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Investigation of the modes of NO adsorption in Pd/H-CHA 
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A B S T R A C T   

This study investigates NO adsorption on Pd-exchanged chabazite (Pd/H-CHA), a promising passive NOx 
adsorber (PNA) for capturing cold-start NOx emissions of gasoline- and diesel-powered vehicles. Temperature- 
programed desorption (TPD) and IR spectroscopy are combined with theoretical calculations to elucidate how 
and where NO is stored, and how water and O2 affect this process. NO adsorption on Pd/H-CHA produces two 
TPD features, around 423 and 753 K, and IR bands centered at 1860 and 1810 cm− 1. Calculated NO stretching 
frequencies and maximum-desorption temperatures reveal that Pd2+ and Pd+ sites are responsible for these low- 
and high-temperature features, respectively, and that while the IR feature at 1810 cm− 1 is due to NO adsorption 
on Pd+, the 1860 cm− 1 feature contains contributions from both weakly-bound NO on Pd2+ and more strongly 
bound NO on Pd+, consistent with experimentally observed effects of water and O2.   

1. Introduction 

A particularly effective strategy for dealing with vehicular exhaust 
has been the three-way catalytic convertor. First installed in 1972, it has 
led to orders of magnitude reductions in tailpipe emissions of CO, hy-
drocarbons (HC), and nitrogen oxides NOx (x = 1,2). However, a 
remaining challenge in emissions control using catalytic converters is 
the time required to reach efficient operating temperatures (>473 K) 
[1]. During this period, called the cold-start, the catalyst is not suffi-
ciently active, and pollutants escape into the air unconverted. Conse-
quently, under Tier 3 regulations of the US Environmental Protection 
Agency, automobiles will need to take additional steps to minimize the 
amount of NOx and HC emitted during cold-start [2]. 

One way to reduce NOx emissions during cold-start is to adsorb NO 
together with CO and unburned hydrocarbons, and then to desorb these 
gases so that NO can be reduced in the catalytic converter once it reaches 
a temperature of 523–573 K. This can be done using a passive NOx 
adsorber (PNA), a device placed upstream of the catalytic converter that 
adsorbs NOx emissions while the converter is heating up [3]. The PNA 
consists of a metal dispersed on a high surface area support, such as a 
zeolite or mixed oxide [4]. Pd has been identified as a particularly 

attractive adsorbent for PNAs because of its high capacity for NOx 
storage as molecular NO or as intermediates such as nitrites [5–7]. 
Because of its hydrothermal stability (stable up 1023 K for up to 16 h in 
air and water), the zeolite chabazite (CHA) has been identified as the 
most suitable support for Pd [8–10]. 

Several investigators have reported that the manner of Pd intro-
duction onto a zeolite support and the subsequent pretreatment and 
usage conditions affect the NO storage capacity and release temperature 
of the PNA material [11–13]. These studies and others have also shown 
that Pd can be present in multiple forms: isolated Pd cations (Pd2+, Pd 
(OH)+, Pd+), PdOx (x = 1,2) nanoparticles, and metallic Pd nano-
particles [14–19]. IR studies indicate that NO does not adsorb on PdOx 
nanoparticles and adsorbs only weakly on metallic Pd nanoparticles.[17, 
20,21]. Therefore, isolated Pd cations are desired for PNAs, and the loss 
of such centers leads to a loss in the low-temperature NO adsorption 
capacity of the PNA [12]. 

The critical role that isolated Pd cations have on NO adsorption is 
supported by recent work on Pd/H-CHA samples prepared to have Pd 
present predominantly as isolated Pd cations [15]. IR spectra of adsor-
bed NO showed bands at 2170 cm− 1, 1865 cm− 1, and 1805 cm− 1, which 
were assigned to NO+Z-, (NO) Pd2+(Z-)2, and (NO) Pd+Z-, respectively, 
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with the aid of DFT calculations [15,22,23] (Z- denotes a 
cation-exchange site in the zeolite framework created by the isomor-
phous substitution of tetravalent Si with trivalent Al). The presence of 
Pd2+ in as-prepared Pd/H-CHA samples has been supported by X-ray 
photoelectron spectroscopy, X-ray absorption spectroscopy, and diffuse 
reflectance UV–vis spectroscopy [24]. Pd+ cations have been suggested 
to be produced upon NO adsorption via the reaction of Pd2+(Z-)2 + 2 NO 
→ (NO) Pd+ Z- + NO+Z-, based on the appearance of IR bands at 1805 
cm− 1 and 2160 cm− 1 [15], and as discussed below, recent density 
functional theory (DFT) calculations that indicate that Pd/H-CHA 
treated in water vapor at high temperatures should thermodynami-
cally favor the presence of Pd+ cations. DFT calculations using the GGA 
functional PW91-D2 by Khivantsev et al. have reported the electronic 
energies for binding NO to Pd2+ and Pd+ cations as − 226 kJ/mol and −
192 kJ/mol, respectively [24]. However, Paolucci et al. have found that 
NO binding energies are highly sensitive to the choice of density func-
tional and that using GGA functionals can overestimate the NO binding 
strength by up to 99 kJ/mol; hence, these authors report calculated NO 
binding energies of − 175 kJ/mol for Pd+ and − 70 kJ/mol for Pd2+

using the hybrid HSE06 functional [25]. 
Adsorption of NO on [Pd(OH)]+ sites in Pd-exchanged zeolites has 

also been proposed [1,26,27]. It has been suggested that [Pd(OH)]+ is 
involved in the adsorption of NO, either as an adsorption site or as a 
precursor to the formation of Pd+ according to the reaction: NO +
2Z-[Pd(OH)]+ ↔ 2Z-Pd+ + NO2 + H2O [26,28]. On the other hand, 
Mandal et al. have concluded that [Pd(OH)]+ does not form on samples 
with Pd content lower than the number of paired Al sites, as supported 
by DFT calculations and the absence of [Pd(OH)]+ bands in IR spectra of 
Pd/H-CHA acquired before and after NO [25]. We also note that Khi-
vantsev et al. have suggested that [Pd(OH)]+ adsorbs NO to form [Pd 
(OH)(NO)]+ [15]. However, DFT studies reported by Van der Myns-
brugge et al. suggest that in the presence of air and water, Pd+/H+ and 
Pd2+ associated with pairs of Al atoms in the 6-rings and 8-rings of CHA 
are the thermodynamically favored species [29]. These calculations also 
show that the stability of [Pd(OH)]+ is lower than that of Pd2+ and 
Pd+/H+ at Al pair sites, and under the conditions used in experimental 
studies [Pd(OH)]+ would readily react with the adjacent H+ to form a 
Pd2+ and water. 

The influence of other gas phase species on the adsorption of NO has 
also been studied. Water vapor present during NO adsorption has been 
reported to facilitate the mobility of PdO particles, leading to redis-
persion of Pd as cations [13], and water vapor has also been found to 
displace adsorbed NO from both the zeolite and Pd cations [30]. Oxy-
gen, another component present in automotive exhaust, can also impact 
NO adsorption by forming NO2, which has been reported as a product 
upon NO desorption as well as an increase in the IR band associated with 
NO+ on Pd/H-ZSM-5 [11]. Oxygen also prevents the reduction of Pd 
cations to small Pd particles, which do not adsorb NO [11,15]. Addi-
tionally, heating Pd-exchanged zeolites in O2 has been shown to convert 
metallic Pd nanoparticles to isolated Pd cations, thereby restoring the 
NO adsorption capacity of a PNA following use [31]. 

