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Reactivity of Pd-MO; encapsulated catalytic systems for CO
oxidation

Laura Paz Herrera,®* Lucas Freitas de Lima e Freitas,” * Jiyun Hong,® Adam S. Hoffman,® Simon R.
Bare,® Eranda Nikolla*® and J. Will Medlin*?

In this study, we present an investigation aimed at characterizing and understanding the synergistic interactions in
encapsulated catalytic structures between the metal core (i.e., Pd) and oxide shell (i.e., TiO2, ZrO2, and CeOz). Encapsulated
catalysts were synthesized using a two-step procedure involving the initial colloidal synthesis of Pd nanoparticles (NPs)
capped by various ligands and subsequent sol-gel encapsulation of the NPs with porous MO (M=Ti, Zr, Ce) shells. The
encapsulated catalytic systems displayed higher activity than the Pd/MO. supported structures due to unique
physicochemical properties at the Pd-MO: interface. Pd@ZrO: exhibited the highest catalytic activity for CO oxidation.
Results also suggested that the active sites in Pd encapsulated by an amorphous ZrO: shell structure were significantly more
active than the crystalline oxide encapsulated structures at low temperatures. Furthermore, CO DRIFTS studies showed that
Pd redispersion occurred under CO oxidation reaction conditions and as a function of the oxide shell composition, being
observed in Pd@TiO: systems only, with potential formation of smaller NPs and oxide-supported Pd clusters after reaction.
This investigation demonstrated that metal oxide composition and (in some cases) crystallinity play major roles in catalyst

activity for encapsulated catalytic systems.

Introduction

Catalytic sites at metal-metal oxide interfaces have significant
potential towards improving the activity or selectivity of
technologically relevant catalytic processes. Accordingly, there
has been significant effort toward synthesizing catalytic
materials with different types of interfacial structures and
characterizing the chemical properties of these interfaces with
probe reactions. One of the most studied reactions is CO
oxidation, application for
pollution abatement and is a useful model reaction system for

which has important practical
investigations of new catalyst designs.1~10 Vast literature exists
on different catalytic systems that have been explored to
increase conversion of CO oxidation at lower temperatures for
energy optimization. One strategy involves generating a
bifunctional interface between precious metals (for example,
Pt, Au, and Pd) and metal oxide supports (for example, TiO,,
Ce0;, Co304, NiO, Al;03, SiO3, and Zr0,).4#11-14 Among precious
However, Pd
nanoparticles (NPs) have poor stabilityl6, and are prone to rapid
resulting in

metals, Pd has shown promising activity.1®

agglomeration during catalytic conditions??,

a-Department of Chemical and Biological Engineering, University of Colorado
Boulder, Boulder, CO, USA 80303.

b.pepartment of Chemical Engineering and Materials Science, Wayne State
University, Detroit, MI, USA 48202.

¢ Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator
Laboratory, Menlo Park, CA, USA 94025.

* These authors contributed equally to this article.

Electronic Supplementary Information (ESI) available: [details of any supplementary

information available should be included here]. See DOI: 10.1039/x0xx00000x

significant loss of active catalytic centers and hence severe
catalytic degradation?8,

