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We show that replacing alkaline (NaOH) for alkaline-earth metal (Sr(OH)z as an example) in the synthesis of SSZ-13 zeolite with Si/Al~10
produces SSZ-13 zeolite material with novel, advantageous properties. Its NH4-form ion-exchanges higher amount of Co(II) ions than the
conventional one: this is the consequence of increased number of Al pairs in the structure induced by the +2 charge of Sr(II) cations in the
synthesis gel that force two charge-compensating AlO4” motives to be closer together. We characterize the +2 state of Co(II) ions in these
materials with infra-red spectroscopy and XANES measurements. They can be used for NOx pollutant adsorption from ambient air: the ones
derived from SSZ-13 with higher Al pair content contain more cobalt(II) and thus, perform better as ambient-air NOx adsorbers before
reaching full saturation capacity. Notably, Co(II)/SSZ-13 material with increased number of Al pairs is significantly more hydrothermally
stable than its NaOH-derived analogue. Loading 1.7 wt% Pd into Co-SSZ-13 synthesized in the presence of Sr(I) produces an active passive
NOx adsorber (PNA) material that can be used for NOx adsorption from simulated diesel engine exhaust. The critical issue for these appli-
cations is hydrothermal stability of Pd-zeolites. Pd/SSZ-13 synthesized in NaOH media loses most of its PNA capacity after ~800 °C hydro-
thermal aging in the flow of air and steam (10 hours in 10% H20/air flow). The 1.7 wt% Pd/Co/SSZ-13 material with Si/Al ~10 does not
lose its PNA capacity after extremely harsh aging at 850 and 900 °C (10 hours in 10% H20/Air flow) and loses only ~55% capacity after
hydrothermal aging at 930 °C. It shows considerably enhanced stability compared with previous record for Pd/FER, Pd/SSZ-39 and Pd/BEA
materials that could survive hydrothermal aging no higher than 820 °C. We herein reveal a new, simple, and scalable strategy for making
remarkably (hydro)thermally stable metal-zeolite materials/catalysts with a number of useful applications.

Within the last decade, Metal/zeolites system became the front-liners of environmental catalysis [1,2].
These materials/catalysts have allowed to tackle the most challenging environmental problems caused by
pollutant emitted by the vehicles [1-7]. More specifically, nitric oxide is a free-radical harmful pollutant,
even more dangerous than carbon monoxide (CO). Nearly 55% of the global NOx emissions come from
vehicles [1,8-10]. Cu/zeolite materials have been successfully commercialized to scrub NOx and turn it
into environmentally clean dinitrogen in diesel vehicles [1-7]. Sacrificial ammonia reductant is used, and
this catalytic reaction is effective at temperatures starting 180 °C with state-of-the-art catalyst formula-
tions. Significant advances have been achieved in understanding the fundamental nature of catalytic SCR
reaction on Cu/SSZ-13 and Cu/BEA zeolitic systems [1-7,11-18]. Although Cu/SSZ-13 catalysts show
excellent activity above 200 °C, no catalysts were shown to be active at lower temperatures. Only recently
have we discovered that NO' ions in zeolites (formed via NO+O; reaction) catalyze direct reduction of
NO™ with NHj to nitrogen at room temperature and below [18]. The process can be run catalytically when
some NH3 can desorb from zeolite [18]. However, higher temperatures require Cu(Il) ions presence due

to, in part, ability to form Cu(I)---NO" site by direct Cu(II) reduction with free-radical NO. Emissions



