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Abstract: Pd-loaded FER and SSZ-13 zeolites as low-temper-
ature passive NOx adsorbers (PNA) are compared under
practical conditions. Vehicle cold start exposes the material to
CO under a range of concentrations, necessitating a systematic
exploration of the effect of CO on the performance of isolated
Pd ions in PNA. The NO release temperature of both
adsorbers decreases gradually with an increase in CO concen-
tration from a few hundred to a few thousand ppm. This
beneficial effect results from local nano-“hot spot” formation
during CO oxidation. Dissimilar to Pd/SSZ-13, increasing the
CO concentration above & 1000 ppm improves the NOx
storage significantly for Pd/FER, which was attributed to the
presence of Pd ions in FER sites that are shielded from NOx.
CO mobilizes this Pd atom to the NOx accessible position
where it becomes active for PNA. This behavior explains the
very high resistance of Pd/FER to hydrothermal aging: Pd/
FER materials survive hydrothermal aging at 800 88C in 10%
H2O vapor for 16 hours with no deterioration in NOx uptake/
release behavior. Thus, by allocating Pd ions to the specific
microporous pockets in FER, we have produced (hydro)-
thermally stable and active PNA materials.

Introduction

Improving air quality is one of the grand challenges in our
society.[1, 2] Since exhaust from internal combustion engines
produces the majority of toxic NOx emissions, there is
a continuing need to improve their effectiveness. Most
recently, the ammonia selective catalytic reduction (SCR)
technology which was first discovered in the 1970s[3] for Cu/Y
zeolites was proposed for Cu/SSZ-13[4] and later implemented
by BASF on a large scale.[4, 5] Such technology successfully
removes NOx[4, 5] at temperatures above 200 88C, relying on
a sacrificial ammonia source (urea), with copper ions
dispersed in small-pore SSZ-13 zeolite being the catalytically
active species. However, at low temperatures (< 150 88C),

during vehicle cold start for example, known catalysts are
incapable of performing this challenging reaction effectively.
Furthermore, ammonia cannot be delivered successfully to
the catalyst at temperatures < 180 88C when urea is used as the
source of ammonia. In order to address the low-temperature
cold start problem, Pd/zeolite materials were introduced as
passive NOx adsorbers (PNA).[6–22] Conceptually, NOx is
adsorbed at low temperature and released at temperatures
when Cu/SSZ-13 is active for SCR (200 88C and higher). As it
was recently shown, the active sites in these Pd-containing
materials are isolated Pd ions located in the micropores of
various zeolites.[6–20] Structure-adsorption property relation-
ships have been revealed for a range of Pd/zeolite materials
(SSZ-13, BEA, MFI, MWW, SSZ-39) and guidelines for the
preparation of high-loadings of atomically dispersed materi-
als have been disclosed.[6–27] More recently, FER materials
were used to support Pd and their PNA performance has been
evaluated.[21, 22] Despite this success, there remains a formida-
ble challenge to produce materials that 1) retain hydro-
thermal stability up to 800 88C; 800 88C hydrothermal aging is an
expedited aging protocol to simulate end of useful life for
a material (such a benchmark would circumvent potential
degradation stimulated by diesel particulate filter (DPF)
regeneration since maximum exhaust gas temperatures reach
up to & 700 88C during this process) 2) perform well in the
presence of elevated levels of CO during cold start from a few
hundred to a few thousand ppm, and 3) exhibit excellent
performance during consecutive PNA cycles and be regener-
able. Herein, we compare the performance and stability of Pd/
FER and Pd/SSZ-13 and derive novel structure-adsorption
property relationships for these materials.

Pd/FER contains a specific isolated Pd site in the FER
micropore that is inaccessible to adsorbates such as NOx and
water. This site is activated and moved into a more accessible
position in the presence of higher CO concentrations
(> 500 ppm) and produces an excellent PNA material with
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a capacity similar to the best SSZ-13 materials. Moreover,
higher CO partial pressure leads to the release of NOx in
close to the ideal temperature range of& 200–300 88C (depend-
ing on the effectiveness of SCR catalyst and the gap between
the PNA and SCR zones) as a result of local nano-“hot spots”
formation due to CO oxidation.

