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ABSTRACT: Palladium cations and nanoparticles supported on oxides and zeolites are used as catalysts and adsorbents for a wide 

range of chemical reactions of practical importance, with various and distinct active site requirements. Consequently, sintering and 

redispersion processes that interconvert site-isolated Pd cations and agglomerated nanoparticles underpin catalyst activation and de-

activation phenomena, yet the influence of Pd nanoparticle size distribution and gas conditions on the thermodynamic and kinetic 

factors influencing such interconversion are imprecisely understood. Here, we prepare Pd nanoparticles of different particle size and 

distribution (normal, log-normal) supported on high-symmetry crystalline zeolites to access well-defined materials whose Pd site 

distributions can be quantitatively characterized by experiment and modeled accurately by theory. Ab initio thermodynamic modeling 

and isothermal (593‒973 K) wet and dry air treatments of Pd-zeolites reveal that the widely observed deactivation under low-tem-

perature hydrous environments reflect site interconversion thermodynamics that favor the agglomeration of isolated Pd cations into 

nanoparticles. Under high-temperature anhydrous conditions, experimental kinetic measurements and kinetic Monte Carlo simula-

tions evince the preeminence of kinetic factors on Pd nanoparticle redispersion into cations, which proceeds at rates that are strongly 

influenced by the initial Pd particle size distribution and via a substrate diffusion-mediated Ostwald ripening process whereby Pd 

monomers are captured in an atom trapping process at anionic exchange sites (framework Al) in the zeolite support. These findings 

resolve longstanding questions regarding the roles of H2O and support interactions in Pd redispersion processes and identify strategies 

to enhance or suppress Pd site interconversion by modifying oxide supports and gas conditions.  

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.1–6 The redispersion 

of nanoparticles and clusters to single atoms results in catalyst 

deactivation for methane oxidation on Pd supported on Al2O3
7
 

and Pt supported on CeO2,
8 NO reduction in the presence of CO 

on Pt supported on aluminosilicate MWW zeolites,9,10 CO oxi-

dation on various metals (Ru,11 Rh,11 Ir,11 Pt,12 and Pd13) sup-

ported on CeO2, and propane dehydrogenation on Pt-Sn clusters 

supported on CeO2.
14 Conversely, the formation of metal nano-

particles from single atoms causes deactivation of Pt,8,15  Pd,11,15 

Cu,16
 and Rh15 on CeO2 for CO oxidation, Au on CeZrO4

17 and 

CeO2
18 for the water-gas shift reaction, Au on carbon for acety-

lene hydrochlorination,19,20 and Rh on aluminosilicate zeolites 

or TiO2 for methane oxidation to methanol.21 Compared to cat-

alysts containing larger nanoparticles, catalysts composed of 

single atoms and sub-nanometer sized clusters are typically 

more susceptible to structural changes in response to their reac-

tion environment, and thus tend to sinter more readily via Ost-

wald ripening (OR) under reducing conditions at high 

temperatures.1,22 Redispersion of nanoparticles to single atoms 

and ions can facilitate catalyst regeneration;23,24 however, the 

atomistic details of the thermodynamic driving forces and ki-

netic mechanisms governing such redispersion processes are 

not well-understood. 

The structural interconversion between oxide-supported Pd 

nanoparticles and cations is strongly affected by reaction con-

ditions and nanoparticle sizes,7,10,25–32 and is of particular rele-

vance for several catalytic and adsorption applications includ-

ing CO oxidation,11,13,15,33–35 Wacker oxidation,36–38 methane ox-

idation,39–43 alkene hydrogenation,44–47 and low-temperature 

(<473 K) NO trapping in diesel engine emissions.48–52 While the 

dominant active sites for methane oxidation are located on Pd 

nanoparticles,7,53 isolated Pd atoms and cations are the active 

sites for Wacker36–38 and CO oxidation,54 hydrodechlorina-

tion,55 and NO trapping in passive NOx adsorber materials.56,57 

The redispersion of Pd nanoparticles to cations is facilitated by 

reactants such as NO (during NOx reduction on TiO2-supported 

three-way catalysts,58 H2-selective catalytic reduction of NO on 

ZrO2 supports,59 sequential adsorption of CO and NO on ceria-

zirconia supports,60 and solid-state ion-exchange in CHA zeo-

lites61) and water (in FAU zeolites during Wacker oxidation36–

38), and via hydrothermal treatments with steam and air in 



 

aluminosilicate MFI, MWW and CHA zeolites.62–64 Redisper-

sion can be further promoted when synthesis protocols are used 

that promote the formation of defect or cation-exchange sites in 

the support that are able to capture mobile metal species emitted 

from nanoparticles in atom trapping processes.23,24 Metal-sup-

port interactions also play a crucial role to stabilize dispersed 

isolated atoms, with CeO2 and Fe2O3 supports exhibiting strong 

binding to Pt,12,14,15,65,66 Rh,15 Ru,67 and Cu.16,68 Despite the low 

vapor pressure of Pd,15 atom trapping mechanisms have been 

shown to stabilize isolated Pd on CeO2,
11,15,55,69 TiO2,

70 -

Al2O3,
7,54 and aluminosilicate zeolites. Yet, numerous questions 

regarding the kinetic and thermodynamic factors that influence 

conversion of Pd nanoparticles to single atoms and cations, and 

their dependence on reaction conditions, initial Pd particle size, 

and the metal-support interaction remain unanswered. 