during vehicle cold start, however, remain a challenge. To circumvent this challenge, Pd/zeolite materials
(passive NOx adsorbers) have been introduced industrially that adsorb NO strongly as Pd(I1)-NO, Pd(I)-
NO, Pd(I)(OH)(NO) and Pd(IT)(NO)(CO) complexes (depending on Pd speciation in zeolites) at low
temperatures (80-130 °C) during cold start and then release them at higher temperatures (>170-180 °C)
when downstream SCR catalysts become very active [19-35]. The main challenge for application of
Metal/zeolite materials for industrial vehicle use has always been their hydrothermal stability. They may
be exposed in vehicles to harsh steam treatment (during diesel particular filter regeneration, for example)
[19-33]. In general, it is desirable to develop materials that can survive hydrothermal aging at temperatures
as harsh as 800 °C and higher. For passive NOx adsorbers, the highest known survival temperatures are
750-820 °C [19-33]. For example, we have been able to engineer PdA/BEA crystals that can survive 750
°C hydrothermal treatment without any deterioration [21]. For SSZ-13 materials prepared via regular
method (in the presence of NaOH and N(adamantyl) structure-directing agents) 750 °C hydrothermal ag-
ing (HTA) already leads to erosion of some Pd(II) ions and their transformation into nanoparticles on the
external zeolite surface, likely through Pd aluminate and Pdx(OH)y species formation in the presence of
water (with simultaneous framework dealumination) [25-27, 34, 35]. Therefore, there is an urgent need
to develop hydrothermally stable SSZ-13 materials. It is important to note that the Si/Al ratio of zeolite
plays an important part in stability: the higher the Si/Al ratio, the more hydrophobic the inner pore of
zeolite is (considering no significant amount of other defects are present), and the more resistant to steam
HTA treatment it is [21,27]. However, as we convincingly showed recently, with increase of Si/Al ration
from 6 to 10-12 to 20-30, hydrophobicity of the pores leads to exclusion of atomically dispersed M(II)
species and formation of MOx nanoparticles on the external surface (due to hydrophobicity of the pore
and the inability of the aqua hydroxo complexes of metal to get “inside”) [20,22,25]. Furthermore, Pd
distribution changes with increase of Si/Al ratio: for SSZ-13 with Si/Al ratio 6, Pd was almost completely
atomically dispersed and present exclusively as Pd(II) ions held by proximal AlO4 pairs [20,22]. For
sample with Si/Al ratio 10-12, around ~80-90% Pd was atomically dispersed and present as a mixture of
Pd(IT) and Pd(II)-OH species [20,22]. For sample with higher Si/Al ratio much less (<30%) of Pd was
atomically dispersed and present exclusively as Pd(II)-OH species [20,22]. Pd(II) ions are more active
and stable towards PNA. Thus, we chose to focus on the zeolite with Si/Al ~10 (providing higher hydro-
thermal stability than Si/Al~6) that can still accommodate most of Pd as atomically dispersed species.
Furthermore, for the sample with Si/Al ~5-6 most of Al would be present as proximal pairs, most likely,
irrespective of synthesis conditions due to significant abundance of Al. However, for higher Si/Al ratios

statistically speaking less Al sites will be proximal and thus it would be harder to create the desired M(II)
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sites. We hypothesized that we could create more Al paired sites by introducing alkaline earth metals
(such as Sr(OH), or Ba(OH)») in the synthesis gel instead of typically used NaOH. We focused on Sr
specifically rather than Ba, because Ba is extremely toxic (however, we believe barium hydroxide would
probably have similar effect as strontium hydroxide). Sr(OH). has some issues with solubility at room
temperature (it takes some stirring to dissolve it) but at higher temperature of the typical hydrothermal
autoclave synthesis it has excellent solubility. Sr(II) has a charge of +2, and it would require two proximal
AlO4 units to produce the resulting Sr(II)-form zeolite compared with 1 AlO4 unit required to stabilize

Na-form zeolite [3].

After synthesis, the resulting Sr/SSZ-13 and Na/SSZ-13 were centrifuged and washed with DI water mul-
tiple times. NHy-1on exchange was performed multiple times with ammonium nitrate to produce NHs-

forms of zeolite.

