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ABSTRACT:

Recently, Pd-exchanged CHA zeolites (Pd-CHA) have attracted attention as promising passive NOx 

adsorbers (PNAs) for reducing NOx emissions during the cold start period of a vehicle engine. In this 

work, the relationship between the local structures and the NO adsorption/desorption properties of 

the Pd cations in CHA zeolites was investigated. Pd cation formation and NO adsorption were 

theoretically explored by density functional theory (DFT) calculations for different paired Al sites in 

six-/eight-membered rings (6MR/8MR). Furthermore, we prepared a series of Pd-CHAs with different 

Pd loadings (0.5–5.4 wt%) and evaluated their NO adsorption/desorption properties by in-situ infrared 

(IR) spectroscopy and temperature-programmed desorption (TPD) measurements. The increase in 

the Pd loading resulted in a shift in the NO desorption temperature toward a higher temperature 

regime. This phenomenon was ascribed to the increase in the proportion of less stable Pd cations, 

resulting in improved NO adsorption. Furthermore, the effect of Al distribution on the NO adsorption 

property of Pd-CHA was examined using CHA zeolites containing different proportion of paired Al 

sites in 6MR while maintaining similar Si/Al ratios (Si/Al = 12.0–16.5). The present study, based on a 

combination of theoretical and experimental techniques, shows that the NO adsorption/desorption 

properties over Pd-CHA can be tuned by controlling the Pd loading amount and the type of paired Al 

sites.
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1. INTRODUCTION

The elucidation of the surface structure–function relationship of solid materials, such as 

heterogeneous catalysts and adsorbents, is a formidable task because solid surfaces are highly 

complex, and consequently, a variety of surface active sites are present.1–10 Zeolites are widely 

employed in industrial processes, including adsorption11–15 and catalysis.16–25 Compared to bulk metal 

oxides, zeolites are regarded as well-defined solid supports owing to the regularity of their frameworks 

and the cation exchange ability of Al sites. By exploiting these characteristics, atomic metal cations 

can be immobilized on zeolites. However, even for zeolite-based materials, the positions and densities 

of Al sites are nonuniform, which possibly affects the local structure and functionality of the exchanged 

metal cations.26–30 The atomic-scale understanding of the non-uniformity of cation-exchanged zeolites 

and its effect on functionalities has recently attracted significant attention, owing to the advances in 

experimental and theoretical techniques, which have provided essential insights for developing more 

effective zeolite-based materials.31–36

Pd-exchanged zeolites are considered as efficient catalysts for CH4 oxidation and the selective 

catalytic reduction of NO by CH4 (CH4-SCR).37–39 Recently, they were applied as passive NOx 

adsorbers (PNAs) that capture NOx in low-temperature regions (typically < 100 ˚C) at the upstream 

of the NH3-SCR system, to reduce the NOx emission during the cold start period of a vehicle engine 

and, subsequently, release the stored NOx in high-temperature regions (typically 250–400 ˚C) after 

the catalyst has reached the operating temperature .11,12,40 The development of efficient PNAs is highly 

desired because rich regeneration process, which is required for Lean NOx traps, can be avoided via 

thermal regeneration.41,42 Atomically dispersed Pd2+ cations are responsible for NO adsorption and 

desorption.43,44 Among the various Pd-exchanged zeolites, Pd-CHA has attracted attention because 

of its high NOx desorption temperature and the superior hydrothermal stability of the CHA framework 

compared to those of other zeolites.44–50 Szanyi and co-workers conducted experimental and 

theoretical characterizations of the Pd cation in CHA zeolite and revealed that the zeolite framework 

can stabilize electrophilic Pd2+ cations.44 The same group also achieved improvements in the NOx 

storage capacity and time for NOx removal by increasing the loading of Pd cations.51 For the NOx 

desorption properties, two desorption peaks appeared in low- and high-temperature regions (around 
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250 and 400 ˚C, respectively), as demonstrated in the NOx temperature-programmed desorption 

(NOx-TPD) measurements.48,52 Although these peaks were indicative of the desorption from two kinds 

of Pd cation sites, their detailed structures and the origin of the difference in the desorption 

temperatures were unclear. Quite recently, Epling and Paolucci revealed that a bare Pd2+ cation at 

the paired Al site in the six-membered ring (6MR) of the CHA framework is the most stable and that 

its NO adsorption property is sensitive to reaction conditions based on a combined approach of 

experiments and computational modeling.49 Additionally, Khivantsev et al. reported that the 

hydrothermal stability of loaded Pd cations was improved by the relatively high amount of paired Al 

sites in the CHA zeolite.53 Gounder’s group carried out a detailed speciation of the Pd cationic species 

in CHA zeolite and revealed Pd agglomeration and their subsequent redispersion to mononuclear 

