT CCSD(T) calculations,

which have been shown to be accurate for transition metal cations such as Cu, Fe,

Cr, Ni, etc.122–128 Computed CCSD(T) energies are reported in Table 2.3. We

observe that HSE06 and B3LYP hybrid DFT functionals are within ±18 kJ mol-1 of

the CCSD(T)-computed energies. These results substantiate the reliability of hybrid

functionals over GGA for computation of NO binding energies.

Subsequently, we calculated NO adsorption energies on the 1Al and 2Al Pd-exchanged

sites in the zeolite cluster model using HSE06 and B3LYP functionals with the def2-

TZVPP basis set:

1Al : [ZPdI] + NO
∆Eads−−−−→ [ZPdI(NO)] (2.15)

[ZPdII(OH)] + NO
∆Eads−−−−→ [ZPdII(OH)(NO)] (2.16)

2Al : [Z2PdII] + NO
∆Eads−−−−→ [Z2PdII(NO)] (2.17)
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Table 2.3: Comparison of Adsorption Energies for the Periodic Model
with Zeolite Cluster Models for 1Al and 2Al Pd-exchanged Sites.a

PBE/ HSE06/ HSE06/ B3LYP/ CCSD(T)/ B3LYP/def2-TZVPP

PW PW def2-TZVPP def2-TZVPP def2-TZVPP NO frequency

Z*[Pd(H2O)x] + NO ∆E−−→ Z*[Pd (H2 O)x-1(NO)] + H2O

Z[PdII(NO)(H2O)3] -169 -80 -78 -84 -74 1798

Z[PdII OH(NO) (H2O)2] -49 +14 +23 +17 +5 1878

Z2[PdII(NO) (H2O)3] -52 +12 +6 +6 +8 1986

[Z*PdHxOy] + NO ∆E−−→ [Z*PdHxOy(NO)]

[ZPdI(NO)] -257 -159 -160 -171 NC 1853

[ZPdII OH(NO)] -185 -124 -127 -112 NC 1848

[Z2PdII(NO)] -108 -52 -50 -41 NC 1866

aAll reported energies are in kJ mol-1, and frequencies are in cm-1. NC denotes not
calculated and PW plane wave

The CCSD(T) method was not implemented for this model due to the computational

expense. Table 2.3 reports the NO adsorption energies on these cluster models.

Analogous to the H2O-solvated Pd model, energies of the HSE06-computed periodic

model are similar to the cluster HSE06 and B3LYP calculations within ±3 kJ mol-1.

PBE-computed values vary by 100 kJ mol-1 from their hybrid functional counterparts.

Our H2O-solvated and zeolite cluster models showcase good accuracy for the NO

energy landscape in Pd/SSZ-13. The structures for both models can be found in the

supporting information CONTCARS attachment.

We next evaluated the vibrational frequencies for the species considered in the H2O-

solvated Pd and zeolite cluster models, using B3LYP/def2-TZVPP optimization and

frequency calculations. We chose this combination of method and basis set since

the scaled129 gas-phase NO vibrational frequency (1904.0 cm-1) is in close agreement
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Figure 2.6: CCSD(T) calculated NBOs for B3LYP optimized geometries of (a)
Z2[PdNO(H2O)3], (b) Z[PdOH(NO)(H2O)2], and (c) Z[PdNO(H2O)3]. Red and blue
isosurfaces indicate the different phases of the NBOs. NBO assigned Lewis dot struc-
tures for each species’ Pd-NO moiety are beneath their NBO representations, with
emphasis on the occupancy of the unbound N valence electrons. Pd-NO bond angles
and distances are also displayed. The isovalues used for NBO plots are ±0.15.

with experiment (1904.1 cm-1).130 Table 2.3 reports the computed frequencies for

each structure, additional details of the calculations can be found in section 2.4.3

and supporting information 2.3.2-1. Nitrosyl frequencies range from 1798 to 1986

cm-1. We demonstrate below that these deviations are closely tied to the electronic

structure of the Pd-NO complexes.

To gain insight into the nature of the Pd-NO moieties for H2O-solvated structures, we

performed Natural Bond Order (NBO) analysis131–137 on the B3LYP optimized struc-

tures using CCSD(T)-computed electronic structures. Electron occupancies along

with geometries of the Pd-NO moieties are depicted in Figure 2.6, and further de-

tailed in supporting information 2.3.2-2. NBO analyses assign neutral nitrosyl ligands

for Z2[Pd(NO)(H2O)3] and Z[Pd(OH)(NO)(H2O)2], confirming the Bader charge as-

signment of PdII for both species. However, localization of the electron densities of N
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Figure 2.7: (a) Thermodynamic phase diagram for Z*PdHxOy(NO)z species at 1Al
and 2Al Pd-exchanged sites on a common energy scale incorporating the zero-point,
and vibrational free energies, and HSE06-computed energies, and (b) Formation free
energies (∆Gform) of Z* PdHxOy(NO)z species at 1Al and 2Al sites represented on a
common energy scale at 403 K, 4.5% H2O, 10% O2, 200 ppm NO.

and Pd-N bond is different among the two structures. NBO analyses yield electron

populations of 1.89 and 0.98 for the N lone pairs, and populations of 0.99 and 1.95

for the Pd-N bonding orbitals, for Z2[PdII(NO)(H2O)3] and Z[PdII(OH)(NO)(H2O)2],

respectively. This discrepancy elongates the Pd-N distance and shortens the nitrosyl

bond length for Z2[PdII(NO)(H2O)3], resulting in a 100 cm-1 increase in its frequency

in comparison to Z[PdII(OH)(NO)(H2O)2]. NBO analysis of Z[Pd(NO)(H2O)3] yields

a full lone pair of electrons to the N atom, and a full pair of electrons to the Pd-N

bond. NBO results are consistent with an oxidation state of -1 to the nitrosyl ligand

(NO-) and 2+ to Pd, which we assign as Z[PdII(NO-)(H2O)3].
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We next incorporated zero-point, and vibrational free energies (detailed in support-

ing information 2.3.2-3), and HSE06-D3(BJ)vdw-computed energies to formulate a

thermodynamic phase diagram of Z*PdHxOy(NO)z species. Figure 2.7a reports the

lowest free energy species as a function of temperature and H2O partial pressure,

with O2 and NO concentrations of 10% and 200 ppm, respectively. The lowest free

energy species in the absence of H2O and at 298 K is [Z2PdII(NO)]. Reduction of

PdII to [ZPdI(NO)] is predicted for low PH2O (-15 < log(PH2O/P°) < -6), amounting

to ppm levels of H2O, at ambient temperatures. [ZPdI(NO)] and [Z2PdII(NO)] are

close in free energy across this range of PH2O, and possess similar NO vibrational

frequencies, making it difficult to discern which species might be observed during

experiments performed in the absence of H2O. For 1–4.5% H2O, conditions more rep-

resentative of application and experiment, the lowest energy species from 298–660 K is

Z[PdII(NO-)(H2O)3]. As temperature increases to 403 K at 4.5% H2O, the lowest en-

ergy species at the 1Al site, Z[PdII(NO-)(H2O)3], and the 2Al site, Z2[PdII(H2O)4] are

8 kJ mol-1 apart. The Boltzmann distribution of species at these conditions predicts

that 10% of the Pd sites will be H2O-solvated as Z2[PdII(H2O)4]. The subtle difference

in free energy between these two species at 403 K, and between Z[PdII(NO-)(H2O)3]

and [ZPdI(NO)] near 600 K, are sensitive to the inclusion of vibrational free energies.

With further increase in temperature, Z[PdII(NO-)(H2O)3] loses water of hydration

along with NO to revert to the original adsorbate-free [Z2PdII] site at 700 K. Results

suggest the following nominal NO adsorption stoichiometry and computed free energy

at 4.5% H2O, 10% O2 and 200 ppm NO:

Z2[PdII (H2O)4] + NO ∆G(403 K)−−−−−−−−→
−8 kJ mol−1

Z[PdII(NO−)(H2O)3]/[ZH] +
1
2 H2O+

1
4 O2

(2.18)
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Similarly, the NO desorption stoichiometry is:

Z[PdII(NO−)(H2O)3]/[ZH] +
1
4 O2

∆G(773 K)−−−−−−−−−→
−16 kJ mol−1

[Z2PdII] +
7
2 H2O+ NO (2.19)

Our thermodynamic model thus, predicts a reaction environment-induced change

in the number of Al sites charge compensating the Pd cation in the zeolite upon

exposure to NO and during subsequent dehydration. The underlying kinetics of this

non-elementary process are still unclear.

We next performed isothermal NO adsorption at 353 K followed by temperature

programmed desorption (TPD) experiments (30 K/min ramp rate) under 4.5% H2O,

and dry conditions (< 5 ppm H2O), to qualitatively compare the relative NO bind-

ing energies of the most abundant surface intermediates, namely, [Z2PdII(NO)] or

[ZPdI(NO)] under dry conditions, and Z[PdII(NO-)(H2O)3] in the presence of 4.5%

H2O. The NOx-TPD profile from Pd/SSZ-13 under dry conditions before peak de-

convolution is shown in supporting information 2.3.2-4, as is the one from H/SSZ-13.

Peak deconvolution, also shown in supporting information 2.3.2-4, was performed

using these two profiles to separate NO adsorption on Pd-related species from NO

interacting with zeolitic AlO4
- sites. As shown in Figure 2.8, the majority of NOx

desorbs from Pd at temperatures near 500 K under dry conditions, whereas the NOx

desorption profile peaks at around 750 K in the presence of 4.5% H2O. This difference

in NO desorption temperatures agrees with the phase diagram prediction in Figure

2.7b featuring lower free energy of Z[PdII(NO-)(H2O)3] compared to [Z2PdII(NO)]

or [ZPdI(NO)], and thus a higher NOx desorption temperature in the presence of

H2O (Figure 2.7a). In the presence of 4.5% H2O, we also observed additional

NOx adsorption at around 440 K, likely due to the small difference (8 kJ mol-1)
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Figure 2.8: NOx temperature programmed desorption (NOx-TPD) pro-files of
Pd/SSZ-13 (Si/Al = 9, Pd/Al = 0.056) in the presence of 200 ppm NO, 10% O2,
4.5% H2O (red) and < 5ppm H2O (black) at a ramp rate of 30 K/min.

in free energies between Z2[PdII(H2O)4] and Z[PdII(NO-)(H2O)3] in this temperature

range, or the kinetics of H2O desorption and NO adsorption. Integrating the des-

orption peak gives a 1.05±0.1 NO:Pd ratio in the presence of H2O, in agreement

with the HSE06-computed prediction for endothermic adsorption of a second NO

on Z[PdII(NO-)(H2O)3]. The free energy calculations discussed above are based on

thermodynamics, without considering differences between H2O and NO adsorption

and desorption kinetics. Nevertheless, the difference between NOx-TPD profiles is

captured by the computed phase diagram.

2.2.3.3 Experimental IR Frequencies

To further validate the structures predicted by our molecular models, we collected

in-situ NO adsorption DRIFTS spectra at 473 K and 403 K in 10% O2, 200 ppm NO

and a wide range of PH2O. As is shown in Figure 2.9a, a spectrum collected at 473 K
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Figure 2.9: In-situ NO adsorption DRIFTS spectra of Pd/SSZ-13 (Si/Al = 9, Pd/Al
= 0.056) collected at: (a) 473 K with 200 ppm NO, 10% O2; (b) 473 K with 200 ppm
NO, 10% O2 and 1.3% H2O; (c) 403 K with 200 ppm NO, 10% O2 and 1.3% H2O; (d)
403 K with 200 ppm NO, 10% O2 and 4.5% H2O. Red spectra are the final spectra
collected after saturation and grey traces are time resolved spectra collected before
saturation with 10 min time intervals. Background spectra were collected at (a) 473
K with 10% O2; (b) 473 K with 10% O2 and 1.3% H2O; (c) 403 K with 10% O2 and
1.3% H2O; (d) 403 K with 10% O2 and 4.5% H2O.

under dry conditions in the presence of 200 ppm NO and 10% O2 has an IR absorption

peak at 1858 cm-1, and another at 2200 cm-1, the latter is shown in supporting infor-

mation 2.3.3-1. Peak assignments for the > 2100 cm-1 IR features have been widely

discussed in the literature, appearing on H-zeolites, and are assigned to stretching of

NO+ interacting with zeolitic AlO4
- sites.63,79,138,139 The identity of the Pd-related NO

stretching feature at 1858 cm-1 can be assigned to either [Z2PdII(NO)] or [ZPdI(NO)],

substantiated by the DFT-calculated vibrational frequencies of 1866 cm-1 and 1853

cm-1 in Table 2.3. Although we cannot differentiate between [Z2PdII(NO)] and

[ZPdI(NO)] based on IR frequencies, we posit that only one of these two species

should exist under dry conditions due to the single symmetric peak observed.

To determine the effect of H2O on Pd-NO speciation we collected DRIFTS spectra

in the presence of 200 ppm NO, 10% O2 and 1.3% H2O at 473 K and 403 K shown

in Figure 2.9b,c. We observed the appearance of a new IR feature at 1818 cm-1 in
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the presence of 1.3% H2O and the disappearance of the >2100 cm-1 features, the

latter is shown in supporting information 2.3.3-1 Figures S10-S12. The intensity of

the 1818 cm-1 peak was larger at the lower temperature. Figure 2.9d shows the

spectrum collected at 403 K with 200 ppm NO, 10% O2 and 4.5% H2O, where the

peak intensity at 1818 cm-1 increases significantly relative to the peak at 1860 cm-1. A

similar peak shift upon addition of H2O was observed by Chen et. al.77 We attribute

this behavior to the formation of Z[PdII(NO-)(H2O)3], the lowest free energy species

in the presence of H2O according to the phase diagram in Figure 2.7, and the DFT-

computed NO vibrational frequency of 1798 cm-1 for Z[PdII(NO-)(H2O)3] in Table

2.3. The NO stretching frequency at around 1818 cm-1 has been previously reported

as [ZPdI(NO)] in the absence of H2O.64,66,67 However, our DRIFTS experiments clearly

demonstrate that this feature has PH2O and T dependencies indicating a H2O-solvated

structure. We observed no nitrate or nitrite formation in the presence of percentage-

level H2O and have reported spectra with these regions included in the supporting

information 2.3.3-1 Figures S10-S12. Spectra taken (supporting information 2.3.3-1)

in the presence of 200 ppm NO, 10% O2 and 20 ppm H2O are representative of those

reported as being in the absence of H2O elsewhere.64

2.2.3.4 CO Adsorption and Oxidation

The effect of H2O noted above could also impact other reactions since Pd cations

formed in the presence and absence of H2O are two intrinsically different species. CO

has been reported to adsorb on Pd cations in Pd/SSZ-13 and may also contribute to

irreversible degradation of PNAs.13 Therefore, we chose CO adsorption and oxidation

as probe reactions to further investigate the H2O-solvation effect.

We collected DRIFTS spectra in the presence of 200 ppm CO, 200 ppm NO, 10% O2
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Figure 2.10: In-situ DRIFTS spectra of Pd/SSZ-13 (Si/Al = 9, Pd/Al = 0.056)
collected at: (a) 353 K during 200 ppm NO addition after exposure to 10% O2, 20
ppm H2O and 200 ppm CO; (b) 403 K during 200 ppm CO addition after exposure
to 10% O2, 1.3% H2O and 200 ppm NO; (c) 473 K during 200 ppm CO addition after
exposure to 10% O2, 1.3% H2O and 200 ppm NO; (d) 403 K during 200 ppm CO
addition after exposure to 10% O2, 4.5% H2O and 200 ppm NO. Background spectra
were collected at (a) 353 K with 10% O2 and 20 ppm H2O; (b) 403 K with 10% O2
and 1.3% H2O; (c) 473 K with 10% O2 and 1.3% H2O; (d) 403 K with 10% O2 and
4.5% H2O.

and 20 ppm – 4.5% H2O. At 20 ppm H2O, CO stretching frequencies appear at 2148

and 2189 cm-1 (Figure 2.10a), consistent with spectra reported by Khivantsev et al.

under similar conditions.67 However, exposure to 1.3–4.5% H2O (Figure 2.10b-d)

causes the disappearance of all CO stretching frequencies (~2100–2300 cm-1), resulting

in the recovery of the spectra collected in the absence of CO reported in Figure 2.9b-

d.

We attribute the vanishing of CO frequencies to the more exothermic binding of

NO on Pd as compared to CO, in the presence of H2O, forming predominantly

Z[PdII(NO-)(H2O)3] under these conditions. The HSE06 computed binding energy

of CO is -59 kJ mol-1 on Z[PdI(H2O)4], and -80 kJ mol-1 for NO (supporting infor-

mation 2.3.4-1), which supports this hypothesis. Further, replacement of H2O with

CO on Z[PdII(NO-)(H2O)3] is computed to be endothermic (+44 kJ mol-1), indicating

co-adsorption of CO is prohibitive.
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Figure 2.11: CO oxidation rates measured on Pd/SSZ-13 (Si/Al = 9, Pd/Al =
0.056) in the presence of: 200 ppm CO, 10% O2 and 4.5% H2O (red square); 200 ppm
NO, 200 ppm CO, 10% O2 and 4.5% H2O (purple diamond); 200 ppm CO and 10%
O2 (black triangle); 200 ppm NO, 200 ppm CO and 10% O2 (green circle). Water
gas shift rates measured on Pd/SSZ-13 (Si/Al = 9, Pd/Al = 0.056) in the presence
of 200 ppm CO and 4.5% H2O (blue circle).
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We performed steady-state CO oxidation experiments between 373 K to 473 K in

the presence and absence of 4.5% H2O, where 200 ppm CO was present at all times

(Figure 2.11, additional details in supporting information 2.3.4-2). We also mea-

sured water gas shift (WGS) activity on the same catalyst to eliminate a possible

change in activation energy due to the onset of the WGS reaction (blue circles).

