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ABSTRACT: Moisture contained in vehicle exhaust gas normally degrades the capacity and efficiency of
Pd ion-exchanged zeolites as NO, adsorbents by competitive adsorption on active sites. Here, we report a
counterexample to this general proposition, in which moisture facilitates the storage of NO as a nitrosyl
complex on hydrated Pd ions in high temperature calcined FER-type zeolites. The divalent Pd*" cations
upon elevated temperature (>800 °C) calcination occupy sterically constrained cationic positions that render
them inactive for the adsorption of probe molecules such as NO. These ‘hidden’ Pd ions, however, are
accessible by NO when the zeolite is hydrated, but readily release NO at around 200°C as dehydration
proceeds. By combining systematic in sifu infra-red data with X-ray diffraction Rietveld analyses, we
revealed that the high temperature-induced relocation of Pd ions to more stable cationic positions located
near 6-membered ring of the ferrierite cage is responsible for this anomalous behavior. This finding
constitutes a notable advance in understanding coordination chemistry of cations in zeolites.

Introduction

Zeolites are crystalline microporous aluminosilicate materials commonly used and intensively studied as
adsorbents and catalysts.'” They crystallize in various three-dimensional structures by linking the corner
oxygen atoms of silicon or aluminum tetrahedra, i.e., SiO4 or AlO4, in covalent bonds.® The formed cavities
surrounded by negatively charged framework are charge balanced by metal cations and, normally,
surrounded by water molecules.” Such pores are interconnected to yield channels of molecular dimensions,
which allow exchange of cations and transport of reactants.

Although zeolites are now widely utilized, for example, for emission control in vehicles and fluid
cracking or hydrocracking in petrochemical industry, there is a lot of chemistry left to discover and to
clarify.!®!* Their unique structures confine molecules into small spaces and alter the reaction pathway by
modulating transition states as seen in several examples.!>!” Zeolites, in general, strongly interact with
water, due to the hydrophilic nature of these materials.!® Clustered water molecules are always present
adjacent to Bronsted acid sites under ambient conditions and solvate charge balancing cations and reacting



molecules.'?° These confined water molecules have different characteristics from bulk water depending
on the shape of the cage and the Al distribution in the framework. A variety of Al ions and ion pairs in
zeolite structures provide negative charges to the framework that are charge balanced by mono- or divalent
cations. High temperature treatment that can cause dehydration and/or deformation of the framework are
known to induce migration of cations to new locations.?!?3

In emission control technologies the presence of water always needs to be considered.?*?* Copper
ions bound to cationic sites become mobile when they are solvated by water ligands and migrate from cage
to cage, making the formation of copper dimers, necessary for re-oxidation in the selective catalytic
reduction (SCR), facile.’** In contrast, water is an obstacle in palladium ion exchanged zeolites used as
passive NO, adsorbers (PNA) at low temperatures.’!*” In zeolite-based PNAs (SSZ-13, ZSM-5, BEA) Pd
ions efficiently trap NO in nitrosyl complexes, i.e., Pd**-NO.%-* However, water is always present in the
exhaust gas mixture making Pd ions hydrated, i.e., Pd**(H,O),, which prevents the coordination of NO
molecules. Recently we have reported on the excellent PNA performance of Pd/FER materials.*” These
materials exhibited excellent high temperature hydrothermal stability and cyclability. Interestingly, the best
performance of the 1.8 wt% Pd/FER sample was observed after a high temperature (800 °C) calcination
step prior to NO, exposure. /n situ FTIR measurements have shown that after calcination at 550 °C most of
the Pd ions were present as Pd**(OH’) compensating one AlO, units in the zeolite framework. In contrast,
after the high temperature calcination procedure most of the Pd was present as Pd** compensating two AlO,”
units. These results suggested that during high temperature calcination Pd ions relocated in the zeolite
framework.

In the current study, surprisingly, we observed a counterexample to the known negative effect of
water on NOy adsorption over Pd ions in ferrierite-type (FER) zeolites. When Pd/FER is annealed under air
at high temperatures (800-1000°C), water does not hinder but greatly facilitates NO adsorption. We
simultaneously monitored the NO adsorption/desorption behavior and the interaction between adsorbates
and Pd cations in real-time by the aid of in situ diffuse reflectance Fourier transform infrared spectroscopy
coupled with an on-line mass spectrometer (DRIFTS-MS). Here we report on the formation of “hidden” Pd
ions (i.e., unable to coordinate NO) at calcination temperature higher than 700 °C, that becomes accessible
to NO in the presence of water. These results are rationalized based on the migration of Pd ions between
different cationic positions at high temperatures.