Pd2+ ions, which prefer binding at 6MR paired Al sites in the CHA zeolite.54 Despite the 

aforementioned experimental and theoretical studies on Pd-CHA, the local structures of the Pd 

cations at different paired Al sites and their relationship with the NO adsorption/desorption properties 

have not been addressed yet. One of the experimental obstacles for the elucidation of this relationship 

is the difficulty of loading Pd cations in concentrations of more than 1 wt% into CHA zeolites via the 

conventional aqueous phase ion-exchange method, which is attributed to the strong water solvation 

of cations that are too bulky to disperse into the small pores.55 

Recently, our group developed a simple preparation method of Pd-CHA with high loadings via a NO-

facilitated oxidative solid-state ion-exchange reaction, where ca. 80–90% of bulk Pd (up to 5.4 wt%) 

are transformed into atomically dispersed Pd cations (maximum loading of Pd cations: 4.1 wt%).56 

The developed method enabled the preparation of Pd-CHA zeolites with a wide loading range of Pd 

cations. Here, we investigated the relationship between the local structures of Pd2+ cations and their 

NO adsorption/desorption properties using a combination of theoretical and experimental approaches. 

First, the stabilities of the Pd2+ cations at different paired Al sites in 6MR/8MR and their NO adsorption 

energies were assessed by density functional theory (DFT) calculations. It was found that the stability 

of the Pd2+ cations strongly depends on the type of paired Al sites and that less stable Pd2+ cations 

result in increased NO adsorption strength. The NO desorption temperatures and molecular orbitals 

of the Pd2+ cations were also theoretically studied. Additionally, we experimentally investigated the 
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NO adsorption/desorption properties of Pd-CHA with different loadings by in-situ infrared (IR) and 

NO-TPD measurements. The increase in the Pd loading increased not only the NO adsorption 

capacity but also the NO desorption temperature and the adsorption energy. The dependency of the 

desorption temperature on the Pd loadings can be ascribed to the increase in the proportion of less 

stable Pd2+ cations. Moreover, CHA zeolites with different Al distributions and similar Si/Al ratios were 

prepared and subsequently applied to investigate the effect of the type of Al sites on the NO 

adsorption properties.
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2. THEORETICAL and EXPERIMENTAL SECTION

2.1. DFT calculation

Spin-polarized DFT calculations were conducted under periodic boundary conditions using the Vienna 

ab-initio simulation package (VASP).57–59 A plane wave cut-off energy of 500 eV was applied. The 

generalized gradient approximated Perdew–Burke–Ernzerhof (GGA-PBE) functional was 

employed.60,61 Brillouin zone sampling was set to only the Γ point.62 The CHA unit cell used in this 

study is shown in Fig. 1 During the calculations, the lattice constants of the CHA zeolite were fixed at 

values given in the International Zeolite Association (IZA) database (a = b = 13.675 Å, c = 14.767 Å, 

α = β = 90.0°, and γ = 120°).63 To discuss the molecular-orbital interactions, cluster calculations were 

employed with the Gaussian 16 package. The hybrid ωB97X-D functional, which was well applied for 

the evaluation of the relative energy of zeolite64–66, was used with the 6-31G** basis sets and SDD 

basis sets for Si, Al, O, and H atoms and Pd atoms, respectively67,68. Charge decomposition analysis 

(CDA) was performed using the Multiwfn program.69

2.2. Experimental details

A series of Pd-CHAs with different loadings (0.5–5.4 wt%) were prepared in-situ via NO-facilitated 

atomic dispersion according to the procedure in our recent paper56 and subsequently used for NO 

adsorption/desorption experiments. For the NO adsorption monitored by Fourier transform infrared 

spectroscopy (FTIR), a self-supported disk (diameter: 20 mm, weight: approx. 50 mg) of Pd-CHA was 

prepared in a home-made in-situ IR cell and subsequently exposed to a flow of 0.1% NO/He (the 

schematic view of the used in-situ IR setup was shown in Fig. S1). The adsorbed NO species were 