Several approaches, including the use of Pd-based bimetallic
catalysts#1119 or incorporation of a secondary base metal20-22
have been proposed to stabilize Pd NPs. However, these
systems are still limited by challenges related to the need for
chemical?324 and/or thermal treatments2526, Another approach
for dispersing and stabilizing supported Pd NPs involves using
surface-bound ligands.2” However, the organic capping
molecules generally decompose above 300 °C, and often limit
the catalytic activities of the Pd NPs under 300 °C due to site
blocking effects.28 Several groups have demonstrated enhanced
thermal stability of metal NPs using core-shell or encapsulated
catalytic structures?°-34, The encapsulation of Pd NPs by a
porous oxide shell can minimize deactivation of the catalyst by
sintering.16 Metal oxide shells with either redox properties, such
as Ce0,1829-31,3536 7r0,37 and TiO,37, or with an inert nature,
e.g., Si0,2838 have been reported. In the former case, the
metal-support interactions have been shown to lead to
oxidation/reduction of the metal and the oxide,3® impacting
catalytic performance. Furthermore, the ‘active’ lattice oxygen
in the redox metal oxide shells was reported to facilitate
oxidation of adsorbed CO.4% The interface between noble metal
NPs and redox metal oxide shells has been considered
catalytically active for CO oxidation reaction.1741 Compared to
the conventional supported catalysts, the encapsulated or
encapsulated structures (metal NPs entrapped by a porous
oxide shell) have been reported to exhibit higher activity,
stability, and selectivity.4243 The proposed reasons for their
superior catalytic properties include: (i) enhanced interfacial



contact between the metal and the oxide; (ii) selectivity
enhancement through reaction pathway control by the
nanoporous oxide shell; and (iii) enhanced metal NP stability
through trapping within the metal oxide nanostructures,
improving sintering resistance.’® Conversely, non-reducible
metal oxide shells have mainly been linked to stabilization of
metal NPs as their sole function.1®

In this work, we have investigated Pd NPs encapsulated with
various MO, porous shells (i.e., TiO;, CeO,, and ZrO;). A
combination of X-ray absorption spectroscopy (XAS) with
surface-sensitive techniques, such as DRIFTS, was used to
understand and describe the structure and chemistry of the
catalysts’ reactive surface. Furthermore, kinetic studies using
CO oxidation as a probe reaction allowed for performance and
stability testing of the various Pd-MO; systems. These findings
provide insights into metal-support interfacial interactions of
encapsulated catalysts for industrially relevant applications.

Experimental

Synthetic procedures

Synthesis of Pd NPs. Using our previously reported method,** Pdo
particles were synthesized using 9 mL of oleylamine (OAm) and 1 mL
of trioctylphosphine (TOP), as reducing and surface stabilizing
agents, and 0.1 g of precursor ((Pd(acac),) for 1 hour at 220 °C.
To extract the NPs, an excess amount of ethanol was added, followed
by centrifugation. The resulting Pdrop NPs were redispersed in
chloroform (5 mL) for the next steps in the synthesis and further
characterization. Monodispersed Pd NPs were also synthesized
using polyethylene glycol (PEG) as reducing and surface
stabilizing agent4>46, Specifically, 4 g of PEG with 2000
molecular weight was used to reduce Pd(ll) ions from the 67.7
mg of precursor ((Pd(acac)z) to Pd® metal at 120 °C for two
hours. The reaction product was collected by adding an excess
amount of DI water, followed by centrifugation at room
temperature. The resulting Pdpeg NPs were redispersed in DI
water (3 mL) for the next steps in the synthesis and further
characterization.

Synthesis of CeO, precursor. Ceric tetrakis(octyloxide) was
synthesized using a previously reported protocol in the
literature3147.48, Specifically, 5.48 g of ammonium cerium(IV)
nitrate were dissolved in 20 mL of dried methanol under aninert
atmosphere. 6.4 mL of dried n-octanol was added under
vigorous stirring at room temperature, followed by the
dropwise addition of 10.0 mL of sodium methoxide solution.
Immediately after, gaseous NHs and a bright yellow precipitate
(Ce(OCHs3)4) were formed. 25 mL of dried toluene was then
added, and the mixture was heated to 50 °C for 8 hours.
Methanol was completely removed from the reaction mixture
by distillation of the system at 73 °C under Ar for 15 hours. This
step was followed by the addition of 25 mL of dried toluene and
stirring at 50 °C for an additional 2 hours. The formed NaNO3;
was removed from the mixture by centrifugation and washed
using toluene. Finally, toluene was removed by distillation at 40

2 |Catal. Sci. Technol., 2021, 00, 1-11

°C under reduced pressure for 24 hours, resulting in an oil
product with a deep orange color.