Another factor influencing the adsorption of NO is the location where 
Pd cations are exchanged into CHA. A recent theoretical study has 
shown that the relative stability Pd2+ and Pd+ in cation-exchange sites 
in CHA strongly depends on the location of the Al atoms in the frame-
work, as well as the operating conditions (e.g., exposure to water) [29] 
Next-next-nearest neighbor (NNNN) Al pairs (separated by two Si 
atoms) in the 6-membered ring provide four zeolite oxygen atoms to 
coordinate Pd2+ cations in an ideal square planar configuration. As a 
result, Pd2+ is significantly more stable than Pd+ at these Al pairs, over a 
wide range of conditions. By contrast, next-nearest neighbor (NNN) Al 
pairs (separated by a single Si atom) cannot provide the ideal square 
planar coordination to stabilize Pd2+, such that the relative stability of 
Pd+ and Pd2+ cations at these Al pairs depends on the temperature and 
partial pressure of water. The relative amounts of Pd+ and Pd2+ cations 
exchanged at NNN Al pairs can therefore be altered by varying the 

temperature and partial pressure of water. The question of whether or 
not Pd+ is present in as-prepared and pretreated Pd/CHA remains open, 
as several authors have suggested based on evidence inferred from IR 
spectroscopy that Pd+ only forms upon NO adsorption via the process 
Pd2+(Z-)2 + 2 NO → (NO) Pd+ Z- + NO+Z-; however, direct evidence of 
Pd+ in zeolites in the absence of adsorbates has been reported by elec-
tron paramagnetic resonance spectroscopy (EPR) [15,28,32]. 

The zeolite support onto which Pd cations are exchanged can also 
adsorb NO; hence, it is important to understand what fraction of the NO 
adsorbed in a PNA material is associated with the zeolite. IR spectros-
copy has been used to identify the NO adsorption site in zeolites [33]. 
The principal feature observed in H-SSZ-13 (H-CHA) is a band at 2160 
cm− 1 ascribed to NO+Z-. It has been suggested that this species forms via 
the reaction of two NO molecules (or NO and NO2) with two Brønsted 
acid sites via 2 NO + 2 H+Z- → 2 NO+Z- + H2 or via NO + NO2 + 2 H+Z- 

→ 2 NO+Z- + H2O. The importance of proximate pairs of anion exchange 
sites to adsorb NO on acid sites in the zeolite has also been reported [34]. 

The present study was undertaken with the aim of identifying NO 
adsorption sites on Pd/H-CHA and investigating the effect of water 
vapor and oxygen on the sites to which NO adsorbs. This effort has 
combined experimental studies and theoretical analysis based on DFT 
calculations. The questions addressed are the effects of adsorbent pre-
treatment on the formation of NO adsorption sites on both H-CHA and 
Pd/H-CHA, the relation between the oxidation state of Pd cations and 
the strength of NO adsorption, the vibrational frequencies for adsorbed 
NO on various binding sites, and the influence of H2O and O2 on NO 
adsorption on both H-CHA and Pd/H-CHA. The effects of gas composi-
tion and temperature on the reduction of Pd2+ to Pd+ and the reverse 
oxidation reaction are also examined. 

2. Methods 

2.1. Adsorbent synthesis and characterization 

The CHA zeolite (Si/Al = 12) was provided by BASF. This zeolite was 
the support utilized for the experiments described below. Additional 
CHA zeolite (Si/Al = 14) was prepared and used in experiments pre-
sented in the supplemental material. Palladium-exchanged zeolites were 
prepared by incipient wetness impregnation.[23] De-ionized water 
(18.2 MΩ) was added drop-wise to the NH4-form zeolite while stirring 
until the total pore volume reached saturation, evidenced by a trans-
formation from a powder-like substance to a liquid-like slurry. Assuming 
the same mass uptake as water, a Pd(NH3)4(NO3)2 solution (10 wt%, 
Sigma-Aldrich) was appropriately diluted with de-ionized water (18.2 
MΩ) to achieve a desired Pd loading, using the same deposition pro-
cedure for the water-only trial. The Pd-form zeolite was dried in an oven 
at 393 K before treating in flowing air (Air Zero, Indiana Oxygen, 6000 
cm3 h− 1 g− 1) to 823 K (120 K h− 1) for 5 h. 

The framework topology was characterized with ex situ powder XRD, 
using a Rigaku Smartlab X-ray Diffractometer. Samples (0.01 g) were 
pressed onto low-dead volume holder (Rigaku), and patterns were 
collected from 4◦ to 40◦ 2θ with a scan rate of 60◦ h− 1 and a resolution of 
0.01◦. 

Atomic absorption spectroscopy (AAS) was used to quantify the 
elemental contents using a Perkin Elmer model Analyst 300. Samples 
(0.02–0.05 g) were digested with 2.5 g of hydrofluoric acid (48 wt%, 
Alfa Aesar) for 3 days before diluting with 50 g of de-ionized water 
(18.2 MΩ). The Pd and Al contents in solution were determined by 
comparing to known elemental analysis standards. The Si/Al ratio was 
estimated by subtracting the contribution of extraframework cations 
and assuming a perfectly crystalline adsorbent with molar composition 
of Si(1− x)O2Alx. 

The amounts of cationic Pd and agglomerated PdO domains were 
quantified using H2 temperature programmed reduction (TPR), using 
protocols we have reported previously [35]. H2 TPR characterizations 
were performed with a Micromeritics Autochem II 2920 Chemisorption 
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Analyzer, and H2 consumption was quantified with a thermal conduc-
tivity detector (TCD). A TCD response factor determined by flowing 
different partial pressures (0.1–5 kPa) of H2 in balance Ar, of which 
quantified a Micromeritics Ag2O standard within 10%. Zeolites 
(0.05–0.10 g) were pretreated in flowing air (Air Zero, Indiana Oxygen, 
1800 cm3 h− 1) to 473 K, 823 K, or 1023 K (600 K h− 1) for 1 h, cooled to 
373 K before replacing the Air stream with Ar (UHP, Indiana Oxygen), 
then cooled to 203 K using a Micromeritics Cyrocooler II accessory. The 
Ar stream was replaced with 5 kPa H2 in balance Ar (600 cm3 h− 1), then 
after achieving a stable TCD signal, the sample was treated to 573 K 
(600 K h− 1). H2 TPR profiles, quantifications, and discussion can be 
found in the Supplemental Material (Section S2). 

2.2. Temperature-programmed desorption (TPD) studies 

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

For adsorption, a feed stream containing the adsorbate was flowed 
over the adsorbent at 348 K until adsorbent was saturated. The 
composition of the feed stream was adapted to the experiment. The feed 
typically consisted of about 200 ppm of NO in a He flowing at 250 mL/ 
min. 1000 ppm CH4 was added to the NO/He stream as an inert tracer. 
He (purity of 99.999% from Praxair) was dried by passage through 
moisture trap (Restek Moisture Trap, <10 ppb water) and NO (1.03% 
NO in He balance from Praxair) was purified by passage through traps to 
remove moisture and NO2 (Alltech Gas Drier, <1 ppm NO2 and H2O). 
The air carrier gas provided by Praxair is rated as extra dry (<10 ppm 
H2O). The adsorption of NO was monitored using an MKS 2030 Multigas 
analyzer, a non-dispersive infrared (NDIR) spectroscopy instrument. The 
concentration of NO in the effluent was measured, and the NO and CH4 
were shut off once the effluent concentration of NO had reached the inlet 
value. The adsorbent was then purged with He until the concentration of 
NO had returned to the level observed before the start of the adsorption 
step. A purge stream of He (250 mL/min) was fed to the reactor 
immediately after adsorption to remove any weakly bound adsorbates. 
The adsorbed NO was desorbed while the adsorbent was heated from 
348 K to 773 K at 10 K/min, and then held at 773 K for 20 min. 
Throughout this period the concentration of NO and NO2 in the effluent 
was monitored by the Multigas analyzer. Following a TPD experiment, 
the adsorbent was treated in one of several ways in order to prepare it for 
the next adsorption cycle. This typically involved cooling the adsorbent 
from 773 K back to 348 K in a defined gas mixture (e.g., He, air, air plus 
water vapor). This last step is referred to as a pretreatment, and for 
future discussion, the pretreatment refers to the step performed before 
an adsorption measurement when the adsorbent undergoes several 
adsorption/desorption cycles. In this study, cycles typically refer to 
repeated experiments on the same adsorbent loading. 