In this work, we examine the thermodynamic and kinetic fac-

tors and reaction mechanisms that govern the interconversion 

of Pd nanoparticles and cations, studying Pd supported on alu-

minosilicate zeolites, given that these concepts are particularly 

relevant for Pd-exchanged zeolites being explored in practical 

applications as materials for passive NOx adsorption (PNA) 
56,57,71 in automotive exhaust, Wacker36–38 and methane oxida-

tion.39,43,72,73 Zeolite supports are also a versatile materials plat-

form for performing fundamental experimental studies because 

of the structural uniformity of their crystalline frameworks and 

the ability to synthesize them with precise modifications in bulk 

and atomic composition, which enable more faithful compari-

sons to the structures modeled by theoretical studies. Pd-zeo-

lites typically contain various Pd structures74,75 of different nu-

clearity (mono- and polynuclear)76–78 and valence (zero- to tet-

ravalent),79–83 but only extraframework, mononuclear cation 

sites charge-compensated by framework Al atoms (ion-ex-

changed Pd) are the purported binding sites for NOx adsorption 

in the context of PNA applications84 and the active sites for 

Wacker oxidation.36–38 The structural lability of Pd allows inter-

conversion between agglomerated domains and mononuclear 

ion-exchanged sites,85 which depends on the size of Pd nano-

particle domain sizes and their density on the support,7 and 

causes undesirable agglomeration and deactivation under PNA 

and Wacker-relevant conditions.62,86–88 Yet, such structural la-

bility allows for the redispersion of agglomerated domains to 

ion-exchanged sites under high-temperature (>500 K) air89 or 

NO61,90 regeneration. Together, these challenges and observa-

tions motivate improved fundamental understanding of the crit-

ical thermodynamic and kinetic factors that govern Pd structural 

interconversion in zeolites, to guide the design of these materi-

als and regeneration protocols based on solid-state ion-ex-

change routes.  

Here, we combine experiment and theory to understand the 

influence of initial Pd nanoparticle size and external gas condi-

tions on the thermodynamic and kinetic factors influencing 

structural conversion between Pd nanoparticles and ion-ex-

changed Pd2+ in CHA zeolites. Pd-CHA zeolites are prepared to 

initially contain normally-distributed or log-normally distrib-

uted Pd particles of different mean size, located at extracrystal-

line zeolite surfaces. These materials are then treated to high 

temperatures (598‒973 K) in flowing air with and without H2O, 

and the number of agglomerated PdO domains and ion-ex-

changed Pd2+ sites are quantified with H2 TPR. Density func-

tional theory (DFT) computed thermodynamic phase diagrams 

are constructed for a range of Pd particle sizes under various gas 

environments (𝑃O2, 𝑃H2O, temperature) to quantitatively com-

pare with experimentally measured ion-exchanged Pd2+ 

contents on samples exposed to similar treatments to show that 

H2O can promote the formation of PdO agglomerates 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 determine 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 ob-

served 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-trap-

ping sites.  

2. METHODS 

2.1. Pd-zeolite characterization. The amounts of agglomer-

ated PdO and mononuclear Pd2+ cations were quantified with 

H2 temperature programmed reduction (TPR) procedures de-

scribed elsewhere89 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 using 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 mon-

onuclear 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 Mi-

cromeritics Cryocooler II accessory. 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 μmHg) for 1 h 

at 373 K. Next, a leak test was performed to confirm that leak 

rates were below the threshold of < 600 μmHg h-1 (recom-

mended 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 up-

takes were linearly extrapolated to zero pressure, and the differ-

ence 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. 

2.2. Isothermal Pd Redispersion Kinetics. The as-ex-

changed [Pd(NH3)4]
2+-CHA (2.2 wt% Pd) material was first pel-

leted then sieved to retain 180‒250 μm diameter aggregates. 

Treatment sequences and H2 TPR analysis were performed with 

a Micromeritics Autochem II 2920 Chemisorption Analyzer. 

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 ambient 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 procedure 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 re-

placed 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 Cryocooler 

II accessory. In cycling experiments, the air exposure times 

were randomly varied between 0.003‒1 h to avoid any system-

atic errors that may have been caused by this step in the proce-

dure.  

2.3. Details of DFT, and Ab Initio Formation Free Ener-

gies Calculations. We used the Vienna ab initio simulation 

package (VASP, version 5.4.4)91 to perform plane-wave, peri-

odic DFT calculations with an energy cutoff of 400 eV and pro-

jected augmented wave (PAW)92 pseudopotentials for core-va-

lence interactions. We used the bulk structures reported in the 

Materials Project93 database for metallic Pd and PdO, and the 

24 T-site 1Al and 2Al Pd-exchanged SSZ13 species in the study 

by Mandal et al.94 as initial guesses, and optimized them with 

the Perdew-Becke-Ernzerhof (PBE)95 functional and subse-

quently, the Heyd-Scuseria-Erzenhof (HSE06)91,95–101 hybrid 

exchange-correlation functional. Dispersion corrections were 

calculated using the Becke-Johnson damping (D3(BJ)-vdw) 

method.96,97 We used the HSE06 functional with D3(BJ) disper-

sion corrections because it correctly captures the formation en-

ergy 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, respec-

tively. 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 attach-

ment of the SI. Additional details about the formation energy 

calculations can be found in Section S5, SI.  