Synthesis of Pd@MO; encapsulated catalytic structures. A
modified sol-gel approach was used for the encapsulation of Pd
NPs, as previously reported#4. The first step in the synthesis
involved the modification of Pdtop NPs surface using cetyl
trimethylammonium bromide (CTAB). Initially, 22 g of CTAB was
dissolved in 100 mL of dried ethanol (reaction media) under
magnetic stirring. Presynthesized Pdtop NPs were suspended in
chloroform (5 mL) by sonication and then added into the
CTAB/ethanol solution dropwise. In the case of the hydrophilic
NPs (Pdeec NPs), the appropriate amount of Pd NPs was
suspended in DI water (1 mL) by sonication and then added
dropwise into the reaction media (100 mL of dried ethanol)
under magnetic stirring. The mixture was then heated to 45 °C
for 20 min under vigorous stirring to disperse the Pd NPs,
followed by cooling to room temperature. The sol-gel process
started by injecting the MO, precursor (titanium(1V) butoxide,
zirconium(lV) n-propoxide, or ceric tetrakis (octyloxide)) using a
syringe pump with an injection rate of 6.7 uL/sec. The reaction
was performed for 24 hours, and the product was collected by
centrifugation and washed three times using a 1:1 by volume
methanol:water solution. The collected particles were then
dried at 80 °C overnight before further characterizations.
Synthesis of Pd NPs supported on porous MO, as control catalysts.
The preparation of the control catalysts started with the
synthesis of Pdrop NPs under the same condition as the Pdrop
NPs in the encapsulated catalytic structures. Prior to the
synthesis of TiO; films, surface modification of the Pd NPs with
surfactant molecules (CTAB) was performed following the same
procedure as discussed in the last topic. The surface-modified
Pd NPs were dispersed in ethanol prior to sequential
impregnation on the porous MO, support. The preparation of
the porous MO; (i.e., TiOz) support started with heating the
reaction media (100 mL of dried ethanol) to 45 °C for 20 min.
After the solution was cooled to room temperature, the MO,
precursor (titanium(lV) butoxide) was injected precisely the
same way as in the case of encapsulated catalytic systems. The
reaction was performed for 24 hours or until completion. The
product was collected by centrifugation and washed three
times using a 1:1 by volume methanol:water solution. The
collected particles were then dried at 80 °C overnight. The last
step involved the sequential impregnation of the Pd NPs
dispersed in DI water onto the porous MO; support. The
powder was dried at 80 °C overnight before further
characterization.

Characterization Techniques

Powder X-ray diffraction (PRXD). Powder X-ray diffractometry
(PXRD) analysis was performed using a Bruker Phaser Il X-ray
diffractometer with Cu Ka radiation of 1.5418 A.