2.3. IR spectroscopy 

The procedure for the initial treatment of Pd/H-CHA and pretreat-
ment between NO adsorption experiments is similar to that used for the 
TPD experiments. About 30 mg of adsorbent was compressed into a 
pellet that was placed into a Harrick High Temperature cell with CaF2 
windows. The cell was heated resistively and the temperature was 
monitored with a thermocouple. The adsorbent was exposed to NO for 
15 min, after which the NO flow was stopped and the TPD ramp was 
started. In situ transmission IR experiments were conducted using a 
Nicolet 6700 spectrometer operated at 4 cm− 1 resolution. Each spectrum 
is obtained by averaging 256 scans. Background spectra of Pd/H-CHA, 
taken at the same temperatures as those at which spectra were 

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

2.4. Theoretical calculations 

The crystallographic structure of CHA was obtained from the data-
base maintained by the International Zeolite Association (IZA) [36]. A 
large cluster model containing 696 tetrahedral atoms (T696) was con-
structed by selecting the framework atoms within a 25 Å radius of a 
central cha cage, and trimming the edges of the resulting fragment such 
that the cluster is terminated by double six-ring units. This large model 
avoids any boundary effects and prevents the introduction of unin-
tended anisotropy in the description of long-range interactions [37]. 

Al pairs were placed in various next-nearest neighbor (NNN), next- 
next-nearest neighbor (NNNN) or next-next-next-nearest neighbor 
(NNNNN) configurations in the CHA framework. The resulting double 
charge defects were compensated by either Pd+/H+ or Pd2+. A total of 
16 structures in which the Pd cations are accessible from the cha cage 
were selected to model potential NO adsorption sites. A hybrid quantum 
mechanics/molecular mechanics (QM/MM) approach was applied to 
limit the computational expense. A smaller fragment of the zeolite 
cluster and the adsorbates are treated quantum mechanically (QM), 
using the range-separated hybrid functional ωB97X-D [38,39], com-
bined with def2 basis sets, which include an effective core potential for 
Pd. The QM region includes all neighboring T-atoms of each Al, as well 
as all Si and O atoms that are part of the 4-, 6-or 8-ring(s) connecting the 
pair of Al atoms. Where necessary, the QM region was extended further 
to fully account for the interactions of adsorbed NO with the zeolite 
framework. The remainder of the large cluster model is treated using 
molecular mechanics (MM) [40,41]. Fig. 1 shows the T696 cluster model 
and highlights the 4-, 6- and 8-rings facing the cha cages. Geometry 
optimizations and frequency calculations are performed at the 
ωB97X-D/def2-SV(P) level of theory, followed by single-point energy 
refinements at the ωB97M-V/def2-TZVPD level of theory. Paolucci et al. 
have pointed out that binding energies of NO to Pd are particularly 
sensitive to the choice of density functional [25]. In this study, we have 
selected the range-separated hybrid meta GGA functional ωB97M-V43 to 
evaluate the energetics, because it has emerged as the overall best 
performer out of the 200 density functionals evaluated by Mardirossian 
and Head-Gordon [42]. The MM region is described with a 
CHARMM-type force field using the P2 parameter set [41]. Initial ge-
ometries were constructed with ZEOBUILDER [43]. All QM/MM calcu-
lations were performed with a developmental version of Q-Chem [44]. 
Thermochemical quantities are calculated from a normal mode analysis 
using the quasi-rigid rotor/harmonic oscillator approximation (RRHO) 
[41,45] on the optimized structures. 

3. Results 

3.1. NO adsorption on H-CHA 

NO adsorption on H-CHA (SiAl = 12) was examined in order to 
characterize its interaction with the zeolite support. Fig. 2 shows the 
TPD profile after NO adsorption on H-CHA. Both NO and NO2 were 
observed in the effluent in the ratio of 2/1, and the total amount of NO 
adsorbed is 5.4 µmol NO per gram of adsorbent. This amount of adsor-
bed NO corresponds to about 7.3 × 10− 3 mol NOx per mole of protons, 
indicating that only a small fraction of the zeolitic protons are involved 
in NO adsorption. 

Fig. 2 also shows the IR spectra taken during TPD. At 348 K, the 
peaks observed are the result of NO adsorption on H-CHA. The peak at 
2160 cm− 1, due to NO+Z-, appears to be comprised of two components, 
reflecting somewhat different environments [34,46]. The appearance of 
this band is accompanied by a decrease in the peak at 3590 cm− 1 peak 
due to Brønsted acidic O-H stretches [34]. There is also an increase in a 
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peak 3670 cm− 1, which is assigned to water adsorbed on the zeolite 
[47]. Additional evidence for the formation of water upon NO adsorp-
tion is the appearance of broad bands located 2830 cm− 1, 2390 cm− 1, 
and 1630 cm− 1, all of which have been reported for water strongly 
hydrogen bonded to Brønsted acid sites in H-CHA [47–49]. We note that 
the shape of the broad centered at 1630 cm− 1 does not match that ex-
pected for water vapor adsorbed on H-CHA, suggesting the presence of 
other species such as nitrates. The broad feature between 1500 and 
1700 cm− 1 may also contain contributions from nitroso (NO2

-) and ni-
trates (NO3

-) [26,47,50,51]. These latter species very likely form during 
adsorption via the reaction of NO with small amounts of O2 retained on 
the sample from the pretreatment in air. During TPD, the features 
associated with adsorbed NO and H2O are retained when the tempera-
ture rises to 373 K, but by 473 K, all of the peaks have disappeared. This 
pattern is consistent with the TPD profile presented in Fig. 2a, which 
shows that all NO and NO2 desorbs by 473 K. It is also notable that the 
band at 3590 cm− 1 for Brønsted acidic OH groups is restored during 
desorption of NO, suggesting that these species are associated with in the 
adsorption of NO. This conclusion is confirmed by the observation that 
the TPD profile in the TPD IR spectra in Fig. 2b is reproducible after 
multiple adsorption and desorption cycles. Hadjiivanov et al. has pro-
posed that NO and NO2 react with two nearby Brønsted acid sites to form 
two NO+ bound to the zeolite, as well as a water molecule that is 
H-bonded to another Brønsted acid site [34]. 

The effect of water on NO adsorption on H-CHA was also investi-
gated. To explore these effects, NO was first adsorbed on H-CHA by 
exposure to 200 ppm of NO in He, and then to a He stream containing 
1% water for 10–20 min. After that, the sweep gas was switched to He 
and the temperature was ramped from 348 K to 773 K. Exposure of the 
pre-adsorbed NO to water resulted in the disappearance of the peaks for 
NO and NO2 in the TPD profile. This figure is reported in the SI (Fig. S2). 
These results are similar to those reported for zeolite BEA, which have 
shown that water displaces NO adsorbed on the zeolite [30]. In addition, 
the inclusion of water in the pretreatment also prevented any NO 
adsorption on H-CHA. As a result, the experiments presented in Figs. 2 
and 3 are done for NO adsorption pretreated in air. 

The effect of air on the adsorption of NO on H-CHA was also exam-
ined. As seen in Fig. 3a, the adsorption of NO from air resulted in the 
desorption of nearly equivalent amounts of NO and NO2 during TPD. 
The total amount of NOx adsorbed (as either NO or NO2) in this case is 
63 µmol of NOx per gram of adsorbent (5.7 ×10− 2 mol NO/mol pro-
tons), which is considerably higher than the amount for NO adsorbed 
from He, 5.4 µmol NOx/g of adsorbent (7.3 ×10− 3 mol NOx/mol pro-
tons) [34]. The appearance of equivalent amounts of NO and NO2 during 

Fig. 1. Left: T696 cluster model for CHA used in QM/MM calculations. Si atoms are represented in cyan, Al in pink, O in red, H in white. The central CHA cage 
containing the adsorption sites is shown in bold lines. Right: 6-, 8- and 4-rings in cha cage. 