monitored by IR spectroscopy (JASCO FT/IR-4600 spectrometer). Twenty scans were accumulated 

for each spectrum, and a triglycine sulfate (TGS) detector was applied. Before adsorption, the 

background spectra were measured at each temperature (100–400 °C) under the He flow. Three 

types of CHA zeolites with different portions of paired Al sites were prepared according to a previous 

paper.70 NO-TPD measurements were performed using a fixed-bed continuous flow system to 

investigate the effect of Al distributions on the NO adsorption properties of Pd-CHA. The in-situ 

prepared Pd-CHA (80 mg) was cooled to 350 °C under a He flow after NO treatment. The NO 

concentration in the outlet gas was monitored by a home-made gas cell equipped with CaF2 windows 
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using the same IR spectroscopy. During the first 400 s, a flow of 0.1% NO/He passed through a 

bypass line. After data recording for 400 s, the flow was switched to the reactor. At 1000 s, the 

temperature of the reactor was increased at a rate of 20 ˚C/min and subsequently maintained at 

750 °C. More details on the methodology are provided in the ESI.
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3. RESULTS AND DISCUSSIONS

3.1. Formation of Pd2+ cations at different paired Al sites in CHA zeolite

A CHA zeolite is composed of a rhombohedral unit cell with two cage sizes, forming four-, six-, and 

eight-membered rings (4MR, 6MR, and 8MR, respectively). Several kinds of two Al sites were 

considered as the exchange sites for bare divalent cations regardless of different description, such 

as paired and close unpaired Al sites.32,49,71–76 For the theoretical investigation in the present study, 

five paired Al sites: 6MR(3NN), 8MR(2NN), 8MR(3NN), 8MR(4NN), and 5NN, were considered as the 

model sites for the stabilization of Pd2+ cations. These models are also considered as possible two Al 

sites in the recent theoretical studies.49,76,77 Although the valence states of Pd cations on the 

considered models (especially on 5NN) are still controversial49,76,77, these models were applied to 

explore the effect of Al–Al distance on the NO adsorption. The model sites can be distinguished by 

the type of sharing ring and the number of Si centers connecting two Al sites (Fig. 1) For example, 

the paired Al site with a connectivity distance of 3 (Al−O−(Si−O)2−Al) in 6MR is labeled as 6MR third-

nearest-neighbor, i.e., 6MR(3NN). For 5NN, each Al site exists in 6MR and 8MR and is connected by 

a distance of 5 (Al−O−(Si−O)4−Al). The Al−Al distances are different in the range of 5.74–9.71 Å 

among the five paired Al sites.

The stability of the Pd cations at different paired Al sites was theoretically evaluated. Fig. 2 shows the 

optimized structures, and Table 1 summarizes the distance between the Pd2+ cation and each Al site 

(Al1 and Al2 denote the close Al site and the far Al site, respectively). For 6MR(3NN), a Pd2+ cation 

is located at almost the center of 6MR to minimize both the distances of Pd−Al1 and Pd−Al2 for charge 

compensation.49,78 For 8MR(2NN), (3NN), (4NN), and 5NN sites, the Pd2+ cations are located at the 

center of 6MR to maintain suitable distances with Al1 (ca. 2.86 Å), while the distance from Al2 is 

greater (5.43–8.51 Å). Other examined configurations of Pd2+ cations on each paired Al site are 

provided in ESI (Fig. S2). The relative formation energies of the Pd cations (ΔEf) are listed in Table 

1. We also calculated ΔEf for the Pd2+ cations at 8MR in 8MR(2NN), 8MR(3NN), 8MR(4NN), and 5NN 

sites and then compared with the above results (Fig. S2 in ESI). The ΔEf value of the Pd2+ cation at 

6MR is lower than one at 8MR in all case. The ΔEf value for 6MR(3NN) is the lowest among all the 

models (2.06 eV), which is consistent with the calculation results reported by Epling and Paolucci.49 
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The ΔEf value increased in the order of 6MR(3NN) < 8MR(2NN) < 8MR(3NN) < 8MR(4NN) < 5NN. 

As the Pd–Al2 distance increases (2.92–8.51 Å), ΔEf increases, which indicates that a long Pd–Al2 

distance is unfavorable for the stabilization of the Pd2+ cation due to the difficulty of charge 

compensation with Al sites.49,78 

Fig. 1 A unit cell of CHA zeolite and the considered paired Al sites in periodic DFT calculations.