CO oxidation rates measured in the presence of 4.5% H2O are significantly higher

than those measured in the absence of H2O. Formation of Pd nanoparticles is not

detected under these conditions Figure S14, additional details in supporting informa-

tion 2.3.4-3), suggesting H2O-solvated Pd complexes are the active site for catalytic

CO oxidation. The different CO oxidation activation energies further highlight the

distinction between H2O-solvated and dehydrated Pd. This may be due H2O as-

sisted O2 activation, or mobilization of Pd cations to form transient multinuclear

complexes.37,40,41,140 Table 2.1 suggests a possible correlation between Pd cation

mobility and CO oxidation activity. We also performed steady-state CO oxidation

experiments in the presence of NO, with and without 4.5% H2O, with 200 ppm CO,

200 ppm NO and 10% O2. The near-zero CO oxidation activity in the presence of 200

ppm NO and 4.5% H2O provides further evidence that CO adsorption is prohibitive

on Z[PdII(NO-)(H2O)3].

Taken together, our results show that CO oxidation is promoted by formation of

H2O-solvated Pd complexes in the absence of NO. However, in the presence of NO

and practically relevant H2O pressures at ≤ 473 K CO adsorption is inhibited. We

find no evidence to support the formation of PdII(NO)(CO) complexes under these

conditions.
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2.2.4 Comparison with ZSM-5 and BEA Zeolites

We have demonstrated that the presence of H2O leads to the solvation of Pd and Pd-

NO complexes. The EXAFS spectrum of H2O exposed Pd/SSZ-13 reported in Figure

2.3 lacks second shell scattering at T ≤ 473 K, which suggests that these hydrated

complexes are detached from the zeolite framework. A similar solvation effect induced

by NH3 has also been observed in Cu/SSZ-13. At temperatures lower than 523 K

NH3-solvated Cu complexes form and interact with the zeolite framework through

electrostatic tethering.37,39 Motivated by these observations, we hypothesized that

the nature of hydrated Pd-NO complexes within different zeolite frameworks should

be similar, although the Pd-NO complexes formed in the absence of H2O can differ

due to differences in initial Pd speciation.

To test this hypothesis, we extended our in-situ NO adsorption DRIFTS experiments

on Pd/SSZ-13 (Si/Al = 9, Pd/Al = 0.056) to Pd/ZSM-5 (Si/Al = 15, Pd/Al = 0.094)

and Pd/BEA (Si/Al = 12.5, Pd/Al = 0.079), and first performed NO adsorption in the

absence of H2O at 423 K, followed by NO adsorption in the presence of 4.5% H2O at

353 K. Figure 2.12 shows that the DRIFTS spectra collected in the absence of water

(solid lines) for Pd/BEA and Pd/ZSM-5 are significantly different from Pd/SSZ-13

in terms of both the number of features and their frequencies. NO stretching features

at 1881 cm-1 and 1836 cm-1 on Pd/ZSM-5, and 1849 cm-1 on Pd/BEA are consistent

with the reported NO stretching features in the Pd/zeolite literature.11,63,107,141 The

primary NO adsorption sites in the absence of H2O for BEA and ZSM-5 are unknown,

and appear to give rise to different NO stretching frequencies and potentially different

Pd/zeolite binding energies.77 Additionally, more than one NO stretching feature is

observed with Pd/ZSM-5 and Pd/BEA, indicating more heterogeneous Pd cation

speciation resulting from different framework topology and Al distributions compared
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Figure 2.12: In-situ NO adsorption DRIFTS spectra of Pd/SSZ-13 (red), Pd/ZSM-
5 (gray) and Pd/BEA (black). Spectra are collected at: 473 K with 200 ppm NO,
10% O2 (solid line) and 403 K with 200 ppm NO, 10% O2 and 4.5% H2O (dashed
line) for Pd/SSZ-13; 373 K with 200 ppm NO, 10% O2 (solid line) and 373 K with
200 ppm NO, 10% O2 and 4.5% H2O (dashed line) for Pd/ZSM-5; 353 K with 200
ppm NO, 10% O2 (solid line) and 353 K with 200 ppm NO, 10% O2 and 4.5% H2O
(dashed line) for Pd/BEA. Background spectra were collected at: 473 K with 10%
O2 (solid line) and 403 K with 10% O2 and 4.5% H2O (dashed line) for Pd/SSZ-13;
373 K with 10% O2 (solid line) and 373 K with 10% O2 and 4.5% H2O (dashed line)
for Pd/ZSM-5; 353 K with 10% O2 (solid line) and 353 K with 10% O2 and 4.5%
H2O (dashed line) for Pd/BEA. Peak heights are normalized to the intensity of the
dominating feature of each spectrum to highlight the difference in peak numbers and
positions.
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to SSZ-13.80,142–145 However, DRIFTS spectra collected after NO adsorption in the

presence of 4.5% H2O (dashed lines) show similar IR features regardless of zeolite

topology. Dominating features at 1818 cm-1 for Pd/SSZ-13, 1814 cm-1 for Pd/ZSM-

5, and 1808 cm-1 for Pd/BEA demonstrate a more homogenized distribution of Pd

cations, even though the peak positions of these features are slightly different, likely

due to the effect of zeolite cage geometry.77 This result supports the hypothesis that

the hydration of Pd cations causes them to detach from the zeolite and give way

to homogenized and H2O-solvated Z[PdII(NO–)(H2O)3] complexes within different

zeolite frameworks.

2.3 Conclusions

We show here that Pd ions and Pd-NO complexes are sensitive to environmental con-

ditions and interrogation of their speciation is possible through a combined approach

of experiment and computational modeling. Exposure of Pd-zeolites to H2O and

NO causes profound changes that are captured through condition-dependent spectro-

scopic and kinetic experiments, and by previously unexplored computational models

that incorporate H2O-solvation, AIMD simulations, hybrid-exchange DFT function-

als, and WFT calculations. As shown here, GGA functionals, such as PBE, do not

accurately describe Pd-NO complexes.

We show that exchanged Pd cations in SSZ-13 zeolites with Si/Al = 9 and Si/Al

= 15 preferentially locate to 2Al 6MR sites as [Z2PdII], similar to their Cu and Co

analogues. In contrast to Cu, and consistent with Co, the computed energies of

forming [ZPdIIOH] moieties are prohibitive, and we do not detect their presence in

any of our materials. Our findings may shed light on experimental difficulties with
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exchanging Pd-cations in SSZ-13, especially at higher Si/Al ratios where the density

of 2Al 6MR sites may be small. Neither our computational or experimental results

suggest the presence of PdI, or the higher oxidation states PdIII and PdIV in as-

synthesized Pd-zeolites, consistent with prior assertions.66 Exposure to H2O at < 573

K solvates and mobilizes Pd ions, similar to observations for Cu/zeolites.94 Catalytic

CO oxidation and IR experiments further emphasize the chemical differences between

[Z2PdII] and Z2[PdII(H2O)4]. These conditions are similar to those used for catalytic

Wacker oxidation (378 K, ~0.3–3% H2O) on Cu-Pd/zeolite Y:

2C2H4 +O2 → 2C2H4O (2.20)

where a H2O apparent order of 0.73 was measured.75 Under these conditions we expect

both Pd and Cu cations94 to be H2O-solvated, and the mobility of both ions could

play an important role in the mechanism.

Exposure to NO facilitates transformation from 2Al → 1Al Pd-exchange sites. At <

5 ppm of H2O, both [Z2PdIINO] and [ZPdINO] are close in free energy. Under con-

ditions of more practical relevance, Z[PdII(NO-)(H2O)3] becomes the dominant and

lowest free energy species, desorbing NO at a higher temperature than its dehydrated

counterparts, and prohibits the adsorption of CO. The recognition of H2O-solvated

Pd-nitrosyl complexes unifies disparate and contradictory assignments in the Pd/zeo-

lite literature, draws strong connections to homogeneous Pd inorganic chemistry, and

provides a molecularly detailed description of the Pd-complexes relevant to PNA and

catalytic oxidation. These solvated Pd-nitrosyl complexes are less mobile than their

fully H2O-solvated counterparts, which may have mechanistic consequences for CO

oxidation, and could be beneficial for preventing Pd deactivation processes in these

materials.



45

Zeolites of varying topology evidence a heterogeneous distribution of Pd-NO com-

plexes that coalesce into one spectral feature upon exposure to H2O. Although re-

ported NO adsorption and desorption concentration vs time profiles, and NO des-

orption temperatures, vary with zeolite topology, the formation of homogeneous-like

nitrosyl complexes among multiple zeolites potentially removes one of the constraints

for optimizing PNA materials.

Our results suggest the following nominal stoichiometry for NO adsorption/desorp-

tion processes:

temperature−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Z2[PdII(H2O)4]

+NO
↼−−−−−−⇁
−OH

Z[PdIINO−(H2O)3]/[ZH] ↼−−−−−−−−−−−−⇁
−3H2O,

−H, −NO

[Z2PdII]

(2.21)

This cascade is obviously non-elementary and involves activated processes for NO ad-

sorption and desorption. The transport and kinetics of these adsorption and desorp-

tion processes are likely influenced by zeolite topology, but their mechanistic details

remain unclear. Nevertheless, our results provide the thermodynamic roadmap for

future mechanistic studies. Our findings underscore the importance of environmental

conditions in the formation of metal complexes in zeolites, and the need for experi-

mental and computational approaches that interrogate their chemical nature under

practical conditions.
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2.4 Methods

2.4.1 Details of DFT and AIMD Calculations

We performed periodic DFT calculations employing a plane-wave basis set with an

energy cutoff of 400 eV, and a triclinic SSZ-13 supercell consisting of 24 T-sites for 2Al

Pd-exchanged sites. We performed calculations in both 12 and 24 T-site supercells

for the 1Al Pd-exchanged sites reported in supporting information 4.1.1 and found

that the energies were consistent irrespective of the supercell size. Hence, we used

the 12 T-site supercell for the 1Al Pd-exchanged sites to avoid unnecessary compu-

tational expense. Since the zeolitic system is an insulator, we considered only the

Γ point for sampling the first Brillouin zone. To determine plausible local minima

of the structures studied, we carried out spin-polarized ab initio molecular dynamics

(AIMD) simulations beginning with initial guess structures in the NVT ensemble us-

ing the Vienna ab initio Simulation Package (VASP),146 version 5.4.4. Simulations

of at least 60 ps, with a time step of 0.5 fs, were run at temperatures of 298 K and

473 K applying the Perdew-Becke-Ernzerhof (PBE)147 generalized gradient approxi-

mation (GGA) exchange-correlation functional coupled with Becke-Johnson damping

(D3(BJ)vdw) dispersion correction method.148,149

Thereafter, we optimized five low energy structures selected from the AIMD sim-

ulations, first with GGA-PBE functional and subsequently with the Heyd-Scuseria-

Ernzerhof (HSE06)146–153 hybrid functional for computational efficacy. All geometry

optimizations were spin-polarized with the projector augmented wave (PAW) method

used for computing core-valence interactions,154,155 along with the D3(BJ)vdw cor-

rection. We used a convergence criterion of 10-8 eV and 0.01 eV/Å for self-consistent-

field (SCF) electronic energies and atomic forces, respectively. We applied the Bader
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charge method156–160 on HSE06-optimized structures to compute the oxidation state

of Pd, represented as a superscript on Pd. The obtained charges were normalized to

PdI and PdII using [ZPdI] and [Z2PdII] as references, and rounded to the nearest inte-

ger. All the optimized geometries have been provided in the supporting information

CONTCARS attachment.

2.4.2 Calculation of Ab Initio Formation Free Energies

We expressed the formation free energies of the adsorbed species involving O and H

atoms, as a function of the reaction conditions and the DFT-calculated energies using

O2 and H2O as references:161,162

∆Gform
x,y (T,∆µO2 , ∆µH2O) = ∆Eform

x,y − T ∆SST
x,y (T ) − x

2

(
∆µH2O − 1

2
∆µO2

)
− y

2
∆µO2 (2.22)

∆Eform
x,y = ∆EZ∗PdHxOy −∆EZ∗Pd −

x

2

(
∆EH2O − 1

2
∆EO2

)
− y

2
∆EO2 (2.23)

∆µ represents the difference in the chemical potential of the species between 0 K (µ◦)

and the reaction conditions (µ (P, T )), and is calculated using the ideal gas equation;

P° is the pressure at standard state (1 atm).

µ (P, T ) = µ
◦
+RT ln

(
P

P ◦

)
(2.24)

Translational, rotational, and vibrational contributions to the entropy and enthalpy
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of the gaseous species were calculated according to standard statistical mechanics

approximations.163

Previous studies have reported that sole use of the harmonic oscillator approxima-

tion underestimates adsorption free energies on zeolites, since they retain a significant

component of their translational and rotational free energy.164–169 We estimated the

entropy difference between a clean and adsorbate-covered site, ∆SST from an empiri-

cal approximation validated by potential of mean force AIMD simulations, using the

Sackur-Tetrode equation and assuming that the adsorbate retains 2/3 of its gas-phase

translational entropy:170,171

∆SST
x,y =

(
SZ∗PdHxOy − SZ∗Pd

)
≈ 2

3
kB ln

[ (
2πMx,ykBT

h2

) 3
2
(
kBT

P ◦

)
e

5
2

NA

]
(2.25)

where Mx,y represents mass of the adsorbate.

Analogous to the expressions above, when NO is present in addition to O and H

atoms, the equations can be modified to incorporate the chemical potential of NO.

∆Gform
x,y,z (T, ∆µO2 , ∆µH2O, ∆µNO) = ∆Eform

x,y,z − T ∆SST
x,y,z (T )

− x

2

(
∆µH2O − 1

2
∆µO2

)
− y

2
∆µO2 − z∆µNO (2.26)

2.4.3 Details of H2O-solvated Pd, and Zeolite Cluster Calcu-

lations

Starting with the PBE-optimized periodic geometries of [ZPdI], [ZPdIIOH], and

[Z2PdII], we created the zeolite clusters by isolating the Pd cation in the associated

6 (or 8) MR, along with four of the neighboring 4MRs and 8 (or 6) MR, and Si T-
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sites bound to the terminal oxygen atoms. We replaced these terminal T-sites with a

hydrogen atom while maintaining the O-H bond length of 0.97 Å and orientation of

original bond angles of the periodic zeolite framework intact. We calculated single-

point energies of the species considered in both the models using Gaussian 16172

and DFT methods of GGA-PBE, and hybrid functionals of HSE06 and B3LYP.173,174

Single-point energy calculations using the CCSD(T) method were performed only for

the species considered in the H2O-solvated Pd model. All calculations were carried

out spin unrestricted with the basis set def2-TZVPP.175,176

For solvated structures, harmonic vibrational frequencies were calculated by first

optimizing the geometries using B3LYP and the def2-TZVPP basis set. In the case

of non-solvated structures, only the Pd atom and the bound nitrosyl ligand were

allowed to relax before performing frequency calculations.

NBO analyses were performed on B3LYP-optimized geometries employing NBO

3.1177 as implemented in Gaussian 16. The visualization of the analyses was done

in GaussView 6.178

2.4.4 Zeolite Synthesis and Characterization

We synthesized Pd/SSZ-13, Pd/ZSM-5, Pd/BEA catalysts via incipient wetness im-

pregnation using the SSZ-13 zeolites purchased from ACS materials: Type HC (Si/Al

= 15, H+ form) and Type B (Si/Al = 10, NH4
+ form), ZSM-5 and BEA zeolites pur-

chased from Zeolyst Inc: CP814E*(Si/Al = 12.5, NH4
+ form) and CBV 3024E (Si/Al

= 15, NH4
+ form). We followed a three-step calcination process (80°C for 2 hours,

105°C for 10 hours and 600°C for 4 hours with a 1°C/min ramp rate in between) to

transform the zeolites into the proton form and dehydrate the zeolites before intro-
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ducing Pd. We used palladium (II) nitrate dihydrate as the precursor and dissolved

the Pd into 28% ammonia hydroxide solution, both of which were purchased from

Sigma Aldrich. The mass of Pd and parent zeolites were measured to achieve 1 wt.%

or 0.5 wt.% Pd weight loading. The volume of Pd containing solution was the same

as the pore volume of the zeolite. Immediately following the calcination to gain the

proton form, the Pd precursor solution was added drop-wise with rigorous stirring

and mixing to form a slurry. We then repeated the same calcination process on

the slurry after Pd was introduced. Si/Al ratios and Pd/Al ratios of the resulting

samples were confirmed by inductively coupled plasma optical emission spectroscopy

(ICP-OES) analysis at Galbraith Laboratories, Knoxville TN. We also used X-ray

diffraction (XRD) to confirm the zeolite morphology and crystallinity of the Pd/SSZ-

13 (Si/Al = 8.9, Pd/Al = 0.056). XRD patterns were collected using a PANalytical

X’Pert Pro multi-purpose diffractometer with Cu K� X-ray source and a vertical circle

theta:theta goniometer at an incident radius of 240 mm. We performed H2 temper-

ature programmed reduction (H2-TPR) on a Micromeritics AutoChem 2920 system

with 5% H2 (Ultra-high purity, Paxair) and a temperature range from 313 K to 873 K

to identify Pd speciation and confirm Pd ion-exchange level in Pd/SSZ-13 (Si/Al =

8.9, Pd/Al = 0.056). We first pretreated the sample at 873 K in 10% O2 and cooled

down to 313 K in 10% O2 before turning off O2 and flowing H2. The sample was

purged by H2 for 1 hour before the temperature ramp. A repetition of the exact same

procedure including O2 pretreatment was also performed right after the first H2-TPR

experiment. XRD and H2-TPR results are reported in supporting information 4.1.2.
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2.4.5 Details of Spectroscopic Methods (DRIFTS, XAS, EX-

AFS)

We collected DRIFTS spectra at 4 cm-1 resolution on a Thermo Scientific Nicolet

iS50 FTIR spectrometer with a Harrick Praying Mantis DRIFTS cell and accessories

installed. We averaged 64 spectra for background collection and 32 spectra for each

sample spectrum, of which the acquisition time is 48 seconds and 24 seconds, respec-

tively. We used Praxair research purity gas cylinders as the source of NO, CO, O2 and

He, and applied moisture and O2 traps purchased from Matheson on the He carrier

gas line. We used a homemade bubbler and deionized H2O to introduce H2O vapor

into the manifold, and confirmed the H2O concentration using an MKS MG2030 IR

analyzer. We measured the temperatures of the cell and the bubbler using K-type

thermocouples. When conducting ex-situ characterization, a cold trap was also ap-

plied to further eliminate any trace amount of H2O and we collected spectra with

KBr in the cell under the exact same conditions for background subtraction. We also

performed in-situ NO adsorption, NO+CO co-adsorption, and CO addition experi-

ments in the presence and absence of H2O. A moisture trap and a cold trap were used

to collect NO adsorption spectra in the absence of H2O, and we collected background

from a sample at 473 K in 10% O2 that had been pretreated at 873 K in 10% O2

to be consistent with the NO adsorption experiments. We also collected background

spectra from 873 K O2 pretreated and H2O hydrated samples to be consistent with

NO adsorption and CO addition experiments in the presence of H2O.