Fig. 2. NO/NO2 TPD profiles (a) and TPD IR spectra (b) for NO adsorbed on H- 
CHA. H-CHA was heated in air from 348 K to 773 K at 2 K/min and held at 
773 K for 1 h. The sample was then cooled in air from 773 K to 348 K. 
Adsorption was from a flow of He (250 mL/min) containing 200 ppm of NO at 
348 K. During TPD, the temperature was ramped from 348 K to 773 K at 10 K/ 
min and then held at 773 K for 20 min in He. The dashed line corresponds to the 
maximum temperature of 773 K; the TPD profile beyond this line represents the 
continued temporal evolution of the system at constant temperature. Nearly 
identical results were obtained over four adsorption-desorption cycles. For the 
IR spectra, a reference spectrum was taken of H-CHA before NO adsorption, and 
then subtracted from the spectrum taken after NO adsorption. Scans were taken 
every 100 K during which the temperature was ramped at 2.5 K/min in He. 
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TPD suggests that a fraction of the desorbing NO undergoes oxidation to 
NO2. 

The TPD IR spectra for NO adsorbed from air onto H-CHA are shown 
in Fig. 3b. Similar to the TPD IR results for the case of NO adsorbed from 
He (Fig. 2b), all of the bands disappear by 473 K. There is a sharp band at 
2160 cm− 1 due to NO+ adsorbed on the zeolite, and a corresponding 
negative band at 3590 cm− 1 indicating the loss of Brønsted acid sites. 
The band at 2160 cm− 1 is also more intense when NO is adsorbed from 
air, supporting the mechanism proposed by Hadjiivanov et al. [34]. 
When NO is adsorbed from air, the integrated area of the band for NO+ is 
4.8 times higher than that for NO adsorption from He, while the inte-
grated area of the band for water around 2890 cm− 1 is about 3.0 times 
higher, which agrees semi-quantitatively with what would be expected 
[34]. 

3.2. NO Adsorption on Pd/H-CHA 

The adsorption of NO on Pd/H-CHA (SiAl = 12, PdAl = 0.24) was 
investigated in order to identify the different states of NO adsorbed on 
Pd cations and the influence of adsorbent pretreatment on the distri-
bution of these states of adsorbed NO. For these experiments, the 

adsorbent was first heated to 773 K at 2 K/min in air containing 5% 
H2O, held at this temperature for 5 h, and then cooled to 348 K in air 
(not containing water vapor). This pretreatment was chosen to attempt 
to maximize the amount of isolated Pd [1]. As seen in Fig. 4a, the TPD 
profile for NO adsorbed on Pd/H-CHA exhibits two prominent NO 
desorption peaks: a low-temperature peak around 423–473 K and a 
broad high-temperature peak ranging from 550 to 900 K with a 
maximum at about 753 K. The low-temperature peak comprises 29% of 
the desorbing NO and the high-temperature peak comprises 71%. No 
NO2 was observed in the effluent during TPD. The total amount of NO 
adsorbed on Pd/H-CHA is about 57 µmol of NO per gram of adsorbent, 
which corresponds to a NO/Pd ratio of 0.73. This ratio agrees well with 
the fraction of isolated cations present in Pd/H-CHA measured by H2 
temperature programmed reduction (0.79), suggesting that each Pd 
cation adsorbs one NO molecule. 

Fig. 4b shows the IR TPD spectra for NO adsorbed on Pd/H-CHA. For 
this experiment, the adsorbent was heated to 773 K at 2 K/min in a flow 
of air containing 5% H2O and then held at this temperature for 5 h, and 
then cooled to 348 K in air (not containing water vapor) and held at this 

Fig. 3. NO/NO2 TPD profiles (a) and TPD IR spectra (b) for NO adsorbed on H- 
CHA. H-CHA was heated in air 348 K to 773 K at 2 K/min and held at 773 K for 
1 h. The sample was then cooled in air from 773 K to 348 K. Adsorption was 
from a flow of air (250 mL/min) containing 200 ppm of NO at 348 K. During 
TPD, the temperature was ramped from 348 K to 773 K at 10 K/min and then 
held at 773 K for 20 min in air. The dashed line corresponds to the maximum 
temperature of 773 K; the TPD profile beyond this line represents the continued 
temporal evolution of the system at constant temperature. Nearly identical 
results were obtained over four adsorption-desorption cycles. For the IR spectra, 
a reference spectrum was taken of H-CHA before NO adsorption, and then 
subtracted from the spectrum taken after NO adsorption. Scans were taken 
every 100 K during which the temperature was ramped at 2.5 K/min. 

Fig. 4. The NO TPD profile (a) and the TPD IR spectra (b) for NO adsorbed on 
Pd/H-CHA. Pd/H-CHA was heated in air and 5% H2O from 348 K to 773 K at 
2 K/min and held at 773 K for 5 h. The sample was the cooled in He and 5% 
H2O from 773 K to 348 K. NO adsorption was from a flow of He (250 mL/min) 
containing 200 ppm of NO at 348 K. During TPD, the temperature was ramped 
from 348 K to 773 K at 10 K/min and then held at 773 K for 20 min in He. The 
dashed line corresponds to the maximum temperature of 773 K; the TPD profile 
beyond this line represents the continued temporal evolution of the system at 
constant temperature. Nearly identical results were obtained over four 
adsorption-desorption cycles. For the IR spectra, a reference spectrum was 
taken of Pd/H-CHA before NO adsorption, and then subtracted from the spec-
trum taken after NO adsorption. Scans were taken every 100 K during which 
the temperature was ramped at 2.5 K/min. 
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temperature for 5 h. After pretreatment, the sample was exposed to 
about 200 ppm NO in He for about 15 min. The principal peaks asso-
ciated with adsorbed NO occur at 1860 cm− 1 and 1810 cm− 1. Notably, 
the peak at 2160 cm− 1 for NO+Z- is absent. We attribute this to the 
retention of water vapor from the pretreatment step, which inhibits NO 
adsorption on the zeolite to form NO+Z- [30]. The peaks at 1860 cm− 1 

and 1810 cm− 1 have been observed previously in the IR spectrum of NO 
adsorbed on Pd-SSZ-13 and have been assigned to NO adsorbed on Pd2+

and Pd+ cations, respectively, on the basis of DFT calculations [28]. The 
absence of a band at 2160 cm− 1 for zeolite-bound NO+, a consequence 
of the pretreatment of Pd/H-CHA in a He/H2O mixture, indicates that all 
of the NOx that desorbs during the TPD of Pd/H-CHA comes from NO 
adsorbed on Pd cations. As shown earlier, pre-exposure of H-CHA to H2O 
inhibits via site-blocking the adsorption of NO as NO+Z-. Fig. 4b also 
shows a broad band around 1600–1775 cm− 1 attributable to water 
adsorbed on the zeolite during the pretreatment step. This band is also 
observed prior to NO adsorption, and very little NO2 is observed during 
TPD. It’s likely that most of this band is adsorbed water and adsorbed 
nitrates do not contribute significantly [26]. 

IR TPD experiments were performed to observe how the band in-
tensities change as a function of temperature. Fig. 4b shows that the 
broad band at 1650 cm− 1, due to water adsorbed on the zeolite disap-
pears between 358 K and 473 K, in agreement with previous observa-
tions [34,47]. More notably, the band at 1810 cm− 1 undergoes a 
significant loss in intensity above 373 K and loses most of its intensity by 
about 573 K. By contrast, the band at 1860 cm− 1 band only begins to 
lose intensity above 573 K and is no longer visible by 773 K. The rela-
tionship between band assignment and TPD behavior will be discussed 
in Section 3.5. 