High-resolution transmission electron microscopy (TEM). High-
resolution transmission electron microscopy (TEM) studies
were conducted using a JEOL 2010 transmission electron
microscope operated at 200 kV. The TEM grids for all the
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samples were prepared using the same procedure. Ten
microliters of the redispersed Pd NPs in water or hexane were
diluted with 5 mL methanol (for the hydrophilic ligands) or
hexane (for the hydrophobic ligands), respectively, and
sonicated for 20 minutes before dropwise deposition onto a Cu
grid. The histogram of the Pd NPs size was measured by
counting the diameter of 100 NPs in 3 random areas. Imagel
software was used to process the TEM micrographs.
High-resolution scanning transmission electron microscopy (STEM).
High-angle annular dark-field (HAADF)-STEM micrographs were
obtained using a Talos F200X electron microscope (Thermo Fisher
Scientific, USA) equipped with a field emission electron source at an
acceleration voltage of 200 keV. Further, energy dispersive X-ray
spectroscopy (EDS) mapping was performed using Talos F200X
electron microscope equipped with Super-X EDS consisting of four
windowless silicon drift (SDD) detectors (area of each detector: 30
mm?2) to aid in high sensitivity during elemental analysis.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). CO-DRIFTS studies on Pd@MO; were performed to
gain insights into structural properties and types of CO
adsorption sites on the encapsulated catalytic systems. These
experiments were conducted using a Thermo Scientific Nicolet
6700 FT-IR, where a closed cell was used to hold the sample for
analysis. The cell consisted of a chamber with a sample cup
holder, a heating system with a thermocouple, two ports for the
inlet and outlet of gas, and a dome with IR windows. The CO
DRIFTS characterization experiments included a pretreatment
at controlled gas compositions and temperatures, followed by
dosing the sample with CO, and the final purging step in Ar while
spectra were collected for 20 minutes. The sample was first
pretreated at 400 °C or 250 °C (sample dependent) in an
oxidative environment under flowing 20% O, in Ar for an hour,
with a subsequent reductive step at 200 °C under flowing 20%
H; in Ar for an hour, and a final purge under flowing Ar at 200
°C for 30 minutes. The temperature was then decreased to 50
°C, and CO was dosed on the surface of the sample for 20
minutes under flowing 10% CO in Ar. Finally, CO was purged
under flowing Ar and spectra were collected continuously for 20
minutes. The spectrum collected at 5 minutes was used for
comparison amongst different samples.

Nitrogen physisorption. The pore size distribution of the
synthesized catalysts determined via nitrogen
physisorption experiments in a Micromeritics ASAP 2020

was

system, using a non-local density functional theory (NLDFT)
method.4250 All the samples were degassed at 150 °C for 24
hours before a typical microporous structure analysis was
conducted by Micromeritics ASAP 2020. The NLDFT method was
based on a cylindrical, porous oxide surface model, using a non-
negative regularization value of 0.1 for smoothing.

Inductively coupled plasma-mass spectrometry (ICP-MS). The
content of Pd in the reported catalysts was determined via
inductively coupled plasma—mass spectrometry (ICP-MS), using
an Agilent 7700x ICP-MS system with an indium solution (10
ppb) as an internal standard. The catalyst was digested using a
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stainless-steel autoclave (Parr Instrument Company) with a 2:1
volume mixture of nitric acid (67-70%, Sigma-Aldrich) and
hydrogen peroxide solution (30 wt.%, Sigma-Aldrich) at 215 °C
for 4 hours. This was followed by dilution with 2% nitric acid
solution.

In-situ X-ray absorption spectroscopy (XAS). In-situ X-ray
absorption spectroscopy (XAS) measurements were carried out
at beamline 9-3 at the Stanford Synchrotron Radiation
Lightsource (SSRL) at SLAC National Accelerator Laboratory.
Experiments were performed at the Pd K-edge (calibrated using
metallic Pd at 24350.0 eV) using fluorescence yield with a PIPS
detector. For each sample/condition, four X-ray absorption
near edge structure (XANES) spectra were collected and merged
to improve the signal-to-noise ratio. The catalyst powder was
packed into a capillary flow reactor and placed at 45° to the
incident beam in an in-situ cell.3! Initially, the catalyst was
exposed to a 25 mL min-! flow of He at room temperature. After
that, the catalyst was pretreated in 20% O, in He at 400 °C for 1
hour and 20% H, in He at 200 °C for 1 hour. The pretreatment
was followed by purging under He at 200 °C for 30 minutes. CO
oxidation reaction was performed during heating from room
temperature to 350 °C. Post-reaction analysis was performed at
room temperature under He and 10% H, in He flow. The X-ray
absorption spectra were normalized and analyzed using Athena
in the Demeter software package.5?

Linear combination fitting analysis (LCF). Linear combination
fitting (LCF) analysis was performed with Athena software of
Demeter package>2. For each sample spectrum, the analysis was
done within an energy range of -30 eV below to +40 eV above
the edge using bulk Pd and PdO standard spectra as weighted
components. During each fit, the standards were constrained to
have no EO shift, and the weights were forced to be between 0
and 1, while not constrained to a weight sum of 1.