It is universally accepted that the measure of amount of Al pairs in zeolitic materials can be determined
by Co(II) ion exchange capacity [37-41]. Co(Il) ions are generally assumed to exist almost exclusively as
Co(II)/2Al species in zeolites. We exchanged both NH4-SSZ-13 samples with Co(Il) ions under identical
conditions and calcined in the air flow at 650 °C. The resulting blue-powders with isolated Co(II) ions in
distorted tetrahedral environment [42] on air slowly (~5-7 days) regain the pink color due to moisture
adsorption and coordination of moisture to tetrahedral Co to form square-pyramidal and octahedral Co
aqua complexes (Fig. S1) [42]. XANES characterization for both samples shows that Co is present in +2
oxidation state. XANES for the Co/ sample prepared from SSZ-13(Sr) showed better signal intensity than
for the one prepared from SSZ-13(Na), already suggesting to us that Cobalt is present in higher amounts
(Fig. S2) [samples were prepared with approx. similar masses of sample and similar pressed tablets]. With
infra-red spectroscopy we looked at NO adsorption on Co/SSZ-13 material (Fig. 1A). NO adsorption
produces two NO stretches that grow in concert upon NO titration. They belong to Co(II)(NO)2 complex
[42-50] with symmetric NO stretch at 1900 cm™ and asymmetric NO stretch at 1816 cm!. This is typical
for atomically-dispersed Co(II) ions in zeolite [42-50]. Co ions exist in extra-framework positions and not
in silanol nests/silica matrix: the latter vibrate at slightly lower frequencies [42-50]. Importantly, 1 cobalt
ion can adsorb up to 2 NO molecules. Co(NO), complexes survive under vacuum at elevated temperature
(Fig. 1b). This suggested to us Co/SSZ-13 materials would be useful for NO adsorption from ambient air.
NO is a nuisance pollutant and Co-containing systems have previously shown promise for NO adsorption
from ambient air. For these materials, it would be important to maximize the number of Co(II) ions per

SSZ-13 mass: the amount of adsorbed cobalt correlates linearly with the number of Al pairs in SSZ-13



Figure 1. A. In-situ FTIR during NO adsorption (~2 Torr) at room temperature on activated Co-SSZ-13. NO bands at 1900 and 1816 cm’!
belong to Co(II)(NO)2 complex. Minor band at 1930 cm™! belongs to NO adsorbed on Co(I1I) ions of polynuclear cobalt oxide clusters. B.
NO desorption from Co(I[)(NO)2 under vacuum (10 Torr) at 80 °C. Co(II)(NO)2 complex shows resistance to decomposition.

material. Indeed, both Co/SSZ-13(Na) and Co-SSZ-13(Sr) are active for NO adsorption (Fig. 2). How-
ever, the material derived from St/SSZ-13 stores at least 55% more NO compared with Co-SSZ-13(Na).
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Figure 2. NOx adsorption on Co-SSZ-13 samples derived from NaOH and Sr(OH)2 synthetic routes at 100 °C for 30 min (after 5 min bypass)
followed with TPD (10 °C/min). The feed gas mixture contains ~220 ppm of NOx, 14% Oz and ~300 ppm H20. Sample mass 120 mg. Total
flow rate ~ 300 sscm/min.

It is more advantageous for NO adsorption applications and it lasts long as a NO adsorber at ambient

temperature from ambient air (Fig. 3).
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Figure 3. NOx adsorption on Co-SSZ-13 samples derived from Sr(OH)2 synthetic route at 23 °C while flowing gas mixture containing ~27

ppm of NO, 20% Oz and ~300 ppm H20 (adoption of NO from ambient air allows to keep NO level below 2 ppm for ~160 minutes). Sample
mass 120 mg. Total flow rate 300 sscm/min.

The higher number of Al pairs is the direct consequence of Sr(OH), use during SSZ-13 synthesis. We
also tested this material as a PNA material for vehicle exhaust. Despite its ability to absorb NOx during

vehicle cold start, Co/SSZ-13 is not viable for NOx adsorber applications because it releases NOx too early

(Fig.4).
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Figure 4. NOx adsorption on Co-SSZ-13 samples derived from Sr(OH)2 synthetic route at 100 °C for 30 min (after 5 min bypass) followed
with TPD (10 °C/min). The feed gas mixture contains ~220 ppm of NOx, 200 ppm CO, 14% Oz and ~3% H20. Sample mass 120 mg. Total
flow rate ~ 300 sscm/min.