Fig. 2 Optimized structures of Pd cations at different paired Al sites in CHA zeolites. Al1 and Al2 

denote the close and far Al sites, respectively. Only the atoms around the Pd cation are shown for 

clarity. The structural information (CONTCAR files) of all the considered structures are provided in 

ESI.

Table 1 Pd–Al distances and relative formation energy of the Pd cations at different paired Al 
sites.

Paired Al sites Pd–Al1
(Å)

Pd–Al2
(Å)

Relative formation energy (ΔEf)a

(eV)

6MR(3NN) 2.92 2.92 2.06

8MR(2NN) 2.86 5.43 3.18

8MR(3NN) 2.84 6.83 3.63

8MR(4NN) 2.86 8.06 3.67

5NN 2.86 8.51 3.75
a ΔEf is defined in ESI. 
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3.2 NO adsorption on each Pd2+ cation at different paired Al sites

The NO adsorption on Pd2+ cations was also theoretically investigated for different paired Al sites. 

Fig. 3 shows the optimized structure of the NO-adsorbed Pd cations. Their adsorption energies (Ead) 

and geometric parameters (Pd–N bond length and Pd–N–O angle) are listed in Table 2. Ead negatively 

increases from −1.04 to −1.74 eV in the following order: 6MR(3NN) < 8MR(2NN) < 8MR(3NN) < 

8MR(4NN) < 5NN. This order is the same as the order of increase in ΔEf. As the NO adsorption energy 

increases negatively, the Pd–N bond length decrease in the range of 1.77–1.92 Å. The adsorption 

geometry was bent in all the considered structures (Pd–N–O angles: 121.1–158.1°). Similar 

adsorption structures were reported in a previous study on Pd-MOR, where the NO molecule 

preferentially adsorbed at a Pd–N–O angle of ca. 130˚, due to the electronic interaction of the dσ and 

dπ orbitals of the Pd2+ cation with a singly occupied antibonding π* molecular orbital (SOMO) of the 

NO molecule.78 

Raybaud et al. theoretically investigated the NO adsorption on the Pd2+ cations in Pd-MOR, where 

the adsorption strength of NO depends on the empty Pd electronic levels just about the Fermi energy 

level, inducing the transfer of electrons from the SOMO of NO to the d states of Pd.78 Inspired by their 

study, the correlation between the lowest unoccupied molecular orbital (LUMO) energy level of the 

Pd cation and the corresponding NO adsorption energy was further investigated in this study. The 

levels of the LUMO of the Pd cation and the SOMO of the NO molecule were calculated using the 

Gaussian 16 software. The cluster models used for this analysis were prepared by cutting out from 

the optimized periodic models (Fig. S3 in ESI). As shown in Fig. 4a, the energy level of the LUMO of 

the Pd cation becomes low as the stability of the Pd2+ cation decreases. The NO adsorption energies 

for all considered models are plotted as a function of the energy difference between the LUMO of the 

Pd cation and the SOMO of the NO molecule (ΔEdif) to assess their interaction (Fig. 4b). A linear 

correlation was observed between Ead and ΔEdif (R2 = 0.9861), indicating that the strong NO 

adsorption with few stable Pd cations is derived from the strong interaction between the LUMO of the 

Pd cation and the SOMO of the NO molecule.79 This consideration was supported by the orbital 

interaction diagram depicted by CDA80 in which the main component of the SOMO of the NO-

adsorbed Pd cation in CHA zeolite is the LUMO of Pd (76%), indicating the transfer of electrons from 
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the SOMO of NO into the empty orbital of the Pd cation (Fig. 4c).

The vibration analysis of the adsorbed NO species revealed that the vibration frequencies were red-

shifted (1861.0–1869.5 cm-1) in comparison with the gas-phase value (1904 cm-1) in all considered 

structures, except for the unstable Pd cation at 5NN (1906.1 cm-1). The calculated frequencies are 

comparable with reported theoretical values49,78,81, as well as experimental values.38,49,82 Note that the 

stretching frequency of the NO molecule on unstable Pd cations was calculated to be too high, 

possibly due to the exchange splitting of Pd d-states.78 Furthermore, to assess the effects of the 

experimental conditions, including temperature and partial pressures of gaseous molecules,49 a 

thermodynamic analysis was performed to obtain the phase diagrams predicting the NO desorption 

temperature for the considered Pd cationic sites (Fig. S4). It was demonstrated that the NO desorption 

temperatures varied depending on the sites, and the difference in the temperature was estimated to 

be approximately 300 °C between 6MR(3NN) and 5NN. In summary, the type of paired Al site strongly 

affects the stability of Pd cations, as well as the NO adsorption toward high desorption temperatures, 

where strong NO adsorption occurs on few stable Pd cations. This is attributed to the strong 

interaction between the LUMO of the Pd cation and the SOMO of the NO molecule.