H,/D, scrambling. A tubular packed-bed gas phase reactor
coupled with a mass spectrometer was employed to carry out
H,/D> exchange experiments, which were used to estimate the
availability of surface metal active sites. For each catalyst, the
exchange activity was measured before pretreatment, after RP-
M (moderate-temperature oxidative-reductive pretreatment),
RP-H (high-temperature
pretreatment). A flow rate of 20 vol.% H; in Ar was kept at 40

and after oxidative-reductive
mL min-1. Three injections of 0.2 mL pure D, were introduced
through the bypass for calibration, followed by three injections
through the catalyst bed to measure HD formation rates. The
D, conversion was used for estimation of the forward H,/D-»
scrambling rates, given that H, was in great excess. Control
experiments on large quantities of a 5 wt.% Pd supported
commercial catalyst (Pd/Al>Os) allowed for the estimation of
the equilibrium conversion, which was found to be >95%. For
this reason, measurements for all rates were conducted at D;
conversions below 50%, and the reverse reaction corresponding
to HD dissociation was neglected. To estimate apparent
dispersions, H,/D, exchange rates were measured, at a
conversion of 50%, for the control supported Pd catalyst with a
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known dispersion of 42% (obtained from CO chemisorption®3).
These measurements were extrapolated to estimate the
quantity of exposed surface Pd atoms for all catalysts, which
was then used to calculate percent dispersion and metal surface
area. Note that this method for estimating percent dispersion is
fairly accurate for all catalysts at H,/D> scrambling activity of
~50% conversion, given that calculations are referenced to the
performance of the control catalyst at 50% conversion.
However, dispersion values could be overestimated for
catalysts with reactivity far below 50% conversion.

Catalytic Reactivity Studies

Gas-phase reactor studies were carried out to determine the
reactivity of the encapsulated catalytic structures for CO
oxidation reaction. A mass spectrometer was used to analyze
the composition of the outlet stream based on the mass
fragments of the gases and determine the formation of CO; as
a function of temperature. The packed bed reactor was
prepared by packing the catalyst powder in between two layers
of glass wool, with flow through the catalyst. For consistency
and comparison purposes, the total Pd metal loading into the
reactor was kept at 0.09 mg for all experiments. The gas flow
rates were set to ensure control over catalytic conversion for
the reaction temperatures in the ranges of interest. All the
reactivity testing experiments consisted of an initial
pretreatment followed by three cycles of CO oxidation reaction.
The catalyst was pretreated at 250 °C or 400 °C in an oxidative
environment under flowing 20% O, in He for an hour, then
reduced for an hour at 200 °C under flowing 20% H, in He, and
finally purged for 30 minutes under flowing He at 200 °C. The
temperature was then decreased to 30 °C, and a total 50 sccm
flow rate of a 1: 10: 39 mixture of CO: O,: He was fed to the
reactor. The first CO oxidation temperature ramp was carried
out by increasing the temperature at 10 °C/min to 350 °C,
dwelling for 5 minutes, and lowering back to room temperature
(RT). Two more ramps were carried out identical to the first
ramp, with two hours of dwelling at RT in between each ramp.
Reactivity analysis was performed by calculating the percent
conversion based on the highest and lowest intensity signal
obtained for CO; production as a function of temperature.
Then, light-off curves were prepared, and the conversion was
plotted against temperature for all three ramps. The light-off
temperature was set to be that at which the catalyst achieved a
50% conversion of CO into CO,. The CO conversion (Xco) was
calculated by recording the CO; signal (m/z = 44). The lowest

Table 1 Characterization of the catalysts after RP-M pretreatment.

CO; signal obtained prior to reaction was used as a baseline,
representing 0% conversion. Using the levelled-off CO, intensity
at high temperature as the value corresponding to 100%
conversion, the CO; intensity signal obtained at each data point
was compared to the baseline to obtain the percent conversion.