However, it is important to note that presence of Co ions is not detrimental for NO storage (unlike for Na-
containing materials, for example as outlined in our previous study [25]). The presence of higher fraction
of paired Al sites in Co/SSZ-13(Sr) compared with Co-SSZ-13(Na) prompted us to investigate whether
this sample possesses higher hydrothermal stability. Remarkably, even though HT aging Co-SSZ-13(Na)
at 850 °C almost completely destroys its NO storage capacity, hydrothermal aging of Co-SSZ-13(Sr) at
at 850 °C and then further 900 °C preserves its NO storage capacity/uptake (Fig. 5).
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Figure 5. NOx adsorption on Co-SSZ-13 sample derived from Sr(OH)2 synthetic route at 100 °C for 30 min (after 5 min bypass) followed
with TPD (10 °C/min). The feed gas mixture contains ~220 ppm of NOx, 14% Oz and ~300 ppm H20. Sample mass 120 mg. Total flow rate
~ 300 sscm/min. The sample was first hydrothermally aged at 850 °C and tested for PNA. Then it was further hydrothermally aged at 900 °C
and PNA adsorption capacity was recorded at 100 °C for 30 minutes (after 5 minute bypass).

It means, that hydrothermal aging of this material at 900 °C does not lead to Cobalt(II) ion removal from
the framework or collapse of SSZ-13 zeolitic structure. This, to the best of our knowledge, is the first
demonstration of metal-promoted SSZ-13 hydrothermal stability at temperatures as high as 900 °C. This
corroborates our intuitive suggestion that distribution of Al sites within zeolite framework is a key factor
in zeolitic hydrothermal stability: the material with higher number of Al pairs (synthesized in the presence
of alkaline earth metal hydroxide in the synthesis gel) shows much higher hydrothermal stability than its
SSZ-13(Na) analogue. This remarkable property of Co/SSZ-13(Sr) material, thus, prompted us to load
1.7 wt% Pd in its micropores and study its PNA properties and hydrothermal stability of the resulting Pd-
containing SSZ-13 composite [19-35]. Indeed, the sample shows excellent PNA performance after load-

ing Pd in it (Fig. 6).
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Figure 6. NOx adsorption on “fresh” 1.7 wt% Pd/Co-SSZ-13 sample derived from Sr(OH)2 synthetic route at 100 °C for 30 min (after 5 min
bypass) followed with TPD (10 °C/min). The feed gas mixture contains ~220 ppm of NOx, ~250 ppm CO, 14% Oz and ~3% H20. Sample
mass 120 mg. Total flow rate ~ 300 sscm/min.

The second NOx adsorption peak occurs during PNA on fresh Pd-Co-SSZ-13(Sr) sample at higher tem-
peratures (that adsorption peak is absent for just Pd-SSZ-13 materials [20-23,25,27,28]). We thus attrib-
ute it to the presence of Co in the “fresh” sample. Previously, the best known Pd-zeolitic PNA materials
could survive prolonged hydrothermal aging of 800-820 °C. However, at higher temperatures they lost
most of their performance (see, for example, our Pd-SSZ-39 and Pd/FER studies [27,33]). We first hy-
drothermally aged novel 1.7wt% Pd-Co-SSZ-13 material at 850 °C for 10 hours in air/steam flow. Sur-
prisingly, the low-temperature NOx adsorption band associated with Pd was fully preserved, and the sam-
ple was active as a PNA material (Fig. 7). Encouraged by this unprecedented result (no SSZ-13 material
have been previously demonstrated to have such high hydrothermal stability), we further aged this mate-
rial (after it was already aged at 850 °C) for the same duration in air/steam flow at 900 °C. To our delight,

its PNA performance did not deteriorate (Fig. 7).



— 1.7wt% Pd/SSZ-13(Sr) 850 °C HTA
— 1.7wt% Pd/SSZ-13(Sr) 900 °C HTA

275 +
250—-
225—-
200—-
175—-
150—.
125—.
100—.

NOx concentration, ppm

75
50

25

10 20 30 40 50 60 70
Time, minutes

Figure 7. NOx adsorption on 850 and 900 °C hydrothermally aged 1.7 wt% Pd/Co-SSZ-13 sample derived from Sr(OH). synthetic route at
100 °C for 30 min (after 5 min bypass) followed with TPD (10 °C/min). The feed gas mixture contains ~220 ppm of NOx, ~250 ppm CO,
14% Oz and ~3% H20. Sample mass 120 mg. Total flow rate ~ 300 sscm/min.