Table 2 The geometric parameters, adsorption energies for the NO structure, and calculated 
stretching frequency.

Configuration
of paired Al sites

Pd–N
(Å)

Pd–N–O
( ˚)

Adsorption energy (Ead)
(eV)

Vibrational frequencya

(cm-1)

6MR(3NN) 1.92 121.1 −1.04 1861.5

8MR(2NN) 1.90 124.6 −1.36 1869.5

8MR(3NN) 1.87 127.1 −1.54 1861.0

8MR(4NN) 1.79 143.8 −1.68 1864.1

5NN 1.77 158.1 −1.74 1906.1

Gas-phase – – – 1904

a The calculated frequencies were scaled by a factor of 0.9908. This value was defined from the experimental 

value (1904.1 cm-1)83,84 and the calculated frequency of the gas-phase NO molecule (1921.8 cm-1).
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Fig. 3 Optimized structures of NO adsorption on the Pd2+ cations located at 6MR(3NN), 8MR(2NN), 

8MR(3NN), 8MR(4NN), and 5NN sites in CHA zeolite (Only the atoms around the Pd cation are shown 

for clarity).

Fig. 4 (a) Energy levels of the LUMO of Pd at different paired Al sites and the SOMO of an isolated 

NO molecule. Blue lines and a red line represent the LUMO of Pd and the SOMO of NO, respectively. 

(b) The correlation of the NO adsorption energy and the energy difference between the LUMO of Pd 

and the SOMO of NO. (c) Orbital interaction diagram of α-spin, determined by CDA for the cluster 

model of the NO-adsorbed Pd cations at 6MR(3NN). (Yellow: Si, Red: O, Green: Al, Blue: N, Cyan: 

Pd, White: H).
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3.3. In-situ IR measurement for NO adsorption on Pd-CHA with different Pd loadings

To experimentally investigate the relationship between the stability of Pd cations and the NO 

adsorption properties, a series of Pd-CHAs with different Pd loadings (0.5−5.4 wt%) were prepared 

through our preparation method, which utilizes a NO-facilitated solid-state ion-exchange reaction.56 

The prepared Pd-CHAs were used for static NO adsorption experiments monitored by in-situ IR 

spectroscopy. The IR spectra were collected after the intensity of the band derived from NO on the 

Pd2+ cation (NO-Pd2+) around 1860 cm-1 reached equilibrium under a flow of 0.1% NO. The IR spectra 

obtained at different temperatures for 0.5 and 5.4 wt% Pd-CHA are shown in Fig. 5a and 5b, 

respectively (the IR spectra for the samples with other loadings are shown in ESI (Fig. S5)). The IR 

peak area of NO-Pd2+ over 5.4 wt% Pd-CHA was significantly higher than that over 0.5 wt% Pd-CHA. 

Based on the absorption coefficient,56 the amounts of adsorbed NO species over 0.5 and 5.4 wt% Pd-

CHAs are determined as 0.04 and 0.41 mmol/g, respectively, corresponding to NO/Pd = 0.86 and 

0.77 (NO/Pd denotes the molar ratio of the adsorbed NO to the total Pd amount). This indicates that 

c.a. 80% of the introduced Pd species are present in cationic state. In this way, large Pd particles 

were not observed by XRD and STEM measurements.56 The IR band was clearly observed even at 

400 °C over 5.4 wt% Pd-CHA, while the band was scarcely observed in the same temperature region 

over 0.5 wt% Pd-CHA. The peak top positions were varied depending on the Pd loading amount and 

temperature in the range of c.a. 1850–1870 cm-1, agreed with our theoretical results. Fig. 5c shows 

the normalized areas of the IR band around 1860 cm-1 over Pd-CHA with different Pd loadings (0.5–

5.4 wt%) as a function of temperature. The IR band areas were normalized by those obtained at 100 

°C. Note that the shoulder peak around 1810 cm-1, which is assignable to NO on the Pd+ cation, is 

included in the calculation of the area.44,55 In all cases, the normalized areas decreased with the 

increase in the adsorption temperature. The areas for the 0.5 and 1 wt% Pd-CHAs drastically 

decreased in the region from 100 °C to 300 °C and nearly reached zero in the high-temperature region. 