Results and discussion

Encapsulated versus Supported Catalytic Structures for Pd-TiO,
System: Characterization and Catalytic Performance

Hydrophilic Pd NPs were synthesized using two different
methods. In the first method, Pd NPs were directly synthesized
using trioctylphospine (TOP) and oleylamine (OAm) as surface
stabilizing and reducing agents, respectively, and their surfaces
were modified with hexadecyltrimethylammonium bromide
(CTAB) to make the NP surfaces hydrophilic prior to
encapsulation or as previously
reported>4. The second approach was based on a polyol method

impregnation onto MO,

involving polyethylene glycol (PEG) as a surface stabilizing and
reducing agent?®. In this case, no further modification of the NP
surface was needed prior to encapsulation due to the
hydrophilic nature of the surface ligands. The encapsulation of
the Pd NPs involved a controlled sol-gel approach, as detailed in
the Experimental Section.33 The same Pd NPs were also
supported on porous oxide films of TiO; (synthesized using the
same sol-gel technique as for encapsulation) using sequential
impregnation. Transmission electron micrographs (TEMs) of Pd
NPs capped with the various ligands are shown in Figure S1. The
characteristics of the different catalysts are summarized in
Table 1. Pd NPs obtained by the two methods described above
display different metal particle sizes. When Pd NPs were
synthesized using TOP/OAm, the average metal particle
diameter was 1.99 + 0.64 nm, while in the case of PEG, the
average Pd NP diameter was reduced to 1.28 + 0.91 nm. The
difference in the size of the NPs could be due to the reaction
temperature needed to reduce the Pd precursor using the
different agents (220 °C for TOP/OAm vs. 120 °C for PEG). The
Pd loading of the samples was determined by ICP-MS, as shown
in Table 1. It can be observed that the Pd content resulting from
the two preparation methods ranged from 0.05 wt.% for
Pdpec@TiO, to 0.2 wt.% for Pdrop@TiO,. The different Pd
loading for the Pdpec@MO; could be due to the possible weak
intermolecular attractive forces induced by the long chain
(steric hindrance) of the surface-bound ligand of Pd NPs (PEG)
with the oxide precursor during synthesis.

Sample Name Pd loading?, %

BET Surface Area®, m?x g!

Total Volume in Pores®, cm? x g1 Light off at Tsc¢, °C

Pdror/TiO2 0.153+0.014 318+4
Pdror@TiO2 0.159 + 0.006 3061
Pdres@TiO> 0.048 + 0.002 309+3
Pdrec@CeO> 0.437 £ 0.054 94 +2
Pdres@ZrO> 0.450 + 0.026 163+3

0.20 288+7
0.20 255+7
0.21 2272
0.06 234+1
0.12 194 +5

aDetermined by ICP-MS. Three runs were taken for each sample to obtain the standard deviation.

bObtained using N2 physisorption.