We collected Pd K edge (23450 eV) X-ray absorption spectra for Pd/SSZ-13 (Si/Al

= 8.9, Pd/Al = 0.056) at beam 8-ID of the National Synchrotron Light Source II,

Upton NY. All measurements were performed with an electron storage ring operated
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at 3 GeV and a beam current of 400 mA. We pelletized the catalysts to 225–425

µm and loaded them into 0.25-inch stainless steel tube placed inside an aluminum

heating jacket. We collected spectra of the ambient exposed sample with no additional

treatment. More details of the in-situ reactor cell can be found elsewhere.179 Pd

K edge in-situ XAS dehydration experiments were performed at beam 10-ID of the

Advanced Photon Source, Lemont IL. Measurements were taken in transmission mode

with a stainless-steel sample holder, a quartz tube reactor and X-ray transparent

windows.

2.4.6 NO Temperature Programmed Desorption and Steady-

State CO Oxidation

We conducted the NO temperature programmed desorption and CO oxidation experi-

ments in a 0.25-inch quartz tube reactor placed in a horizontal tubular Thermo Fisher

furnace. 40 mg of catalyst were pelletized into 225-425 µm particles and loaded into

the quartz tube reactor, kept in place by quartz wool on both sides of the bed. All

gas components except H2O and N2 were metered from Praxair-supplied ultra-high

purity gas cylinders. N2, the carrier gas in all cases, was purified from compressed

air by a Parker N2 generator. Deionized H2O was injected using a Bronkhorst con-

trolled evaporator mixer (CEM). We kept the total flow rate at 546 standard cubic

centimeters per minute, to achieve a monolith equivalent gas hour space velocity of

30,000 hr-1. We measured and recorded catalyst bed temperature and outlet gas

compositions using a K-type thermocouple at the outlet of the catalyst bed and an

MKS MG2030 IR analyzer, respectively. Between each NOx-TPD and CO oxidation

experiment, we changed and pretreated samples at 873 K in 10% O2 balanced by N2

for 45 min. Inlet concentrations were 200 ppm NO, 10% O2 and 0 or 4.5% H2O for
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the NOx-TPD experiments, and 0 or 200 ppm NO, 200 ppm CO, 10% O2 and 0 or

4.5% H2O for the CO oxidation experiments. The temperature ramp was performed

from 350 K to 900 K at a ramp rate of 30 K/min. We performed the same 873 K

in 10% O2 pretreatment followed by N2 purge at 873 K and cooling in N2 before

measuring the steady state water gas shift activity with the inlet concentrations as

200 ppm CO and 4.5% H2O.
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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 Lardinois, 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. Copy-

right 2020 American Chemical Society. The supplementary materials for this paper/

chapter are available on https://doi.org/10.1021/acs.jpcc.2c01613. This chap-

ter builds up on our knowledge about the Pd cation speciation in SSZ-13 zeolites to

further explore the structural interconversion between Pd nanoparticles and cations

in zeolites, that plays a prominent role in the thermal deactivation of these materials,

and plausible routes of catalyst regeneration. My key contributions to this study

have been performing DFT calculations for computing the energies of bulk Pd, PdO,

Pd2+ cations using DFT, and developing a theoretical model for estimating the ther-

https://doi.org/10.1021/acs.jpcc.2c01613
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modynamic extent of Pd particle redipsersion to cations as a function of particle size

and reaction conditions. As a co-first author on the paper, I was also responsible for

writing the introduction and computational results, formatting the manuscript, and

addressing reviewer comments.

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.2,180–184 The redispersion of nanoparticles

and clusters to single atoms results in catalyst deactivation for methane oxidation

on Pd supported on Al2O3
185 and Pt supported on CeO2,186 NO reduction in the

presence of CO on Pt supported on aluminosilicate MWW zeolites,8,187 CO oxidation

on various metals (Ru,188 Rh,188 Ir,188 Pt,189 and Pd190) supported on CeO2, and

propane dehydrogenation on Pt-Sn clusters supported on CeO2.191 Conversely, the

formation of metal nanoparticles from single atoms causes deactivation of Pt,186,192

Pd,188,192 Cu,193 and Rh192 on CeO2 for CO oxidation, Au on CeZrO4
194 and CeO2

195

for the water-gas shift reaction, Au on carbon for acetylene hydrochlorination,196,197

and Rh on aluminosilicate zeolites or TiO2 for methane oxidation to methanol.198

Compared to catalysts containing 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 read-

ily via Ostwald ripening (OR) under reducing conditions at high temperatures.2,199

Redispersion of nanoparticles to single atoms and ions can facilitate catalyst regener-
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ation;200,201 however, the atomistic details of the thermodynamic driving forces and

kinetic mechanisms governing such 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,8,14,185,202–208 and is

of particular relevance for several catalytic and adsorption applications including CO

oxidation,188,190,209–211 Wacker oxidation,75,212,213 methane oxidation,15,214–217 alkene

hydrogena-tion,70,218–220 and low-temperature (<473 K) NO trapping in diesel engine

emissions.11,77,109,221,222 While the dominant active sites for methane oxidation are lo-

cated on Pd nanoparticles,185,223 isolated Pd atoms and cations are the active sites for

Wacker75,212,213 and CO oxidation,224 hydrodechlorination,225 and NO trapping in pas-

sive NOx adsorber materials.226,227 The redispersion of Pd nanoparticles to cations

is facilitated by reactants such as NO (during NOx reduction on TiO2-supported

three-way catalysts,228 H2-selective catalytic reduction of NO on ZrO2 supports,229

sequential adsorption of CO and NO on ceria-zirconia supports,230 and solid-state

ion-exchange in CHA zeolites231) and water (in FAU zeolites during Wacker oxida-

tion75,212,213), and via hydrothermal treatments with steam and air in aluminosilicate

MFI, MWW and CHA zeolites.12,16,85 Redispersion can be further promoted when syn-

thesis 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 nanoparti-

cles in atom trapping processes.200,201 Metal-support interactions also play a crucial

role to stabilize dispersed isolated atoms, with CeO2 and Fe2O3 supports exhibiting

strong binding to Pt,189,191,192,232,233 Rh,192 Ru,234 and Cu.184,193 Despite the low vapor

pressure of Pd,15 atom trapping mechanisms have been shown to stabilize isolated Pd

on CeO2,188,192,225,235 TiO2,236 γ-Al2O3,185,224 and aluminosilicate zeolites. Yet, nu-

merous questions regarding the kinetic and thermodynamic factors that influence
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conversion of Pd nanoparticles to single atoms and cations, and their dependence on

reaction conditions, initial Pd particle size, and the metal-support interaction remain

unanswered.

In this work, we examine the thermodynamic and kinetic factors and reaction mech-

anisms that govern the interconversion of Pd nanoparticles and cations, studying Pd

supported on aluminosilicate zeolites, given that these concepts are particularly rel-

evant for Pd-exchanged zeolites being explored in practical applications as materials

for passive NOx adsorption (PNA)77,226,227 in automotive exhaust, Wacker75,212,213 and

methane oxidation.15,74,235,237 Zeolite supports are also a versatile materials platform

for performing fundamental experimental studies because of the structural uniformity

of their crystalline frameworks and the ability to synthesize them with precise mod-

ifications in bulk and atomic composition, which enable more faithful comparisons

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

ious Pd structures85,238 of different nuclearity (mono- and polynuclear)226,239,240 and

valence (zero- to tetravalent),66,241–244 but only extraframework, mononuclear cation

sites charge-compensated by framework Al atoms (ion-exchanged Pd) are the pur-

ported binding sites for NOx adsorption in the context of PNA applications64 and

the active sites for Wacker oxidation.75,212,213 The structural lability of Pd allows inter-

conversion between agglomerated domains and mononuclear ion-exchanged sites,245

which depends on the size of Pd nanoparticle domain sizes and their density on the

support,185 and causes undesirable agglomeration and deactivation under PNA and

Wacker-relevant conditions.13,16,82,227 Yet, such structural lability allows for the re-

dispersion of agglomerated domains to ion-exchanged sites under high-temperature

(>500 K) air17 or NO76,231 regeneration. Together, these challenges and observations

motivate improved fundamental understanding of the critical thermodynamic and
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kinetic factors that govern Pd structural interconversion in zeolites, to guide the de-

sign of these materials and regeneration protocols based on solid-state ion-exchange

routes.

Here, we combine experiment and theory to understand the influence of initial Pd

nanoparticle size and external gas conditions on the thermodynamic and kinetic fac-

tors influencing structural conversion between Pd nanoparticles and ion-exchanged

Pd2+ 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 tem-

peratures (598–973 K) in flowing air with and without H2O, and the number of

agglomerated PdO domains and ion-exchanged Pd2+ sites are quantified with H2

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 (PO2 , PH2O, temperature) to quantitatively compare

with experimentally measured ion-exchanged Pd2+ contents on samples exposed to

similar treatments to show that H2O can promote the formation of PdO agglom-

erates from Pd2+ cations. Apparent rates of conversion of metallic Pd domains to

ion-exchanged Pd2+ sites under flowing air are measured as a function of temperature

(598–673 K) and H2O pressure (0–2 kPa) to deduce mechanistic information and de-

termine kinetic implications of H2O and O2 pressures and the Pd particle size on the

redispersion to ion-exchanged Pd2+ 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 Pd2+ cations were quantified

with H2 TPR procedures described elsewhere17 using a Micromeritics AutoChem II

2920 Chemisorption Analyzer equipped with a thermal conductivity detector (TCD)

to quantify H2 consumption. In brief, the TCD response factor was generated us-

ing varied partial pressures (0.5–5.0 kPa) of H2 in balance Ar, which quantified the

amount of Ag on a Ag2O 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 cm3 s-1, UHP, 99.999%, Indiana Oxygen) with 1–2 kPa H2O for >0.5 h

to hydrate mononuclear Pd2+ cations at 303 K. Samples were then cooled to 203 K

(0.167 K s-1) in flowing Ar (0.167 cm3 s-1) using a Micromeritics Cryocooler II acces-

sory. An isopropanol slurry (cooled to 184 K with liquid N2) was inserted between

the TCD detector and the sample to trap any condensable gases. The Ar stream

was replaced with 5 kPa H2 in balance Ar (0.167 cm3 s-1, certified mixture, Indiana

Oxygen), and once a stable TCD signal was achieved, the sample was treated to 573

K (0.167 K s-1) and held for 0.5 h. All H2 TPR profiles and discussion of data fitting

procedures are reported in Section S4, SI.

Volumetric O2 chemisorption experiments were performed with a Micromeritics

ASAP 2020 Plus Chemisorption unit. Samples (~0.2 g) were treated in flowing H2

(UHP, 99.999%, Praxair) to 673 K or 873 K in O2 (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-1 (recommended
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by Micromeritics). Samples were then treated in H2 to 573 K (0.167 K s-1) 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 O2 adsorption

isotherms (313 K, 2−42 kPa), with an evacuation step after the first isotherm to

remove non-chemisorbed O2. Isothermal uptakes were linearly extrapolated to zero

pressure, and the difference in uptakes at zero partial pressure yielded the amount

of chemisorbed O2. The dispersion was calculated assuming one O atom titrates one

surface Pd atom.

3.2.2 Isothermal Pd Redispersion Kinetics.

The as-exchanged [Pd(NH3)4]2+-CHA (2.2 wt% Pd) material was first pelleted then

sieved to retain 180–250 µm diameter aggregates. Treatment sequences and H2 TPR

analysis were performed with a Micromeritics Autochem II 2920 Chemisorption An-

alyzer. Samples (0.03–0.05 g) were first pretreated in flowing H2 in Ar (0.5 cm3 s-1;

5 kPa H2, certified mixture, Indiana Oxygen) to 673 K for 1 h, and cooled to am-

bient temperature. Samples were then cycled through H2 treatments, inert purge

treatments, air treatments (i.e., isothermal redispersion treatments), and then the

amounts of PdO and Pd2+ cations were quantified by H2 TPR. As an example proce-

dure for an isothermal redispersion measurement at 648 K in air without added H2O,

the sample was treated in flowing (0.5 cm3 s-1) 5 kPa H2 in Ar to 648 K (0.167 K

s-1) for 0.5 h, then the 5 kPa H2 in Ar stream was replaced with flowing Ar (0.5 cm3

s-1; UHP, 99.999%, Indiana Oxygen) to purge the system for 0.083 h. Then, the Ar

stream was replaced with flowing air (0.5 cm3 s-1; Air Zero, Indiana Oxygen) for a

specified amount of time (0.003–1 h), and then rapidly cooled (0.67 K s-1) from 648

K to ambient temperature in flowing Ar (0.5 cm3 s-1) Ar using a Micromeritics Cry-
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ocooler II 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)146 to per-

form plane-wave, periodic DFT calculations with an energy cutoff of 400 eV and

projected augmented wave (PAW)154 pseudopotentials for core-valence interactions.

We used the bulk structures reported in the Materials Project246 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.247 as initial guesses, and optimized them with the Perdew-

Becke-Ernzerhof (PBE)147 functional and subsequently, the Heyd-Scuseria-Erzenhof

(HSE06)146–153 hybrid exchange-correlation functional. Dispersion corrections were

calculated using the Becke-Johnson damping (D3(BJ)-vdw) method.148,149 We used

the HSE06 functional with D3(BJ) dispersion corrections because it correctly cap-

tures the formation energy of PdO within 2 kJ mol-1 of the experimental value (Table

S5.2, SI). We used a convergence threshold of 10-8 eV and 0.01 eV/Å 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 Γ point was used for zeolitic structures. The optimized

geometries of 6-MR 3NN Z2H2 and Z2Pd 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 function248–250 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 Å, and a 15 Å 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 Å 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 (γslab) of the slabs were calculated as:251

γslab(PO2 , T ) =
Eslab − nPdEbulk − nOµO(PO2 , T )

2A
(3.1)

where nPd and nO represent the number of Pd atoms and excess or deficit O atoms in

the slab, respectively, µO is the chemical potential of O, A denotes the surface area

of one side of the slab, Eslab and Ebulk 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 µO values,252

and evaluated the average surface energy (γ).