Results and discussion

Unusual promotion of NO adsorption by water over Pd/FER calcined at 900 °C

A 1.8 wt% Pd/FER with commercial ferrierite zeolite (Si: Al~10) was prepared by a modified ion exchange
method as described in our previous studies.***!-47 After calcination at 900°C in air for 5 h (designated as
1.8Pd/FER-900C), we tested the NO adsorption ability of the sample in a DRIFTS-MS system under
various conditions (Figure 1a). After loading the sample into the sample holder it was calcined at 500 °C
in oxygen and then exposed to the adsorption gas mixture at 100 °C for 30 min. Subsequently, the cell was
purged by cutting off NO or NO/CO flows and the sample was heated to 500 °C to observe desorbing
species. From a NO+QO; gas stream (in the absence of H,O) only a negligible amount of NO was stored and
subsequently released. In contrast, under a wet gas mixture containing NO, O,, and H>O, much more NO
adsorption/desorption was observed compared to dry conditions. This is a very interesting observation since
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all reported Pd/zeolite materials performed best under dry condition, i.e., without water during NOx
adsorption.*!*? It is known that Pd** ions readily coordinate H,O molecules making NO adsorption difficult
on hydrated Pd** ions.*>** In contrast, water seems to facilitate NO adsorption over the high temperature
calcined Pd/FER-900C material. The addition of 250 ppm CO to wet NO+O; stream further enhanced the
NO adsorption/desorption amount of this material. Such promoting effect of CO can be explained by the
activation of hydrated Pd ions into Pd?>"(CO)(NO) complex as demonstrated over Pd/SSZ-13 system.*
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Figure 1. (a) NO adsorption and desorption curves for 1.8 wt.% Pd/FER-900C measured by DRIFTS-MS instrument
under various conditions. Adsorption gas contained 200 ppm NO, 3% O, 2.8% H,O (when used), and 250 ppm CO
(when used) balance with He. Desorption of adsorbed NO, was performed under 3% O»/He (dry) or 3% O>+2.8%
H>O/He (wet) gas with the ramping rate of 20 °C/min. (b) DRIFTS spectra obtained by subtracting two spectra before
and after 30 min adsorption of NO under various conditions. (¢) Series of spectra (per 5 min) in lower wavenumber
region during NO adsorption.

The DRIFTS spectra collected under the three different gas streams after 30 min exposure shows

how NO is stored on Pd/FER (Figure 1b). The IR spectra displayed in Figure 1b clearly show that the
adsorption complexes formed in the absence and presence of H,O are different (i.e., different peak
positions). Furthermore, they also reveal, in accordance with the MS data of Figure 1a, that the amount of
NO adsorbed are very different (i.e., very small amount of NO in the absence of H,O, large amount of NO
in the presence of H,O and even higher amount of NO when both CO and H,O were present). The two IR
bands observed at 1863 and 1831 ¢m™ under dry stream are proposed to represent the N-O stretching
vibrations of two differently adsorbed NO molecules binding to Pd**(OH) species located in the o-site in



the large cage and f-site in the 6-membered ring of FER structure, respectively. In the presence of water
both of these bands redshift as two high intensity bands develop at 1812 and 1761 ¢cm™.The IR feature
centered at 1812 cm™! represents a typical N-O vibration of hydrated Pd**-NO [Pd**(NO)(H>O)y] that is also
observed in other Pd/zeolites.*> *® The assignment of the band at 1761 cm™ is ambiguous. The location of
this band is slightly higher than NO adsorbed on metallic Pd which is observed around 1730 cm™.#-5° Under
the oxidizing conditions (i.e., NO+O,+H,0) of these experiments we would not expect to form metallic Pd
species anyway. This band, together with that discussed above (i.e., at 1812 cm™), has been assigned to NO
molecules coordinated to hydrated Pd™ ions.*! Prior studies also claim that the frequency of N-O stretching
vibration can redshift significantly due to hydration of the cationic adsorption center, here Pd**. Therefore,
we assign the 1761 cm™! band to NO molecules adsorbed on hydrated Pd** ions associated with the B-sites.
The addition of CO in low concentration (250 ppm) to the gas mixture results in a simultaneous increase in
the intensities of the 1812 and 1761 cm™ IR features and the appearance of a small peak at 2141 cm™!
characteristic of adsorbed CO. In line with our prior study on Pd/CHA, the role of CO is to facilitate Pd-
NO formation without influencing the types or distribution of Pd-NO species.*® These IR measurements,
besides providing information about the adsorption complexes formed with CO and NO, can also be used
to monitor the interactions of the metal cations in ion exchange positions and the zeolite framework. Zeolite
frameworks have their own skeletal vibrations, and the asymmetric T-O-T (T: Si and/or Al) vibrational
features can be perturbed by the presence of cations in 2+ oxidation state resulting in the appearance of a
vibrational feature that is sensitive to both the nature of the cation and to the adsorbates bound to these
cations.’”® In our multi-spectroscopy study on Cu/CHA NH;-SCR catalysts we have systematically
followed the changes in the asymmetric T-O-T framework vibrational features with variation of the
oxidation state of the charge compensating cations as well as the adsorbates bound to these cations.’?> For
the Pd/FER sample calcined at 900 °C we observe a sharp band at 937 cm™ that represents the perturbed
asymmetric T-O-T vibration arising from the interaction between Pd** ions and the FER framework (Figure
1¢).*® This band is absent in the IR spectrum of H/FER (Figure S1). In general, the adsorbate-metal ion
(here Pd*") interaction can lower the intensity and/or shift the peak position of the perturbed T-O-T
vibrational feature due to the weakening of the framework-metal ion interaction (moving the Pd ions away
from the cationic sites). The asymmetric T-O-T vibrational feature of 1.8 wt% Pd/FER-900C sample at 937
cm™! remains unchanged during exposure to NO in a dry gas stream, indicating, in agreement with the IR
data of Figure la, that NO molecules are unable to bind to Pd ions. This result is surprising, in light of
evidence that Pd** ions are clearly present in the sample and the zeolite framework is intact after calcination
at 900 °C. However, when water is present in the NO-containing gas stream the intensity of this peak is
gradually reduced concomitant with the development of the large NO adsorption features at 1812 and 1761
cm!. These changes further accentuated when low concentration (250 ppm) of CO is also included in the
simulated exhaust gas stream.