This is the most hydrothermally stable known PNA material ever reported. When we further hydrother-
mally aged this material (after it was aged at first at 850 °C and then at 900 °C) at 930 °C for 10 hours in
air/steam flow, 55% of PNA capacity was lost — still, some substantial PNA capacity was preserved and

even such extremely harsh hydrothermal treatment did not lead to full collapse of the zeolitic material

(Fig. 8).
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Figure 8. NOx adsorption on 900 and 930 °C hydrothermally aged 1.7 wt% Pd/Co-SSZ-13 sample derived from Sr(OH)2 synthetic route at
100 °C for 30 min (after 5 min bypass) followed with TPD (10 °C/min). The feed gas mixture contains ~220 ppm of NOx, ~250 ppm CO,
14% Oz and ~3% H20. Sample mass 120 mg. Total flow rate ~ 300 sscm/min.



In summary, we report a simple and scalable method of increasing Al pairs distribution in siliceous SSZ-
13 (Si/Al ratio at least 10). We show that this distribution is key in exchanging higher amounts of divalent
metal cations (Co(II) and Pd(II), for example) atomically dispersed in the SSZ-13 micropores. The result-
ing materials have higher adsorption capacity for NO under different conditions. Furthermore, we show
remarkable hydrothermal stability of the resulting metal zeolite materials that survive extraordinarily
harsh hydrothermal aging conditions (encountered in vehicle exhaust under certain circumstances) at 900
°C and that do not lose full NOx adsorption capacity at even higher temperatures (930 °C). Our study
opens up a pathway to prepare new zeolite and divalent metal-zeolite composites/catalysts with (hy-

dro)thermal robustness not available before.
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Na/SSZ-13 zeolite with Si/Al~10 was hydrothermally synthesized using the following recipe: 0.8 g
of NaOH (Sigma Aldrich) was dissolved in 50 ml of deionized water. Then, 17 g of TMAda-OH (Sachem
Inc., 25% N,N,N-trimethyl-1-adamantyl ammonium hydroxide) was added as a structure directing agent.
Consequently, 0.75 g of AI(OH)3 (Sigma Aldrich, ~54% Al>O3) was slowly added to the solution and
stirred at 400 rpm until it was completely dissolved. Afterwards, 20.0 g of LUDOX HS-30 colloidal silica

(Sigma Aldrich, 30 wt% suspension in H>O) was added slowly to the solution until gel was formed.

The obtained gel was sealed in a 125 mL Teflon-lined stainless steel autoclave containing a magnetic
stir bar. Hydrothermal synthesis was carried out at 160 °C under continuous gel stirring at 400 rpm for 4
days. After synthesis, the zeolite cake was separated from the suspension by centrifugation and washed
three times with deionized water. It was then dried at 80 °C under N> flow overnight and calcined in air
at 550 °C for 5 h in order to remove the SDA. NH4/SSZ-13 was obtained by ion exchange of the as-
prepared Na/SSZ-13 zeolite with 1 M ammonium nitrate solution solution at 80 °C for 5 h. The process

was repeated two times.

Hydrothermal synthesis of St/SSZ-13 with Si/Al ~ 10 in the presence of Sr(OH), was performed using
similar recipe as for the Na/SSZ-13. However, in this case mole-equivalent amount of strontium hydrox-
ide octahydrate (Sigma Aldrich) was used instead of NaOH. After synthesis, the zeolite cake was sepa-
rated from the suspension by centrifugation and washed multiple times with deionized water. It was then

dried at 80 °C under N> flow overnight and calcined in air at 550 °C for 5 h in order to remove the SDA.
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NH4/SSZ-13 was obtained by ion exchange of the as-prepared St/SSZ-13 zeolite with 1 M ammonium

nitrate solution solution at 80 °C for 5 h. The process was repeated five times.

Cobalt(II) ion-exchange was performed by dispersing 1 g of NH4-SSZ-13(Na) and NH4-SSZ-13(Sr)
powders in excess (150 ml) 2 M cobalt(I) nitrate (Sigma-aldrich) solution at 80 °C with continuous stir-
ring for 8 hours. Then, the powder was separated by centrifugation and washed with excess DI water 3
times (with centrifugation after each wash), dried at 80 °C in air flow and subsequently calcined at 650 °C

for 4 hours.