In contrast, the IR bands were still noticeably observed at 400 °C for 2−5.4 wt% Pd-CHAs. To compare 

the stability of NO adsorption in the high-temperature region, the normalized areas at 400 °C were 

plotted as a function of the corresponding Pd/Al ratio in Fig. 5d. The normalized area increased with 

the loading. This dependency implies that the increase in the Pd loading induces the formation of less 
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stable Pd cations, which increases the NO adsorption strength.

Fig. 5 In-situ IR spectra of NO–Pd2+ species over (a) 0.5 wt% and (b) 5.4 wt% Pd-CHAs under a flow 

of 0.1% NO (total flow: 100 mL/min). The background spectra were recorded under He flow at each 

measuring temperature before introducing the NO flow. (c) Temperature dependency of the 

normalized IR band area around 1860 cm-1 for different Pd loadings (0.5–5.4 wt%). (d) The normalized 

IR band area around 1860 cm-1 at 400 ˚C as a function of the Pd/Al ratio.
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3.4. The dependency of the NO adsorption on the proportion of paired Al sites in 6MR 

Gounder’s group reported that the proportion of paired Al sites in 6MR of CHA zeolite can be tuned 

by controlling the ratio of inorganic and organic templates during the hydrothermal synthesis.70 To 

investigate the effects of the differences in the proportion of paired Al sites, three kinds of CHA zeolites 

having different proportions of paired Al sites in 6MR (0.7%, 2.2%, and 7.1% in the total Al site) with 

a similar Si/Al ratio (Si/Al = 12.0−16.5) were synthesized according to the previous papers mentioned 

above. Thereafter, they were applied to prepare 1 wt% Pd-CHA(Al6MR pair/Al) (Al6MR pair/Al denotes the 

relative portion of paired Al sites in 6MR) for NO adsorption. The Al6MR pair/Al values were determined 

by an aqueous-phase ion-exchange reaction of the corresponding H+-CHA with Co2+ cations (details 

are provided in ESI). Note that the actual ions-exchange sties for Co2+ cations are still controversial 

because the experimental conditions possibly affect the amount of exchanged Co2+ cations and their 

sites. Sklenak et al. investigated Co2+ ion-exchange into Na+- and NH4
+-CHA where both paired and 

close unpaired Al sites accommodate bare and hydrated Co2+ ions.74,75. The peak areas at 100 °C 

were similar among three 1 wt% Pd-CHA(0.7), (2.2), and (7.1) (Fig. S6), indicating that the Si/Al ratio 

does not significantly affect the NO adsorption at low temperature. Despite using the same Pd 

loadings, the normalized areas in the high-temperature region above 300 °C increased with the 

decrease in Al6MR pair/Al (Fig. 6a). A linear correlation between the normalized IR area at 300 °C and 

Al6MR pair/Al was observed (Fig. 6b). This result indicates that the paired Al sites in 6MR, such as 

6MR(3NN), are responsible for the weak NO adsorption, owing to the formation of stable Pd cations; 

it also supports the occurrence of strong NO adsorption on Pd cations in paired Al sites in 8MR 

(8MR(2NN), (3NN), and (4NN)) or those between 6MR and 8MR (5NN).
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Fig. 6 (a) Temperature dependence of the normalized IR band area around 1860 cm-1 over 1 wt% 

Pd-CHA with different Al6MR pair/Al values (0.7, 2.2, 7.1 %), under a flow of 0.1% NO (total flow: 100 

mL/min). (b) The normalized IR band areas around 1860 cm-1 at 300 ˚C as a function of Al6MR pair/Al.
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3.5. NO-TPD measurement of Pd-CHA with different Pd loadings

Finally, the NO desorption properties of Pd-CHA with high loadings (2–5.4 wt%) were examined by 

