Ultra small Pd clusters in FER zeolite alleviate CO poisoning for effective low
temperature carbon monoxide oxidation
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ABSTRACT: Ultra small Pd, clusters form inside FER zeolite during low temperature treatment (100 °C)
in the presence of humid CO gas. They effectively catalyze CO oxidation below 100°C, whereas Pd
nanoparticles are not active as they are poisoned by CO. Using catalytic measurements, infrared (IR)
spectroscopy, X-ray absorption spectroscopy (EXAFS), microscopy, and density functional theory
calculations we provide the molecular level insight into this previously unreported phenomenon. Pd
nanoparticles get covered with CO at low temperatures which effectively blocks O, activation until CO
desorption occurs. Small Pd clusters in zeolites, in contrast, demonstrate fluxional behavior in the presence
of CO, which significantly increases their affinity for binding O.. Our study shows a pathway for achieving
low temperature CO oxidation activity on the basis of well-defined Pd/zeolite system.

Introduction

Pd/zeolites are enigmatic model systems with unusual chemistry and relevance in the industry.'? Entrapped
metal ions or clusters with the steric constraints by the zeolite structure carry strong potential for various
catalytic reactions.®* The unusual state of the “naked” di/poly-valent metal ions in zeolites has recently
been identified, providing framework for understanding high coordinative unsaturation and reactivity.>®
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These cations can be reduced to metallic Pd or Pt under certain reductive conditions, leading to rich
chemistry and a smear of species present both in the micropores (smaller species) and outside zeolitic
micropores (nanoparticles).®'1720 These metals are typically used for oxidative reactions of carbon
monoxide, nitric oxide, and hydrocarbons. Carbon monoxide (CO) is a highly toxic pollutant gas that is
produced by incomplete combustion of fossil fuels and is a major contributor to worsening air quality.
Palladium (Pd) catalysts have been used for the oxidation of CO in various industrial applications due to
their high activity.”-® However, the use of Pd catalysts can be expensive and may also suffer from issues
such as deactivation and poisoning.*? It is well-known for Pd nanoparticles that once CO adsorbs on them,
O, dissociation sites are blocked (due to higher affinity of CO for Pd) and there is no activity in CO
oxidation at low temperature.*** Only when CO desorption begins to occur, do the nanoparticles start
catalyzing CO oxidation. To overcome these limitations, we turn to zeolites as a support material for Pd
catalysts. Zeolites are crystalline aluminosilicates with well-defined pore structures and high surface
making them ideal candidates as supports. Herein, we show the simple way to prepare small Pd clusters in
zeolite H-FER. Surprisingly, these clusters possess much higher reactivity than Pd particles. We utilize
catalytic measurements, IR spectroscopy, EXAFS tools, and DFT calculations in order to unravel the
molecular understanding of this previously unknown phenomenon. The results demonstrate the potential of
Pd-zeolite catalysts for the efficient oxidation of CO, highlighting them as valuable candidates for various
CO abatement applications.

Water enables reduction of Pd ions to Pd clusters by CO
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Figure 1. (a-b) Series of DRIFTS spectra (per 1 min) obtained at 100°C while flowing (a) 800ppm CO/He
on dehydrated Pd/FER or (b) 800ppm CO+2.8% H,O/He on hydrated Pd/FER. (c) Transmission electron
microscopy (TEM) results on Pd/FER treated under dry and wet CO (100 and 500°C). (d) EXAFS in R-
space magnitude over Pd/FER treated under various conditions (k*-weighted, fittings shown as dashed
curves of the same colors).