The evolution of adsorption sites probed by H, TPR, XRD, and CO-DRIFTS
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Figure 2. (a) Cryo-H, temperature programmed reduction profiles for hydrated 1.8Pd/FER samples with different
calcination temperatures. Sample was cooled down to -70 °C without pretreatment. (b-c) DRIFTS spectra obtained
during CO adsorption at 15 °C for Pd/FER calcined at various temperatures from 550 to 900 °C. Before experiment,
the samples were dehydrated at 500 °C for 30 min under 3% O/He. For Pd-CO band, spectrum obtained before
flowing CO was subtracted for clearance, while for T-O-T band, the spectra obtained before and after CO adsorption
were compared. (d) X-ray diffraction patterns of Pd/FER obtained at 25 °C after in situ thermal oxidative treatments

at 550 and 800 °C. Difference electron density map plotted from Rietveld refinement for Pd/FER pre-treated at (e)
550 and (f) 800 °C.

Our prior work on the 1.8 wt% Pd/FER material has revealed that Pd was present both as charge
compensation cations [i.e., Pd(OH)"] and nano-sized PdO clusters in the zeolite channels (evidenced by
TEM analysis) after air calcination at 500 °C.*” After calcination at 800 °C, however, most of the PdO phase
is dispersed in the framework providing charge compensating Pd ions. Using cryogenic H, TPR and
Rietveld refinement of XRD data we systematically studied the distribution of Pd ions as a function of
calcination temperature between 550 and 900 °C. We also conducted DRIFTS experiments with CO as a
probe molecule to interrogate the nature of Pd species present in this material after calcination in air at
different temperatures.