3.3. Effect of water on NO adsorption 

Water vapor has been reported to affect the TPD profile of NO 
adsorbed on Pd-BEA. Khivantsev et al. have shown that when NO is co- 
adsorbed with O2 and H2O, only a high-temperature NO TPD feature is 
observed > 473 K, and Chen et al. have shown that water displaces the 
NO species responsible for the IR band at 1860 cm− 1 [15,30]. Conse-
quently, we undertook experiments to assess whether water displaces 
either of the two forms of adsorbed NO observed during TPD and IR 
spectroscopy. The results of these experiments combined with theoret-
ical analysis, enabled identification of the Pd species on which NO is 
adsorbed and the effects of water on the stability of adsorbed NO. 
Pd/H-CHA was pretreated by feeding a stream of air containing 5% 
water from 348 K to 773 K at 2 K/min. The temperature was held at 

773 K for 5 h, and then cooled back to 348 K in the absence of water 
vapor After pretreatment, Pd/H-CHA was exposed to 200 ppm of NO in 
He, and then to a He stream containing 1% water for 20 min. After that, 
the sweep gas was switched to He and the temperature was ramped from 
348 K to 773 K. Fig. 5a shows that exposure of the sample containing 
adsorbed NO to water vapor caused a complete disappearance of the 
low-temperature NO desorption peak, but had no effect on the desorp-
tion of NO at higher temperatures. Fig. 5b also shows that pre-adsorbed 
NO desorbed from the sample almost immediately after it was exposed 
to the He stream containing water vapor. In fact, the amount of NO 
displaced by water vapor (12 μmol NO per g of adsorbent and 0.15 
NO/Pd) corresponds closely to the amount of NO that would have des-
orbed in the low temperature NO desorption peak in the absence of 
water exposure (16 μmol NO per g of adsorbent and 0.21 NO/Pd). 

Fig. 6a shows IR spectra of NO adsorbed on Pd/H-CHA taken before 
and after exposure of the sample to water vapor. The spectrum recorded 
prior to water vapor exposure is identical to that shown in Fig. 4b. After 
exposure to water vapor, the band at 1630 cm− 1 sharpens due to water 
adsorption onto the Brønsted acid sites [34]. The band centered at 
1860 cm− 1 loses intensity; however, the band at 1810 cm− 1 is unaf-
fected. Similar results have been reported by Mandal et al., who found 
that increasing the concentration of water in the feed preferentially re-
duces the intensity of the 1860 cm− 1 band compared to the 1810 cm− 1 

band [25]. The loss in intensity of the band at 1860 cm− 1 during water 
adsorption and the lack of NO desorption at low temperatures suggests 
that a portion of the adsorbed NO contributing to the band at 1860 cm− 1 

also contributes to low-temperature NO desorption. The band at 
1860 cm− 1 does not disappear completely, suggesting that it may 
comprise multiples forms of adsorbed NO associated with Pd cations, as 
will be discussed below. The absence of an effect of water exposure on 
the band at 1810 cm− 1 suggests that the NO-Pd species contributing to 
this band and the part of the 1860 cm− 1 band unaffected by water vapor 
are responsible for the NO desorption observed above 500 K. 

Fig. 6b also shows the IR spectra of adsorbed NO taken during TPD 
following the exposure of adsorbed NO to water vapor. The band for 
water adsorbed on the zeolite disappears completely, as soon as the 
temperature increases above 373 K. The bands remaining at 1860 cm− 1 

and 1810 cm− 1 follow a pattern very similar to that shown in Fig. 4b. 
With increasing temperature, the band at 1810 cm− 1 decreases first and 
loses intensity before the band at 1860 cm− 1 loses intensity. All band 
intensity is lost by 773 K. 

Fig. 5. (a) NO TPD profile for Pd/H-CHA without and with exposure of adsorbed NO to water vapor prior to the onset of TPD. (b) The desorption of NO caused by 
exposure of NO adsorbed on Pd/H-CHA prior to the onset of TPD. Pd/H-CHA was heated in air and 5% H2O from 348 K to 773 K at 2 K/min and held at 773 K for 5 h. 
After heating, the sample was cooled in He and 5% H2O from 773 K to 348 K. NO adsorption was from a flow of He (250 mL/min) containing 200 ppm of NO at 
348 K. To observe the effects of water vapor on adsorbed NO on Pd/H-CHA, the flow of NO in He was stopped and replaced by a He flow constraining 5% H2O at 
348 K. The water exposure was held for 20 min, after which the water flow was stopped and TPD started. During TPD, the temperature was ramped from 348 K to 
773 K at 10 K/min and then held at 773 K for 20 min in He. The dashed line corresponds to the maximum temperature of 773 K; the TPD profile beyond this line 
represents the continued temporal evolution of the system at constant temperature. 
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3.4. Effect of air on the adsorption of NO on Pd/H-CHA 

Since air is present in automobile exhaust gas, it is important to 
determine how air affects the adsorption of NO on Pd/H-CHA. For these 
experiments, NO was adsorbed on Pd/H-CHA from flowing air stream 
using the same protocol described above for the adsorption of NO on H- 
CHA. The results of these experiments are shown in Fig. 7. 

When NO is adsorbed from air, the TPD profile shows prominent 
peaks for NO and NO2 centered at about 450 K. A smaller, broad feature 
is also observed for both species centered at about 575 K, but a large 
peak centered at 750 K is not observed, as otherwise appears in the TPD 
profile of NO adsorbed from He (Fig. 4b). The total amount of NO 
desorbing as either NO or NO2 is 99 μmol/g of adsorbent, which is 1.7 
times larger than that for NO adsorbed on Pd/H-CHA from He. Also 
plotted for comparison is the TPD profile for NO adsorbed from air taken 
for H-CHA (see Fig. 3). While the shape and position of the low- 
temperature features for NO and NO2 are similar for Pd/H-CHA and 
H-CHA, the amounts desorbed are smaller. As noted earlier, the amounts 
of NO and NO2 desorbed from H-CHA are 31 μmol per gram of adsorbent 
and 32 μmol per gram of adsorbent, respectively. This comparison 
suggests that roughly one third of the NO/NO2 desorbing from Pd/H- 

CHA may be due to NO/NO2 adsorption on the zeolite. 
An IR spectrum of NO adsorbed on Pd/H-CHA from air is shown in  

Fig. 8a, and the same IR bands are present as were observed in the 
spectrum for NO adsorbed from He (Fig. 4b), except that the band at 
2160 cm− 1 is now significantly more intense. There is a small broad 
band around 1630 cm− 1, attributable to water produced during the 
formation of NO+Z- and to nitrates formed via the reaction of NO with 
O2 during NO adsorption [26,34,50,51]. We also note that the appear-
ance of this band is accompanied by a loss in Brønsted acidic O-H in-
tensity upon NO adsorption. These features are similar to those seen in 
Fig. 3 for the adsorption of NO from air on H-CHA. Fig. 8a also shows an 
apparent increase in the intensity of band at 1810 cm− 1 relative to that 
observed for the case of NO adsorption from He. The increase is desig-
nated as apparent because a new, broad band appears beneath the 
feature at 1810 cm− 1, which on the low-wavenumber side extends to 
1750 cm− 1. The identity of this band is not known. Fig. 8b shows the 
TPD IR spectra taken during NO desorption from Pd/H-CHA in flowing 
air. As seen in the TPD IR spectrum for H-CHA (Fig. 2), the 2160 cm− 1 

band disappears by about 473 K, as does the broad feature at 1650 cm− 1 

attributed to adsorbed water (which is likely associated with NO+ for-
mation) [34]. The two bands at 1860 cm− 1 and 1810 cm− 1 attenuate in 

Fig. 6. IR spectra (a) and TPD IR profiles (b) for NO adsorbed on Pd/H-CHA. Pd/H-CHA was heated in air and 5% H2O 348 K to 773 K at 2 K/min and then held at 
773 K for 5 h. After heating, the sample was cooled in He and 5% H2O from 773 K to 348 K. NO adsorption was from a flow of He (250 mL/min) containing 200 ppm 
of NO at 348 K. To observe the effects of water vapor on adsorbed NO on Pd/H-CHA, the flow of NO in He was stopped and replaced by a He flow constraining 5% 
H2O at 348 K. The water exposure was held for 20 min, after which the water flow was stopped and the acquisition of TPD IR spectra was initiated. During TPD IR, 
the temperature was ramped from 348 K to 773 K at 10 K/min and then held at 773 K for 20 min in He. 