Pd-ion exchanged FER zeolite that used in this work was synthesized by incipient wetness impregnation
method as described in our earlier works.? 1° The targeted amount of Pd was 1.8 wt.% and as-impregnated
Pd/FER was calcined at 800 °C under ambient air for 5 h. More than 90% of Pd is present in an Pd(I1) ion
coordinated by zeolite framework after this high temperature treatment.® After in situ pretreatment of
Pd/FER in DRIFTS cell at 500 °C under 3% O, cell was cooled down to 100 °C under He. Then, 800 ppm
CO/He was introduced for 20 min (Figure 1a). Three sharp bands at 2173, 2138, and 2117 cm™ rapidly
appear with this dry CO adsorption. All these species are related to CO molecule coordinated to Pd(ll) ion,
either Pd(I1)-CO or Pd(I1)OH-CO, considering that there is almost no CO, formation during this dry CO
adsorption (Figure S1). Interestingly, the presence of water totally changes the CO adsorption behavior for
Pd/FER. For this wet CO adsorption, the sample was pre-oxidized under same condition and then saturated
with water at 100 °C by flowing 2.8% H,0O for 30 min. After such hydration, 800 ppm CO was added to
wet stream for 20 min (Figure 1b). Initially, the very small CO adsorbed on ionic Pd(Il) at 2114 cm™ was
observed but rapidly disappeared. Then, the transient formation of gas phase CO2 (2350 cm™) was clearly
seen during initial few minutes exposure to CO, while linear CO (2075 cm™) and bridging CO (1960 cm)
adsorbed on metallic Pd gradually increase. New small band at 2134 cm™* also simultaneously appears with
the increase of CO band adsorbed on metallic Pd cluster. This feature can be assigned to CO adsorbed on
Pd atoms covered with oxygen fragment, considering that this high wavenumber band is not observed in
the experiments of CO adsorption on purely metallic Pd surface.'® A large amount of CO consumption and
CO; formation during wet CO adsorption was also monitored on mass spectrometer data (Figure S1). These
observations undoubtedly show that Pd ions in FER zeolite are readily reduced to metallic Pd at 100 °C in
the gas containing CO and H:O together. The color of Pd/FER after exposure to dry and wet CO stream is
also different (Inset in Figure 1a-b). The ionic Pd(Il) dispersed in zeolite has a bright yellow color (dry CO),
but turns to dark grey under wet CO. Interesting point is that we cannot observe any nanometer sized Pd
particles after this wet CO treatment at 100 °C from microcopy (Figure 1c), which looks similar to sample
image exposed to dry CO. This means that although Pd is reduced to metallic state under wet CO gas, its
clustering is kinetically suppressed at mild temperature. We found that typical few nanometers sized Pd
particles are formed only after high temperature exposure (Figure S2). EXAFS measurements were
conducted to estimate the size of Pd clusters after in situ treatment in cell under various conditions (Figure
1d). Consistent with DRIFTS and TEM results, dry CO treatment does not lead to Pd reduction evidenced
from dominant Pd-O scattering signal and the absence of Pd-Pd scattering. Typical high temperature CO
reduction makes Pd-Pd; and Pd-Pd; scattering signal visible accompanied by disappearing Pd-O scattering,
and our fitting results suggest the average coordination number of Pd (Npq) is ~8.9 (Figure 2, Table S1-2).
This is consistent with the presence of few nanometers size Pd particles observed in above microcopy
results. Interestingly, wet CO at 100 °C led to appearance of very small Pd-Pd; scattering while no Pd-Pd,
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scattering was observed. Calculated coordination number of Pd is ~1.5, meaning that this tiny Pd clusters
inside FER zeolite contain less than 4-6 atoms based on mean particle size estimation.
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Figure 2. EXAFS data. (a-b) R-space magnitude over dehydrated or hydrated Pd/FER and their change
under CO or CO+H,0 stream (k®-weighted, fittings shown as dashed curves of the same colors). Panels (c)
and (d) show the same data shown in (a-b), in k-space and R-space imaginary part, respectively. The spectra
are color-coded in the same way, and fittings are shown as dashed curves of the same colors. This shows

that the oscillation beyond 2.8 A from Pd-Pd scattering beyond the first shell is negligible on the Pd/FER
treated under wet CO at low temperature (100 °C).

Low temperature CO oxidation is facilitated by ultrasmall Pd clusters
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Figure 3. (a) Catalytic CO oxidation over Pd/FER catalyst in the presence and absence of water. For wet
CO oxidation, light-off experiments were repeated three times from 25 to 135°C. After that, catalyst was
exposed to 500°C for 30 min to make Pd nanoparticles and light-off experiment was conducted over this
sample. The feed gas contains 1100ppm CO and 15% O, balance with N, (GHSV: 225,000 mL-g*-h?). (b-
c) In situ DRIFTS spectra over Pd/FER during wet CO oxidation from 25 to 145°C (per 10°C) before and
after forming Pd nanoparticles.