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 function102–

104 to construct symmetric slabs of up to Miller index 2 for me-

tallic Pd and PdO from their respective optimized bulk struc-

tures. The slab thickness was set to 10 Å, and a 15 Å vacuum 

space was applied 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 expense, and 

the same convergence criteria as that for the bulk structures. The 

surface energies (𝛾slab) of the slabs were calculated as:105 

 𝛾slab(𝑃O2 , 𝑇) =
𝐸slab−𝑛Pd𝐸bulk−𝑛O𝜇O(𝑃O2 ,𝑇) 

2𝐴
 (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 mini-

mum surface energy for a given crystal. We used the Wulffshape 

function in Pymatgen to generate the Wulff constructions for a 

range of 𝜇O values,106 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.107–109 expressed the free energy 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
) (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)  
 

where 𝜃 is the contact angle between the particle and support. 

While 𝜃 = 66 − 90° has been reported for Pd on SiO2,
110,111 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 (∆𝐺PdO
form) by incorporating the size-dependent free 

energy of PdO nanoparticles (∆𝐺PdO) with respect to bulk Pd 

(Eq. 2) as: 

 ∆𝐺PdO
form(𝑑PdO, 𝑃O2 , 𝑇 ) = ∆𝐺PdObulk

form (𝑃O2 , 𝑇) +

∆𝐺PdO(𝑑PdO, 𝑃O2 , 𝑇) − ∆𝐺Pd(𝑑Pd) (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).93 

3. RESULTS AND DISCUSSION 

3.1. Effects of initial Pd particle size and treatment condi-

tions on the conversion of agglomerated Pd particles to ex-

changed Pd2+ ions 

3.1.1. Synthesis of monodisperse Pd nanoparticles sup-

ported on CHA zeolites. To isolate the effects of Pd particle 

size on their structural interconversion to mononuclear Pd2+ cat-

ions that are charge-compensated by framework Al in zeolite 

supports (denoted “ion-exchanged Pd2+”) during high-tempera-

ture air treatments, Pd particles of monodisperse size distribu-

tions were synthesized using solution-phase colloidal synthesis 

methods7 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 particles 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 soni-

cated 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 nor-

mal distribution of particle sizes are present initially, as deter-

mined by TEM.  



 

Figure 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). 

Figure 1 shows ex situ TEM images of the as-deposited Pd-

CHA-X-ND samples, and Table 1 lists their particle size distri-

butions and elemental analysis. Pd particle size distributions 

were similar on as-deposited Pd-CHA-X-ND samples as in the 

colloidal precursor solutions, demonstrating the deposition pro-

cedure used did not alter the monodisperse distributions of 

oleylamine-capped Pd nanoparticles; however, this deposition 

procedure did result in some non-uniformities in how Pd parti-

cles were spatially distributed at external crystallite surfaces, 

with some localized Pd nanoparticle 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 ex-

terior 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 distribution and zeolite support in-

tact, enabling subsequent studies of the conversion of such par-

ticles to Pd2+ cations upon treatment to higher temperatures 

(>548 K). 

3.1.2. Effects of Pd particle size on Pd oxidation and struc-

tural interconversion. The as-deposited Pd-CHA-X-ND sam-

ples 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-tem-

perature air treatments were characterized with H2 TPR (profiles 

reported in Figures S4.1‒S4.3, SI). Previous reports concluded 

that agglomerated PdO domains have a lower barrier for reduc-

tion 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).85,89,112,113  

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 2. At a given air 

treatment temperature, the amount of ion-exchanged Pd2+ 

formed on CHA increased as the initial Pd nanoparticle size de-

creased, consistent with previous reports that smaller Pd nano-

particles (at fixed Pd density) were converted to greater 

amounts of mononuclear Pd(OH)2 on γ-Al2O3.
7 For Pd-CHA-2-

ND, the total H2 consumed per Pd was near unity at all air treat-

ment temperatures studied; thus, all of the 2 nm Pd nanoparti-

cles were oxidized to Pd2+ during the air treatment. In contrast, 

Pd-CHA-7-ND and Pd-CHA-14-ND showed sub-unity H2 con-

sumption per Pd for low-temperature air treatments (598‒673 

K), suggesting that a fraction of the 7 nm or 14 nm Pd nanopar-

ticles were not fully oxidized during the air treatment, con-

sistent with a report by Chin et al. showing that higher O2 pres-

sures were needed to fully oxidize larger metallic Pd particles 

supported on γ-Al2O3 at a fixed temperature of 973 K.114  

 
Figure 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 theo-

retical maximum amounts. H2 TPR profiles reported in Figures 

S4.1‒S4.3, SI. 