Fig. 7. Comparison of NO and NO2 TPD profiles for NO adsorbed from air on Pd/H-CHA (a) and for NO adsorbed from air on H-CHA (b) Pd/H-CHA was heated in air 
and 5% H2O from 348 K to 773 K at 2 K/min and then held at 773 K for 5 h. H-CHA was heated in air from 348 K to 773 K at 2 K/min and then held at 773 K for 1 h. 
Following initial heating, both samples were cooled in air from 773 K to 348 K. Adsorption was from a flow of air (250 mL/min) containing 200 ppm of NO at 348 K. 
During TPD, the temperature was ramped from 348 K to 773 K at 10 K/min and then held at 773 K for 20 min in air. The dashed line corresponds to the maximum 
temperature of 773 K; the TPD profile beyond this line represents the continued temporal evolution of the system at constant temperature. 
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a different manner compared to that seen in the IR TPD spectra shown in 
Fig. 4b for NO adsorbed onto Pd/H-CHA from He. Both the band 
centered at 1810 cm− 1 and the one centered at 1860 cm− 1 band disap-
pear by around 573 K. This is consistent with the TPD results but differs 
from the experiment in which NO is adsorbed from He; there, the band at 
1860 cm− 1 does not disappear until higher temperatures. The observed 

effect of O2 on the adsorption of NO on the zeolite as NO+ cations is very 
similar to that reported by Hadjiivanov et al. for ZSM-5 [34]. The au-
thors of this study propose that O2 enhances the formation of NO+ via 
the reaction 2 H+Z- + 2 NO + 0.5 O2 → 2 NO+ Z- + H2O. An assessment 
of this possibility and alternatives are discussed below. 

Fig. 8. (a) IR spectra of NO adsorbed from He or air on Pd/H-CHA. For the case of NO adsorption from He. Pd/H-CHA was heated in air and 5% H2O from 348 to 
773 K at 2 K/min and held at 773 K for 5 h. In 8a, for the NO adsorption from He, the sample was cooled in He and 5% H2O from 773 K to 348 K. For the NO 
adsorption from air, the sample was cooled in air from 773 K to 348 K. Adsorption occurred at 348 K from a flow (250 mL/min) containing 200 ppm NO in He or air. 
A reference spectrum was taken of Pd/H-CHA before NO adsorption and then subtracted from the spectrum taken after NO adsorption. (b) TPD IR spectra taken 
during heating at a rate of 2.5 K/min in flowing air (250 mL/min). 

Fig. 9. [PH2O, T] phase diagrams showing the thermodynamically preferred Pd species at isolated Al and next-nearest neighbor (NNN), next-next-nearest (NNNN) 
neighbor and next-next-next-nearest neighbor NNNNN) Al pair in the 6- and 8-rings of CHA under flowing air (PO2 = 20 kPa). 
Reprinted with permission from ref.[29]. 
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3.5. Theoretical Interpretation 

3.5.1. NO adsorption in Pd/H-CHA 
To elucidate which forms of adsorbed NO contribute to the low- 

temperature and high-temperature features observed in the TPD experi-
ments (see Fig. 4b), as well as the different peaks observed in the trans-
mission IR experiments, we have performed theoretical calculations of NO 
adsorption on a variety of Pd+ and Pd2+ sites that can be expected to be 
present in Pd/H-CHA after the pretreatment in wet air (T = 773 K and 
PH2O = 5 kPa). In a recent theoretical study, we have shown that in the 
presence of air and water, Pd dispersed as Pd+ and Pd2+ cations is ther-
modynamically most favorable at Al pairs in the 6-rings and 8-rings in CHA 
[29]. The speciation of Pd was found to be more sensitive to the partial 
pressure of water than that of oxygen. Additionally, the preference for Pd+

or Pd2+ was found to depend strongly on the precise configuration of the Al 
pair. These findings are illustrated in the phase diagrams shown in Fig. 9. 
Because the NNNN Al pairs in the 6-ring allow for a near-perfect square 
planar coordination of the Pd2+ cation with four framework oxygen atoms, 
Pd2+ is lower in free energy than the next most favorable species at the 
NNNN Al pair by > 30 kJ/mol over a wide range of conditions. Conse-
quently, it can be considered unchangeable throughout repeated 
adsorption-desorption-regeneration cycles on the Pd/H-CHA samples. By 
contrast, at NNN Al pairs in the 6-ring or 8-ring, Pd2+ and Pd+/H+ might 
be interconverted depending on the temperature and the water partial 
pressure. Finally, at NNNN and NNNNN Al pairs in the 8-ring, Pd+/H+ is 
more favorable than Pd2+, as the Al atoms in these configurations are too 
far apart to efficiently stabilize a single divalent cation. 

In this study, we have examined NO adsorption and desorption from 
the Pd+ and Pd2+ sites predicted by the phase diagrams in Fig. 9 to be 
present at Al pairs in the 6-rings and 8-rings. Additionally, we have 
considered Pd+ and Pd2+ sites that may be present due to NNN Al pairs 
in the 4-rings and NNNN Al pairs spanning two or more adjacent rings, 
identified in a high-throughput study on the stability of Pd cation sites in 
zeolites by Aljama et al. [52]. In these structures, the 
charge-compensating Pd cations are also located in a nearby 6- or 8-ring, 
such that they are accessible to adsorbates in the cha cage. Table 1 shows 
for each of the Pd sites considered in this study the formation energy 
(ΔEform) relative to the Brønsted acid protons at the same Al pair:  

Pd(g) + H+H+(Z-)2 + 0.25 O2(g)→ Pd+ H+(Z-)2 + 0.5 H2O(g)                 (1)  

Pd(g) + H+H+(Z-)2 + 0.5 O2(g)→ Pd2+(Z-)2 + H2O(g)                            (2) 

For all Al pairs except NNNN Al pairs in the 6-ring, the formation 
energy of Pd+H+(Z-)2 is more negative than that of Pd2+(Z-)2. For the 
NNN Al pairs in the 6-ring and the 8-ring, the formation energy of 
Pd+H+(Z-)2 is lower than that of Pd2+Z-Z- by 50 kJ/mol and 30 kJ/mol, 

respectively. As shown by the phase diagrams in Fig. 9, both Pd+ and 
Pd2+ sites may be present at these Al pairs, depending on the tempera-
ture and the partial pressure of water. By contrast, for the NNNN and 
NNNNN Al pairs in the 8-ring, for which the phase diagrams predict the 
presence of only Pd+ sites, the formation energy of Pd+H+(Z-)2 is 
165–199 kJ/mol lower than that of Pd2+(Z-)2. Consequently, we can 
reasonably expect that both Pd+ and Pd2+ sites may occur at the NNN Al 
pairs in the 4-ring and the NNNN Al pairs in adjacent rings for which the 
formation energy of Pd2+(Z-)2 is at most 50 kJ/mol higher than that of 
Pd+H+(Z-)2. A schematic representation of the various Al pairs is 
included in the Supplemental Material (Fig. S5). 