The results described above demonstrate that small Pd clusters inside FER zeolite can be synthesized with
wet CO treatment at mild temperature. We compared the catalytic activity of this tiny Pd clusters with
nanometer sized Pd nanoparticles for CO oxidation as model reaction. When Pd/FER was exposed to dry
CO+0; stream, no CO oxidation activity was observed at low temperatures and CO oxidation did not begin
to occur until above 125 °C (Figure 3a). It is because cationic Pd(Il) in zeolite hardly dissociate oxygen
molecules. Interestingly, CO start to be consumed only above 60 °C when Pd/FER was exposed to wet
CO+0; stream. The activity increases rapidly around 100 °C and reaches 100% CO conversion below
125 °C. Such activity was repeatable during multiple reactions. A transient CO consumption between 50
and 100 °C that appears only for 1% reaction is due to the reduction of Pd(ll) ions to small Pd clusters. Once
Pd clusters are formed in zeolite, they can readily catalyze the CO oxidation at very low temperatures
(<100 °C). Under steady state CO oxidation, this Pd clusters exhibit 85% conversion at 90 °C regardless of
the presence of water (Figure S3). In contrast, Pd particles formed under high temperature reduction
(Orange line in Figure 2a) exhibit less than 20% conversion until reaching 120 °C. In situ DRIFTS
experiments were performed to observe surface species during CO oxidation at low temperatures (Figure
3b-c). For Pd clusters in zeolite, linear CO band (2080 cm™) on metallic Pd is observed to be dominant
species. Although bridging CO band (1970 cm™) also appears with multiple CO oxidation cycle (Figure
S4-5), its intensity is limited to certain extent. For Pd particles, however, bridging CO band (1970 cm™) is
dominantly observed. It is noteworthy that CO band intensities on Pd particles is much larger compared to
that on Pd clusters when exposed to same environment. Such markedly different CO coverage on Pd in the
early stage of oxidation originate from size-dependent surface properties of metallic Pd clusters.

Modelling of CO and O adsorption on Pd7 and Pds/FER models
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Figure 4. (a-c) Optimized models of Pdz9(O2), Pd7s(CO)es0 and Pd79(O2)(CO)eo. (d-g) Optimized models of
Pd4(0,)/FER, Pd4(CO)/FER, Pd4(CO)4/FER and Pd.(CO)4(02)/FER. Color coding: Si — gray; O —red; Pd
— blue and C — brown. For visual clarity, the oxygen atoms from the CO molecules are represented with
larger size.

Table 1. Binding energies of Oz, BE(O,), (in kd/mol), number of unpaired electrons, Ns, and selected
distances (in pm) for structures with O, and/or CO molecules adsorbed on Pdzs NP and Pd. cluster in
Ferrierite cavity.

https://doi.org/10.26434/chemrxiv-2023-6cwhw ORCID: https://orcid.org/0000-0002-4810-586X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-6cwhw
https://orcid.org/0000-0002-4810-586X
https://creativecommons.org/licenses/by-nc-nd/4.0/

Structure BE(O>) Ns 0-0 A(O-0)? Pd-O
Pdze(O2) -150 2 135.1 11.9 199;199
Pd4(O,)/FER -164 2 134.7 115 204;205
Pd79(02)(CO)eo -107/-120° 0/2° 132.3/130.8° | 9.1/7.6° | 206;210/210;216"
Pd,(CO)4(02)/FER -142 0 143.0 19.8 194;205;233

& Elongation of the O-O distance upon adsorption with respect to the bond length of an isolated in gas phase
0. molecule, 123.2 pm;  spin-polarized system