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

transition metals on oxide supports, Campbell et al.253–255 expressed the free energy
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of supported hemispherical nanoparticles of an effective diameter d relative to bulk

(∆G) as follows:

∆G (d, PO2 , T ) = (3γ (PO2 , T )− Eadh)

(
1 +

1.5

d

)(
2ρ

d

)
(3.2)

where ρ represents the volume normalized per mole of metal. The adhesion energy

between the nanoparticle and the support Eadh is expressed according to the Young

equation:

Eadh = γ(1 + cos θ) (3.3)

where θ is the contact angle between the particle and support. While θ = 66 − 90◦

has been reported for Pd on SiO2,256,257 it is unknown for PdO on SiO2; therefore,

we considered multiple values of θ = 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 (∆Gform
PdO)

by incorporating the size-dependent free energy of PdO nanoparticles (∆GPdO) with

respect to bulk Pd (Eq. 3.2) as:

∆Gform
PdO (dPdO, PO2 , T ) = ∆Gform

PdObulk
(PO2 , T ) + ∆GPdO (dPdO, PO2 , T )−∆GPd (dPd)

(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 PdO and Pd (dPdO/dPd = 1.19) from the

reported densities of bulk Pd (ρPd = 11.41 g cm−3) and PdO (ρPdO = 7.79 g cm−3).246
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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 Pd2+ 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 mononu-

clear Pd2+ cations that are charge-compensated by framework Al in zeolite supports

(denoted “ion-exchanged Pd2+”) during high-temperature air treatments, Pd parti-

cles of monodisperse size distributions were synthesized using solution-phase colloidal

synthesis methods185 and then deposited onto the exterior of CHA zeolite crystallites

(details of Pd deposition procedures in Section S1, SI). Three different colloidal Pd

nanoparticle solutions were characterized with TEM to contain monodisperse parti-

cles 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 ex situ TEM images of the as-deposited Pd-CHA-X-ND samples,

and Table 3.1 lists their particle size distributions and elemental analysis. Pd par-

ticle size distributions were similar on as-deposited Pd-CHA-X-ND samples as in the
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Figure 3.1: Ex 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
Samplesa

nominal Pd TEM characterized

sampleb particle size / nm particle size / nmc Pd wt%d Pd/Ald

Pd-CHA-2-ND 2 2.2 ± 0.5 1.12 0.082

Pd-CHA-7-ND 7 6.8 ± 0.7 0.72 0.053

Pd-CHA-14-ND 14 14.4 ± 1.6 0.84 0.061

aParticle 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. c The average particle size
plus or minus one standard deviation. d The Pd wt % and Pd/Al molar ratio were
determined by inductively coupled plasma (ICP) spectroscopy.
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colloidal precursor solutions, demonstrating the deposition procedure used did not al-

ter 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 Pd2+ 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 O2 and conversion to Pd2+ cations. The amounts of agglomerated

PdO domains and Pd2+ cations after high-temperature air treatments were charac-
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Figure 3.2: (a) The amount of ion-exchanged Pd2+ (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 H2 consumed (per total Pd) from (a). Dashed
lines represent theoretical maximum amounts. H2 TPR profiles reported in Figures
S4.1�S4.3, SI.

terized with H2 TPR (profiles reported in Figures S4.1–S4.3, SI). Previous reports

concluded that agglomerated PdO domains have a lower barrier for reduction by H2

than hydrated Pd2+ ion sites; thus, H2 consumption features can be quantified and

assigned to agglomerated PdO and ion-exchanged Pd2+ (further discussed in Section

S4, SI).17,245,258,259

The total H2 consumption (per total Pd) and the amount of ion-exchanged Pd2+

(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

Pd2+ 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)2 on γ-Al2O3.185 For Pd-CHA-
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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.

2-ND, the total H2 consumed per Pd was near unity at all air treatment temperatures

studied; thus, all of the 2 nm Pd nanoparticles were oxidized to Pd2+ during the air

treatment. In contrast, Pd-CHA-7-ND and Pd-CHA-14-ND showed sub-unity H2

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 O2 pressures

were needed to fully oxidize larger metallic Pd particles supported on γ-Al2O3 at a

fixed temperature of 973 K.260

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 Pd2+ based on thermodynamic considerations requires calculation of

both nanoparticle and ion-exchanged zeolite energies. Previous studies have shown

that Pd2+ cations charge-compensating two Al tetrahedral sites (2Al) in the six-

membered ring (6-MR) are the most thermodynamically stable ion-exchanged Pd2+
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Table 3.2: HSE06-D3(BJ)vdw-calculated 0 K Formation Energies (∆E),
and Formation Free Energies of Bulk PdO (∆Gform

PdObulk
), and 3NN Z2Pd

(∆Gform
Z2Pd) at 598 K and 873 K, 20 kPa O2, 0.014 kPa H2O.

∆Gform kJ (mol Pd)-1

reaction ∆E kJ (mol Pd)-1 598 K 873 K

Pdbulk + 1
2
O2

∆Gform
PdObulk−−−−−−→ PdObulk (3.5) -111 -46 -16

Pdbulk + Z2H2 +
1
2
O2

∆Gform
Z2Pd−−−−→ Z2Pd+ H2O (3.6) +8 -50 -74

Pdbulk + Z2H2 → Z2Pd+ H2O (3.7) +119 -4 -58

species in CHA, represented here by Z2Pd where ‘Z’ denotes the substitution of frame-

work Si with Al (Figure 3.3).242,247,261 The lowest energy Z2Pd structure has 2Al in a

third nearest neighbor (3NN) arrangement (0 kJ mol-1), followed by the 2NN configu-

ration (+65–80 kJ mol-1).242,247,261,262 One Al T-site (1Al) can be charge-compensated

by Pd+ cations (ZPd), or by Pd2+ as [PdOH]+ (ZPdOH). The ZPd structure is +28–

60 kJ mol-1 higher in energy than 3NN Z2Pd.242,247 The existence of Pd+ after high

temperature treatments in air with and without H2O is debated in literature;242 direct

characterization of Pd+ has been reported only from EPR measurements of Pd/Y ze-

olites performed under vacuum and after H2 treatment at 298 K.84 ZPdOH has been

identified in detectable amounts only for CHA materials containing a larger num-

ber of ion-exchanged Pd2+ species than the number of 2Al sites in the 6-MR,17 and

is computed to be +60–79 kJ mol-1 higher in energy than 3NN Z2Pd.242,247,262 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 2Al 6-MR sites quantified by Co2+ titration (Co2+/Al

= 0.12). Thus, we expect Pd2+ in the 6MR 3NN configuration to be the predominant

cationic species in our materials; however, for comparison, we also considered 2NN

Z2Pd, ZPd and ZPdOH in the analyses below.
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We next computed the thermodynamics of oxidation of bulk metallic Pd (Pdbulk)

with O2 to form either bulk PdO (PdObulk) or ion-exchanged Pd cations (additional

details in Section S5, SI). Table 3.2 reports reaction energies (∆E) and free energies

(∆Gform) for the formation of PdObulk from Pdbulk (Eq. 3.5), and for the formation

of 3NN Z2Pd sites from either Pdbulk (Eq. 3.6) or PdObulk (Eq. 3.7), at conditions

representative of the high-temperature air treatments (598–873 K, 20 kPa O2, im-

purity H2O estimated as 0.014 kPa H2O) of the Pd-CHA-X-ND samples discussed

in Section 3.1.2. The conversion of either Pdbulk or PdObulk to 3NN Z2Pd sites is

endothermic, but thermodynamically favorable (exergonic) at temperatures >576 K

(0.014 kPa H2O, log10 (PO2/P◦) > -9.5 (Figure S5.2, SI). Reaction energies to form

2NN Z2Pd, ZPd and ZPdOH sites are >27 kJ mol-1 more endothermic than to form

3NN Z2Pd 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 Z2Pd 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 Z2Pd 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 Z2Pd (XZ2Pd) for a range of particle sizes (dPd = 2–100 nm) by considering a

Boltzmann distribution of the equilibrium population of PdO particles and Z2Pd

cations (Eq. 3.8):185

XZ2Pd (PO2 , PH2O, dPd, T ) =

(
N2Al
NPd

)
exp

(
−∆Gform

Z2Pd(PO2 ,PH2O,T)−∆Gform
PdO(PO2 ,dPd,T)

kBT

)
(

N2Al
NPd

)
exp

(
−∆Gform

Z2Pd(PO2 ,PH2O,T)−∆Gform
PdO(PO2 ,dPd,T)

kBT

)
+ 1

(3.8)
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where N2Al/NPd is the ratio of the number of 6-MR 2Al sites as quantified by Co2+

titration,101 and the number of Pd quantified by ICP. Analogous results for 2NN

Z2Pd, 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

Campbell and coworkers253–255 using calorimetric measurements:

∆G (d, PO2 , T ) = (3γ (PO2 , T )− Eadh)

(
1 +

1.5

d

)(
2ρ

d

)
(3.9)

where γ is the particle surface energy (estimated from DFT), Eadh is the adhesion

energy of the particle to the support (estimated from literature values and our TEM

data), d is the particle diameter, and ρ 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 (N2Al/NPd and dPd)

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 Z2Pd sites,

respectively. Figure 3.4a shows that complete conversion of 2 nm (squares), 7 nm

(circles), and 14 nm (triangles) Pd particles to Z2Pd is thermodynamically feasible

at all the air treatment conditions in Figure 3.2 (598–873 K, 20 kPa O2, 0.014

kPa H2O), 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 m-2) 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 Z2Pd in CHA (Si/Al =12, Pd/Al = 0.06) under (a) 20 kPa
O2, 0.014 kPa H2O and (b) 20 kPa O2, 6 kPa H2O, based on HSE06-D3(BJ)vdw cal-
culated energies. The fraction of Pd particles converted to Z2Pd 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 Pd2+ cations on CHA
(Si/Al =12, Pd/Al = 0.06) as a function of temperature and PH2O. The fraction of
Pd particles converted to ion-exchanged Pd2+ cations at 20 kPa O2, 0.014 kPa H2O
(red circles), and 20 kPa O2, 6 kPa H2O (blue circles) at treatment temperatures of
598–1023 K are labeled.
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CHA-2-ND, which contained predominantly ion-exchanged Pd2+ after treatment to

673 or 773 K. However, for 7 and 14 nm particles, the computed fractions of Pd

particles converted to Z2Pd sites (~1.00) are significantly higher than the amount of

ion-exchanged Pd2+ 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 O2

to mononuclear Pd2+ species (i.e., either agglomerated PdO or Z2Pd) 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 Pd2+ and consumed the same amount of H2 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 Pd2+ is not thermodynamically limited at these conditions (598–873 K,

20 kPa O2, 0.014 kPa H2O), 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 H2O on the Conversion of Agglomerated Pd Particles to

Exchanged Pd2+ Ions.

The addition of H2O to the air stream has been proposed to facilitate the mobil-

ity of Pd, causing a greater fraction of agglomerated PdO domains to convert to

Pd2+ cations.12 To determine the thermodynamic influence of H2O pressure on Pd

structural interconversion, we constructed phase diagrams for air treatment condi-

tions with higher H2O partial pressures (6 kPa). Figure 3.4b shows the fraction of

Pd particles converted to Z2Pd 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 Z2Pd

as a function of temperature and PH2O in Figure 3.4c at treatment conditions of 20

kPa O2 with 0.014 kPa H2O (red circles) and 6 kPa H2O (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 PH2O thermodynamically limits the amount of

Z2Pd formed, and while the XZ2Pd 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 H2O 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 Pd2+ during air treatments >600 K in the

presence of 0.014 kPa H2O (Figure 3.4a), but that the conversion of Pd particles

decreases (to 0.31 and 0.19 for 7 and 14 nm, respectively) when PH2O is increased

to 6 kPa (Figure 3.4b). Conversely, the effect of higher PH2O at temperatures

>600 K is negligible for 2 nm Pd particles, which are predicted to fully convert

to Z2Pd during air treatments in the presence of 0.014 or 6 kPa H2O. At conditions

typically representative of practical PNA applications (2.5–6 kPa H2O),109 an increase

in PH2O favors formation of larger fractions of PdO agglomerates at temperatures

<800 K for dPd = 2–14 nm. The H2O promoted formation of agglomerated PdO

becomes attenuated with increasing temperature due to the increase in the entropic

contribution of H2O formation relative to the enthalpy of reaction (Figure S5.13, SI).

Consequently, complete conversion of Pd particles to Z2Pd is again predicted for all

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

Our thermodynamic predictions suggest that adding H2O to air streams would inhibit

the structural transformation of agglomerated PdO domains to ion-exchanged Pd2+
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Figure 3.5: (a) The amount of ion-exchanged Pd2+ and (b) total H2 consumed nor-
malized per total Pd as a function of treatment temperature in flowing air (squares),
6 kPa H2O in balance air (circles), air (1 h) then adding 6 kPa H2O (1 h, diamond),
and 6 kPa H2O in balance air (1 h) then air (1 h, triangle) for the Pd-CHA-7-ND
material. Dashed line represents theoretical maximum values. H2 TPR profiles are
reported in Figure S4.7, SI.
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cations. To experimentally test these predictions, the as-deposited Pd-CHA-7-ND

sample was treated in either flowing air with 6 kPa H2O or without H2O at tempera-

tures between 673–973 K, and the ion-exchanged Pd2+ content and H2 consumption

(per Pd) were quantified with H2 TPR. Figure 3.5 and Table S4.3, SI show that

fewer ion-exchanged Pd2+ 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 H2O pressures should reduce Pd2+ cation content and increase the ag-

glomerated PdO content. Similar results have been reported for atomically dispersed

Pt on CeO2
263 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 H2O-induced hydroxylation of particle surfaces inhibiting the complete

oxidation of Pd.264 Treatment of Pd-CHA-7-ND in air at 973 K with and without H2O

resulted in the same amount of ion-exchanged Pd2+ (0.80–0.85 per total Pd) and H2

consumption (0.87–0.88 per total Pd), consistent with the absence of an H2O 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 Pd2+ and PdO when either air alone or air and 6 kPa

H2O were co-fed, consistent with thermodynamic predictions that the effect of H2O

becomes attenuated for small particle sizes (Figure 3.4b). Together, our thermody-

namic and experimental results demonstrate that co-feeding H2O at temperatures of

673–873 K does not facilitate the transformation of PdO to ion-exchanged Pd2+, in

contrast to proposals in previous studies12 wherein the treatment temperature itself

was likely the dominant influence on the extent of agglomerated PdO converted to

ion-exchanged Pd2+ cations. Instead, water promotes the formation of PdO, and this
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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-NDa

673 K 773 K

673 K subsequent 773 K subsequent

air air/ water air air/ water

PdO agglomerates/ Pdtot 0.17 0.27 0.00 0.02

Mononuclear Pd2+/ Pdtot 0.83 0.71 1.08 1.00

H2 consumed/ Pdtot 1.00 0.98 1.08 1.02

a H2 TPR profiles reported in Figure S4.14, Supporting Information.

effect becomes attenuated with decreasing particle size and increasing temperature.

The decrease in cation formation when H2O is co-fed (673–873 K) could reflect conse-

quences of H2O inhibiting the kinetics of Pd redispersion to Pd2+ cations, or changing

the thermodynamic equilibrium to promote the formation of PdO agglomerates from

Pd2+ cations, in the latter case as suggested by our thermodynamic calculations and

formation of H2O as a product in the cation exchange reaction (Eq. 3.7). To de-

termine if Pd2+ 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 H2O)

stream for 1 h (Figure 3.5, green diamond). The amount of ion-exchanged Pd2+

(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 Pd2+ cations

and PdO agglomerates the addition of H2O to the air stream results in the loss of

Pd2+ cations, an effect that shows that the reaction Z2H2 + PdO ⇔ Z2Pd + H2O

becomes reversible at 6 kPa H2O, an effect that must be driven by thermodynamics.
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To further confirm that PdO agglomerates form from Pd2+ cations under hydrous

conditions, and the generality of this observation, analogous experiments were per-

formed 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 H2O) stream for 24 h, and the Pd speciation quantified using H2 TPR (Figure

S4.5 and Table 3.3). Exposure to the wet air stream decreased the fraction of ion-

exchanged Pd2+ (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

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 H2O to the 673 K air stream after 1 h treatment of Pd-CHA-7-ND did

not reversibly generate the same distribution formed after the H2O-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 Pd2+ content or H2 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 Pd2+. Additionally, the reverse experiment

was performed where the Pd-CHA-7-ND sample was first treated in wet air (6 kPa

H2O) to 673 K for 1 h, followed by removing the H2O from the air stream and holding

for 1 h. The resulting ion-exchanged Pd2+ (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

structural interconversion between dry and wet (6 kPa H2O) air treatments can be
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rationalized from conclusions of prior work17 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 PdO domain sizes and

ion-exchanged Pd2+ sites distributed deeper within the interior of zeolite crystallites;

thus, upon subsequent addition of H2O to the flowing air stream, there was a different

distribution of PdO particle sizes with some amount of ion-exchange Pd2+. 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 H2O to

flowing air generates a thermodynamic driving force for the reverse exchange reaction

to occur (Eq. 3.7), forming PdO agglomerates from Pd2+ cations, and that the sample

history and spatial distribution of Pd2+ sites are important factors in the extent of

reversibility between Pd2+/PdO distributions.

3.3.2 Quantifying Apparent Rates of Pd Redispersion

3.3.2.1 Effect of Treatment Temperature and H2O 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 Pd2+ 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

(X=2.1, and 2.9 nm), using synthesis approaches that led to a more log-normally
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Figure 3.6: (a) The amount of ion-exchanged Pd2+ 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 H2 consumed normalized per total Pd from (a).
Dashed line represents theoretical maximum amount. H2 TPR profiles are in Figures
S4.9�S4.11, SI.

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.76

Figure 3.6 shows the amount of ion-exchanged Pd2+ 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 Pd2+ 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-

cles to ion-exchanged Pd2+, and is consistent with an activated process for structural
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Figure 3.7: (a) The amount of ion-exchanged Pd2+ (normalized per ion-exchanged
Pd2+ 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 H2O in balance air (squares), and Pd-CHA-2.1-LND in
air (diamonds). H2 TPR profiles are in Figures S4.10, S4.12, and S4.13, SI. (b) H2
consumed normalized to total Pd of materials in (a).

interconversion. Figure 3.6b shows that the H2 consumption per Pd was approx-

imately unity for all time points after 10 s, suggesting the observed ion-exchanged

Pd2+ formation rates were not limited by metallic Pd oxidation to PdO with O2. This

observation demonstrates the mechanistic role of O2 is only to oxidize metallic Pd;

thus, the reported formation of ion-exchanged Pd2+ 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 H2O on the apparent redispersion rate, we per-

formed isothermal redispersion experiments on the Pd-CHA-2.9-LND sample with

and without 2 kPa H2O (Figure 3.7). Consistent with previous thermodynamic

arguments, adding 2 kPa H2O to the inlet air stream decreased the amount of ion-

exchanged Pd2+ cations after treatment for 1 h (Figure S6.1, SI); however, when the
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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 H2O were similar within error. Addition-

ally, the H2 consumption per total Pd was approximately unity for all time points

measured, again demonstrating the rate of Pd redispersion was not limited by Pd

oxidation. Therefore, co-feeding H2O did not have a significant kinetic effect on the

redispersion of PdO particles to ion-exchanged Pd2+ and, for this material and con-

ditions of these measurements, H2O 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 Pd2+. 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

Pd2+. Additionally, all the redispersion rates measured for Pd-CHA-2.1-LND showed

H2 consumptions per Pd near unity. These data suggest smaller Pd nanoparticles

disintegrate at a faster rate for structural interconversion to ion-exchanged Pd2+.