To elucidate which NO adsorption modes contribute to the low- 
temperature and high-temperature features observed in the TPD ex-
periments (see above, Fig. 4b), we have combined NO adsorption free 
energies (ΔGads,NO) predicted by QM/MM for each of the potential sites 
with an equilibrium desorption model to estimate the temperature at 
which the desorption of NO reaches a maximum (Tmax). Details on the 
calculation of the maximum desorption temperatures as well as XYZ 
coordinates of the optimized geometries of all NO adsorption complexes 
are included in the Supplemental Material (Section S3 and S6). To aid in 
the assignment of the peaks observed in the transmission IR experi-
ments, we also examined the NO stretching frequency in each of the 
model complexes. To mitigate systematic errors in DFT-predicted 
stretching frequencies caused by both the harmonic approximation as 
well as the specific functional employed for the electronic structure 
calculations, we have shifted the calculated NO stretching frequencies 
(vNO,DFT) by adding the difference between the frequency for gas phase 
NO evaluated at the same level of theory (2097 cm− 1) and the experi-
mental value reported by NIST (1876 cm− 1) [53]. The resulting values 
(vNO,est) are then directly comparable with the spectra obtained in the 
transmission IR experiments. This comparison is shown in Fig. 10, which 
juxtaposes our theoretical estimates for the maximum desorption tem-
peratures (Tmax) and NO stretching frequencies (vNO,est) with the results 
of the IR-TPD experiments discussed in Section 3.2. Numerical values of 
the maximum desorption temperatures and calculated stretching fre-
quencies are listed in Table S3 in the Supplemental Material. The results 
presented in Fig. 10 show that the TPD desorption feature centered at 
430 K is due exclusively to NO adsorbed on Pd2+ cations at NNN Al pairs 
in the 6-rings. The vibrational frequency associated with this form of NO 
is predicted to be in the region of 1860 cm− 1. By contrast, the 
high-temperature NO desorption feature is due to NO adsorbed on Pd+

cations in a variety of environments. Between 550 and 750 K, NO will 
desorb from Pd+ cations at the NNN Al pairs in the 6-rings and the 
NNNNN Al pairs in the 8-rings. As a result, a decrease in IR intensity is 
expected in the range of the lower-frequency band (i.e., 1810 cm− 1). 
Finally, above 750 K, NO will desorb from Pd+ cations at NNN Al pairs in 
the 8-rings, resulting in the disappearance of the IR feature around 
1860 cm− 1. Pd2+ cations at NNN Al pairs in the 8-rings might also 
provide very strong NO binding sites that contribute to both the 
high-temperature TPD feature and the 1860 cm− 1 IR band. 

Combined, our calculated desorption temperatures and IR stretching 
frequencies provide an interpretation that is consistent with the exper-
imental observations from both TPD and IR TPD spectra. The main 
conclusion from this analysis is that the IR stretching frequencies for NO 
adsorbed on different Pd sites cover a broad frequency range and that 
NO adsorbed on Pd+ and Pd2+ contribute to the broad band observed in 
the region of 1860 cm− 1. This finding is consistent with that of Mandal 
et al. [25] who calculated frequencies of 1866 cm− 1 and 1853 cm− 1 for 
NO adsorbed on Pd2+ and Pd+ cations, respectively. They proposed that 
the band at 1810 cm− 1 is likely due to the presence of NO adsorbed on 
partially hydrated Pd2+ cations [25]. However, our experimental con-
ditions are different from those used by Mandal et al. who included both 
water and oxygen in the NO feed [25], and therefore their interpretation 
cannot explain our observations. Fig. 7 demonstrates that the band at 
1810 cm− 1 also appears in the IR spectrum when NO is adsorbed in the 
absence of water, on a Pd/H-CHA sample that was pretreated in dry air. 

Table 1 
Formation energies (ΔEform) in kJ/mol for Pd+ and Pd2+ sites relative to the 
Brønsted acid protons at the same Al pair reported in ref. [29] (†) and ref. [52] 
(‡).   

Pdþ Hþ (Z-)2 Pd2þ (Z-)2 

6-ringy

NNN -266 -215 
NNNN -245 -303 
8-ringy

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

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

NNNN-1 -280 -270 
NNNN-2 -284 -243 
NNNN-3 -286 -263 
NNNN-4 -271 -130 
NNNN-5 -284 -143  
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Furthermore, Fig. 5 shows that exposure of adsorbed NO to water vapor 
has no effect on the band at 1810 cm− 1, but instead decreases the in-
tensity of the band at 1860 cm− 1. We suggest that this lower frequency 
band is best attributed to NO adsorbed on Pd+H+ species at NNNN Al 
pairs in a 6-ring or at NNNNN Al pairs in an 8-ring, which have calcu-
lated frequencies of 1800 cm− 1 and 1760 cm− 1, respectively. 

It is also noteworthy that NO adsorption on the thermodynamically 
most favorable Pd2+ species at NNNN Al pairs in the 6-ring appears to be 
too weak to be relevant. The predicted maximum desorption tempera-
ture for these sites (270 K) is well below the temperature of the initial 
adsorption step (348 K). Nevertheless, it has been suggested that these 
sites might undergo partial reduction upon NO adsorption via the 
following reaction [15]:  

Pd2+(Z-)2 + 2 NO → (NO) Pd+ Z- NO+ Z-                                         (3) 

Our calculations show that reaction 3 is strongly exergonic, except 
for the highly stable Pd2+ sites at the NNNN pair in the 6-ring (for 
T = 348 K, PNO = 20 Pa, ΔGrxn = +26 kJ/mol). However, the experi-
mental results presented here (see Fig. 6) show no evidence for the 
concurrent formation of NO+Z- species when NO is adsorbed from He on 
Pd/H-CHA. Therefore, we conclude that reaction 3 is unlikely to occur. 
Furthermore, the experimentally observed NO storage capacity of Pd/H- 
CHA typically approaches a 1:1 ratio, 1 mol NO per mol of atomically 
dispersed Pd in the sample, indicating a low abundance of the thermo-
dynamically most favorable Pd2+ sites at NNNN Al pairs in the 6-ring. 

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

H+Z- + NO(g) + 0.25 O2(g) → NO+ Z-+ 0.5 H2O(g)                            (4) 

The formation of NO+Z- is observed to occur on H-CHA (see Fig. 2), 
as evidenced by the appearance of the IR band at 2160 cm− 1 and the 
concurrent consumption of zeolite protons and formation of adsorbed 
H2O. Reaction 4 is predicted to have a free energy of reaction (ΔG0

rxn) of 

− 12 kJ/mol for 200 ppm of NO (pNO = 20 Pa) at 348 K, assuming only 
trace amounts of O2 and H2O (pO2 = pH2O = 0.1 Pa) are present in the 
zeolite after the pretreatment. Our calculations predict an NO stretching 
frequency (vNO,est) for NO+Z- of 2073 cm− 1, consistent with the fre-
quency range in which the IR band is observed in the experiments. 

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

NO+Z- + 0.5 H2O → 0.5 NO + 0.5 NO2 + H+Z-                                (5) 

Reaction 5 would explain how NO and NO2 are formed in equivalent 
quantities, as can be seen in Fig. 3. Assuming only trace amounts of NO 
and NO2 are present in the gas phase (pNO = pNO2 = 0.1 Pa) at 348 K, 
ΔG0

rxn = − 28 kJ/mol if the water consumed in the desorption of NO+Z- 

was retained on a Brønsted site, and ΔG0
rxn = − 18 kJ/mol if trace 

amounts of gas phase water (pH2O = 0.1 Pa) are consumed instead. The 
results of our thermodynamic calculations for reactions 4 and 5 suggest 
that during the TPD, NO+Z- is much more likely to desorb via reaction 5 
than the reverse of reaction 4, consistent with the observation of sig-
nificant amounts of NO2 desorbing concurrently with NO. 