The adsorption of sixty CO molecules on palladium nanoparticle, which consists of 79 atoms, was modelled
(Figure 4a-c). We created the initial structure by saturating all the surface Pd atoms with CO molecules, i.e.
one CO molecule is coordinated (top) to each Pd surface center. During the geometry optimization, some
of the CO molecules moved from top to bridge or hollow coordination as consistent with experimental
observation. Next, one oxygen molecule was adsorbed to the two Pd atoms which are most accessible for
adsorbates and simultaneously with the lowest coordination. One of these atoms is located on the boundary
between two (111) facets (edge of the nanoparticle), while another one is located at the corner between one
of the (100) facets and two of the (111) facets. The binding energy of the oxygen molecule at this position
is -107 kJ/mol and the O-O bond is elongated by 9.1 pm with respect to the bond length of an isolated in
gas phase O, molecule (Table 1). The Pd-O distances are 206 and 210 pm. When the system was optimized
in a spin-polarized fashion, the BE(O,) is higher by 13 kJ/mol, but the elongation of the O-O bond is smaller
— 7.6 pm and the Pd-O distances are slightly longer — 210 and 216 pm. In comparison, the binding energy
of an oxygen molecule on pristine Pdzs nanoparticles (NP) is higher, -150 kJ/mol (Table 1). A model with
a small Pd. cluster with a tetrahedron shape located in the larger channel of the zeolite Ferrierite was
optimized. Interestingly, upon adsorption of four CO molecules (high CO coverage), a significant
reconstruction of the Pd, cluster is observed and the tetrahedron shape is completely changed (Figure 4d-
g). In order to check whether one CO molecule will cause a similar effect, we considered a structure in
which one CO is adsorbed in a hollow position on the Pd. cluster, and in this case, the tetrahedron shape is
preserved. The adsorption of CO molecules to Pds cluster leads also to the shortening of the Pd-O.e, bonds
(Table S3). In the Pd4/FER structure, the palladium cluster is located in the center of the zeolite cavity and
is weakly bound to the oxygen centers from the Ferrierite as the average Pd-O,, distance is 284 pm while
the shortest one is 266 pm. In Pd4(CO)/FER and Pd4(CO)./FER models the average distances are 265 and
271 pm, respectively, and the shortest ones are 246 and 242 pm, respectively (Table S3). After the
adsorption of an oxygen molecule to the Pd4(CO)4 complex, the Pd-O,e, distances are shortened further to
an average value of 253 pm as the shortest distance is 226 pm. In this structure, the binding energy of the
O2 molecule, 142 kJ/mol, is higher by 35 kJ/mol compared to the case of Pd79(O2)(CO)so model, implying
that the oxygen molecule binds stronger to the palladium cluster than to the palladium NP, most likely due
to low coordinated metal centers occurring as a result of the strong relaxation of the cluster upon the
adsorption of CO. The Pdzg NP is significantly larger and possesses a core of metal atoms inaccessible for
CO adsorption which retains the shape of the nanoparticle and prevents significant relaxation of the
nanoparticle structure upon adsorption of many CO molecules. A structure with palladium dimer located in
the larger channel of the ferrierite was also optimized (Figure S6, Table S3). In the case of Pd,(CO)(O.
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2)/IFER and Pd2(CO).(02)/FER models, the BE of oxygen is significantly lowered, resulting in very strong
initial adsorption of CO. For example, the average BE of CO in the models Pd(CO)/FER and
Pd2(CO)./FER are as high as -394 and -274 kJ/mol, respectively, for comparison the corresponding values
in the Pd4(CO)4/FER and Pd4(CO)4(O.)/FER structures are -159 kJ/mol and -156 kJ/mol, respectively. Thus,
Pd dimer is quite different from Pd. and strongly poisoned by CO, indicating that formation of a slightly
larger (Pds) cluster confined in FER zeolite is key to activating oxygen at low temperatures.

Conclusions

Pd(1I) cations in H-FER zeolite are resistant to carbon monoxide reduction under dry conditions. With the
aid of FTIR, EXAFS, HRTEM characterization techniques and catalytic measurements we show that co-
introduction of water with CO facilitates Pd(Il) reduction with the formation of ultra-small metallic Pd
clusters which catalyze low-temperature CO oxidation with much higher rate than isolated Pd(ll) ions or
Pd nanoparticles and which, unlike larger Pd particles, are not poisoned by CO. We explore the differences
between small Pd clusters and Pd nanoparticles with theoretical calculations and reveal that the origin of
this unusual low-temperature activity is the higher binding energy of oxygen molecule and more facile
activation of O-O bond in the Pd, cluster with respect to the larger Pd clusters > 1 nm in size.
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Experimental methods
List of supplementary Tables and Figures
Table S1. Fitting parameters from the best EXAFS models of Pd/FER zeolite under dry condition.

Table S2. Fitting parameters from the best EXAFS models of Pd/FER zeolite and Pd foil under wet
condition.

Table S3. Binding energies of Oy, BE(O>), (in kJ/mol), number of unpaired electrons, Ns, and selected
distances (in pm) for structures with O, and/or CO molecules adsorbed to Pdzs NP as well as Pd, and Pda
clusters located in pores of Ferrierite. Bader charges (in |e|) of the Pd atoms in the Pd clusters supported in
FER are also shown.