cUncertainties indicate standard deviation of Tso values for three temperature ramps.
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Prior to catalytic testing, the as-synthesized catalysts were
exposed to a moderate temperature redox pretreatment (RP-
M), involving oxidative treatment with 20% O,/He at 250 °C for
1 hr, followed by a reductive treatment with 20% H,/He at 250
°C for 1 hr, with a final purging step in pure He at 250 °C for 30
mins. The purpose of the pretreatment was to clean the
catalyst’s surface of residual organic species from synthesis and
assure Pd reduction prior to catalytic testing. Catalyst
characterization following this treatment using X-ray diffraction
(XRD) showed that the oxide shell exhibited a tetragonal
crystallographic structure corresponding to anatase TiO; (Figure
S2). Nitrogen physisorption studies (Figure S3) showed that all
catalysts exhibited type IV isotherms®> with a uniform
microporous structure (insert, Figure S2). All Pd-TiO; catalysts
exhibited BET surface areas in the range 300-320 m2 g1 (Table
1). The prepared catalysts were evaluated for CO oxidation
using a heating rate of 10 °C/min from room temperature to 350
°C. Table 1 and Figure S4 show the light-off temperatures (Tso)
and curves, respectively, for CO oxidation on encapsulated
(PdpEG@TiOZ, PdTop@TiOZ) and Supported (PdTop/TiOZ)
catalystsThe light-off temperature (Tso) was defined as the
temperature at which a conversion of 50% was achieved for
each catalytic system; shifts in this temperature help assess
catalyst performance. Based on the light-off temperatures,
Table 1 shows that the performance of encapsulated catalytic
structures containing Pd NPs capped with TOP (Pdrop@TiO3)
was lower than that for the encapsulated structure containing
Pd NPs capped with PEG (Pdpec@TiO3). One potential reason for
this could be the effect of RP-M pretreatment conditions at 250
°Cin the removal of Pd surface ligands (PEG versus TOP/OAm).
PEG decomposes at >160 °C, which should lead to its complete
removal during pretreatment, while TOP requires temperatures
above 300 °C for complete removal.2856.57 This suggests that
TOP could potentially act as a Pd site blocker during CO
oxidation leading to the lower activity of Pdrop@TiO; catalyst>8.
When comparing encapsulated versus supported catalyst
systems, Table 1 shows that encapsulated structures performed
better than the control conventional supported catalysts (i.e.,
Pd1op/TiO3), likely due to the enhanced interface between Pd
and TiO, and/or limited agglomeration of the Pd NPs under
reaction conditions.

In-situ XAS and CO-DRIFTS studies on Pd@TiO, System

To determine the oxidation state of Pd NPs in encapsulated
catalytic structures, XAS studies were carried out on
Pdpec@TiO,, the catalyst with the best performance for CO
oxidation. After placing the catalyst in a quartz-capillary-based
microreactor, XAS spectra were recorded continuously under
He flow. Prior to analysis, the catalyst was pretreated using a
high-temperature redox pretreatment (RP-H) involving an
oxidative step at 400 °C followed by a reductive treatment at
200 °C to ensure the complete removal of carbonaceous species
from the exposed catalyst surface. To quantitively analyze the
fraction of Pd oxidation states, linear combination fitting (LCF)
of the normalized Pd K-edge XANES spectra was performed,
taking PdO and Pd metal foil as reference compounds
representing Pd?* and PdO, respectively. Excellent quality fits
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Figure 1 a) XANES spectra of Pdpec@TiO, before and after CO oxidation; b) CO DRIFTS
spectra of 0.048 wt.% Pdpec@TiO, obtained during minute 5 of CO purge in Ar (i) before
in-situ CO oxidation reaction, (ii) after in-situ reaction, and (iii) after in-situ reaction with
further RP-H redox treatment. The spectrum (iv) corresponds to spectra of 0.048 wt.%
Pdpec@TiO, obtained at 5 min of CO purge in Ar after ex-situ CO oxidation reaction in a
gas-phase reactor. All spectra were collected post-exposure to gas-phase CO at 50 °C.