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 re-

quires calculation of both nanoparticle and ion-exchanged zeo-

lite 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 

Table 1. Characterization data on as-deposited Pd-CHA-X-

ND samples. Particle size distributions are reported in Fig-

ures S2.7‒S2.9, SI  

Samplea 

Nominal Pd 

particle size 

/ nm 

TEM char-

acterized 

particle size 

/ nmb 

Pd 

wt%c Pd/Alc 

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 

a Samples are denoted Pd-CHA-X-ND, where X denotes the nom-

inal Pd particle size, and ND denotes a normal particle size distri-

bution. 

b The average particle size plus or minus one standard deviation. 

c Pd wt% and Pd/Al molar ratio was determined by ICP. 

 



 

ion-exchanged Pd2+ species in CHA, represented here by Z2Pd 

where ‘Z’ denotes the substitution of framework Si with Al 

(Figure 3).81,94,115 The lowest energy Z2Pd structure has 2Al in a 

third nearest neighbor (3NN) arrangement (0 kJ mol-1), fol-

lowed by the 2NN configuration (+65-80 kJ mol-1).81,94,115,116 

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.81,94 The exist-

ence of Pd+ after high temperature treatments in air with and 

without H2O is debated in literature;81 direct characterization of 

Pd+ has been reported only from EPR measurements of Pd/Y 

zeolites performed under vacuum and after H2 treatment at 298 

K.117 ZPdOH has been identified in detectable amounts only for 

CHA materials containing a larger number of ion-exchanged 

Pd2+ species than the number of 2Al sites in the 6-MR,89 and is 

computed to be +60-79 kJ mol-1 higher in energy than 3NN 

Z2Pd.81,94,116 The Pd content of the Pd-CHA-X-ND samples here 

(Pd/Al = 0.05‒0.08) are much lower than the number of availa-

ble 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. 

 
Figure 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. 

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 2 reports reaction energies (∆𝐸) and free energies 

(∆𝐺form) for the formation of PdObulk from Pdbulk (Eq. 5), and 

for the formation of 3NN Z2Pd sites from either Pdbulk (Eq. 6) 

or PdObulk (Eq. 7), at conditions representative of the high-tem-

perature air treatments (598‒873 K, 20 kPa O2, impurity 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 thermodynami-

cally 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 Fig-

ure 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-tempera-

ture air treatments studied 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 experi-

mental Pd redispersion data in Figure 2, we estimated the ther-

modynamic 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. 8):7 

 𝑋Z2Pd( 𝑃O2 , 𝑃H2O, 𝑑Pd, 𝑇) =

(
𝑁2Al
𝑁Pd

)exp(
−∆𝐺Z2Pd

form(𝑃O2
,𝑃H2O

,𝑇)−∆𝐺PdO
form(𝑃O2

,𝑑Pd,𝑇)

k𝐵𝑇
)

(
𝑁2Al
𝑁Pd

)exp(
−∆𝐺Z2Pd

form(𝑃O2
,𝑃H2O

,𝑇)−∆𝐺PdO
form(𝑃O2

,𝑑Pd,𝑇)

k𝐵𝑇
)+1

 (8)  

 

where N2Al/NPd is the ratio of the number of 6-MR 2Al sites as 

quantified by Co2+ titration,118 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 ener-

gies 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 coworkers107–109 

using calorimetric measurements: 

 ∆𝐺(𝑑, 𝑃O2 , 𝑇) = (3𝛾(𝑃O2 , 𝑇) − 𝐸adh) (1 +
1.5

𝑑
) (

2𝜌

𝑑
) (9) 

 

where 𝛾 is the particle surface energy (estimated from DFT), 

𝐸adh is the adhesion energy of the particle to the support (esti-

mated from literature values and our TEM data), d is the particle 

diameter, and 𝜌 is the volume normalized per mole of Pd; addi-

tional details are reported in Section 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 Sec-

tion 2.4).  

Figure 4a shows the results for the compositional parameters 

(N2Al/NPd and 𝑑Pd) corresponding to the Pd-CHA-X-ND zeolites 

(Table 1) and their respective air treatment conditions (Figure 

2). Blue and yellow regions of Figure 4a denote complete con-

version of metallic Pd particles to PdO agglomerates and to 

Z2Pd sites, respectively. Figure 4a shows that complete conver-

sion 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 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 ther-

modynamic predictions for 2 nm particles are consistent with 

the experimental results for Pd-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  

Table 2. HSE06-D3(BJ)vdw-calculated 0 K formation ener-

gies (∆𝑬), and formation free energies of bulk PdO 

(∆𝑮𝐏𝐝𝐎𝐛𝐮𝐥𝐤
𝐟𝐨𝐫𝐦 ), and 3NN Z2Pd (∆𝑮𝐙𝟐𝐏𝐝

𝐟𝐨𝐫𝐦) at 598 K and 873 K, 20 

kPa O2, 0.014 kPa H2O.  

Reaction 
∆𝐸  

kJ (mol Pd)-1 

∆𝐺form 

kJ (mol Pd)-1 

  598 K 873 K 

  Pdbulk +

1

2
O2

∆𝐺PdObulk
form

→       PdObulk      (5) 
-111 -46 -16 

  Pdbulk + Z2H2 +

1

2
O2

∆𝐺Z2Pd
form

→     Z2Pd + H2O  (6) 
+8 -50 -74 

  PdObulk + Z2H2 →
  Z2Pd + H2O                    (7) 

+119 -4 -58 

 



 

 

 
Figure 4. Pd particle size-dependent thermodynamic phase diagram for the conversion 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 calculated 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 condi-

tions for Pd-CHA-X-ND samples are labeled. (c) Thermodynamic phase diagram 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. 

experimentally for Pd-CHA-7-ND and Pd-CHA-14-ND (598‒

773 K). Further, our model predicts complete oxidation of me-

tallic Pd with O2 to mononuclear Pd2+ species (i.e., either ag-

glomerated 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 con-

version 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 in-

stead responsible for the incomplete oxidation and disintegration of 

large Pd particles into ion sites. 