Figure S1. (a-b) Series of DRIFTS spectra (per 1 min) obtained at 100 °C while flowing (a) 800 ppm
CO/He on dehydrated Pd/FER or (b) 800 ppm CO+2.8% H,O/He on hydrated Pd/FER. Different intensities
of T-O-T vibration are due to hydration of Pd?* cations in the presence of water. (c) CO and CO; profiles
from mass spectrometer at the rear end of DRIFTS cell during dry and wet CO treatment.
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Figure S2. Extra transmission electron microscopy (TEM) results on Pd/FER treated under dry and wet
CO (100 and 500 °C).

Figure S3. (a) Effect of temperature and (b) effect of water on catalytic CO oxidation over wet CO treated
(125 °C, 30min) Pd/FER catalyst. The feed gas contains 1100 ppm CO and 15% O, balance with N, (GHSV:
225,000 mL-g*-h?).

Figure S4. In situ DRIFTS spectra over Pd/FER during 2" and 3 wet CO oxidation from 25 to 125 °C
(per 10°C, as in Figure 2). These experiments were conducted after conducting 1% CO oxidation in Figure
2b.

Figure S5. Series of DRIFTS spectra (per 1 min) obtained at 100 °C while flowing 800 ppm CO+15%
0,+2.8% H,O/He on hydrated Pd/FER.

Figure S6. Left to right, top to bottom — optimized models of Pd,/FER, Pd,(O,)/FER, Pd,(CO)/FER,
Pd2(CO)(O2)/FER, Pdx(CO)./FER, Pd2(CO)2(0O2)/FER_1, Pdz(CO)2(O2)/FER_2 and Pd»(CO),(O)./FER.
Color coding: Si — gray; O — red; Pd — blue and C — brown. For visual clarity, the oxygen atoms from the
CO molecules are represented with larger size and structures Pd,(CO)2/FER, Pd2(CO)2(O,)/FER_1,
Pd,(CO)2(0O2)/FER_2 and Pd»(C0O)2(0)./ FER are rotated by 90° with respect to the others.

Figure S7. Radial distribution function for the Pd-Pd distances in the pristine and covered by CO Pd4/FER
and Pdz¢ nanoparticle models.
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Experimental methods

Pd ion exchanged ferrierite-type zeolite (Pd/FER) with 1.8 wt.% Pd loading were made by typical incipient
wetness impregnation method. Normally, commercial NHs-form FER-type zeolite with Si:Al~10 was
purchased from Zeolyst, and 10 wt.% tetraamine palladium(I1) nitrate solution in H-O (Sigma Aldrich) was
used for preparation. About 1 g of NH.-FER powder was dried in an oven at 70°C for 1 h before
impregnation. Then, targeted amount of palladium precursor solution was slowly added, i.e. 10uL at once
by using pipet, to NHs-FER powder while doing continuous mixing and grinding. The resulting white
powder was dried in an oven at 70 °C overnight, and subsequently calcined in air at 800 °C for 5 h with the
ramping rate of 2 °C/min. The color of Pd/FER powder becomes bright yellow after high-temperature
treatment. The synthesized Pd/FER samples were stored in vials under ambient conditions.

The CO oxidation reaction test was performed using a plug flow reactor system where the
concentrations of reactants and products are quantified using a FTIR gas analyzer (MKS, Multigas 2030).
The catalyst powders were loaded in a quartz reactor above a porous bed. The temperature programed
reactions were performed under 1100 ppm CO, 2.5% H.O (when used), and 15% O>/N by ramping the
reactor with 5 °C/min (GHSV: 225,000 mL-g*-h™).

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, and each spectrum was collected as the
average of 32 scans with 4 cm™ resolution. A background spectrum was obtained 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. The a-alumina
powder was confirmed to be inert under experimental conditions. A 0.025¢g of Pd/FER powder was spread
over a-alumina powder 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
at room temperature. The flow rate was adjusted to 50 mL/min (GHSV~120,000 mL-g*-h?). The outlet of
the DRIFTS cell was connected to a quadrupole mass spectrometer (Hiden Analytical).

To investigate the difference between samples, we acquired HRTEM images. For the sample
preparation, all powder samples were re-dispersed in ethanol, and ~ 10 pl of the solutions were dropcasted
to TEM grids. With the sample grids, HRTEM images were collected with a Tecnai F20 TEM microscope
(Thermofisher, USA) operated at 200 kV.