Through a series of detailed adsorption-desorption ex-
periments it is shown that the NOx release temperature
coincides with the onset of CO oxidation. We show the
excellent performance of these materials under practically
relevant conditions. Moreover, due to the presence of
a specific Pd site in the FER micropores resistant to water
hydrolysis during hydrothermal aging at 800 88C (and even
850 88C) in 10 % H2O/O2/N2 mix for 16 hours, no changes in the
adsorption of NOx occur, a feature that has not been
previously achieved with any PNA material.[6–19] Although
previously Pd/SSZ-39[14] showed stability of NOx uptake after
aging at 800 88C, the NOx release profile broadened and
shifted to higher temperatures which was not desirable (at CO
levels & 250 ppm in ref. [14]).

Results and Discussion

We have previously described structure-PNA perfor-
mance property relationships for Pd/SSZ-13 with Si/Al
& 6.[7, 9] In the dry state this material contains predominantly
super-electrophilic Pd+2 sites held electrostatically by 2 oxy-
gens associated with framework Al atoms (see HAADF-
STEM images and FTIR during CO adsorption in Figur-
es S1,2). In the previous studies,[6–19] CO levels around & 200–
250 ppm were used during NOx adsorption tests. However,
there is continuous interest to test the performance in the
presence of higher CO levels that are most relevant during
cold start. Figure 1A shows the comparison of the PNA
performance of a 1 wt % Pd/SSZ-13 (Si/Al& 6) material with
& 200 and 4000 ppm CO at a GHSV &150 L g@1 hr. We

observe that increase in CO level does not change the NOx
uptake. In contrast, the NOx release temperature changes
significantly to lower temperature in the presence of higher
concentrations of CO. This seems to coincide with the onset of
CO oxidation activity. Since CO oxidation is highly exother-
mic, such CO concentrations create localized nano-hotspots
that drive NOx off at lower temperatures (detailed below
during discussion regarding Pd/FER). Ideally, all NOx would
be released at temperature below & 400 88C. Figure 1B shows
consecutive NOx uptake/release cycles on this material with
varying levels of CO in the gas stream: the performance of Pd/
SSZ-13 remains stable as long as all NOx is driven off from
the material during temperature elevation. During the 12
consecutive cycles at CO concentration of either &200 or
4000 ppm, the NOx uptake and release remained nearly
constant (the total amount of it; however, the temperature of
release is significantly affected by the CO concentration (see
our further discussion in the text), irrespective of the CO
level. In situ EPR studies of PdII/SSZ-13 under relevant flow
conditions in the presence of 1000 ppm CO demonstrated the
absence of reduction of PdII to PdI or significant amounts of
Pd0 (Figure S3), confirming the high stability of PdII/ 2Al sites
in SSZ-13.

Pd/FER has received much less attention in the literature
than other zeolites such as SSZ-13, BEA,[6–14] and more
recently SSZ-39, MFI and MWW.[11, 14] Lietti and co-workers
very recently described the first example of utilizing Pd/FER
system for NOx adsorption.[21] We utilize this system with Pd
supported on H-FER with Si/Al ratio & 10 and with a Pd
loading of & 1.8 wt%.[7, 9] HAADF-STEM images for 1.8%
Pd/H-FER show highly crystalline FER material with Pd
dispersed inside the pores as well as some ultra-small PdO
clusters (< 1 nm) decorating the periphery of the crystals
(Figure 2A,B, Figure S4, consistent with FTIR data during
CO adsorption showing a minor fraction of CO adsorbed on
metallic Pd clusters below< 2090 cm@1 in Figure 2C)), similar
to that observed for Pd/SSZ-13 with Si/Al ratio & 10–12

Figure 1. A. NOx (solid line) and CO concentration (dashed line) profiles for a 1 wt% Pd/SSZ-13 (Si/Al&6) PNA in the presence of 200 ppm
(black) and 4000 ppm CO (red). The orange line represents the temperature profile. [NOx uptake: at 100 88C for 10 min in 220 ppm NOx (200 ppm
NO and 20 ppm NO2), 200/4000 ppm CO, 14% O2, 3% H2O, balanced with N2 at a flow rate of 300 sccm.] B. Comparison of PNA performance
of the same material during repeated cycles with varying levels (200 and &4000 ppm) of CO in the feed.
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[Figure S5]. We chose to calcine the sample at 800 88C in
oxygen because this treatment apparently produces the most
active materials (Figure S6).