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 mobility of Pd, 

causing a greater fraction of agglomerated PdO domains to con-

vert to Pd2+ cations.119 To determine the thermodynamic influ-

ence of H2O pressure on Pd structural interconversion, we con-

structed phase diagrams for air treatment conditions with higher 

H2O partial pressures (6 kPa). Figure 4b shows the fraction of 

Pd particles converted to Z2Pd at the different treatment tem-

peratures studied for Pd-CHA-X-ND samples, which are la-

beled for comparison with Figure 4a. We considered a repre-

sentative Pd particle size of 7 nm and show its conversion to 

Z2Pd as a function of temperature and  𝑃H2O in Figure 4c at treat-

ment 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 4a). The inhibiting effect of H2O is espe-

cially 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 4a), but that the conver-

sion of Pd particles decreases (to 0.31 and 0.19 for 7 and 14 nm, 

respectively) when 𝑃H2O is increased to 6 kPa (Figure 4b). Con-

versely, 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),48 an increase in 𝑃H2O favors 

formation of larger fractions of PdO agglomerates at tempera-

tures <800 K for 𝑑Pd = 2-14 nm. The H2O promoted formation 

of agglomerated PdO becomes attenuated with increasing tem-

perature 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 tempera-

tures >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+ 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 temperatures between 673–973 K, and 

the ion-exchanged Pd2+ content and H2 consumption (per Pd) 

were quantified with H2 TPR. Figure 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 qualita-

tively consistent with our thermodynamic predictions (Figure 4) 

that increasing H2O pressures should reduce Pd2+ cation content 

and increase the agglomerated PdO content. Similar results 

have been reported for atomically dispersed Pt on CeO2
120 

where steam exposure led to an increase in particle agglomera-

tion. Additionally, a larger fraction of residual metallic Pd re-

mained 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.121 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 consump-

tion (0.87‒0.88 per total Pd), consistent with the absence of an 

H2O pressure dependence on our thermodynamic predictions at 

973 K (Figure 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 4b). Together, our thermodynamic and ex-

perimental results demonstrate that co-feeding H2O at tempera-

tures of 673‒873 K does not facilitate the transformation of PdO 

to ion-exchanged Pd2+, in contrast to proposals in previous stud-

ies119 wherein the treatment temperature itself was likely the 

dominant influence on the extent of agglomerated PdO con-

verted to ion-exchanged Pd2+ cations. Instead, water promotes 

the formation of PdO, and this effect becomes attenuated with 

decreasing particle size and increasing temperature. 

 

Figure 5. (a) The amount of ion-exchanged Pd2+ and (b) total H2 

consumed normalized per total Pd as a function of treatment tem-

perature 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 ma-

terial. Dashed line represents theoretical maximum values. H2 TPR 

profiles are reported in Figure S4.7, SI.  

 

The decrease in cation formation when H2O is co-fed (673–

873 K) could reflect consequences of H2O inhibiting the kinet-

ics of Pd redispersion to Pd2+ cations, or changing the thermo-

dynamic equilibrium to promote the formation of PdO agglom-

erates 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. 7). To determine 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 5, green diamond). The amount of ion-exchanged Pd2+ 

(per total Pd) decreased from 0.72 (dry air) to 0.59 (dry air fol-

lowed by wet air), but did not reach the value measured on the 

sample exposed only to the wet air treatment (0.43). These re-

sults demonstrate that starting from a distribution of Pd2+ cati-

ons 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.  

To further confirm that PdO agglomerates form from Pd2+ 

cations under hydrous conditions, and the generality of this ob-

servation, analogous experiments were performed at 673 K and 

773 K on the Pd-CHA-2-ND sample. The sample was treated in 

flowing dry air to 673 K and held for 1 h, and then exposed to 

a wet air stream (6 kPa H2O) stream for 24 h, and the Pd speci-

ation quantified using H2 TPR (Figure S4.5 and Table 3). Ex-

posure to the wet air stream decreased the fraction of ion-ex-

changed 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 4b.  

 

Introducing H2O to the 673 K air stream after 1 h treatment 

of Pd-CHA-7-ND did not reversibly generate the same distribu-

tion 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 5 reflect a pseudo steady-state distribution of agglomer-

ated PdO and ion-exchanged Pd2+. Additionally, the reverse ex-

periment 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 signifi-

cantly below the result on the sample exposed only to a dry air 

treatment (0.72). The partially irreversible nature of Pd struc-

tural interconversion between dry and wet (6 kPa H2O) air 

Table 3. Pd speciation after 673 K and 773 K sequential air 

and air/water treatments on Pd-CHA-2-ND.a  

 
673 K 

air 

673 K 

subse-

quent 

air/ wa-

ter 

773 K 

air 

773 K 

subse-

quent 

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, SI. 