We employed DFT-D2 periodic calculations using PBE functional and D2 Grimme's dispersion
correction. The Brillouin zone is sampled using only the Gamma point and the cut-off of the planewave
basis set is 700 eV. The geometry relaxation was performed until all forces acting on the atoms became
lower than 0.02 eV/A. The Ferrierite structure model has the following cell parameters: a = 28.609 A, b =
15.075 A, ¢ = 18.988 A, a = B =y = 90°, and the unit cell contains Si144O2ss. For the Pdzs NP was used a
unit cell with the following parameters: a=b = c =20.000 A, a. = =y =90°.
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Table S1. Fitting parameters from the best EXAFS models of Pd/FER zeolite under dry condition.

Pd/FER
Pd foil Dehydrated Dry CO
(20% Oy, pretreated at (2000 ppm CO/He
500°C) after dehydration)
k-range 3-12.5 3-12.5 3-12.5
R-range 1-3.9 1-2.9 1-2.9
R-factor 0.0061 0.0041 0.0296
So? 0.80 (4) 0.8
AEo -3.0 (4) 3(2) 4 (3)
N 4.3 (4) 1.9 (4)
O R (A) N/A 2.02 (1) 2.04 (2)
c? 0.003 (1) 0.003 (2)
N 12
Pd: R (A) 2.741 (2) N/A N/A
c? 0.0054 (3)
N 713) 1(1)
Si1
(Non-bonding) R (A) 2.84 (2) 2.91 (4)
c? 0.018 (6) 0.007 (12)
N/A
N 4(2) 1.3(2)
02
(Non-bonding) R (A) 3.42 (3) 3.42 (7)
c? 0.003 (2) 0.003 (2)

So% was determined from the most appropriate fitting of Pd foil data. 4E, was set identical for all paths in
each sample. Numbers in parentheses represent standard deviations of the last digit, while parameters
without standard deviations were set to reasonable values. Pd foil was measured at 25 °C as a reference

between ion chambers, while all Pd/FER spectra were measured inside an in-situ reactor at 100°C.
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Table S2. Fitting parameters from the best EXAFS models of Pd/FER zeolite and Pd foil under wet condition.

Pd/FER
P ol (25% :Zg;ﬁgd L00°C (2000 Q’Xﬁf gg+zo.5% (2000 Qﬁlﬁqt g&zo.s%
H20/He) - 100°C H20/He) - 500°C
k-range 3-12.5 3-125 3-125 3-12.5
R-range 1-3.9 1-2.0 1-3.9 1-3.9
R-factor 0.0061 0.0065 0.0368 0.0125
So? 0.80 (4) 0.80
AEo -3.0 (4) 2 (1) 0 (1) -3.2(7)
N 3.0 (3) 0.7 (2) 0.2 (2)
o R (A) N/A 2.02 (1) 1.99 (3) 1.13 (20)
o2 0.002 (1) 0.042 (17) 0.006
N 12 1.5 (3) 8.9 (7)
Pd: R (A) 2.741 (2) N/A 2.718 (7) 2.737 (4)
o2 0.0054 (3) 0.0058 (9) 0.0068 (5)
N 6 5(5)
Pd. R (A) 3.89 (1) N/A N/A 3.89 (3)
o2 0.009 (1) 0.014 (7)
N 48 1.1(1) 40 (3)
Pdi-Pd: | R(A) 413 N/A 4.067 (15) 4.106 (6)
o2 0.0082 (4) 0.015 0.015

So? was determined from the most appropriate fitting of Pd foil data. 4, was set identical for all paths in each sample.
Numbers in parentheses represent standard deviations of the last digit, while parameters without standard deviations were set to reasonable values.
Pd foil was measured at 25 °C as a reference between ion chambers, while all Pd/FER spectra were measured inside an in-situ reactor at 100°C.
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Table S3. Binding energies of O,, BE(O), (in kJ/mol), number of unpaired electrons, Ns, and selected distances (in pm) for structures with O, and/or
CO molecules adsorbed to Pd7g NP as well as Pd, and Pds clusters located in pores of Ferrierite. Bader charges (in |e[) of the Pd atoms in the Pd

clusters supported in FER are also shown.