In situ infrared spectra employing CO probe molecules
were collected to characterize the adsorption sites present in
the fresh (pre-calcined in O2 in the FTIR cell) and 800 88C-
calcined (in the presence of oxygen) materials (Figure 2C).
Substantial changes in the distribution of Pd species were
observed as a result of calcination. Specifically, the IR
spectrum of the freshly-calcined sample contains bands
corresponding to mainly CO adsorbed on [PdII(OH)]+ (at
2147–2132 cm@1) complexes.[9] After 800 88C in situ calcination
in air all the spectral features belonging to CO adsorbed
undergo substantial changes (re-distribution). The intensities
of the Pd(OH)-bound CO features decreased while the bands
at 2220 and 2199 cm@1, corresponding to CO adsorbed on

Pd+2/2Al ions[7, 9] increased at their expense. These vibrational
features are very similar to those we studied in details on Pd/
SSZ-13, and assigned them to a PdII(CO)2 complex formed on
super electrophilic PdII ions in the zeolite. These results
indicate that Pd cations can diffuse and re-distribute in the
micropores of the FER framework during calcination at
800 88C, producing more active sites for NO adsorption
(Figure S6). Cation diffusion was previously observed during
in situ Rietveld refinement studies[29] for divalent metal
cations in FER zeolite. More specifically, it was suggested that
3 specific sites can accommodate divalent (e.g., Ni, Mg, Co)
cations: the a-site is located at the center of the 6-ring
separating two ferrierite cages, the b-site is coordinated to the
walls of the 10-MR channels while the g-site is located inside
the ferrierite cage, in a boat-shaped position.[30] The g-site is
the most sterically crowded site in FER. Clearly, the most

Figure 2. A. Low-magnification HAADF-STEM image of 1.8 wt% Pd/FER showing FER crystals with no sizable PdO nanoparticles observed.
B. High-magnification HAADF-STEM image of 1.8 Pd/FER showing crystalline fringes of FER zeolite and absence of visible large PdO
nanoparticles in the bulk or on the exterior. Other representative HAADF-STEM images of this sample are depicted in Figure S4. C. FTIR data
during CO adsorption (10 Torrs) on in situ calcined (in air in the IR cell) at 500 88C (red spectrum) and 800 88C (blue spectrum) 1.8 wt% Pd/FER
sample.
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accessible sites are filled by PdII ions first, and their IR
signatures correspond predominantly to PdII(OH)(CO) spe-
cies held by 1 Al atom (in such positions that are filled by Pd-
OH first, obviously, no sites with 2 Al atoms in close proximity
are available, otherwise a PdII/2Al site would form instead of
PdII-OH because PdII/2Al is more thermodynamically stable
than PdII(OH)/1Al site[7, 9]). Upon heating, Pd cations diffuse
and start to occupy less accessible positions, which, however,
offer a different Al distribution that allows PdII to form
thermodynamically preferred PdII/2Al sites. These FTIR
findings provide the clear spectroscopic evidence of PdII ions
movement and re-distribution in FER upon heating at 800 88C,
showing a direct evidence of the processes previously
suggested on the basis of Rietveld refinement studies. These
data also suggest that Al distribution within different sites in
FER is not uniform.