The 1.8 wt% Pd/FER calcined at different temperatures was used in the H» TPR experiments in
hydrated state without pretreatment to clearly distinguish the reduction of Pd ions at ~100 °C from the
reduction of PdO clusters at 25-50 °C (Figure 2a).>* 5" The Pd/FER-550C material has both PdO clusters
and Pd ions in the form of Pd(OH)", evidenced by the appearance of two reduction peaks at ~50 °C and at
~110 °C, respectively. The intensity of the low temperature reduction feature decreased dramatically after
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air calcination at 700 °C and even further after 800 °C calcination and it completely disappeared after the
900 °C calcination. These changes are in agreement with the well-known dispersion of small PdO clusters
inside the zeolite channels into charge compensating Pd ions upon high temperature calcination.*-3¥-° This
process is also confirmed by the IR data collected over these samples in the presence of CO (Figure 2b-c).
The IR spectrum recorded from the 550 °C-calcined sample exhibited mostly a broad band centered at
around 2140 cm™, and has been assigned to CO adsorbed on Pd(OH)" ions in cationic positions.*’ This
spectrum also shows a rather intense peak at ~1970 cm™ that represents CO molecules adsorbed in bridge-
bonding configuration on metallic Pd particles. The intensity of the metallic Pd-bound CO signal is the
highest for the Pd/FER sample calcined at the lowest (550 °C) temperature since this material has the largest
amount of PdO present in its pores prior to CO exposure (CO readily reduces PdO clusters even at room
temperature). There is a dramatic change in the IR spectrum collected from the sample calcined at 700 °C.
Two doublet features develop at 2218 and 2200, as well as at 2215 and 2196 cm™!, while the intensity of
the IR feature at ~2140 cm™! increased by a small extent. In contrast, the intensity of the IR band at ~1975
cm’! decreased extensively in this sample. These results indicate that upon calcination at 700 °C most of
the PdO cluster present in the FER structure after lower temperature calcination re-disperse and form
additional Pd(OH)" and new Pd*" ions located in cationic positions. This is also corroborated by the changes
in the T-O-T vibrational region of the IR spectrum: the intensity of the IR band at 927 cm™! increased in the
700 °C-calcined sample, and then decreased when CO adsorbed onto Pd(OH)" sites (approximately by the
same extent as in the 550 °C-calcined sample). Note that the position of this T-O-T vibrational feature is
about 11 cm™ red shifted in comparison to that we have discussed above for the Pd/FER sample calcined
at higher temperatures. The doublet features at high frequencies represent Pd**(CO)s species, most probably
occupying two different cationic positions or the same cationic position with altering Al distribution’” in
the FER structure. Calcination at even higher temperatures (800 and 900 °C) brings further changes in the
IR spectra collected in the presence of CO flow. The most interesting change in the IR spectra is that in the
T-O-T vibrational region: the feature that was observed at 927 cm™! blue shifts to 938 cm™ (as we have
shown above in the discussion of the 900 °C-calcined material). What is even more interesting is that the
intensity of this band changes only marginally after 800 °C calcination and not at all in 900 °C-calcined
sample after exposure to CO. In the C-O vibrational region the intensity of the metallic Pd-bound CO signal
(at 1975 cm™) is absent when the sample is calcined at 900 °C, and the ionic Pd-bound CO bands decrease
and almost disappears (both Pd** and Pd(OH)"). The intensity of the T-O-T vibrational feature in the sample
calcined at 900 °C is the highest indicating that the number of Pd ions interacting with the zeolite framework
is the largest. By calcining the sample at 900 °C we maximized the number of Pd*" sites in the zeolite but
minimized the amount of CO adsorbed. This controversial observation can be explained by the movement
of Pd ions into cationic positions where they become coordinatively saturated that, in turn, prevents them
from binding adsorbates (here CO and we have shown above NO as well). We also collected powder XRD
patterns of the Pd/FER samples after in situ calcination at 550 and 800°C (Figure 2d) and observed no
structural collapse of the zeolite framework. Difference Fourier maps were calculated (Figure 2e-f, Figure
S2) from Rietveld refinements of these data against the unrefined FER framework.®® For Pd/FER-550C, a
cloud of electron density is distributed in both 10-membered ring channel and 6-membered ring,
corresponding to the positions of PdO and Pd ions. In contrast, electron density is highly localized to the 6-
membered ring after 800°C treatment where B-sites are located. The plot is consistent with our previous
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interpretation that 1Al-bound Pd**(OH) dispersed in both a- and B-sites migrate to other cationic position
in B-sites with 2Al by high temperature calcination. These results strongly suggest that the Pd ions unable
to adsorb CO and NO from a dry gas stream after calcination above 800°C are located at 2Al sites in the 6-
membered ring of the ferrierite cage.

NO adsorption from dry and wet gas streams: the effect of calcination temperature
a. NO adsorption in the absence of water
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Figure 3. (a) NO adsorption and desorption curves for 1.8 wt.% Pd/FER calcined at various temperatures from 550
to 900°C measured by DRIFTS-MS. Adsorption gas contained 200 ppm NO+3% O, balance with He. (b) DRIFTS
spectra after 30 min adsorption of dry NO. (c) Spectra obtained before and after dry NO adsorption for Pd/FER samples.

In the previous paragraphs we have shown how the temperature of calcination affected the nature

of Pd species present in the FER zeolites and the effect of water on the NO adsorption properties of the
Pd/FER sample calcined 900 °C. Here we present DRIFTS and MS results on the variation of NO
adsorption properties of the 1.8 wt% Pd/FER material as a function of calcination temperature. Results
obtained under both dry and wet NO uptake experiments are compared and contrasted.

A series of NO uptake/release profiles from a dry NO-containing gas stream on the 1.8 wt% Pd/FER
sample calcined at 550, 700, 800 and 900 °C is displayed in Figure 3a. The uptake profiles (between 0 and
30 min) clearly show that the sample calcined at 550 °C has the highest NO uptake capacity. (The series of
DRIFT spectra collected during the dry NO adsorption over this sample is shown in Figure S3.) The two
main IR absorption features are located at 1871 and 2195 ¢cm™'. The former band represents NO molecules
adsorbed on Pd**(OH) centers, while the latter one belongs to NO* ions that have replaced H” sites of the
zeolite. With increasing calcination temperature the amount of NO adsorbed decreases gradually, and only
a very small amount of NO is observed after calcination at 900 °C. The NO release profiles (40 to 70 min
time interval in Figure 3a) are fully consistent with the uptake curves: under dry NO adsorption conditions
the sample calcined at 550 °C releases the most NO, and the amount of NO, released gradually decreases
with increasing sample calcination temperature. Beside the amount of NO; stored/released, the temperature
where NO; is released also strongly influenced by the calcination temperature of the Pd/FER. Two distinct
desorption features are observed for the 550 °C-calcined sample at ~200 and ~450 °C. The low temperature
peak represents NO released mostly from NO*, while the high temperature one originates from NO