 



 

treatments can be rationalized from conclusions of prior work89 

that showed sample treatment history influences the spatial dis-

tribution 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 dif-

ferent PdO domain sizes and ion-exchanged Pd2+ sites distrib-

uted 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, ex-

posure 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 temper-

atures the addition of H2O to flowing air generates a thermody-

namic driving force for the reverse exchange reaction to occur 

(Eq. 7), forming PdO agglomerates from Pd2+ cations, and that 

the sample history and spatial distribution of Pd2+ sites are im-

portant factors in the extent of reversibility between Pd2+/PdO 

distributions.  

3.2. Quantifying apparent rates of Pd redispersion  

3.2.1. Effect of treatment temperature and H2O on rates 

of Pd redispersion. To deduce mechanistic information for 

structural interconversion, we monitored the conversion of ag-

glomerated, 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 distributed particle size distribution (de-

noted by ‘LND’ in the sample nomenclature, synthesis and 

characterization details in Section S1, SI) than samples pre-

pared by colloidal Pd nanoparticle synthesis approaches.90  

Figure 6 shows the amount of ion-exchanged Pd2+ as a func-

tion of time and temperature for the isothermal Pd redispersion 

rate measurements (further discussion 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 in-

creased systematically with temperature, which agrees with 

thermodynamic predictions (Section 3.1.3) that higher temper-

atures facilitate the conversion of agglomerated PdO particles 

to ion-exchanged Pd2+, and is consistent with an activated pro-

cess for structural interconversion. Figure 6b shows that the H2 

consumption per Pd was approximately unity for all time points 

after 10 s, suggesting the observed ion-exchanged Pd2+ for-

mation 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-ex-

changed sites. 

To determine the kinetic influence of H2O on the apparent 

redispersion rate, we performed isothermal redispersion exper-

iments on the Pd-CHA-2.9-LND sample with and without 2 kPa 

H2O (Figure 7). Consistent with previous thermodynamic argu-

ments, 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 amount of exchange was 

normalized to the pseudo steady-state value after 1 h (i.e., nor-

malizing rates to the reversible fraction of Pd that can intercon-

vert), the apparent rates of redispersion with and without H2O 

 
Figure 6. (a) The amount of ion-exchanged Pd2+ normalized per 

total Pd as a function of time during isothermal switching experi-

ments for three different treatment 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. 

 

were similar within error. Additionally, 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 sig-

nificant kinetic effect on the redispersion of PdO particles to 

ion-exchanged Pd2+ and, for this material and conditions of 

these measurements, H2O apparently only influences the ther-

modynamics of the redispersion process.  

Time-dependent redispersion measurements of the Pd-CHA-

2.1-LND sample (Figure 7) showed faster apparent rates of re-

dispersion 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 do-

mains and ion-exchanged Pd2+. Additionally, all the redisper-

sion rates measured for Pd-CHA-2.1-LND showed H2 con-

sumptions per Pd near unity. These data suggest smaller Pd na-

noparticles disintegrate at a faster rate for structural intercon-

version to ion-exchanged Pd2+. 
 

   
Figure 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 ex-

periments 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).  

 

3.2.2. Kinetic models for Pd redispersion. Experimental 

data and atomistic simulation results for supported metal parti-

cles suggest that Ostwald ripening (OR) is the predominant 

mechanism for the disappearance of small nanoparticles and 



 

sintering compared to particle migration and coalescence.22,122 

The OR process is associated with the rapid disappearance of 

particles smaller than a critical radius, generating a pool of mon-

omers that transport between particles through either gas phase 

or surface diffusion processes, resulting in the formation of 

larger particles. In contrast to conventional OR mechanisms, in 

the presence of framework Al ion-exchange sites in the zeolite 

support, we hypothesize that monomers ejected from the sur-

face of PdO particles form either larger PdO agglomerates or 

ion-exchanged Pd2+ via an atom trapping mechanism (Scheme 

1). Figures 6 and 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, mo-

bile species, such as Pd1O1 and Pd1(OH)2 from PdO agglomer-

ates, and their successive reactions with the zeolitic Brønsted 

acid sites.7,89,123 There are established kinetic models for OR-

based particle sintering for supported metal catalysts,27,124,125 

however, kinetic models have not been reported that incorpo-

rate monomer migration and subsequent atom trapping of mon-

omers on surface/lattice defect or cation exchange sites. 
 

Scheme 1. Proposed scheme for Pd ion exchange via mono-

mers generated from Ostwald ripening.  