TPD measurements using a fixed-bed continuous flow system.45,51,85 After the solid-state ion-

exchange reaction was performed in-situ as explained above, the temperature of the reactor was set 

to 350 °C for NO adsorption. Note that the formation of NO+ species at zeolite anions is unlikely to 

occur at 350 ˚C.86 The obtained TPD profiles are shown in Fig. 7. Once the feed was switched to the 

reactor, a negative peak was observed for all the Pd-CHAs, corresponding to the NO adsorption. The 

area of the negative peak increased with the Pd loading, confirming that more NO species were 

captured. During the temperature increase, two positive peaks were observed, attributed to NO 

desorption. For the 2 wt% Pd-CHA, the main desorption peak was observed around 350−450 °C, 

while the second peak area, observed at a higher temperature of approximately 450 °C, was relatively 

small. With an increase in the Pd loading, the second desorption peak shift toward high temperatures, 

indicating that increasing the Pd loading increases the NO adsorption strength. The amounts of NO 

adsorption/desorption determined by the peak areas increases with the increase in Pd loading amount 

(Table S2). These results are consistent with those obtained by static NO adsorption experiments 

using in-situ IR spectroscopy.

To specify the Pd cations responsible for the NO desorption in the low- and high-temperature regimes, 

the adsorption energies corresponding to the observed NO desorption peaks were experimentally 

evaluated using the Redhead equation87 (see ESI) and subsequently compared with the theoretically 

estimated values by DFT calculation (Table 3). The adsorption energies for the low-temperature 

desorption (Elow) were determined to be approximately 1.40 eV, whereas those for the high-

temperature desorption (Ehigh) ranged from −1.57 to −1.83 eV. Compared with the theoretical values 

(Table 3), the low- and high-temperature NO desorption can be ascribed to the Pd cations on 

8MR(2NN) (Ead = −1.36 eV) and those on other paired Al sites, i.e., 8MR(3NN), 8MR(4NN), and 5NN 

(Ead = −1.54 to 1.74 eV)), respectively, demonstrating that strong NO adsorption likely occurs on 

unstable Pd cations.
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Fig. 7 NO adsorption at 350 °C for 600 s, followed by TPD (20 °C/min up to 750 °C) under a flow of 

0.1% NO (He balance, total flow: 100 mL/min). The flow passed through a bypass line in the first 400 

s.

Table 3 Comparison of the experimental and theoretical NO adsorption energies.

NO adsorption energy (eV)

Elow
a Ehigh

b

Exptl. 2 wt% Pd-CHA −1.36 −1.57

3 wt% Pd-CHA −1.36 −1.57

4 wt% Pd-CHA −1.38 −1.76

5.4 wt% Pd-CHA −1.40 −1.83

Ead
c

Theor. 8MR(2NN) −1.36

8MR(3NN) −1.54

8MR(4NN) −1.68

5NN −1.74
a Experimental adsorption energy of NO desorption at low temperatures. b Experimental adsorption energy of 

NO desorption at high temperatures. c Theoretical adsorption energy of Pd cations at different paired Al sites.
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4. CONCLUSION

Herein, we revealed the relationship between the atomic-scale structure of the Pd2+ cations in CHA 

zeolite and the NO adsorption/desorption property by a combined approach of DFT calculations, in-

situ IR spectroscopy, and NO-TPD measurement. First, the stability of the Pd2+ cations and the 

strength of the NO adsorption over Pd species located at five different 2Al sites were assessed using 

DFT calculations, which revealed that less stable Pd2+ cations afforded strong NO adsorption. As 

expected from the theoretical investigation, in-situ IR and NO-TPD measurements revealed that the 

NO desorption temperature increased with the Pd loading amount (up to 5.4 wt%). It was also 

observed that the amount of NO adsorbed in the high-temperature region increased upon decreasing 

the proportion of paired Al sites in 6MR in the CHA zeolite support, despite using the same Pd loading, 

indicating that weak NO adsorption is likely to occur on Pd cations at 6MR(3NN). For strong NO 

adsorption, the experimental adsorption energies of the NO desorption at low (350–450 °C) and high 

(> 450 °C) temperatures agree reasonably with the theoretically estimated values of the moderately 

stable Pd cations at 8MR(2NN) and the relatively unstable ones at 8MR(3NN), 8MR(4NN), and 5NN. 

This study not only revealed the dependency of the local structure and NO adsorption/desorption 

properties of Pd cations on the structure of the Al sites in CHA zeolites, but also demonstrated the 

tunability of Pd-CHA functions as PNAs by controlling the Pd loading amount and the distribution of 

Al sites.
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