desorbing from ionic Pd sites. After 700 °C calcination the NO release profiles change dramatically. There
is a very large drop in the amount of NO released at low temperature concomitant with sharp decline in the
intensity of the IR band representing NO* (panel b of Figure 3). There is also a decrease in the intensity of
the high temperature NO release feature and the development of a new band at an intermediate temperature
(~300 °C), suggesting the formation of a new type of adsorption site. In the IR spectrum of the 700 °C-
calcined material, beside the almost complete absence of the NO* feature, the shoulder on the lower
frequency side of the main IR band becomes more prominent at 1833 ¢m™'. The amount of NO released
from the 800 and 900 °C-calcined samples is very low in concert with the IR data that shows NO features
with very low intensities. The results of our CO adsorption study discussed above can guide the assignment
of the nitrosyl complexes formed in Pd/FER after NO exposure at 100 °C: after 550°C calcination mostly
Pd**(OH) (Figure 2b) species are present and form Pd**(OH)-NO complexes. The main IR band at 1871
cm! represents Pd**(OH)-bound NO molecules in o-site while the small shoulder peak at 1833 cm™ can be
assigned to Pd?>"(OH)-bound NO molecules in B-site. This shoulder band at 1833 c¢cm™ becomes more
pronounced as the calcination temperature increases, while the intensities of the 1871 and 1833 cm’!
features are comparable for the samples calcined 800 and 900 °C. The large decrease in the total integrated
IR absorbance of these two latter peaks are consistent with the dramatically reduced NO uptake evidenced
by the MS traces in Figure 3a. These results combined with the data discussed above for the CO adsorption,
provide two important conclusions. First, Pd*(OH) moieties are preferentially present near the a-site but
high-temperature treatment makes them present at both a- and B-sites with similar probability. Second,
during high temperature calcination Pd?>"(OH) reacts with zeolitic OH groups and form Pd*" ions charge
compensating 2A10," sites. Due to the high coordination saturation of the thus formed Pd** ions they
become inaccessible for NO adsorption. Same trends are observed for the series of 0.5 wt.% Pd/FER
calcined at different temperatures (Figure S4b-c).

Further evidence for the changes in the nature of ionic Pd species in the FER framework during
high-temperature calcination is provided by changes in the shape and intensity of the asymmetric T-O-T
vibrational feature of the zeolite framework. The variation of these peaks (both intensity and peak position)
follows exactly the same trends we have discussed for CO adsorption. The broad band in the 1.8Pd/FER-
550C sample is observed at 927 cm’, which represents interaction between Pd**(OH) and zeolite
framework, and its intensity gradually decreases during dry NO adsorption. After calcination at 700°C the
position of this IR feature remains almost unchanged, while its intensity increases, becomes sharper, and
loses intensity upon NO adsorption. In the Pd/FER samples calcined at 800 and 900°C this T-O-T
vibrational band is located at 938 cm™! with a blue shift of 11 cm™. The shape of this band becomes much
sharper possibly due to the interaction between the divalent Pd** ion and 2AlO;" sites in new cationic
position. (The same phenomenon was observed in the low Pd loaded FER, compare results in Figure 3¢ and
Figure S4c.) This shift in peak position is strong evidence that the interaction between Pd ions and the
zeolite framework is altered during high temperature treatment. As the Pd ions move to thermodynamically
more favorable cation positions during the high temperature calcination process the interaction between Pd
ions and the zeolite framework becomes stronger. In the FER framework three different cationic positions
have been proposed, i.e. a-, B-, and y-sites, as illustrated in Figure S5.2! ¢! It has been established that the
siting of various divalent cations, such as Fe?* or Co?’, on these three different cationic positions are
reflected in the wavenumber of the perturbed T-O-T vibrational band.®*** The perturbed band with divalent
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cations in a-site has been observed at 935-950 cm™!, in B-site is 913-928 cm™!, and in y-site at 879-905 cm®
15 Based on this, the newly formed divalent Pd** ions in FER after thermal treatment are highly likely to
be located near B-site.

b. NO adsorption in the presence of water and CO
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Figure 4. NO adsorption and desorption curves in the presence of (a) HO and both (b) H,O and CO for 1.8 wt.%
Pd/FER calcined at various temperatures from 550 to 900°C measured by DRIFTS-MS. Adsorption gas contained 200
ppm NO, 2.8% H>0, 250ppm CO (when used), and 3% O, balance with He.