 
 

Ripening of nanoparticles occurs by diffusion of monomers 

through the gas phase or on a substrate.27,126–132 Wynblatt and 

Gjostein proposed that monomer transport via the gas phase 

takes place for metals with volatile metal oxides such as Pt.124 

Simulation 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 experimental 

data in the high-temperature regime (>1023 K) where higher 

oxygen pressures accelerated sintering via formation of volatile 

Pt1O2(g).133 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.134 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.7 We esti-

mated the pressure (𝑃𝑘) of ejected Pd(OH)2 (g) monomers in 

equilibrium with a PdO nanoparticle comprised of k atoms as: 
7 

 PdObulk + H2O
∆𝐺Pd(OH)2(g)

form

→        Pd(OH)2(g) (10)

      

 𝑃𝑘 = 𝑃H2O exp(
−∆𝐺Pd(OH)2(g)

form +
𝐴𝑘γ

k

k𝐵𝑇
) (11) 

 

where γ is the average surface energy of the PdO surface from 

which monomers detach, 𝐴𝑘 is the surface area of the particle, 

and ∆𝐺Pd(OH)2(g)
form  denotes the formation free energy of 

Pd(OH)2(g) relative to bulk PdO. For a system with a distribu-

tion of particle sizes, the background pressure (Pb) of 

Pd(OH)2(g) is given by:128  

 Pb=
∑ 𝐴𝑘𝑛𝑘𝑃𝑘𝑘

∑ 𝐴𝑘𝑛𝑘𝑘
  (12) 

where nk is the surface density of the nanoparticle, and Pk is the 

equilibrium pressure of monomers calculated using Eq. 11. 

Subsequently, the influx of Pd(OH)2(g) monomers Jk  (mono-

mers 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
  (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 for-

mation (Table S8.2, SI), but all such routes have fluxes that are 

even lower than the formation of Pd(OH)2(g) from PdO ag-

glomerates. The maximum rates of ion-exchange (Section 

S8.1.3, SI) for the Pd-CHA-7-ND and Pd-CHA-2.9-LND sam-

ples (Figure 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 2) for complete ion-ex-

change 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 ob-

served 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.129 invoked similar 

calculations for emission of Ni monomers to show that mono-

mers 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 10 and 11) changes in 𝑃H2O should re-

flect changes on the rates of formation of ion-exchanged Pd2+. 



 

 
Figure 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 distribu-

tions 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. 

 

For example, comparison of experimental and simulation re-

sults for isothermal Pt sintering (873 K) showed faster rates of 

sintering with increases in 𝑃O2 .133 However, as evidenced by the 

results of the isothermal redispersion air treatment with and 

without 2 kPa H2O (Figure 7), there was no change in the ap-

parent rates of redispersion, again suggesting that diffusion of 

monomers on the zeolite substrate is the dominant process. Fi-

nally, 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 

2. Taken together, these results imply that interconversion of Pd 

particles to ion-exchanged Pd occurs through diffusion of mon-

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

To elucidate the particle size dependent nature of the redis-

persion of PdO agglomerates and ion exchange process, we next 

incorporated an atom trapping surface reaction assumed to be 

first order in both Z2H2 exchange sites and mean-field substrate 

monomer concentration: 

 
𝑑Z2H2

𝑑𝑡        
= −𝑘𝑟𝑥𝑛[Z2H2][monomer] (14) 

 

into the system of differential equations that correspond to the 

mass balance of a substrate-mediated OR kinetic model127–129  

that accounts for activated monomer formation, activated diffu-

sion 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) (15) 
 

where, 𝐶𝑘 is the particle number density (particles nm-2), ∆𝐺𝑘 is 

the nanoparticle free energy with respect to bulk PdO (com-

puted using the relation developed by Campbell et al. in Eq. 9), 

𝐾𝑜𝑠 is the lumped pre-exponential factor for OR, 𝐶𝑖𝑛𝑓 is the far-

field concentration of monomers in equilibrium with an infinite 

size particle at an infinite distance from the particle-support in-

terface, 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 de-

taching monomers. The generation term represents formation of 

a new particle with k Pd atoms: 

 (generation) =  {

−
𝑑𝐶𝑘−1  

𝑑𝑡         
 if 𝑘 >  𝑘∗

0                    if 𝑘 = 𝑘∗

+
𝑑𝐶𝑘+1  

𝑑𝑡        
 if 𝑘 <  𝑘∗

 (16) 

 

Eq. 15 shows that the driving force for the OR process, 

[ exp (
∆𝐺𝑘∗

kB𝑇
) − exp (

∆𝐺𝑘

kB𝑇
)], originates from the free energy dif-

ference between nanoparticles of different sizes. The resulting 

monomer mass balance is:  

𝑑 [monomer]

𝑑𝑡                       
=
𝑑[𝑍2H2]

𝑑𝑡            
+∑

𝑑𝐶𝑘

𝑑𝑡  

𝑁<𝑘∗
0 −∑

𝑑𝐶𝑘

𝑑𝑡   

𝑁>𝑘∗
0  (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, nm2 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 consistent 

with the log-normal distribution (LND) means and standard de-

viations of the experimentally observed particle size distribu-

tions for the Pd-zeolite samples in Figure 7 (Table S2.1, SI). We 

started by assuming these particles oxidize rapidly and their in-

itial state is PdO, as evidenced by Figures 6b and 7b, and then 



 

used 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 ex-

change as a function of time. The randomly generated particle 

size distributions, and kMC itself, give stochastic results; there-

fore, 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 conversion of Pd-CHA-2.9-LND (Fig-

ure 7); regressed OR parameter values fall into the ranges of 

those previously reported (Table S8.5, SI) and the regressed sur-

face energy is within 0.1 J m-2 of our DFT-computed value. 