We would like to note that as of today, there existed no
method to estimate the relative amounts of divalent metals in
zeolites associated with either paired or unpaired Al sites. For
some metals, such as cobalt it is accepted that basically no
CoII-OH sites form and cobalt exchanges as CoII/2Al sites.
However, for the majority of divalent metals, such as PdII and
CuII, for example, both Pd(Cu)(II)-OH (associated with non-
paired Al site) and Pd(Cu)(II) (associated with paired Al
sites) can form. We have shown that it is possible to
distinguish between them spectroscopically:[7, 9] PdII-OH/1Al
sites adsorb CO with the formation of a PdII(OH)(CO)
complex with CO vibrations in the & 2140–2120 cm@1 range,
whereas PdII/2Al sites adsorb CO with the formation of
PdII(CO)2 complex with CO frequencies for symmetric and
asymmetric CO stretches of PdII(CO)2 located at very high
wavenumbers & 2215 and & 2195 cm@1 with a characteristic
split of & 20–21 cm@1. This provides a way to not only
spectroscopically probe Pd sites but also estimate the
distribution of 1Al (singular) and 2Al (paired) sites available
to a divalent metal. We believe this finding may have broad

implications for the zeolite community to test divalent metal
distribution and relative ratios between 1Al and 2Al sites
accessible to these divalent metals.

Furthermore, we performed typical base (CD3CN) ad-
sorption of Pd/H-FER sample and H-FER (Figures S7–S9).
The acidity differences are not significant because Pd loading
is insignificant compared with total Al (and thus Bronsted
acidity) sites (Figure S9). However, we utilized acetonitrile
probe in a non-typical way by first adsorbing CO on Pd/FER
samples having both PdII-OH and PdII cations: this produced
PdII(OH)(CO) and PdII(CO)2 complexes (Figure S10). After
evacuating excess CO, we chose to adsorb CD3CN on the
PdII(OH)(CO) and PdII(CO)2 complexes. Because acetoni-
trile is a cationic/metal “poison” and adsorbs very strongly on
cationic and non-cationic metal sites, we observed its
interaction with both PdII(OH)(CO) and PdII(CO)2 sites. This
interaction becomes obvious because CD3CN displaces the
CO ligand by coordinating to PdII(OH) and PdII sites.
Interestingly, we found that PdII(OH)(CO) complexes are
more significantly affected by CD3CN than PdII(CO)2 com-
plexes (which, as we suggested, form in more confined zeolitic
positions) (Figure S10).

Based on the NOx/Pd ratio during PNA studies of these
materials the majority (90%) of Pd is atomically dispersed
and the NOx/Pd ratio is > 0.9 for 4000 ppm CO in the feed.
Figure 3A shows the performance of this material in the
presence of & 200 and 4000 ppm CO. A very significant shift
of the NOx release is observed to lower temperatures with
a sharp release of NOx at & 200 88C and slightly broader
feature at & 250 88C. Figure 3B depicts NOx and CO profiles
simultaneously during a NOx uptake/release cycle in the
presence of 4000 ppm CO. At 200 ppm NOx concentration at
the inlet, the NO release is completed at & 350 88C with
a maximum around 300 88C, which is more attractive than Pd/
SSZ-13. In the presence of 4000 ppm CO the absorbed
amount of NOx increases significantly (& 2 times) in com-

Figure 3. A. PNA performance of 1.8 wt % Pd/FER (Si/Al &10) (sample was hydrothermally aged at 800 88C). [220 ppm NOx (200 ppm NO and
20 ppm NO2), 200/4000 ppm CO, 14 % O2, 3% H2O, balanced with N2 at a flow rate of 300 sccm.] NOx uptakes for the 250 ppm and 4000 ppm
CO experiments were &0.45 and &0.9 NOx/Pd, respectively. B. Simultaneous CO and NOx profiles during PNA in the presence of &4000 ppm
CO.
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parison to that in the presence of 200 ppm CO. This behavior
is completely different from that observed for Pd/SSZ-13
where the NOx uptake was not affected by the CO concen-
tration in the gas stream (Figure 1). Moreover, additional
tests with model Pd/FER (Figs. S11–S13) have shown that
even & 1000 ppm CO was sufficient to maximize NOx
adsorption capacity. This is advantageous since cold-start
(& 100 88C) exposes the material to high concentrations of CO.
We have previously observed the formation of a mixed
carbonyl nitrosyl complex [PdII(CO)(NO)] in Pd/SSZ-13 and
it was confirmed that the formation of this mixed-ligand
complex was responsible for the promoting mechanism CO
has on NOx uptake in Pd/SSZ-13 and other Pd-containing
materials.[7–10, 13, 23] Increasing CO levels higher than 200 ppm
in the case of Pd/SSZ-13 (Si/Al = 6) does not increase NOx
uptake since maximum adsorption capacity was already
achieved with NO/Pd ratio near unity at Pd loadings up to
1.9 wt %. However, the phenomenon observed for Pd/FER is
notably different. Two possible explanations for the signifi-
cant promotion of NOx uptake by elevated CO levels
(> 1000 ppm) are presented next.