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.199,265 The OR process is associated with the rapid disappearance of par-

ticles smaller than a critical radius, generating a pool of monomers that transport be-

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-
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Scheme 3.1: Proposed scheme for Pd ion exchange via monomers gener-
ated from Ostwald ripening.

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 Pd2+ 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 Pd2+ 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 Pd2+

involve the detachment of neutral, mobile species, such as Pd1O1 and Pd1(OH)2 from

PdO agglomerates, and their successive reactions with the zeolitic Brønsted acid

sites.17,185,266 There are established kinetic models for OR-based particle sintering for

supported metal catalysts,204,267,268 however, kinetic models have not been reported

that incorporate monomer migration and subsequent atom trapping of monomers on
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surface/lattice defect or cation exchange sites.

Ripening of nanoparticles occurs by diffusion of monomers through the gas phase

or on a substrate.204,269–275 Wynblatt and Gjostein proposed that monomer transport

via the gas phase takes place for metals with volatile metal oxides such as Pt.267 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 Pt1O2(g).276 Recently, Goodman

et al. performed similar gas-phase sintering simulations for Pd/SiO2 to demonstrate

that emission of Pd atoms in the vapor phase becomes substantially higher (5 atoms

s-1 from a 8.8 nm Pd particle) with an increase in Pd vapor pressure at temperatures

>1173 K.277 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)2(g) (details in Section S8.1.1, SI), consistent with prior reports.185 We

estimated the pressure (Pk) of ejected Pd(OH)2 (g) monomers in equilibrium with a

PdO nanoparticle comprised of k atoms as:185

PdObulk + H2O
∆Gform

Pd(OH)2(g)−−−−−−−−→ Pd(OH)2(g) (3.10)

Pk = PH2O exp
(
−∆Gform

Pd(OH)2(g)+
Akγ
k

kBT

)
(3.11)
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where γ is the average surface energy of the PdO surface from which monomers

detach, Ak is the surface area of the particle, and ∆Gform
Pd(OH)2(g) denotes the formation

free energy of Pd(OH)2(g) relative to bulk PdO. For a system with a distribution of

particle sizes, the background pressure (Pb) of Pd(OH)2(g) is given by:271

Pb=
∑

k AknkPk∑
k Aknk

(3.12)

where nk is the surface density of the nanoparticle, and Pk is the equilibrium pressure

of monomers calculated using Eq. 3.11. Subsequently, the influx of Pd(OH)2(g)

monomers Jk (monomers nm-2 s-1) received by a PdO nanoparticle comprised of k

atoms can be estimated using kinetic theory of gases:

Jk =
(Pb − Pk)√

2πmPd(OH)2(g)kBT
(3.13)

where mPd(OH)2(g) is the molecular mass of Pd(OH)2(g). A lower background monomer

pressure would correspondingly result in a lower monomer flux. For example, at 6

kPa H2O, 20 kPa O2, 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 × 10-16

kPa, and 3.6 × 10-7 Pd(OH)2 (g) monomers per second colliding 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 PtO2 (g) monomers s-1 because of its substantially

higher background monomer pressure (2.8 × 10-8 kPa). We also considered other

plausible scenarios (e.g. PdO(g)) for gas phase monomer formation (Table S8.2, SI),

but all such routes have fluxes that are even lower than the formation of Pd(OH)2(g)

from PdO agglomerates. The maximum rates of ion-exchange (Section S8.1.3, SI) for
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the Pd-CHA-7-ND and Pd-CHA-2.9-LND samples (Figure 3.7) are 10-15 s-1 (673 K,

davg = 7 nm), and 10-13 s-1 (648 K, davg = 2.9 nm), respectively. The observed rate

of ion-exchange for Pd-CHA-2.9-LND (~10-4 s-1) 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.272 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 MgAl2O3. Second, since

Pd(OH)2(g) monomer flux is directly proportional to PH2O in a gas phase process

(Eq.s 3.10 and 3.11) changes in PH2O should reflect changes on the rates of formation

of ion-exchanged Pd2+.

For example, comparison of experimental and simulation results for isothermal Pt

sintering (873 K) showed faster rates of sintering with increases in PO2 .276 However,

as evidenced by the results of the isothermal redispersion air treatment with and

without 2 kPa H2O (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

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 agglomer-
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ates and ion exchange process, we next incorporated an atom trapping surface reac-

tion assumed to be first order in both Z2H2 exchange sites and mean-field substrate

monomer concentration:

dZ2H2

dt = −krxn[Z2H2] [monomer] (3.14)

into the system of differential equations that correspond to the mass balance of a

substrate-mediated OR kinetic model270–272 that accounts for activated monomer for-

mation, activated diffusion of monomers on a substrate, and exchange of monomers

between particles comprised of k Pd atoms:

dCk

dt = −KosCinf

∣∣∣∣∣ exp
(
�Gk∗

kBT

)
− exp

(
�Gk

kBT

) ∣∣∣∣∣Ckdk + (generation) (3.15)

where, Ck is the particle number density (particles nm-2), ∆Gk is the nanoparticle free

energy with respect to bulk PdO (computed using the relation developed by Campbell

et al. in Eq. 3.9), Kos is the lumped pre-exponential factor for OR, C inf is the far-field

concentration of monomers in equilibrium with an infinite size particle at an infinite

distance from the particle-support interface, and dk 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, 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
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atoms:

(generation) =



KosCinf

∣∣∣∣∣ exp( �Gk∗
kBT

)
− exp

(
�Gk−1

kBT

) ∣∣∣∣∣Ck−1dk−1 if k > k∗

0 if k = k∗

KosCinf

∣∣∣∣∣ exp( �Gk∗
kBT

)
− exp

(
�Gk+1

kBT

) ∣∣∣∣∣Ck+1dk+1 if k < k∗

(3.16)

Eq. 3.15 shows that the driving force for the OR process,
∣∣∣∣ exp(∆Gk∗

kBT

)
−exp

(
∆Gk

kBT

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

resulting monomer mass balance is:

d[monomer]
dt =

d[Z2H2]

dt +
k∗∑
k=2

dCk

dt −
max k∑
k=k∗

dCk

dt (3.17)

and describes monomer consumption due to atom trapping at Z2H2 sites, generation

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

(krxn, nm2 s-1), the OR rate constant associated with activated diffusion of monomers

(Kos, nm s-1), the far-field concentration of monomers (Cinf, nm2 related to the

monomer formation energy), and the surface energy of the nanoparticles (γ, J m-2

implicit in ∆Gk). Typical reported values for these parameters are shown in Table

S8.5, SI. We randomly generated initial Pd particle size distributions that are consis-

tent with the log-normal distribution (LND) means and standard deviations of the

experimentally observed particle size distributions for the Pd-zeolite samples in Fig-

ure 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
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Figure 3.8: (a) The kMC predicted redispersion kinetics at T = 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 Pd2+. Simulation results
for t < 1 s are shown in Figure S8.4, SI.

kinetic Monte Carlo (kMC) to solve the resulting system of differential equations

(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 fractional

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 measured con-

version 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-2 of our DFT-computed value.

Figure 3.8 reports kMC results starting from a log-normal distribution (LND) of
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nanoparticles, consistent with the samples prepared via incipient wetness impregna-

tion (Pd-CHA-2.1-LND (red traces), Pd-CHA-2.9-LND (green traces)), or a normal

distribution (ND), consistent with the samples prepared from monodisperse Pd par-

ticles via colloidal synthesis (Pd-CHA-2-ND (blue traces, 2.2 nm, particle size distri-

bution in Figure S2.7, SI), Pd-CHA-7-ND (purple traces, 6.9 nm, particle size distri-

bution 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 parameters

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 particles 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 distributions 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 (Figure S8.4, SI),

however, once redispersion starts, the majority of particles in a tighter distribution
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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, sug-

gesting 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 Kos

and krxn parameters depend on interparticle distances, and distances between parti-

cles and exchange sites, respectively, and their regressed values represent a weighted

average over different local environments of particles in the samples. These parame-

ters may vary with changes in the spatial distribution of particles185,278 and exchange

sites, and do not account for pore blocking, which may result in incomplete ion-

exchange.279,280 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 krxn, Kos, and Cinf 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 characterization

methods, and computational thermodynamic and kinetic models to examine the rela-

tive importance of the thermodynamic and kinetic factors governing the interconver-

sion of Pd nanoparticles and ion-exchanged Pd2+ cation sites in CHA zeolites under

high temperature (593–973 K) air treatments with and without H2O. To facilitate
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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 Pd2+ species in air. The conversion of

larger metallic Pd nanoparticles (7, 14 nm) to PdO domains and ion-exchanged Pd2+

was observed to be lower than the thermodynamic distributions predicted by DFT,

indicating that larger metallic particles have kinetic barriers for oxidation with O2 to

PdO and for the subsequent disintegration of PdO to ion-exchanged Pd2+ sites. Ad-

ditionally, increasing the H2O partial pressure shifts the thermodynamic distribution

away from Pd2+ sites and toward agglomerated PdO domains, suggesting that H2O

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 mea-

surements of Pd nanoparticle conversion to ion-exchanged Pd2+ sites in air with and

without H2O were performed isothermally (598–673 K) with varying treatment time

(0.003–1.0 h). The oxidation of metallic Pd with O2 is complete after 0.003 h of

treatment time, and thus kinetically irrelevant for apparent rates of PdO conversion

to ion-exchanged Pd2+ sites. Additionally, a predominantly PdO-containing CHA



94

material treated in either inert (He) or air to 648 K resulted in similar extents of

PdO conversion to ion-exchanged Pd2+, further reinforcing that the dominant mech-

anistic role of O2 is to oxidize agglomerated metallic Pd to PdO. In the presence of

H2O, the extent of interconversion from Pd2+ to PdO is lower when following higher

temperature pretreatments, suggesting that Pd2+ ions located deeper in the zeolite

crystallite are kinetically inaccessible at these conditions.17 Under these conditions,

quantum chemical calculations predict Pd(OH)2(g) is the most thermodynamically

favorable gaseous Pd species, suggesting that adding H2O to the air stream may fa-

cilitate hydroxylation of the PdO surface to increase the rate of forming Pd(OH)2(g)

intermediates. However, computed rates of gas-phase redispersion kinetics are orders

of magnitude slower than experimentally observed rates, and experiments performed

with H2O (2 kPa) added to the air stream (648 K) show that H2O 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 H2O 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 Pd2+. 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
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size distributions (ND vs. LND), influence the critical thermodynamic and kinetic

factors that govern Pd redispersion to ion-exchanged Pd2+ sites, which are the de-

sired precursor Pd structures for PNA, Wacker oxidation, and other applications.

More broadly, we show that low-temperature (<900 K) Pd redispersion does not oc-

cur 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.180 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

spatial 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 particles into site-isolated cations.
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Chapter 4

Effect of Reaction Conditions and

SO2 Exposure on Cu Speciation in

SSZ-13 Zeolites

This chapter is part of a current paper in preparation (Mandal, K.; Chen, Y. R.;

Wijerathne, A; Nam, K.; Brezicki, G.; Kiani, D. A.; Davis, R. J.; Daya, R.; Epling,

W. S.; and Paolucci, C. Effect of Reaction Conditions and SO2 Exposure on Cu Spe-

ciation in SSZ-13 Zeolites, In Preparation). Here, we use a combined computational

and experimental approach, using DFT calculations, and thermodynamic analysis,

along with SCR rate measurements, CO titration, and UV-vis spectroscoscopy, to

investigate the effect of high-temperature sulfur exposure on dimeric Cu species in

CHA zeolites, and its impact on SCR performance. The scope of this chapter has

been limited to my contributions to the study, which involve DFT calculations and

AIMD simulations of monatomic and dimeric Cu species at different Al configura-

tions, functional sensitivity analysis, and development of the thermodynamic model

for predicting the stability of Cu cationic species as a function of reaction conditions

(before and after sulfur exposure) and Al configurations in the zeolite. While some

of the experimental evidence will be referred to for comparison with our theoretical

results, complete methodology, and detailed results of the experimental and spec-
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troscopic analyses can be found in Yu-ren Chen’s doctoral dissertation (Chen, Y.R.

Chapter 3: Probing Cu Dimers before and after Sulfur Poisoning, Degradation Study

of Cu-SSZ-13 Selective Catalytic Reduction Catalysts, Charlottesville, VA: University

of Virginia, Chemical Engineering - School of Engineering and Applied Science, PHD

(Doctor of Philosophy), 2023, doi.org/10.18130/kp67-3d37.

4.1 Introduction

Stringent exhaust emission control regulations have become the norm worldwide, and

are expected to become even more rigorous in the future, especially those pertain-

ing to nitrogen oxides (NOx) emissions from diesel engines.281–283 Selective catalytic

reduction (SCR) of NOx to nitrogen, employing ammonia (NH3) as a reductant, has

been successfully implemented in automotive applications, with small-pore zeolites,

such as chabazite (CHA), exchanged with copper (Cu/SSZ-13) emerging as the most

widely used commercial NH3-SCR catalyst.283–286 Cu/CHA catalysts exhibit high

selectivity and hydrothermal stability, and possess a wide range of operation tem-

peratures (473-873 K), which are well suited for heavy-duty diesel vehicles typically

operating between 473-673 K.287–289 However, Cu/CHA catalysts are susceptible to

sulfur poisoning, with severe reduction in activity reported in the presence of even

ppm levels of SO2 at low temperatures (<573 K),22,216,290–293 thereby limiting the ap-

plication of Cu/CHA for NH3-SCR of ultralow-sulfur diesel feeds. Despite the use of

ultralow-sulfur diesel fuel in places like the EU and US where the maximum permis-

sible limit of sulfur content is 10 and 15 wt.-ppm, respectively, sulfur can accumulate

over the long lifetime of a diesel vehicle, increasing the amount of sulfur exposure

of the aftertreatment system.28,31,216 Moreover, diesel fuel with much higher sulfur

doi.org/10.18130/kp67-3d37
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content are still used in many countries, and applications such as marine transport

typically utilize high-sulfur fuels.31 Another common source of sulfur in the diesel

engines is the lubricating oil which contains about 0.3–0.7 wt% of sulfur.31 While the

majority of the sulfur present in the fuel and lube oil in a diesel engine is combusted

to produce SO2 in the exhaust, the diesel oxidation catalyst (DOC) present in the

aftertreatment system can oxidize SO2 to SO3, which can react with water vapor to

form H2SO4, thus exposing the NH3-SCR Cu/CHA catalyst present downstream of

a DOC to a mixture of SOx (x = 2–3) and H2SO4.28,31

The impact of sulfur exposure on Cu/CHA catalysts, especially its role in catalyst

deactivation, and catalyst regeneration via high-temperature deSOx treatments (773–

848 K), have been widely studied in literature.22–25,27–31,291,292,294–296 Experimental

and theoretical results have revealed the influence of a number of factors affecting

catalyst deactivation with SOx exposure, such as the sulfur speciation (SO2/ SO3)

and concentration, exposure temperature and reaction environment (presence or ab-

sence of H2O and NH3), zeolite composition (Cu/Al, Si/Al) and the Cu cation spe-

ciation in the zeolite (Cu2+ or [CuOH]+).22,24–31 SO3 exposure, compared to SO2,

was reported to deactivate Cu-zeolite more severely, leading to a reduction in low-

temperature SCR activity; using spectroscopic techniques such as X-ray photoelectron

spectroscopy (XPS) and X-ray absorption fine structure (XAFS), Cheng et al. found

that the Cu/zeolite sample sulfated with SO3 remained highly dispersed in the form

of [CuSO4]+, and contained larger amounts of sulfur, compared to the sample treated

with SO2.296 Moreover, the presence of NH3 in the exposure environment in the low-

temperature regime enables desulfation of Cu/CHA at lower temperatures (∼673

K)23,28 due to the formation of ammonium sulfate (NH4)2SO4, which as observed in

the TPD profile of Cu/CHA exposed to SO2 at 473 K SCR conditions, desorbed at



100

a much lower temperature of 733 K in comparison to 943 K that was assigned to the

decomposition of CuSO4; contrarily, TPD profile of SO2 exposure at 673 K yielded

only the high-temperature CuSO4 peak.22

In addition to the formation of (NH4)2SO4 that can deactivate the catalyst by block-

ing the catalyst pores,22 SOx can also interact with a variety of Cu cationic interme-

diates that are generated during the NH3-SCR cycle at low temperatures, and poison

the Cu active sites. Cu2+ and (CuOH)+ are the predominant ion-exchanged species in

CHA, charge compensating two Al- (represented as ‘Z2’) and one Al- (‘Z’) exchange

sites, respectively, with each active site having a different response to SOx expo-

sure. Using diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS),

Luo et al.27 compared NH3 adsorption on fresh and sulfated SSZ-13 catalysts con-

taining a distribution of Cu2+ and (CuOH)+ sites, and found that while there was

a reduction in NH3 adsorption on both the active sites post sulfur exposure, the

zeolitic framework vibrational feature associated with (CuOH)+ disappeared com-

pletely on sulfur exposure, compared to that of Cu2+ which decreased to a smaller

extent. This suggested that sulfur binds more strongly to ZCuOH sites than Z2Cu,

which has also been further supported by DFT calculations and thermodynamic

analyses, reporting that formation of CuHSOx (x = 3–4) species on ZCuOH sites

is more exothermic than that on Z2Cu, and are hence, possess higher thermody-

namic stability at high temperatures.24,25,297 Moreover, Z2Cu and ZCuOH sites are

completely solvated by NH3 during low-temperature SCR conditions, forming mobile

[Cu+(NH3)2]+ complexes, a pair of which can be further activated by O2 at ~473K

to form a peroxo Cu species [(NH3)2Cu2+-O-Cu2+(NH3)2]2+.18–21 The reactivity of

these intermediates towards SO2 has been recently studied using X-ray absorption

spectroscopy,30 and DFT calculations,26 which have reported that SO2 reacts exother-
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mically with [Cu22+(NH3)4O2]2+, reducing Cu2+ to Cu+, and forms SO4(NH4)2 and

HSO4(NH4) in the presence of NH3 during low temperature SCR. At these reaction

conditions, HSO4(NH4) is thermodynamically stable, and hinder the inter-cage diffu-

sion of [Cu+(NH3)2]+, causing sulfur accumulation in Cu/CHA.26 The general consen-

sus in literature for sulfur poisoning of Cu/CHA at temperatures <623 K is that the

two different monatomic Cu sites Z2Cu and ZCuOH have distinct interactions with

sulfur, which dictate the deSOx protocols in these materials. However, less is known

about the validity of these findings for the interaction of SOx with Cu active sites

in CHA following sulfur exposure at high temperatures, especially since there is evi-

dence from zeolite-catalyzed oxidation reactions in the literature that ion-exchanged

Cu2+ can transform from monatomic to multinuclear species under high-temperature

oxidizing conditions.