Palladium tetramine nitrate (10% solution in water, Sigma-aldrich) was used to load 1.7 wt% Pd in
Co-SSZ-13. More specifically, desired amount of palladium precursor solution was mixed with minimum
amount of water (the total volume approximately equivalent to the pore volume of zeolite ~0.25 ml/g),

then added drop-wise with a micropipette to Co-SSZ-13 powder.

Standard NOx adsorption tests were conducted in a plug-flow reactor system with powder samples
(120 mg, 60—80 mesh) loaded in a quartz tube, using a synthetic gas mixture that contained ~200-220 or
27 ppm of NO, 250 ppm or 0 CO, 300 ppm or 3% H>O, 14% or 20% O>) balanced with N> at a flow rate
of 300 sscm.

All the gas lines were heated to over 100 °C. Concentrations of reactants and products were measured
by an online MKS MultiGas 2030 FTIR gas analyzer with a gas cell maintained at 191 °C. Two four-way
valves were used for gas switching between the reactor and the bypass. Prior to storage testing at 100 °C,
the sample was pretreated in air flow for 1 h at 550 °C and cooled to the target temperature in the same
feed. The gas mixture was then switched from the reactor to the bypass, and desired concentration of NOx
was added to the mixture. Upon stabilization, the gas mixture was switched back from bypass to the
reactor for storage testing for 10 min. The sample was then heated to 650 °C at a rate of 10 °C/min to
record the desorption profiles of gases in the effluent. Ambient-temperature measurements were per-
formed with 120 mg of sample at 23 °C by flowing ~27 ppm NO (with 20% oxygen, 300 ppm water

balanced in nitrogen) at 300 sscm/min rate at constant temperature.

XANES experiments on Co/SSZ-13 samples were performed on bench-top easyXAFS instrument.
Details about the instrument can be found elsewhere (reference: Seidler, G T; Mortensen, D R; Remesnik,
A J; Pacold, J I; Ball, N A; Barry, N; Styczinski, M; Hoidn, O R. Review of scientific instruments online.
, 2014, Vol.85(11), p.113906 ISSN: 0034-6748 , 1089-7623; DOI: 10.1063/1.4901599; PMID:
25430123). Approximately 150 mg of Co-SSZ-13 was pressed into a circular tablet with a press to give
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tablet with sufficient thickness to provide enough E-jump during measurements. The Co-SSZ-13(Sr)
saple had higher amount of Co which allowed us to collect high-quality XANES data with edge step of
0.54. Energy edge was calibrated using Co foil standard (comparing Co foil lab data with Co foil syn-

chrotron data and accounting for the slight shift in energy).

The in situ static transmission IR experiments were conducted in a home-built cell housed in the sam-
ple compartment of a Bruker Vertex 80 spectrometer, equipped with an MCT detector and operated at 4
cm’! resolution. The powder sample was pressed onto a tungsten mesh which, in turn, was mounted onto
a copper heating assembly attached to a ceramic feedthrough. The sample could be resistively heated, and
the sample temperature was monitored by a thermocouple spot welded onto the top center of the W grid.
NO was cleaned with multiple freeze—pump—thaw cycles. Prior to spectrum collection, a background with
the activated (annealed at 300 °C) sample in the IR beam was collected. Each spectrum reported is ob-

tained by averaging 256 scans.
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Fig. S1. A. Dehydrated Co-SSZ-13(Na) sample. Blue colour is due to presence of Co(Il) cations in
distorted tetrahedral ligand environment. B. The same sample exposed to ambient air for ~7 Days. This
sample slowly adsorbs moisture from ambient air forming pink-ish Co(II)/SSZ-13 with hydrated octahe-

dral (or square-pyramidal) Co(II) cations.
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Fig. S2. A. Co K-edge XANES spectrum for Co-SSZ-13(Na) sample. Comparison with Co-metal foil is
provided. B. Co K-edge XANES spectrum for Co-SSR-13(Sr).
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