First, the redispersion of small PdO particles and the
formation of PdII(NO)(CO) mixed-ligand complex may be
easier in the presence of high CO concentrations in the CO +

NO mixture. However, the amount of Pd present as small
clusters outside the zeolite should be much larger if this were
the case. Moreover, when the sample is exposed to a CO +

NO + O2 + H2O + N2 mixture at 100 88C, we do not observe
significant redispersion of these small PdO clusters based on
microscopy (Figure S14); moreover, such clusters are not
present in significant amounts. Alternatively, some isolated
PdII ions located inside the micropores of FER are inacces-
sible for NOx adsorption. However, an adsorbate (CO), due
to its strong interaction with PdII, is able to move those Pd
ions to a more accessible location from their confined position
where they become available for NOx adsorption. This
peculiar behavior highlights a potential mechanism to control
the location of a charge compensating cation by one
adsorbate in order to enhance the adsorption of another
adsorbate. Such a notable attribute has an application for
synthesizing practically relevant materials which often need
to sustain harsh hydrothermal aging at 800 88C in 10 % H2O/air
mixture for extended period. In the engine, during diesel
particular filer (DPF) regeneration and overload the exhaust
gas stream reaches temperatures sometimes up to 800 88C.
Thus, practically viable materials must survive hydrothermal
aging without much deterioration of adsorption capacity and
similar (or better) adsorption-desorption behavior as the
materials before aging. It was previously shown that the best
Pd/SSZ-13 materials[12] lose & 10–15 % of atomically dis-
persed Pd after HTA at 750 88C in 10 % H2O/air mix for
16 hours. PdII ions are removed from their cationic positions
by water hydrolysis (as hydrated mobile PdII(OH)2 species)
and then agglomerate into large PdO nanoparticles on the
external SSZ-13 surface which are not easily redispersed by
either oxidative heat or NO/O2 treatment due to their large
size.[12] Pd supported on large defect-free H-BEA crystals has
shown high resistance to agglomeration at 750 88C in 10%
H2O/air.[8] More recently, Pd/SSZ-39 was utilized for PNA

and even though H-SSZ-39 crystals survived hydrothermal
aging up to 1000 88C in 10% H2O vapor, Pd/SSZ-39 started to
show signs of NOx uptake deterioration after HTA above
815 88C.[14]

Furthermore, after HTA the NOx release profile broad-
ened and was extended to temperatures above> 400 88C which
is undesirable. Contrary to those, 1.8 wt% Pd/FER material,
after hydrothermal aging at 800 88C in 10% H2O vapor,
showed no signs of deterioration [Figures 3, and S15]. This
suggests that Pd ions indeed remain stabilized in their
framework positions and are not accessible for water to
hydrolyze them. Even after 850 88C HTA for 16 hours 50% of
the original NOx capacity remained [Figure S10].

We suggested earlier in this study that the reason for the
shifting NOx release profile to lower temperatures resulted
from the exothermicity of CO oxidation. In the presence of
elevated CO levels (> 1000 ppm), CO oxidation may produce
enough heat to create local over-heating and, consequently,
release NOx at lower temperatures. We, therefore, performed
PNA cycles on hydrothermally aged Pd/FER materials
similar to those discussed in Figure 1B. However, in this case
we heated the sample only to 420 88C in each cycle (instead of
the common 500 88C) simulating transient FTP (Figure 4A)
before returning to the initial adsorption temperature.