Structure BE(O2) Ns 0-0 A(O-0)? Pd-O Pd-Ozo/Average Pd-Oye Pd-Pd/Average Pd-Pd Bader charge Pd
275 — average value obtained
Pd7s(0z) -150 2 135.1 11.9 199;199 - from radial distribution -
function
107/ 132 3/ 275 — average value obtained
Pd79(02)(CO)eo e 012 ‘we  9.1/7.6° 206;210/210;216 - from radial distribution -
-120 130.8 funci
unction
Pdo/FER - 0 - - - 273;289/281 260/260 0.03;0.04
Pd2(O,)/FER -259 0 142.0 18.8 195;197 229;236/233 252/252 0.34;0.36
Pd,(CO)/FER® - 0 - - - 249;252/251 265/265 0.12;0.13
Pd,(CO)(0,)/FER® -41 2 130.4 7.2 224,224 260;288/274 257/257 0.37;0.38
Pd2(CO)./FER © - 0 - - - 267;268/268 265/265 0.15;0.22
Pd,(C0O),(0)/FER_1¢ -36 0 139.3 16.1 197;200 240/240 266/266 0.34;0.54
Pd,(C0O),(0)/FER_2¢ -33 0 144.6 21.4 203;204;220;222 267;285/276 398/398 0.54;0.54
Pd,(C0),(0)./FER ¢ -84 0 253.2 130.0  194;197;199;200 234/234 302/302 0.77;0.77
Pd./FER - 0 - - - 266;282;283;294;296/284  259;260;261;262;265;265/262  0.01;0.02;0.02;0.04
Pd4(O2)/FER -164 2 134.7 115 204;205 249;250/250 243;252;268;269;273;275/263  -0.03;0.02;0.31;0.31
Pds(CO)/FER - 0 - - - 246;250;280;285/265 269;270;271; 277;281;282/275  -0.08;0.11;0.16;0.17
Pds(CO)4/FER - 0 - - - 242;272;283;287/271 260;273;276;288/274 0.14;0.26;0.26;0.27
Pd4(C0O)4(0O2)/FER -142 0 143.0 19.8 194;205;233 226;251;281/253 256;262;274/264 0.25;0.35;0.36;0.43

2Elongation of the O-O distance upon adsorption with respect to the bond length of an isolated in gas phase O, molecule, 123.2 pm; ® The CO
molecule is coordinated to two Pd atoms (bridge coordination); ¢ One CO molecule is linearly coordinated, the other one is in bridge position; ¢
Both CO molecules are coordinated to one Pd atom (linear coordination); ¢ spin-polarized system
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Figure S1. (a-b) Series of DRIFTS spectra (per 1 min) obtained at 100 °C while flowing (a) 800 ppm
CO/He on dehydrated Pd/FER or (b) 800 ppm CO+2.8% H,O/He on hydrated Pd/FER. Different intensities
of T-O-T vibration are due to hydration of Pd?* cations in the presence of water. (c) CO and CO; profiles
from mass spectrometer at the rear end of DRIFTS cell during dry and wet CO treatment.
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Wet CO (500°C)

Figure S2. Extra transmission electron microscopy (TEM) results on Pd/FER treated under dry and wet
CO (100 and 500 °C).
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Figure S3. (a) Effect of temperature and (b) effect of water on catalytic CO oxidation over wet CO treated
(125 °C, 30min) Pd/FER catalyst. The feed gas contains 1100 ppm CO and 15% O balance with N, (GHSV:
225,000 mL-g*-h?).
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Figure S4. In situ DRIFTS spectra over Pd/FER during 2™ and 3 wet CO oxidation from 25 to 125 °C
(per 10°C, as in Figure 2). These experiments were conducted after conducting 1%t CO oxidation in Figure

2b.
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Figure Sb. Series of DRIFTS spectra (per 1 min) obtained at 100 °C while flowing 800 ppm CO+15%
0,+2.8% H,O/He on hydrated Pd/FER.
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Figure S6. Left to right, top to bottom — optimized models of Pd./FER, Pd.(O,)/FER, Pd2(CO)/FER,
Pd2(CO)(O2)/FER, Pdx(CO)./FER, Pd2(CO)2(0O2)/FER_1, Pd2(CO)2(0O2)/FER_2 and Pd2(CO).(O)./FER.
Color coding: Si — gray; O — red; Pd — blue and C — brown. For visual clarity, the oxygen atoms from the
CO molecules are represented with larger size and structures Pd>(CO)./FER, Pd»(CO)2(O.)/FER_1,
Pd2(CO)»(0O2)/FER_2 and Pd2(CO)2(0)./ FER are rotated by 90° with respect to the others.
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Figure S7. Radial distribution function for the Pd-Pd distances in the pristine and covered by CO Pd4/FER
and Pdzy nanoparticle models.
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