High-temperature (> 573 K) oxidative activation of Cu/zeolites to form Cu dimers

(Cu2OxHy) as the active sites for applications such as low-temperature methane-

to-methanol conversion,298–308 partial methane oxidation,309,310 oxidation of NO to

NO2,311,312 etc…has been widely studied using various experimental and spectroscopic

techniques as well as theoretical calculations. These studies have highlighted the role

of the zeolite composition (Si/Al and Cu/Al ratios) as well as the reaction environ-

ment in the site density as well as speciation of Cu dimers. Cu/SSZ-13 samples with a

higher concentration of Z2Cu sites (Si/Al = 5) were found to be inactive for methanol

formation, while the samples with higher Si/Al ratio (∼12-15) and high Cu loadings

(∼0.5) yielded significantly higher methane to methanol conversion due to a higher

distribution of ZCuOH.301,303,313 Solvated, mobile ZCuOH complexes have been hy-

pothesized to act as the precursors for the formation of Cu2OxHy species, whereby

two solvated ZCuOH sites with a nearby Al pair can dimerize during dehydration at
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high temperatures.301,303,313,314 This proposed mechanism underscores the importance

of proximal ZCuOH sites for the formation of Cu dimers, since ZCuOH sites too far

away would prefer to remain as monatomic Cu, indicating that knowledge of the local

Al distribution in the zeolite (a consequence of the synthesis route) and Cu speciation

at different Al ensembles is essential in the estimation of the dimeric Cu speciation

and distribution.

Here, we used computational techniques and SCR rate experiments to study the

Cu cation speciation and Cu dimer formation as a function of the Al distribution in

CHA zeolite and the reaction conditions (PH2O, PO2), and investigate the effect of high-

temperature (> 673 K) sulfur exposure on Cu dimers, and the subsequent effect on the

SCR activity of the CHA zeolite. We show, that consistent with previously reported

studies, the Al configurations in CHA dictate the Cu speciation, with formation

of Cu dimers thermodynamically feasible only at certain Al-Al pair arrangements.

Compared to monatomic Cu, dimeric Cu species exhibit stronger binding to sulfur

species (∼870 K) in the absence of NH3 coverage, resulting in a significant loss of

available Cu active sites, and a decrease in SCR activity.

4.2 Methods

4.2.1 Details of DFT and AIMD Calculations

We performed plane-wave, periodic DFT calculations on a 36 T-site tetrahedral SSZ-

13 supercell obtained from the international zeolite association (IZA) database88 using

the Vienna ab initio simulation package (VASP, version 5.4.4).146 We used an energy

cutoff of 400 eV, and the projector augmented wave (PAW) method for core-valence
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interactions,154 and sampled the first Brillouin zone using only the Γ point due to

the large supercell and insulating properties of the zeolitic system. Using previ-

ously reported monatomic and dimeric Cu species as a reference,24,25,94,301,305,314,315

we considered multiple initial guesses for the hydroxylated and sulfated monatomic

and dimeric Cu species anchored to the zeolitic framework, and carried out spin-

polarized geometry optimizations with the convergence criteria for self-consistent

field (SCF) electronic energies and atomic forces set to 10-6 eV and 0.03 eV/Å, re-

spectively, using the Perdew-Becke-Erzenhof (PBE)147 generalized gradient approxi-

mation (GGA) functional with the Becke-Johnson damping (D3(BJ)-vdw) dispersion

correction method.148,149 The lowest energy structures were further optimized with the

Strongly Constrained and Appropriately Normed (SCAN)316 meta-GGA functional

with D3(BJ)-vdw dispersion corrections and the same energy and force convergence

criteria as stated earlier. We tested the functional sensitivity for the energy calcu-

lations of the hydroxylation Cu species, and did not find appreciable difference in

energies across functionals. We selected SCAN-D3(BJ)vdw computed values since

it was the functional consistent for both the hydroxylation and sulfation energies

(discussed in section 4.2.4)

To consider various local minima of the H2O-solvated monatomic Cu structures,

we performed spin-polarized ab initio molecular dynamics (AIMD) simulations us-

ing VASP, version 5.4.4 by constructing initial guesses based on similar structures

reported previously.24,94 Due to the large size of the supercell considered in our cal-

culations, we ran simulations of 30 ps with 0.5 fs time steps at 473 K using the GGA-

PBE-D3(BJ)vdw functional. Next, we sampled the five lowest energy structures,

and optimized them using the GGA-PBE-D3(BJ)vdw functional. The energy of the

lowest energy structure so obtained was further optimized using SCAN-D3(BJ)vdw.
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4.2.2 Details of Ab Initio Formation Free Energy Calcula-

tions

We calculated the formation free energies of hydroxylated (Z∗Cu1,2OxHy) and sulfated

(Z∗Cu1,2OxHySz) monatomic and dimeric Cu species using O2, H2O, and SO2 as

references:161

∆Gform
Z∗Cu1,2OxHy

(T,∆µO2 ,∆µH2O) = ∆Eform
Z∗Cu1,2OxHy

−T∆SST
Z∗Cu1,2OxHy

(T )− x

2
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− y

2

(
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2
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)
(4.1)

∆Gform
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2
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2
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2
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2
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)
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2
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(4.4)

where Ereference is the species considered as the zero of energy, and Z* represents one

Al (‘Z’) and two Al (‘Z2’) exchange sites.

We used the ideal gas law to calculate the difference in the chemical potential of

species (∆µ = µ− µ◦) between 0 K (µ°) and reaction conditions (µ (P,T)) as per:



105

µ (P, T ) = µ
◦
+ RT ln

(
P

P ◦

)
(4.5)

where P° is the pressure at standard state = 1 atm. We used values listed in the

NIST-JANAF database317 for calculation of chemical potential of the gaseous species

(O2, H2O and SO2).

The difference in the translational entropy between a H2O-solvated and clean site

(∆SST) is evaluated using an empirical approximation based on the Sacker-Tetrode

equation, and validated via potential of mean force AIMD simulations, with the

underlying assumption that the translational entropy of the adsorbate is two-thirds

that of its gas phase:

∆SST
Z∗Cu1,2OxHy

=
(
SZ∗Cu1,2OxHy − Sclean site

)
≈ 2

3
kB ln

[ (
2πMx,ykBT

h2

) 3
2
(
kBT

P ◦

)
e

5
2

NA

]
(4.6)

Mx,y is the mass of the adsorbate. The empirical correlation for calculation of ∆SST

was applied only to the solvated Cu complexes. Additionally, we have ignored zero

point energy (ZPE) effects and vibrational entropy contributions in our analysis be-

cause the ∆ZPE and ∆Svib values are expected to be negligible for this system.

4.2.3 Details of Structure Generation

To generate the initial Z2Cu, Z2H2, and dimer (ZCuOCuZ, ZCuO2CuZ) structures,

the pure silica form of the CHA supercell obtained from the international zeolite as-

sociation (IZA) database88 was used. We generated all possible two Al configurations
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Figure 4.1: Initial geometry generation: (a)vector addition method (b) Z2Cu geom-
etry, and (c) ZCuOCuZ dimer generated from vector addition method.

(Z2) < 11 Å distance. Löwenstein’s rule demonstrates that the Al-O-Al bond forma-

tion is unlikely to be observed in zeolites, and therefore Z2 configurations with Al-O-Al

were removed. We used a connectivity-based graph isomorphism test using the python

NetworkX code318 to determine crystallographically unique 2Al configurations. The

isomorphism test significantly reduces the number of generated configurations; for

example, in CHA, we initially generated 630 Al configurations; however, only 25 were

unique in terms of connectivity. Then the metal ion is placed inside a zeolite ring

using the vector equation:319

Al − Cu = (Al−O1) + (Al−O2) (4.7)

The bold letters indicate each atom’s position vectors and O1 and O2 are the oxygens

bonded to one of the Al under consideration. As depicted in Figure 4a-b, this method

places the ion inside a zeolite ring on the same plane generated by Al-O1 and Al-

O2. Once the Cu cation is placed in a zeolite ring, we performed another graph

isomorphism test to remove structurally similar Z2Cu structures. Similarly, for Z2H2

structure generation, we used the vector equation to place the H atom in the zeolite

ring with an O-H distance of 0.97 Å.319,320
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H − O =
(O−T1) + (O−T2)

|(O−T1) + (O−T2)|
×0.97 (4.8)

Using the vector addition method, we generated the initial structures of ZCuOCuZ

dimers by placing two Cu atoms in zeolite rings. Subsequently, bridging oxygen

(Ob) is placed between two Cu ions in the midpoint (Figure 4.1c). From previous

DFT calculations, the reported Cu-Ob distance is 1.70–1.78 Å.314,321 Therefore, ini-

tial structures with Cu-Ob < 1.0 Å or Cu-Ob > 2.5 Å were removed as they do not

form dimeric structures. A similar vector addition procedure was used to generate

ZCuO2CuZ dimers, in which O−O was added to the Cu-Cu bisection point instead

of single Ob. The orientation of O-O in ZCuO2CuZ dimers were initially set perpen-

dicular to the Cu-Cu vector in the same plane as Cu-Cu by using the vector cross

product, and the O-O distance was kept at 1.5 Å to resemble the peroxide ZCuO2CuZ

dimer species reported in the literature.

Following generation of the initial guess dimer structures at the remaining valid Al

pair configurations, DFT geometry optimizations were performed using both the

SCAN and PBE functionals. Hydroxlated dimer structures (ZCu(OH)CuZ, ZCu(OH)2CuZ

) were generated manually from the optimized ZCuOCuZ and ZCuO2CuZ structures.

4.2.4 Benchmarking Calculations for Bulk Copper Sulfate

To test the functional accuracy for sulfation energy calculations, we used the struc-

tures provided for O, bulk Cu, S, CuSO4, and Cu2SO4 provided in the Open Quantum

Materials Database (OQMD)322,323 to compute the bulk formation energies of copper

sulfates as:

Cu+ 4O+ S → CuSO4 (4.9)
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2Cu+ 4O+ S → Cu2SO4 (4.10)

We used the force and energy convergence criteria for geometry optimization as men-

tioned in the previously, and used the Monkhorst-Pack k-point mesh provided in

OQMD for each crystal structure, to sample the first Brillouin zone. We consid-

ered GGA-PBE, PBE+U (a Hubbard+U parameter of 6 eV was applied for Cu 3d

electrons),324 and SCAN functionals, with D3(BJ) dispersion correction, to calculate

the formation energies of bulk CuSO4, and Cu2SO4, and compared them to their

experimental energies of formation reported in OQMD.

4.3 Results

4.3.1 Influence of Al Configuration on Cu Cation Speciation

in SSZ-13 at High Temperatures

Results from spectroscopic evidence (DRIFTS, UV-vis, XPS, Raman, XRD, FTIR),

experimental data from methane conversion, NOx conversion during SCR,22,27,29,301,303,313,314

along with DFT calculations24,25,297 have demonstrated the unique behavior of ion-

exchanged monatomic (Z2Cu and ZCuOH) and multinuclear (CuxOy) Cu sites in

CHA. ZCuOH sites are suggested to be precursors for the formation of Cu dimers

during high temperature oxidizing treatments, and displayed a greater susceptibility

to low-temperature sulfur poisoning, compared to Z2Cu. The site distribution of Z2Cu

and ZCuOH is dependent on the Si/Al ratio, Cu loading, and the syntheses proto-

cols, which influences the local Al distribution in the zeolite. Hence, we need to first

understand the Cu speciation in CHA as a function of the Al configurations, and the
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reaction conditions, to then, subsequently investigate the effect of high-temperature

sulfur exposure (> 673 K).

We created a computational model using a 36 T-site supercell of a CHA type frame-

work SSZ13 zeolite made up of 4, 6, and 8 member rings (MR) (Figure 4.2a).

Monoatomic Cu species, [Z2CuII] and [ZCuIIOH], formed at 2Al and 1Al exchange

sites, respectively,24,94,314 from the ion-exchange of a single Cu cation have been shown

in Figure 4.2b (‘Z’ enclosed in brackets denotes that the Cu cation and its ligands

are attached to the zeolite framework). Ion-exchanged Cu is fully solvated by H2O

(or NH3 at SCR conditions19,20,37,94) forming Z2[Cu(H2O)4] and Z[Cu(OH)(H2O)3] at

the 1Al and 2Al sites, respectively, at ambient conditions.37,94 However, at high tem-

peratures, several experimental and computational studies for methane-to-methanol

conversion, partial methane oxidation, NO oxidation in dry conditions,301,303,306,313,315

have reported the formation of dimeric Cu species [Z2Cu2OxHy] (x =1-2, y =1-2)

(Figure 4.2b) from hydrated [Cu(OH)]+ species located at proximal Al exchange

sites. Depending on the arrangement of the Al sites, [Z2Cu2OxHy] species can be

formed at the 2Al sites present in the same 8 MR as well as between two 1Al sites

present in separate MRs in a ‘bridged’ configuration.

To analyze the influence of Al-Al pair proximity on the Cu speciation at high temper-

atures in an oxidizing environment, we considered three different example Al config-

urations (shown in Figure 4.2c-e) in the 36 T-site SSZ-13 supercell, and evaluated

the formation of monatomic and dimeric Cu species from H2O-solvated monatomic

Cu species (Z2[Cu(H2O)4] and Z[Cu(OH)(H2O)3]) at each of the three Al-Al config-

urations as per the following eqs:

Z2 [Cu (H2O)4] / Z [CuOH (H2O)3] → [Z2Cu] / [ZCuOH] + 7H2O (4.11)
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Z2 [Cu (H2O)4] / Z [CuOH (H2O)3] → [Z2Cu2OxHy] / [ZH] +
(
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2

)
O2

+
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2

)(
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2
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)
(4.12)

Z [CuOH (H2O)3] / Z [CuOH (H2O)3] → [ZCuOH] / [ZCuOH] + 6H2O (4.13)

Z [CuOH (H2O)3] / Z [CuOH (H2O)3] → [Z2Cu2OxHy] +
(
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2

)
O2

+
(
7− y

2

)(
H2O− 1

2
O2

)
(4.14)

where x =1–2, and y =1–2. The forward slash represents Z2 or Z exchange sites in

separate zeolite cages.

Configuration 1 as shown in Figure 4.2c comprises of H2O-solvated Z2Cu charge-

compensating Al-Al pair present in the same 6MR at a distance of 5.8 Å. To main-

tain the Cu stoichiometry in the formation of dimeric Cu from H2O-solvated Z2Cu as

shown in eq 4.9, an additional 1Al exchange site was added in a separate cage in the

same 36 T-site supercell, which is charge compensated by H2O-solvated ZCuOH. Con-

figuration 2 (Figure 4.2b) and 3 (Figure 4.2c) have two isolated 1Al sites 10.4 Å and

7.4 Å apart, respectively, each site being charge compensated by Z[CuOH (H2O)3].

We computed the exchange reaction energies for monatomic and dimeric Cu species

as per eqs 4.11-4.14 using the SCAN functional with the Becke-Johnson damping

method (D3-(BJ)vdw) for dispersion corrections (full details are in Section 4.2.1).

Subsequently, we used the SCAN-D3(BJ)vdw computed exchange energies and ther-

modynamic correlations detailed in Section 4.2.2 to evaluate the Gibbs formation

free energy (∆Gform), and constructed a thermodynamic phase diagram for each of

the three Al-Al configurations (Figure 4.2c-e) at 10% O2 and varying degrees of
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Figure 4.2: (a) Framework of SSZ-13 zeolite comprising of four-, six-, and eight
membered rings (MR), and a simplified representation of an example Al-Al configu-
ration (NN represents nearest neighors), (b) Optimized structures of monatomic and
dimeric Cu species. Thermodynamic phase diagrams for example Al-Al configurations
where (c) Al-Al pair is present in the same 6MR at a distance of 5.8 Å (configuration
1), preferentially forming [Z2Cu], (d) two isolated Al exchange sites present at a dis-
tance of 10.4 Å (configuration 2), forming isolated [ZCuOH] and dimeric Cu species,
and (e) Al-Al pair is present in separate rings (6 and 4MR) at a distance of 6.2 Å,
thermodynamically favoring formation of dimeric Cu. The energies values of all the
species considered in the phase diagrams has been provided in Table A.1, Appendix
A.
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Figure 4.3: 9 Al-Al configurations forming dimeric Cu ([Z2Cu2OxHy]) species out of
the 25 plausible 2Al configurations in 36 T-site SSZ-13 supercell. The configuration
number has been shown at the top right corner of each configuration, and the config-
urations have been arranged in ascending order of Al-Al distance in Å. Configuration
3 from Figure 4.2e corresponds to the configuration 14 in this numbering sequence.
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H2O pressures (-5 < log(PH2O/P
◦) < 5) and temperatures(300 K< T <1000 K).