The critical roles of water and CO in NO adsorption over the 900 °C-calcined Pd/FER sample have
been discussed in the first part of this article (see Figure 1). The presence of water was necessary to achieve
high NO uptake, and CO further enhanced the amount of NO adsorbed. The mechanism by which CO
enhances NO adsorption has been studied extensively and clarified for PdA/CHA zeolites.*® The effect of
H,O and CO on Pd/FER samples calcined at lower temperatures, however, have not been discussed yet.
The NO uptake/release profiles for the Pd/FER materials calcined at 550, 700, 800 and 900 °C in the
presence H>O and in the presence of both H,O and CO are displayed in Figure 4. The NO uptake/release
profile over the 1.8 wt% Pd/FER-550C sample reveals a much smaller overall NO uptake capacity, and a
dramatically reduced low temperature (~200 °C) NO release in comparison to those observed in the absence
of H,O (Figure 3). The very small amount of low temperature NO desorption is attributed to the hydration
of Brensted acid sites (i.e., H") in the zeolites that makes these sites unavailable for NO" adsorption. The
drop in the higher temperature NO release feature can be attributed to coordination of H»O to the Pd ions
in the zeolites and the reduced reactivity of these hydrated Pd ions with NO. As the Pd/FER material is
calcined at increasingly higher temperature the shape of the NO release profiles changes significantly. In
general, the intensity of the high temperature desorption peak decreases, while new low temperature
desorption features develop. Interestingly, the total amount NO adsorbed did not vary systematically with
the calcination temperature, it is similar for all four samples. The systematic shifts in the NO desorption
temperature with the calcination temperature is the direct consequence of the ion redistribution among the
cationic sites in the FER framework. The presence of both H,O and CO in the gas mixture during NO
adsorption enhances the overall NO uptake but does not significantly change the overall NO desorption
profiles. The primary effect of CO is to enhance the amount of NO that can be adsorbed over these materials.
As we have discussed above, Pd ions in the high temperature-calcined samples occupy cationic positions
where they are strongly coordinated to the zeolite framework making them unreactive toward NO. The
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desorption of NO takes place at about 400 °C from Pd/FER-550C, and it progressively moves to ~200 °C
with increasing calcination temperature. Since Pd ions in the high temperature-calcined samples are
strongly bound to the zeolite framework (and fully coordinated), they can only adsorb NO in their hydrated
state when they interact with H,O that moves them out from their highly coordinated positions. The
resulting hydrated nitrosyl complexes can easily decompose at 200 °C where Pd ions become dehydrated
and move back to their highly coordinated positions. Such trend of temperature shift in NO desorption is
observed in wet NO adsorption at low (0.5 wt.%) Pd loading (Figure S6) as well. The question about the
nature of the Pd ions that are present in the FER zeolite after high temperature (>800 °C) calcination,
however, still remains unanswered. Prior studies have proposed the presence of two different cationic f3-
sites in the FER structure.®®” Sklenak et al. found that Al pairs in T4 position, i.e. B-1 site, more strongly
stabilize divalent cations than Al pairs in T2 position, i.e. B-2 site (Figure S5).% The consequence of this
phenomenon is that cations located in the B-1 site interact weakly with guest molecules (i.e., adsorbates). It
is known that the Al distributions on T4 and T2 positions vary greatly depending on the synthetic conditions
of the FER zeolite.®”*%""We suggest that divalent Pd ions stabilized at the B-1 site are the ones that dominate
in the PA/FER-900C material and do not interact with NO in the absence of H,O in the gas stream. What is
likely is that these divalent Pd ions are coordinated with four framework oxygen ions geometrically
constrained within the 6-membered ring in a square planar geometry that is prevalent for metal complexes
with ¢* configuration.®®*® Consequently, these Pd ions in constrained positions would not bind NO readily.
However, in the presence of water Pd** ions could shift due to insertion of water molecules between Pd and
zeolite (hydration) * which would enable NO molecules to bind to these hydrated Pd ions. This is
conceptually similar to what we have previously described for unusual cases when one of the adsorbates
facilitates the adsorption of the second adsorbate.***”-%° This would clearly explain the necessity of water in
NO adsorption over high temperature calcined Pd/FER storage materials. The large shift in the temperature
of NO desorption over the high temperature-calcined Pd/FER samples is also consistent with the high
stability of the adsorbate-free Pd ions in their square planar coordination: as water desorbs from the hydrated
Pd ions they move back to their highly stable cationic positions while releasing NO at low (~200 °C)
temperature. The phenomenon described in this work is expected to be useful for other metal/zeolite
materials relevant to various adsorption applications.