3.5.2. Effect of water on NO adsorption on Pd+ and Pd2+ sites 
To rationalize the effect of water vapor on NO adsorbed on Pd/H- 

CHA, we compare adsorption free energies for NO and water under 
typical conditions (200 ppm NO, 5% water, 348 K). These values are 
listed in Table 2 for a selection of Pd+ and Pd2+ sites. We find that water 
adsorbs strongly than NO on Pd2+ sites, but weakly on Pd+ sites. 
Therefore, a purge with He-containing water vapor after the NO 
adsorption step, as described in Section 3.3, is expected to displace NO 
from Pd2+ sites, but not from Pd+ sites. Our previous assignment of Pd2+

and Pd+ sites to the low-temperature and high-temperature TPD peaks, 
respectively, is therefore in agreement with the experimental observa-
tion that the low-temperature feature is missing in the TPD profile ob-
tained after a wet purge. Similarly, the observation that the 1810 cm− 1 

Fig. 10. Theoretical estimates of IR stretching frequencies 
for NO (νNO, est) adsorbed on Pd+ and Pd2+ sites in Pd/H- 
CHA vs. calculated temperatures of maximum desorption 
(Tmax) from the respective sites. Experimental IR spectra 
collected at 348 K, 373 K, 473 K, 573 K, 673 K and 773 K 
are shown as solid black lines. The corresponding TPD 
profile is shown above the graph. During TPD, the tem-
perature was ramped from 348–773 K at 10 K/min and 
then held at 773 K for 20 min in He. The dashed line cor-
responds to the maximum temperature of 773 K; the TPD 
profile beyond this line represents the continued temporal 
evolution of the system at constant temperature.   
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feature in the IR spectrum is unaffected by the purge with He containing 
water vapor while the 1860 cm− 1 feature is somewhat diminished in 
intensity agrees with our theoretical interpretation that the former is 
due to NO on Pd+ sites while the latter is due to a combination of NO on 
weak-binding Pd2+ and strong-binding Pd+ sites. 

3.5.3. Effects of O2 on the adsorption of NO on Pd+ and Pd2+ sites 
As discussed in Section 3.4, when NO is adsorbed from air, the TPD 

profile exhibits strong peaks for NO and NO2 centered at about 450 K 
and smaller, broader features around 575 K, but no high-temperature 
peak around 750 K. Using our theoretical analysis, in Section 3.5.1, 
we have attributed the low-temperature features to NO adsorbed on 
Pd2+ sites and the high-temperature features to NO adsorbed on Pd+

sites. Therefore, the experimental observations suggest that NO storage 
on Pd2+ sites increases, while NO storage on Pd+ sites decreases upon 
adsorption from air. This interpretation appears to be consistent with the 
phase diagrams shown in Fig. 9. These phase diagrams show that for 
NNN pairs in the 6-rings and 8-rings, Pd+ sites could be converted to 
Pd2+ sites under oxidizing conditions, with Pd2+ becoming more 
favorable relative to Pd+ at lower partial pressures of water. As argued 
above, the same is likely to be true for Al pairs in the 4-rings and those 

spanning adjacent rings for which the formation energy of Pd2+ is less 
than 50 kJ/mol higher than that of the corresponding Pd+ site at the 
same Al pair. Consequently, exposing Pd/H-CHA to air could result in an 
increased abundance of Pd2+ sites with maximum desorption tempera-
tures below 500 K, formed by re-oxidation of Pd+ sites with maximum 
desorption temperatures between 500 and 750 K. As illustrated in  
Fig. 11, this change in the Pd speciation is consistent with the observed 
shift in the TPD profiles when NO is adsorbed from air instead of from 
He. Finally, Table S3 in the Supplemental Material shows that the IR 
signatures of NO adsorbed on the Pd+ sites that are lost in the re- 
oxidation process and those of NO adsorbed on the corresponding 
Pd2+ sites fall within the range of the broad peak at 1860 cm− 1, such 
that this interconversion of Pd sites may not be evident in the IR spectra. 

4. Conclusions 

In this study, we have investigated the adsorption of NO on H-CHA 
and Pd/H-CHA, and the effects of H2O and O2 on this process. NO 
adsorption on H-CHA involves a small percentage (~ 7%) of the 
Brønsted sites on the zeolite support and is characterized by an IR 
feature around 2160 cm− 1, and NO storage on the zeolite support is 
enhanced by the presence of O2 and inhibited by the presence of water. 
Theoretical calculations of free energies support the interpretation of 
this adsorbed species as NO+Z- and its formation being thermodynam-
ically favorable. During TPD, this species can react with small amounts 
of adsorbed or free water to form NO and NO2 in comparable amounts 
resulting in peaks centered at about 450 K. TPD profiles for NO adsorbed 
on Pd-CHA show two distinct desorption features, a low-temperature 
peak between 423 and 473 K and a broad high-temperature feature 
between 553 and 853 K which has a maximum at about 753 K. IR 
spectra of NO adsorbed on Pd/H-CHA exhibit two characteristic bands, 
around 1860 and 1810 cm− 1. The low-temperature desorption feature is 
eliminated in the presence of water, while the high-temperature feature 
is unaffected, while the opposite behavior is observed when NO is 
adsorbed in the presence of O2. DFT calculations were used to determine 
the Gibbs free energies for NO adsorption on Pd+ and Pd2+ cations in 
different environments and the corresponding NO stretching 

Table 2 
Adsorption free energies (ΔGads) in kJ/mol for 200 ppm NO (PNO = 20 Pa) and 
5% water (PH2O = 5 kPa) at 348.15 K on Pd2+ sites at NNN Al pairs, Pd+ and 
Pd2+ sites at NNN Al pairs in the 6-ring and 8-ring and Brønsted acid sites in 
CHA.   

ΔGads, NO ΔGads, H2O 

Pdþ Hþ(Z-)2   

NNN (6R) -31 -8 
NNNN (6R) -40 -4 
NNN (8R) -79 -55 
NNNN (8R) -59 -34 
NNNNN (8R) -41 -44 
Pd2þ(Z-)2   

NNN (6R) -9 -35 
NNNN (6R) + 14 + 33 
NNN (8R) -62 -113  

Fig. 11. Calculated temperatures of maximum desorption 
(Tmax) from Pd+ and Pd2+ sites in Pd/H-CHA vs. corre-
sponding experimental desorption profiles for NO (blue) 
and NO2 (red) after NO adsorption from air. The blue and 
red curves in this graph represent the difference between 
the TPD profiles on Pd/H-CHA and H-CHA (see Fig. 7a and 
b) in order to isolate NO adsorption associated with the Pd 
sites. The dashed line corresponds to the maximum tem-
perature of 773 K; the TPD profile beyond this line repre-
sents the continued temporal evolution of the system at 
constant temperature. The Pd+ sites that may be re- 
oxidized to Pd2+ sites by air exposure are represented by 
open symbols with black outlines. The corresponding Pd2+

sites at the same Al pairs, which may become more abun-
dant by the oxidation of these Pd+ sites, are represented by 
enlarged symbols.   
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frequencies. We find that NO generally binds more strongly on Pd+ sites 
than on Pd2+ sites, suggesting that the former are responsible for the 
high-temperature desorption peak observed in the TPD experiments, 
while the latter contribute to the low-temperature feature. Calculated 
NO stretching frequencies reveal that the IR feature at 1810 cm− 1 is due 
to NO adsorption on Pd+ sites with intermediate binding strength and a 
maximum-desorption temperature of about 550 K. The 1860 cm− 1 

feature contains contributions from both weakly-bound NO on Pd2+

sites desorbing below 500 K, and NO bound on Pd+ sites in different 
environments with peak desorption temperatures between 550 and 
800 K. These findings show that the experimentally observed TPD and 
IR peaks cannot be assigned unambiguously to specific NO-Pd adsorp-
tion complexes. Taken in combination, the calculated desorption tem-
peratures and IR stretching frequencies for NO adsorbed on Pd cations in 
different environments provide an interpretation that is consistent with 
the experimental observations from both TPD and IR spectroscopy. Our 
calculations also show that water can displace NO from Pd2+ sites, but 
not from Pd+ sites, corroborating the experimentally observed changes 
in the TPD and IR spectra upon exposure to water. These findings further 
support our interpretation of the underlying modes of NO adsorption. 
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