Free energies for all species are tabulated in A.1. As the temperature increases,

the competition between formation of monatomic vs dimeric Cu species from H2O-

solvated monatomic Cu is dictated by the arrangement of the Al-Al pair. At 473 K,

10% O2, 7% H2O, configuration 1 (Figure 4.2c) preferentially formed monatomic Cu

([Z2Cu]/[ZCuOH]), and configuration 2 (Figure 4.2d) remained as isolated [ZCuOH]

species, respectively, post desorption of H2O molecules; however, with further in-

crease in temperature, the isolated [ZCuOH] sites form dimeric Cu ([Z2Cu2OH] and

([Z2Cu2O]) species. Conversely, dimeric Cu ([Z2Cu2OH] and ([Z2Cu2O]) species are

preferred over monatomic Cu at temperatures > 450 K at configuration 3 (Figure

4.2e), showing that the formation of dimeric Cu species from H2O-solvated [ZCuOH]

is thermodynamically favorable only at certain Al-Al configurations.

Next, to identify the Al-Al pairs that preferentially form Cu dimers instead of

monatomic Cu, we examined all 25 unique 2Al configurations plausible in a 36T

site SSZ-13 supercell89 (shown in Figure A.1 in Appendix A). First, we eliminated

the Al-Al pairs violating Löwenstein’s rule (no Al-O-Al), and applied an automated

dimer generation model detailed in section 4.2.3, to the remaining 21 2Al configura-

tions to evaluate the thermodynamic feasibility of formation of dimeric Cu by using

probe reactions of mono µ-oxo Cu dimer ([Z2Cu2O]) and peroxo dimer ([ZCuO2CuZ])

formation. We compared the PBE-D3-BJ(vdw) computed dimer formation energies

to that of monatomic Cu ([Z2Cu], [ZCuOH]) at each of the 21 2Al configurations

to identify 9 Al-Al configurations that preferentially formed dimers, shown in Fig-

ure 4.3. Göltl and coworkers305,306 have also reported a subset of these 9 2Al pairs

forming Cu dimers (configurations 10, 3, and 11 in Figure 4.3).

Subsequently, we considered the formation of various dimeric Cu motifs [Z2Cu2OxHy]
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as illustrated in Figure 4.2b, at the 9 2Al configurations, and evaluated their ther-

modynamic stability of at a variety of reaction conditions by using SCAN-D3(BJ)vdw

functional to compute their formation energies relative to [Z2Cu2O] as per:

[Z2Cu2O] +

(
1− x

2

)
O2 +

(y
2

)(
H2O− 1

2
O2

)
→ [Z2Cu2OxHy] (4.15)

where x =1–2, and y =1–2.

Using the SCAN-D3(BJ)vdw computed energies, we calculated their formation free

energies (∆Gform) as per the thermodynamic correlations detailed in Section 4.2.2

to generate thermodynamic phase diagrams for each of the 9 2Al configurations by

plotting ∆Gform(T, PH2O, PO2) at fixed PO2= 10%, and over varying conditions of H2O

pressures (-5 < log(PH2O/P
◦) < 5) and temperatures (500 K< T <1000 K) (Figure

A.2, Appendix A). At conditions of high temperature O2 activation (698 K, 7% H2O,

10% O2), which are relevant for applications such as NOx SCR in diesel engines,

methane-to-methanol conversion, etc…301,303,306,313,315 we observed a distribution of

[Z2Cu2O], [Z2Cu2O2], [Z2Cu2OH], and [Z2Cu2O2H2] species to be thermodynamically

stable, with the hydroxylated dimers as the predominant species at 698 K. Similar

thermodynamic analyses performed by Göltl et al.305 for a subset of these Al-Al

configurations (configurations 10, 3, and 11 in Figure 4.3) found [Z2Cu2OH] and

[Z2Cu2O2H2] to be the most thermodynamically stable species between 473-773 K.

Details of the thermodynamically plausible dimeric Cu species at 698 K, 7% H2O,

10% O2 for each of the 9 2Al configurations have been listed in Table 4.1, with their

formation energy being reported relative to [Z2Cu2O] (considered as zero of energy).
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Table 4.1: Formation Free Energies in kJ mol-1 of Plausible Hydroxylated
Cu Dimers [Z2Cu2OxHy] at 698 K, 7% H2O, 10% O2 Calculated Using
SCAN-D3(BJ)vdw, at the 9 Identified Cu Dimer-forming Al-Al Pairs Re-
ported in Figure 4.3.a

Plausible hydroxylated 2Al Configurations (Distance between Al-Al pair in Å)

Cu dimers [Z2Cu2OxHy] 10 (6.2 Å) 12 (6.2 Å) 14 (6.2 Å) 3 (7.1 Å) 11 (7.2 Å)

[Z2Cu2O] 0 0 0 0 0

[Z2Cu2O2] +69 +40 +70 +100 +130

[Z2Cu2O2H] -19 -19 -11 -19 -7

[Z2Cu2O2H] +32 +37 +105 +76 +148

[Z2Cu2O2H2] +3 -28 +84 +5 +54

Plausible hydroxylated 2Al Configurations (Distance between Al-Al pair in Å)

Cu dimers [Z2Cu2OxHy] 19 (7.3 Å) 23 (8.7 Å) 8 (9.7 Å) 5 (10.4 Å)

[Z2Cu2O] 0 0 0 0

[Z2Cu2O2] +94 +127 +98 +50

[Z2Cu2OH] -4 -8 -20 -28

[Z2Cu2O2H] +67 +98 +181 +159

[Z2Cu2O2H2] -8 +8 +48 +80

a The formation free energies have been expressed relative to [Z2Cu2O]. The most
thermodynamically stable species for each Al-Al configuration has been highlighted
in bold.
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4.3.2 Effect of Sulfur Exposure on Dimeric Cu Species

Next, we examined the effect of sulfur exposure (SO2/SO3) on the [Z2Cu2OxHy]

species at the 9 2Al configurations by calculating their sulfation reaction energies.

While reaction energies of SO2/SO3 with Cu dimers in the absence of NH3, have

not been reported earlier, Jangjou et al.25 and Shih et al.24 performed DFT calcula-

tions for the sulfation of monatomic Cu species such as [Z2Cu] and [ZCuOH] result-

ing in the formation of Cu sulfite/sulfate ( [CuSOz=2-4]2+) and bisulfite/bisulfate (

[CuHSOz = 3,4]+), respectively, demonstrating that monatomic Cu sulfation energies

are exothermic (ranging from -42 to -143 kJ mol-1).

To compare the sulfation energies of monatomic vs dimeric Cu species, first, we

used a variety of functionals such as GGA-PBE, PBE+U, and SCAN, in conjunc-

tion with D3-(BJ)vdw dispersion correction, to compute the reaction energies of SO2

and SO3 with [Z2Cu2Ox] (x =1–2) species at an example dimeric Cu-forming Al-Al

configuration (configuration 5 in Figure 4.3) as per:

[Z2Cu2O] + SO2 → [Z2Cu2SO3] (4.16)

[Z2Cu2O] + SO2 +
1

2
O2 → [Z2Cu2SO4] (4.17)

[Z2Cu2O2] + SO2 → [Z2Cu2SO4] (4.18)

The SO2/SO3 reaction energies of dimeric Cu listed in Table 4.2 are significantly

more exothermic (ranging from -115 to -434 kJ mol-1) than those reported for monatomic

Cu,24,25 signifying that SOx binds much more strongly to Cu dimers. Additionally,

the sulfation energies of Cu dimers exhibited a deviation of ∼57-80 kJ mol-1 for the

reaction of SO2/SO3 with [Z2Cu2O], and ∼170 kJ mol-1 for the reaction of SO2 with
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Table 4.2: Reaction Energies of SO2/SO3 with [Z2Cu2Ox] (x =1-2) Calcu-
lated Using Different Functionalsa

Reaction Energies (in kJ mol-1)
Reaction

PBE PBE+U HSE06 SCAN

[Z2Cu2O] + SO2 +
1
2
O2 → [Z2Cu2SO4] -115 -152 -172 -155

[Z2Cu2O] + SO2 +
1
2
O2 → [Z2Cu2SO4] -290 -331 -385 -354

[Z2Cu2O2] + SO2 → [Z2Cu2SO4] -258 -348 - 434 -306

a D3(B)vdw dispersion correction has been applied to all the calculations

[Z2Cu2O2], demonstrating sensitivity to the functional employed. However, regard-

less of the functional used, we note that sulfur reaction energies with dimeric Cu are

consistently highly exothermic and yield the same optimized structure for Cu sulfite

[Cu2SO3]2+ and sulfate [Cu2SO4]2+. To determine which functional among the ones

considered is the most accurate for the reaction of SO2/SO3 with Cu dimers, we next

performed benchmarking calculations by computing the formation energies of bulk

CuSO4 and Cu2SO4 using GGA-PBE, PBE+U, and SCAN, with D3-(BJ)vdw dis-

persion correction; calculation details are in Section 4.2.4, and the formation energies

have been reported in Table 4.3. Comparing the computed energies with the ex-

perimental energies of formation reported in previous studies,325,326 we found good

agreement with the SCAN-D3(BJ)vdw reaction energies.

Subsequently, we used SCAN-D3(BJ)vdw functional to compute the reaction ener-

gies of SO2/SO3 with hydroxylated Cu dimers [Z2Cu2OxHy] at the example Al-Al

configuration in Figure 4.2e as per:

[Z2Cu2OH] + SO2 +
1

2
O2 → [Z2Cu2HSO4] (4.19)
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Table 4.3: Details of the Benchmarking Calculations Performed for For-
mation Energies of Bulk Copper Sulfates

Formation energy (in kJ mol-1 atom-1)

PBE (with PBE+U (with SCAN (with Experimental

D3-BJ vdw) D3-BJ vdw) D3-BJ vdw) values

CuSO4 -110 -111 -136 -133325

Cu2SO4 -90 -101 -112 -113326

[Z2Cu2O2H2] + SO2 → [ZCu2HSO4] /[ZH] (4.20)

We observe that sulfation of hydroxylated Cu dimer changes the formal oxidation

state of Cu from +2 in [Cu2SO4]2+ to +1.5 and +1 in [Cu2HSO4]2+ and [Cu2HSO4]+

as seen in eqs 4.19 and 4.20, respectively, suggesting that similar to the reaction

of sulfur with peroxo Cu dimers in the presence of NH3 ([Cu22+(NH3)4O2]2+),26,30

Cu dimers exposed to sulfur in the presence of H2O may reduce the Cu2+ cation.

We also computed sulfation of the monatomic Cu moieties ( [Z2Cu] and [ZCuOH],

and their H2O-solvated counterparts), at the example Al-Al configurations in Figure

4.2c-d. Using the computed reaction energies and the thermodynamic correlations

described in Section 4.2.2, we calculated ∆Gform(T, PH2O, PO2 , PSO2) for the formation

of sulfated monatomic and dimeric Cu species, and constructed thermodynamic phase

diagrams for a range of temperatures (300 K< T <1000 K) and H2O pressures (-5 <

log(PH2O/P
◦) < 5) at 10% O2 and 30 ppm SO2, shown in Figure 4.4a-c. At low tem-

peratures (473 K, 10% O2, 30 ppm SO2, 7% H2O), analogous to previously reported

calculations by Shih et al.,24 we observed that SOx reacts with H2O-solvated [Z2Cu]
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and [ZCuOH] forming a monatomic Cu complex containing two bisulfite (HSO4)–

ligands which is detached from the zeolite framework, at all the Al-Al configurations.

At configuration 1 (Figure 4.4a), which preferentially formed [Z2Cu] in the absence

of sulfur exposure, increase in temperature results in the desorption of one bisulfite

(HSO4)– ligand, and we observe the formation [ZH/ZCuSO4], suggesting sulfur could

facilitate conversion of some Z2Cu sites to ZCuOH (in specific 3Al ensembles). Sub-

sequently, at T >600 K, sulfur desorbs from the Cu sites generating [Z2Cu] back; we

refer to the temperature at which sulfated Cu becomes the minority species as the

desulfation temperature. At configuration 2 (Figure 4.4b), we observed the forma-

tion of two isolated [ZCuOH] sites at T < 600 K in the absence of sulfur exposure;

reaction with SOx lead to the formation of [Cu(HSO4)2] complexes which are detached

from the zeolite framework, and at T > 580 K form sulfated Cu dimer [Z2Cu2SO4].

Sulfur eventually desorbs from the Cu dimer at 800 K forming [Z2Cu2OH]. Similar

behavior is observed at configuration 3 (Figure 4.4c) which thermodynamically fa-

vored formation of Cu dimers at T > 450 K when no SOx was present; upon exposure

to SOx, sulfated monatomic Cu complexes transformed into sulfated Cu dimers at T

> 550 K, with the sulfur binding strongly to the Cu dimer until 870 K. We observe

that as temperatures increase, there is a thermodynamic driving force for desulfation

of Cu dimers, with the desulfation temperatures dependent on the arrangement of

the Al-Al pairs.

Next, we extended our thermodynamic model to all the Al-Al configurations in

Figure 4.3, and computed the formation free energies of sulfated Cu dimers as a

function of reaction conditions. The thermodynamic phase diagrams constructed

for all the Al-Al configurations have been reported in Figure A.3, Appendix B; the

formation free energies of the (bi)sulfite and (bi)sulfate Cu dimers relative to the
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Figure 4.4: Thermodynamic phase diagram for sulfation of (a) Al-Al pair is present
in the same 6MR at a distance of 5.8 Å (configuration 1), preferentially forming
[Z2Cu], (b) two isolated Al exchange sites present at a distance of 10.4 Å (configu-
ration 2), forming isolated [ZCuOH] and dimeric Cu species, and (c) Al-Al pair is
present in separate rings (6 and 4MR) at a distance of 6.2 Å, thermodynamically
favoring formation of dimeric Cu, and (d) optimized geometries of representative
structures of bisulfate and sulfate Cu dimers at Al-Al pairs present in the same 8MR,
and at a ‘bridged’ configuration, respectively. The energies values of all the species
considered in the phase diagrams has been provided in Table A.1, Appendix A.
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Table 4.4: Formation Free Energies in kJ mol-1 of Sulfated Cu Dimers
at 698 K, 7% H2O, 10% O2, 30 ppm SO2 Calculated Using SCAN-
D3(BJ)vdw, at the 9 Identified Cu Dimer-forming Al-Al Pairs.a

Plausible sulfated 2Al Configurations (Distance between Al-Al pair in Å)

Cu dimers 10 (6.2 Å) 12 (6.2 Å) 14 (6.2 Å) 3 (7.1 Å) 11 (7.2 Å)

[Z2Cu2HSO3] +130 +138 +134 +137 +105

[Z2Cu2HSO4] +25 +17 -27 -1 -18

[Z2Cu2SO3] +148 +20 +68 +146 +89

[Z2Cu2SO4] +26 -17 -70 +20 -64

Desulfation Temperature (in K)b

654 761 874 707 847

Plausible sulfated 2Al Configurations (Distance between Al-Al pair in Å)

Cu dimers 19 (7.3 Å) 23 (8.7 Å) 8 (9.7 Å) 5 (10.4 Å)

[Z2Cu2HSO3] +137 +146 +133 +141

[Z2Cu2HSO4] -15 +13 +10 +15

[Z2Cu2SO3] +98 +128 +113 +131

[Z2Cu2SO4] -39 -48 -51 -39

Desulfation Temperature (in K)b

794 810 817 791

a The formation free energies have been expressed relative to the most exergonic
[Z2Cu2OxHy] species identified at the stated reaction conditions; they have been
highlighted in bold in Table 4.1.
b The desulfation temperature for each Al-Al configuration has been reported at 7%
H2O, 10% O2, 30 ppm SO2
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Figure 4.5: Comparison of desulfation temperatures (in K) of monatomic vs dimeric
Cu species based on SCAN-D3(BJ)vdw computed energies

most exergonic [Z2Cu2OxHy] species identified at 698 K, 10% O2, 30 ppm SO2, 7%

H2O, along with the desulfation temperature at each Al-Al configuration have been

reported in Table 4.4.

At such high temperature conditions (698 K, 10% O2, 30 ppm SO2, 7% H2O), dur-

ing which the NH3 coverage is low in NH3-SCR of NOx, we observed a distribution

of thermodynamically stable dimeric Cu sulfates and bisulfates. While the sulfated

Cu dimers across all the Al-Al configurations exhibit highly exergonic sulfation ener-

gies, the strength of sulfur binding to the Cu dimers, as reflected in their desulfation

energies, is influenced by the Al-Al pair arrangement. We found that configura-

tions having both the Al-exchange sites in the same 8MR (configurations 10 and 3)

displayed lower desulfation temperatures (654–707 K) than the ‘bridged’ 2Al config-

urations (761–874 K), indicating that sulfur binds more strongly to these ‘bridged’

2Al sites (Figure 4.5). Representative optimized structures of the (bi)sulfate Cu

dimers at both these types of Al–Al configurations have been shown in Figure 4.4d.