Conclusions

DRIFTS-MS and Rietveld refinement of XRD data were used to investigate the NO, adsorption
ability of Pd ion-exchanged ferrierite-type zeolites after thermal treatments at various temperatures. The Pd
ions located at the cationic positions of FER zeolite are present even after thermal treatment at 900 °C.
Under dry stream containing NO and oxygen, Pd ions become unable to bind NO as the calcination
temperature increases above 700 °C. In contrast, Pd ions readily adsorb NO under wet stream containing
NO, H>0, and oxygen and are converted into hydrated Pd-NO complexes. The addition of CO to the wet
stream further promotes the amount of NO adsorption on Pd ions. We found that this unusual behavior
arises from high temperature-induced relocation of Pd**(OH) into divalent Pd ions in more stable cationic
position, probably B-1 site, in 6-membered ring of ferrierite cage. Such phenomenon is evidenced by the
change in perturbed skeletal (T-O-T) vibration band, probe molecule (CO and NO) adsorptions, and
Rietveld refinement results of in situ XRD data. Hydrated nitrosyl complexes of relocated Pd ions
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[PA(NO)(H20)x and/or PA(NO)(CO)(H20)] in new cationic positions can readily release NO at about
200 °C where dehydration of the Pd-aqua complex occurs, which is in the operating temperature range of
deNOx catalysts.
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Materials and Methods
List of supplementary figures

Figure S1. (a) DRIFTS spectra of H/FER zeolites calcined at 550, 800, and 900°C. The spectra were
collected at 100°C after dehydration at 500°C under 3% O»/He.

Figure S2. Difference electron density map in y-direction plotted from Rietveld refinement for Pd/FER
pre-treated at 550 and 800°C. X-ray diffraction patterns of Pd/FER were obtained at 200°C after in situ
thermal oxidative treatments at 550 and 800°C.

Figure S3. (a) DRIFTS spectra obtained during dry NO adsorption at 100°C for 30 min. Before experiment,
the sample was dehydrated at 500°C for 30 min under 3% O,/He. Adsorption gas contains 200 ppm NO +
3% O,. (b) DRIFTS spectra obtained during wet NO+CO adsorption at 100°C for 30 min. Adsorption gas
contains 200 ppm NO, 250 ppm CO, 2.8% H-0, and 3% O,.

Figure S4. (a) NO adsorption and desorption curves for 0.5 wt.% Pd/FER calcined at various temperatures
from 550 to 900°C measured by DRIFTS-MS. Adsorption gas contained 200 ppm NO+3% O, balance with
He. (b) DRIFTS spectra after 30 min adsorption of dry NO. (c) Spectra obtained before and after dry NO
adsorption for Pd/FER samples.

Figure S5. Ferrierite-type framework structure. The positions of the geometrically four different tetrahedral
sites (T1 to T4) are shown. Three different cationic sites have been proposed, denoted as a-, -, and y-type
sites. The a site is coordinated to the 10-ring channels, while B site is located at the center of the six-
membered ring. The v site is located inside the ferrierite cage.

Figure S6. Wet NO adsorption and desorption curves for 0.5 wt.% Pd/FER calcined at various temperatures
from 550 to 900°C measured by DRIFTS-MS. Adsorption gas contained 200 ppm NO, 3% O», and 2.8%
H,O balance with He. Desorption of adsorbed NOyx was performed under wet stream (3% O»+2.8% H>O/He)
with the ramping rate of 20°C/min.
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Materials and Methods

Pd/FER zeolite powder with 1.8 wt.% Pd loading was made by incipient wetness impregnation method.
Commercial NHs-form FER-type zeolite with Si:Al~10 was supplied by Zeolyst, and 10 wt.% tetraamine
palladium(Il) nitrate solution in H,O was used for preparation. Normally, about 1 g of NH4-FER powder
was dried in an oven at 70°C for 1 h before impregnation. Targeted amount of palladium precursor solution
was slowly added, i.e. 10uL at once by using pipet, to NH4-FER powder with continuous mixing and mild
grinding. The resulting powder was dried in an oven at 70°C overnight, and subsequently calcined in air at
550°C for 5 h with the ramp-up rate of 2°C/min, which is designated as 1.8Pd/FER-550C. This yellowish
powder was calcined again at 700, 800, and 900°C for 5 h with the ramp-up rate of 10°C/min. The color of
yellowish powder becomes brighter as calcination temperature increases. The prepared Pd/FER samples
are stored in ambient conditions.