Figure 8 reports kMC results starting from a log-normal dis-

tribution (LND) of nanoparticles, consistent with the samples 

prepared via incipient wetness impregnation (Pd-CHA-2.1-

LND (red traces), Pd-CHA-2.9-LND (green traces)), or a nor-

mal distribution (ND), consistent with the samples prepared 

from monodisperse Pd particles via colloidal synthesis (Pd-

CHA-2-ND (blue traces, 2.2 nm, particle size distribution in 

Figure S2.7, SI), Pd-CHA-7-ND (purple traces, 6.9 nm, particle 

size distribution in Figure S2.8, SI)). The model predicts that 

larger particles (2.9 nm) have slower rates of ion-exchange 

compared to the smaller particles (2.1 nm) and captures the dif-

ferences in rate between the two particle size distributions that 

are observed experimentally (Figure 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 distri-

butions is completely exhausted within 1000 s. Figure 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 dis-

tribution are the slowest to disintegrate. The Pd-CHA-7-ND 

sample is predicted to reach complete conversion of exchange-

able Pd by 400 s, which is consistent with experimental obser-

vations that full ion-exchange is reached within 1 h. The model 

predicts the Pd-CHA-7-ND sample will reach complete conver-

sion 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 will quickly release monomers. Alt-

hough the unexchangeable fraction of Pd reported in Figure 2 is 

not accounted for in our kinetic model, the substrate-mediated 

OR model accurately describes the kinetics of the exchangeable 

Pd fraction, suggesting that the experimentally observed incom-

plete 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 particles and exchange sites, 

respectively, and their regressed values represent a weighted 

average over different local environments of particles in the 

samples. These parameters may vary with changes in the spatial 

distribution of particles7,135 and exchange sites, and do not 

account for pore blocking, which may result in incomplete ion-

exchange.136,137 Further, the molecular structure(s) of the mon-

omer intermediates formed on the zeolite substrate are un-

known; their energetics in our model are described by the re-

gressed 𝑘𝑟𝑥𝑛, 𝐾𝑜𝑠, and 𝐶𝑖𝑛𝑓 parameters. Nevertheless, our ki-

netic model captures the observed kinetic dependence of redis-

persion on particle size and demonstrates that integration of 

atom trapping kinetics with an OR kinetic model is consistent 

with the available experimental data.  

4. CONCLUSIONS 

We combined precise catalyst synthesis techniques, quantita-

tive site characterization methods, and computational thermo-

dynamic and kinetic models to examine the relative importance 

of the thermodynamic and kinetic factors governing the inter-

conversion 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 quantitative 

measurements of Pd particle redispersion rates and their de-

pendence on the Pd initial particle size and particle size distri-

bution, we prepared a series of Pd-CHA materials using two 

different synthetic approaches; deposition of colloidal Pd nano-

particle suspensions to form monodisperse, normally distrib-

uted Pd particles of different sizes (2‒14 nm), and incipient wet-

ness 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 barri-

ers for oxidation with O2 to PdO and for the subsequent disin-

tegration of PdO to ion-exchanged Pd2+ sites. Additionally, in-

creasing the H2O partial pressure shifts the thermodynamic dis-

tribution away from Pd2+ sites and toward agglomerated PdO 

domains, suggesting that H2O present in exhaust streams facil-

itates Pd deactivation to PdO agglomerated phases. Our results 

suggest that the widely observed agglomeration and deactiva-

tion of Pd cation-exchanged zeolites in low temperature hy-

drous environments (e.g. Wacker oxidation, automotive ex-

haust, and PNAs) reflect thermodynamic factors that may be 

deleterious to the long-term storage and stability of atomically-

dispersed Pd-zeolite materials. 

To deduce mechanistic information of the Pd redispersion 

process, quantitative measurements of Pd nanoparticle conver-

sion to ion-exchanged Pd2+ sites in air with and without H2O 

were performed isothermally (598‒673 K) with varying treat-

ment 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-ex-

changed Pd2+ sites. Additionally, a predominantly PdO-contain-

ing CHA 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 mechanistic role of 

O2 is to oxidize agglomerated metallic Pd to PdO. In the pres-

ence of H2O, the extent of interconversion from Pd2+ to PdO is 

lower when following higher temperature pretreatments, sug-

gesting that Pd2+ ions located deeper in the zeolite crystallite are 

kinetically inaccessible at these conditions.89 Under these con-

ditions, quantum chemical calculations predict Pd(OH)2(g) is 

the most thermodynamically favorable gaseous Pd species, sug-

gesting that adding H2O to the air stream may facilitate hydrox-

ylation 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 nor-

malized by the fraction of Pd that reversibly interconverts be-

tween particles and cation sites. These observations show that 

H2O strongly influences the thermodynamics, but not the kinet-

ics, of Pd structural interconversion at 648 K. Smaller Pd nano-

particles result in faster disintegration rates and a greater ther-

modynamic 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 capture the observed trends with respect to particle size and 

distribution. Monodisperse particles exhibited faster rates of re-

dispersion 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 nanoparti-

cle sizes, and particle size distributions (ND vs. LND), influ-

ence 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-tempera-

ture (<900 K) Pd redispersion does not occur through gas-phase 

intermediates, but rather a surface-mediated OR process in the 

presence of atom trapping sites, as recently suggested by Datye 

and coworkers for noble metals on ceria supports.2 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 par-

ticles into site-isolated cations. 
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