Moreover, the dimeric Cu species formed at the ‘bridged’ 2Al sites displayed higher
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desulfation temperature compared to the monatomic Cu species (<760 K) (illustrated

in Figure 4.5), reiterating the observation from our DFT calculations and those re-

ported in literature,24,25,305,306 that dimeric Cu species interact more strongly with

sulfur than monatomic Cu.

4.3.3 Comparison with Experimental Data from Sulfur Ex-

posure Experiments

We compared our high temperature sulfation reaction theoretical results with the

SCR kinetic results on Cu/SSZ-13 pre- and post-sulfur exposure at 698 K, 10% O2,

30 ppm SO2, 7% H2O reported by our experimental collaborators Chen et al.327 We

observe that NOx conversion reduced significantly after SO2 and SO2+SO3 exposure;

the decrease was larger upon the introduction of SO3. The change in the values

of activation energy, reported before and after sulfur exposure (+93 and +53 (with

SO2)/ +55 (SO2+SO3) kJ mol-1, respectively) could allude to a change in the SCR

mechanism post high-temperature sulfur exposure, with either the sulfation of NH3-

solvated Cu dimer ([Cu22+(NH3)O2]2+),26,30 or the inability of sulfated Cu dimers to

form [Cu22+(NH3)O2]2+, impacting the SCR activity. To determine whether sulfur

exposure lead to a decrease in the available Cu active sites, Chen et al.327 titrated

the amount of Cu dimers using CO as a probe reaction at 473 K. The results indicate

that, consistent with our theoretical calculations, sulfur binds strongly to Cu dimers,

thereby reducing the amount of CO titratable Cu dimers significantly (from 29 to

0.46 �mol/g catalyst CO2 generated pre- and post-sulfur exposure, respectively). To

further validate the loss of Cu dimers following sulfur exposure, Chen et al.327 also

compared the UV-vis spectra collected of SSZ-13 catalyst (pretreated in dry air at

673 K) before and after sulfur exposure, and observed the disappearance of the Cu
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dimer-associated peaks in the d-d transition regions post sulfation, and spectra that

were qualitatively consistent with that of bulk Cu sulfate.

4.3.4 Conclusions

Here, we investigated high-temperature sulfur poisoning of Cu/CHA zeolite during

SCR of NOx using DFT calculations, SCR rate experiments, and spectroscopic mea-

surements. Our theoretical calculations showed that high temperature oxidizing con-

ditions lead to the formation of a distribution of thermodynamically stable dimeric Cu

moieties (Cu2Ox = 1–2Hy = 1–2) in CHA from solvated [CuOH]+ complexes, but only at

certain Al-Al configurations where isolated [CuOH]+ sites are in close proximity, em-

phasizing the role of zeolite composition (Si/Al ratio, Cu loading) and Al distribution

on the Cu cation speciation at high temperatures. We found that high temperature

(>673 K) sulfur exposure leads to the exergonic formation of stable [Cu2HSO4]2+ and

[Cu2SO4]2+, which display significantly stronger sulfation energies in comparison to

that of monatomic Cu, indicating that much higher temperature desulfation treat-

ments (>700 K) would be required for regenerating Cu dimers in a CHA catalyst.

While the elementary steps for forming these sulfated Cu species are unclear, our

combined experimental and theoretical results suggest that following sulfur exposure

at high temperatures, the strongly bound sulfur on Cu dimers renders them chem-

ically inert to CO, and likely NH3, consequently reducing SCR performance of the

catalyst. The loss of available Cu active sites due to high temperature interaction of

sulfur with Cu dimers, as observed in our CO titration measurements, and UV-vis

spectra, posits a relation between the susceptibility of sulfur poisoning of a zeolite

with the amount of Cu dimers present; for instance, Cu/MOR, which has a higher

density of as-exchanged Cu dimers, would be expected to experience a greater degree
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of sulfur poisoning and reduced catalytic performance, compared to CHA. Similarly,

a CHA catalyst with low Si/Al ratio and Cu loading, will have a higher propensity

for forming Z2Cu sites compared to ZCuOH, leading to a lower concentration of Cu

dimers, requiring less aggressive regeneration protocols.

Overall, our theoretical model and results for sulfur poisoning of Cu/CHA highlight

the role of Al siting and reaction conditions in the exchanged metal speciation and

their reactivity with sulfur, and lays the groundwork for investigating the effect NH3

in regenerating these dimer sites.
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Chapter 5

Contributions to Other Research

Projects

I have been working with Chemical Engineering undergraduate student, Anupama

Jayaraman, and my fellow group member, Asanka Wijerathne, since Spring 2019,

on understanding the thermodynamics and kinetics of redispersion of Pt nanoparti-

cles to cations in zeolites. In this study, we extended our previous research on Pd

redispersion in CHA to redispersion of Pt particles in zeolites by analyzing the influ-

ence of initial Pt particle size distribution, and external reaction conditions on the

interconversion between Pt particles and cations. Here, we have used DFT calcu-

lations, thermodynamic correlations and kinetic Monte Carlo (kMC) simulations to

develop free energy models that encompass the thermodynamic and kinetic param-

eters dictating the reversible interconversion between Pt particles and Pt2+ cations

ion-exchanged in zeolites under oxidizing and reductive reaction conditions.

For Pt catalysts supported on zeolites, stabilization of Pt metal in anchoring sites14,240,328–331

is facilitated by the altered electronic structure and coordination of the metal to the

zeolite framework.181,328 The three-dimensional, cage-like structure of zeolites con-

fers additional sintering and resistance due to the high energy barrier associated with

particle diffusion through zeolite pores.181,329 Nonetheless, under certain reaction con-

ditions, particles may overcome the energetic barrier to diffusion, enabling intercon-
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version between different Pt metal structures.14,240,328,329 The thermodynamics and

kinetics of particle restructuring depends on the zeolite composition and topology,

reaction conditions and particle size. Under high temperature oxidative conditions,

particles disintegrate into smaller particles or single atoms. Conversely, low tem-

perature reducing conditions facilitate particle agglomeration and growth.14,240,328–330

Such a reversible transformation between different metal speciation induced by vary-

ing reaction conditions, has been explored in several studies Pt cluster formation

from isolated atoms in Y zeolite during ethane dehydrogenation at 973 K,332 high-

temperature oxidations on single-site Pt and Pt clusters in high silica CHA14,202,240

and ZSM-5.333,334

We use density functional theory (DFT) to compute the energies for the most stable

Pt2+ cation structures and use free energy expressions for supported and unsupported

nanoparticles to estimate the size-dependent energies of encapsulated Pt particles in

CHA zeolites. We combine these cation and particle energies at different particle sizes

and gaseous environmental conditions (PO2 , PH2O, PH2 , T ) to develop thermodynamic

phase diagrams for Pt speciation within the zeolite. We have also performed kinetic

Monte Carlo (kMC) simulations for a gas-phase mediated Ostwald Ripening mech-

anism followed by trapping of PtO2(g) monomers at the atom-trapping Al-exchange

sites in the zeolite, to model the kinetics of particle redispersion. Currently we have

a manuscript based on this study in preparation (Jayaraman, A.; Mandal, K.; Wi-

jerathne, A.; Gounder, R.; and Paolucci, C. Predicting Conditions and Rates of Pt

Nanoparticle Redispersion to Cations in Zeolites, In Preparation).

My specific contributions to this work have been helping Anupama Jayaraman in

performing DFT calculations of Pt/SSZ-13 to compute the Pt cation energies, and

developing the thermodynamic model for the free energy of supported particles. I also
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Figure 5.1: Plot of Gibbs Free Energy for Pt particle formation as a function of
particle size. The orange, dotted purple, and solid purple with purple circles lines
represent energies with for γavg,Pt = 75 meV/Å2 for the supported free energy model,
the unsupported free energy without interpolation of energies for small Pt particles (<
1 nm), and unsupported free energy model with interpolation of Pt particle energies,
respectively. The purple circles represent the DFT calculated energies of Pt clusters
< 1 nm diameter.
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performed DFT calculations for Pt nanoparticle clusters, ranging from 1-75 atoms,

to develop correlations for free energies of unsupported Pt particles (Figure 5.1). In

addition, I’m also involved in drafting, writing, and editing of the manuscript.
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Chapter 6

Final Conclusions and Outlook for

the Future

In this dissertation, we used computational modeling tools such as density functional

theory (DFT), and wave function theory (WFT) calculations, AIMD and kinetic

Monte Carlo simulations, first-principles based thermodynamic models, experimental

and spectroscopic techniques, to understand the underlying thermodynamics and ki-

netic factors that govern the thermal and chemical deactivation of zeolite-supported

metal catalysts, using ion-exchanged Pd- and Cu/zeolites as model systems.

Pd/zeolites have been explored for numerous applications such as Wacker oxida-

tion, alkene hydrogenation, methane oxidation, and aftertreament of diesel exhaust,

with their potential role for low-temperature NOx adsorption being the focus of

numerous studies. A mechanistic understanding of the solvation chemistry of Pd

cations in the presence of H2O, and its effect on the coordination environment of

Pd-nitrosyl complexes, and CO oxidation can reveal crucial information about the

catalytic performance, stability, and deactivation processes of Pd/zeolites. A com-

bined computational and experimental study of Pd/CHA showed that at conditions

of practical interest (< 573 K) in oxidation reactions, and passive NOx adsorption

(PNA), H2O is ubiquitously present in the reaction environment (0.3-7% H2O), and
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analogous to the behavior reported for Cu/zeolites and homogeneous Pd inorganic

chemistry, leads to the formation of fully solvated, four-fold coordinated mobile Pd

complexes. Our studies demonstrated that H2O-solvation of Pd cations in zeolites

affects PNA performance of Pd/CHA by increasing the NO desorption temperature

(an increase of ∼200 K at 4.5% H2O) due to the formation of thermodynamically

stable [PdII(NO– )(H2O)3]+ complexes, which had reduced mobility relative to fully

H2O-solvated Pd complexes. It is also interesting to note that presence of H2O intro-

duces a homogeneity across zeolites of different topologies, which otherwise possess

distinct NO adsorption/ desorption profiles in the absence of H2O, by the formation

of these mobile H2O-solvated Pd-nitrosyl complexes.

Furthermore, our study on redispersion of Pd particles in CHA highlights the role

of H2O on sintering of these zeolites, with H2O driving the thermodynamic equilib-

rium towards agglomeration of Pd cations to PdO particles at low temperatures, and

accelerating catalyst deactivation. Our research findings suggest that mitigating the

presence of H2O in the reaction environment could improve the low-temperature per-

formance and longevity of Pd/zeolites for PNAs, and automobile exhaust treatment.

Probable solutions can range from changes in the architecture of the aftertreatment

system (which is often difficult or cost-prohibitive to implement), and synthesis of

better zeolite supports. Zeolites with a more exothermic ion-exchange reaction would

possess higher thermodynamic resistance to the structural transformation of cations

to particles. Hydrophobic zeolite frameworks, and (or) zeolite synthesis methods that

impart greater hydrophobicity to CHA zeolites, could also be potential routes to ex-

plore. However, we would also need to evaluate the affects of such treatments or the

impact on the NO storage capacity, catalytic activity, and hydrothermal stability

of when using other zeolites that have more exergonic exchange energies. Our ther-
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modynamic and kinetic models for structural interconversion between particles and

cations in zeolites also provide a potential roadmap for the study of particle sintering

(or redispersion) of other metal oxide supports where, similar to zeolitic supports, the

distribution and site density of trapping sites or defects play a key role in catalyst

stability and regeneration capabilities.

Investigations into the sulfur poisoning and regeneration of Cu/zeolites for SCR of

NOx in diesel engines showed that formation of dimeric Cu species at high temper-

atures is deleterious to the SCR performance of the material. Sulfated Cu dimers

possess excellent thermodynamic stability, and zeolites with a higher concentration

of Cu dimers would require significantly higher deSOx temperatures for catalyst re-

generation, which in turn raises concerns regarding the hydrothermal stability of these

materials under such conditions. Our results suggest that optimizing zeolite synthe-

sis protocols to avoid Al configurations that favor Cu dimers, and ideally facilitate

formation of solely 6MR 2Al exchange sites without other adjacent Al, can attenuate

sulfur-induced catalyst poisoning, lower regeneration temperatures, and improve the

catalyst life-cycle.

In chapter 3, “Kinetic and Thermodynamic Factors Influencing Palladium Nanopar-

ticle Redispersion into Mononuclear Pd(II) Cations in Zeolite Supports”, our study

focused on the redispersion of Pd nanoparticles present on the external surface of a

zeolite support during high-temperature air treatments. Subsequent studies can be

performed for (a) redispersion of Pd nanoparticles with different particle size dis-

tributions, (b) redispersion of Pd nanoclusters encapsulated in the zeolite pores to

investigate the effect of zeolite confinement on the stability of nanoclusters, and (c)

impact of the presence of other external oxidizing gases such as NO. We can also de-

velop similar thermodynamic and kinetic models for Pd nanoparticle redispersion on
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metal-oxide supports with atom trapping sites and(or) defects such as ceria, alumina,

etc. to explore the influence of the catalyst support on particle redispersion.

In the next phase of our study discussed in Chapter 4, “Effect of Reaction Conditions

and SO2 Exposure on Cu Speciation in SSZ13 Zeolites”, the goal is to investigate

the effect of sulfur exposure on Cu dimers in the presence of NH3. Some recent

studies26,30 have looked at the effect of sulfur exposure on NH3-solvated Cu dimers

([Cu II
2 (NH3)2O2]2+), which are intermediates formed during the SCR redox cycle,

and found that SO2 strongly reacts with [Cu II
2 (NH3)2O2]2+ forming HSO4(NH4) that

contribute to sulfur accumulation in Cu/CHA, and adversely impact the probability

of pairing of two proximal [CuI(NH3)2]+ complexes. The physical blocking of active

sites in Cu/CHA by sulfur has been shown to be reversible in nature, with desulfation

and regeneration of monatomic Cu (Z2Cu and ZCuOH) sites in Cu/CHA observed

at temperatures ∼673 K when decomposition of HSO4(NH4) occurs.23,26,28 However,

the interaction of NH3 with framework bound sulfated dimeric Cu sites in Cu/CHA

is not well known. Thus, we would need to perform DFT calculations and AIMD

simulations for the reaction of NH3with hydroxylated and (bi)sulfated Cu dimers that

are bound to the zeolite framework, and generate thermodynamic phase diagrams for a

variety of NH3 coverages and temperatures. An atomistic and thermodynamic study

of the local coordination environment of the sulfated Cu dimers (NH3-solvated vs

framework-bound) at different Al configurations and reaction conditions, along with

the corresponding experimental studies on sulfur-poisoned Cu/CHA in the presence

of NH3, is thereby required to develop a complete mechanistic understanding of the

physical and chemical deactivation of Cu/CHA in the presence of sulfur, and for

further development of effective catalyst regeneration protocols.
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Figure A.1: 25 symmetry-distinct Al-Al configurations plausible in 36 T-site SSZ-13
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Figure A.2: SCAN-D3(BJ)vdw based thermodynamic phase diagram at 10% O2 for
the 9 Al-Al configurations forming Cu dimers as shown in Figure 5.2
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Figure A.3: SCAN-D3(BJ)vdw based thermodynamic phase diagram at 10% O2,
30 ppm SO2 for the 9 Al-Al configurations forming Cu dimers as shown in Figure 5.2
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Table A.1: SCAN-D3(BJ)vdw Energies of Hydroxylated and Sulfated
Monatomic and Dimeric Cu Species Computed at 698 K, 10% O2, 30
ppm SO2, 7% H2O for the 3 Example Al-Al Configurations shown in Fig-
ure 4.2 and 4.4

Configuration 1 Configuration 2 Configuration 3

Hydroxylated Cu Species

Z2[Cu(H2O)4]/Z[CuOH(H2O)3]

or Z[CuOH(H2O)3]/Z[CuOH(H2O)3]
0 0 0

[Z2Cu]/ZCuOH] or [ZCuOH]/[ZCuOH] -329 -205 -194

Z2Cu2O -249 -201 -372

Z2Cu2O2 -141 -203 -307

Z2Cu2OH -296 -227 -384

Z2Cu2O2H -178 -103 -271

Z2Cu2O2H2 -259 NA -293

Sulfated Cu Species

Z2H2[Cu(HSO4)2]/ZH[ [Cu(HSO4)2]

or ZH [Cu(HSO4)2] / ZH [Cu(HSO4)2]
+87 -6 -132

Z2 [CuHSO4(H2O)2]/Z [CuHSO4(H2O)2]

or Z [CuHSO4(H2O)2] / Z [CuHSO4(H2O)2]
+77 -32 -122

[ZCuHSO4/ZH]/[ZCuHSO4]

or [ZCuHSO4]/ [ZCuHSO4]
-187 -85 +100

[ZCuSO4/ZH]/[ZCuHSO4] -208 NA NA

[Z2Cu2HSO3] -112 -70 -258

[Z2Cu2HSO4] -236 -327 -421

[Z2Cu2SO3] -107 -173 -325

[Z2Cu2SO4] -214 -274 -463
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Figure A.4: SCAN-D3(BJ)vdw based thermodynamic phase diagram at 10% O2,
30 ppm SO2 for Z2Cu
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Figure A.5: SCAN-D3(BJ)vdw based thermodynamic phase diagram at 10% O2,
30 ppm SO2 for ZCuOH
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