The in situ diffuse reflectance IR measurements were performed in a commercial DRIFTS cell with
ZnSe window. The spectra were collected on Nicolet iS50 FT-IR (Thermo Fisher Scientific Co., USA)
spectrometer equipped with a liquid nitrogen-cooled MCT detector. Each spectrum was obtained as the
average of 32 scans with 4 cm™ resolution. A background spectrum was recorded with KBr powder at
temperatures where measurements were conducted. The space through which the IR beam passes on both
sides of the reactor window was continuously purged with nitrogen to maintain a constant background. The
sample cup inside DRIFTS cell was filled with a-alumina powder in a typical experiment. After that, a thin
layer of Pd/FER powder was spread over it and pressed firmly. Gas stream through the DRIFTS cell was
controlled by mass flow controllers. Moisture was added by flowing the gas through a glass bubbler filled
with distilled water. In each and every experiment, 0.025 g of powder was loaded, and the flow rate was
adjusted to 100 mL/min (GHSV~240,000 mL-g'-h™"). The outlet of the DRIFTS cell was connected to a
quadrupole mass spectrometer (Hiden Analytical).

H,-temperature programmed reduction (H,-TPR) of the Pd/FER materials were performed on a
AutoChem II 2920 chemisorption analyzer equipped with an TCD detector. The measurements were
conducted on hydrated samples without pretreatment. Typically, the experiments were conducted from -70
to 400°C at 10°C/min in 10% H./Ar (OXARC, Inc., UHP).

Powder XRD patterns were collected using a Panalytical MRD Bragg-Brentano goniometer fitted with an
Anton Parr HTK-1200 high temperature stage. Cu Ko radiation was used, along with variable divergence
and anti-scatter slits, and a post-diffraction monochromator. Patterns were collected at 0.04° intervals
between 5 and 100°26, scanning at 0.25 °28/min. The sample was heated to 550 °C and cooled to 25 °C
under flowing O, before collection. A second heating under O, to 800 °C and return to 25 °C was carried
out before the second acquisition. Collecting the data near room temperature reduced the influence of
thermal vibrations as well as stage offsets arising from thermal expansion. Rietveld refinement was carried
out using Topas v6 (Bruker AXS) and the ferrierite structure published by Cheetham et al. (Morris, R. E.;
Weigel, S. J.; Henson, N. J.; Bull, L. M.; Janicke, M. T.; Chmelka, B. F.; Cheetham, A. K. A synchrotron X-ray
diffraction, neutron diffraction, 29Si MAS-NMR, and computational study of the siliceous form of zeolite
ferrierite. J. Am. Chem. Soc. 1994, 116 (26), 11849-11855.)

Only the scale factor and lattice parameters of ferrierite were refined, and difference Fourier maps output
for visualization using VESTA. (Momma, K.; lzumi, F. VESTA 3 for three-dimensional visualization of
crystal, volumetric and morphology data. Journal of applied crystallography 2011, 44 (6), 1272-1276.)
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The positive electron density difference isosurfaces were plotted for 0.4 e/A°,
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Figure S1. (a) DRIFTS spectra of H/FER zeolites calcined at 550, 800, and 900°C. The spectra were collected at
100°C after dehydration at 500°C under 3% O/He.
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Pd/FER-550C Pd/FER-800C

Figure S2. Difference electron density map viewed along [010] plotted from Rietveld refinement for Pd/FER pre-
treated at 550 and 800 °C. X-ray diffraction patterns of Pd/FER were obtained at 25 °C after in situ thermal oxidative
treatments at 550 and 800 °C.
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Figure S3. (a) DRIFTS spectra obtained during dry NO adsorption at 100°C for 30 min. Before experiment, the sample
was dehydrated at 500°C for 30 min under 3% O»/He. Adsorption gas contains 200 ppm NO + 3% O,. (b) DRIFTS
spectra obtained during wet NO+CO adsorption at 100°C for 30 min. Adsorption gas contains 200 ppm NO, 250 ppm

CO, 2.8% H0, and 3% O..
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Figure S4. (a) NO adsorption and desorption curves for 0.5 wt.% Pd/FER calcined at various temperatures from 550
to 900°C measured by DRIFTS-MS. Adsorption gas contained 200 ppm NO+3% O, balance with He. (b) DRIFTS
spectra after 30 min adsorption of dry NO. (¢) Spectra obtained before and after dry NO adsorption for Pd/FER samples.
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Figure S5. Ferrierite-type framework structure. The positions of the geometrically four different tetrahedral sites (T1
to T4) are shown. Three different cationic sites have been proposed, denoted as a-, B-, and y-type sites. The a site is
coordinated to the 10-ring channels, while f site is located at the center of the six-membered ring. The y site is located
inside the ferrierite cage.
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Figure S6. Wet NO adsorption and desorption curves for 0.5 wt.% Pd/FER calcined at various temperatures from 550
to 900°C measured by DRIFTS-MS. Adsorption gas contained 200 ppm NO, 3% O», and 2.8% H,O balance with He.
Desorption of adsorbed NOx was performed under wet stream (3% 0,+2.8% H,O/He) with the ramping rate of

20°C/min.
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