As the results in Figure 4 demonstrate, the quantity of
adsorbed/released NO slightly changes after each cycle. The
most striking feature, however, is the continuous shift in the
initial NOx release temperature to lower values after each
cycle. Figure 4 also exhibits the concentration profiles of CO
during the consecutive NOx uptake/release cycles. Strikingly,
the shift of the NOx release profile to lower temperatures
perfectly follows the downward shift in the onset temperature
of CO oxidation. These results directly prove that the initial
sharp NOx release is coupled to CO oxidation in these
materials. During CO oxidation, even at concentrations as
low as & 1000 ppm, local heating drives NOx off the
adsorption sites. Simultaneously, a small number of isolated
Pd sites gets reduced. This is the first observation of such local
overheating caused by the heat of a reaction (here CO
oxidation) benefiting the desorption profile of PNA materials
and has important implications for regular vehicle catalyst
testing protocols. In various studies,[30] high amounts of CO
(up to a percent) are added to hydrocarbon oxidation streams
and the performance of the catalysts is evaluated in the
presence of such high CO amounts. Nano-“hot spots” from
the local heat of CO oxidation (such hot spots are not easily
picked-up by thermocouples) may affect the hydrocarbon
oxidation profile and shift the conversion to lower temper-
atures, obscuring the real activity of the material (they would
also affect water desorption, etc). In order to avoid potential
ambiguity, evaluation of these oxidation catalysts should be
performed both in the presence and absence of CO (or lower
levels of CO) in the gas stream. Moreover, even for CO
oxidation activity tests that utilize high amounts of CO, the
light-off curves may not represent the intrinsic activity of the
materials, and better (or worse) performance may be caused
by nano-scale “hot spots” at flow rates relevant to vehicle
exhaust. It is important to note that CO conversion profiles
for this Pd/FER material allows for 90% conversion of CO at
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temperatures & 175–200 88C under practically relevant GHSV
and gas mixtures. The increase in CO oxidation activity
accompanied by a slight decrease in the NOx storage capacity
in repeated cycles can be explained by changes to the
speciation of Pd. Nanoscale “hot spots” not only lead to
lower-temperature release of NOx from Pd sites but the
temperatures achieved drive the Pd reduction and agglomer-
ation (especially in the presence of CO and H2O).[12] Since it is
well known that Pd/PdO nanoparticles are much more active
for CO oxidation than isolated Pd ions (especially on non-
reducible supports),[28] the reduction of small amounts of Pd
lead to removal of ionically dispersed Pd (active for PNA) and
formation of nanoparticles (active for CO oxidation). How-
ever, the performance of PNA materials can be restored by
heating to higher temperatures (& 650–700 88C, typically
achieved by periodic regeneration of DPF or re-activation
of SCR) that results in redispersion of the PdOx/Pd nano-
particles (Figure 4B). (We have also conducted long-term
cyclic PNA experiments on the 1.8 wt % Pd/FER material.
We found that the NOx storage capacity of this materials
decreased by about 30% after 30 consecutive NOx uptake/
release cycles (Figure S16). However, the initial performance
could readily be restored by a brief & 10 min calcination at
650–700 88C).

Conclusion

In summary, we have revealed the complex chemistry that
occurs during PNA on single-atom Pd zeolite (SSZ-13 and
FER) catalysts under practically relevant exhaust gas feeds.
We provide deeper insight into the mechanisms of PNA
storage, stability, and deactivation of Pd/zeolite materials as
well as CO oxidation behavior during cold start. Notably, we
found that thermal migration of Pd ions into specific positions
in FER micropores produces a PdII/2Al that is resistant to
hydrothermal aging up to 800 88C in the presence of 10 % H2O.
At temperatures relevant to cold-start in the presence of CO

in the gas feed, CO facilitates Pd to become accessible to NOx
and enables NOx storage on such PdII atoms. We prepared
a highly (hydro)thermally stable and active & 1.9 wt % Pd/
FER material in which the majority of expensive Pd is
atomically dispersed and available to NOx storage, and which
shows excellent performance under repeated cycling.
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