were obtained using a fit range of -30 to 40 eV (Ep), with
agreement factors around 0.0015. Phase composition analysis,
yielding the fraction of Pd2* and Pd® within the sample in
different stages is shown in Table S1. The Pd K-edge XANES
spectra in Figure 1la shows that the catalysts were reduced to
almost Pd® — 99% of phase composition — during the RP-H
pretreatment. Operando XANES Pd K-edge spectra measured
during CO oxidation are shown in Figure S5. As the temperature
and CO conversion increased, the absorption Pd K-edge shifted
to lower energy, and the intensity of the “white line” increased.
This suggests partial oxidation caused by coverage of the Pd
surface with adsorbed oxygen species after depletion of CO
(which, at low temperatures is chemisorbed more strongly on
Pd sites than oxygen and prevents the latter from oxidizing the
Pd sites).5? After CO oxidation and postreaction exposure to He,
the Pd K-edge spectra resembled that of PdO, indicating mainly
oxidic Pd species, as shown in Figure 1a. It is established that
the K-edge threshold energy shifts higher as the formal
oxidation state of the X-ray absorbing atom increases.®°
Qualitatively, an increase in the oxidation state of the catalyst is
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associated with an increase the K-edge energy. Upon
introduction of 10% H,, the Pd K-edge spectrum suggests a
mixture of Pd® and Pd2* states of the catalyst with a resultant
phase composition of 35% and 65%, respectively, visible as an
increase in the intensity of the XANES white line for the
Pdpec@TiO; — indicating the reduction of the PdO phase to Pd®°.
XANES studies were also performed for Pdrop@TiO,. The
variations in the oxidation state of Pd in the Pdrop@TiO; catalyst
under different gaseous environments are plotted in Figure S6.
After the pretreatment, Pd NPs were predominantly metallic
within 86% of Pd® obtained from LCF. Interestingly, under CO
oxidation conditions, Pd remained mainly in a metallic state in
Pd1op@TiO3, unlike Pdpec@TiO, which exhibited a higher extent
of oxidation of Pd. Evaluating quantitatively the obtained data
by LCF showed that Pd species in Pdrop@TiO; became largely
reduced (91%) after reaction. On the other hand, Pdpec@TiO>
postreaction in He shows that 86% of Pd species are oxidized
during reaction. After reaction and under H; flow, a Pd hydride
phase formation was observed, consistent with its metallic
nature. On-line fluent gas analysis from the XAS in-situ reactor
using a mass spectrometer (Figure S7) showed that CO
conversion as a function of temperature was in good agreement
with the obtained trends from conventional packed bed reactor
studies, highlighting the higher catalytic activity of Pdpec@TiO>
vs. Pdtop@TiO;. The differences in the oxidation state between
the Pdpec@TiO, and Pdrop@TiO, observed in XAS could be due
to the presence of surface ligands on Pd in the case of
Pd1op@TiO, keeping the surface reduced and minimizing
interaction with the reactive species. These results suggest that
oxidic Pd sites are associated with catalytic turnover for CO
oxidation. This is in agreement with the literature report which
showed that Pd?* coordinated with a redox support promoted
CO adsorption leading to its reduction to Pd* by CO®1, which is
also supported by our CO Fourier transform spectroscopy
(DRIFTS) studies discussed below.

To probe the nature of the active surface structure under
reaction conditions for Pdpeg@TiO,, CO DRIFTS studies were
performed (Figure 1b). Spectra were collected for 20 minutes
during the purging of CO from the surface of the catalysts in He,
which was performed before reaction (spectrum (i)), after in-
situ reaction (spectrum (ii)), after in-situ reaction followed by
RP-H redox pretreatment at 400 °C (spectrum (iii)), and after ex-
situ reaction performed in a gas-phase reactor with further RP-
H treatment (spectrum (iv)). A prominent peak centered at 2076
cm1 appeared after the initial RP-H treatment prior to reaction,
along with a sharp peak at 2130 cm1, as observed in the top
spectrum (i), Figure 1b. Both peaks resided in a region
corresponding to linearly bound CO on Pd, where the 2076 cm-
1 peak is ascribed to atop CO on Pd9, and the peak at 2130 cm-?
corresponds to atop CO on Pd*.62 Interestingly, the peak
centered at 2130 cm™! was observed consistently throughout
the experiment, both before and after in-situ reaction, but its
intensity relative to the 2076 cm! peak varied. The changes in
relative intensity of the two major peaks under CO oxidation
conditions could be explained by the fact that before reaction,
the catalyst was mostly reduced and Pd was in a metallic state,
in accordance with the prominent peak at 2076 cm-1. However,
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as the catalyst was exposed to oxygen and CO during in-situ CO
oxidation at 350 °C, Pd NPs redispersed into smaller Pd clusters
and into oxidized Pd in the form of Pd*, as suggested by the
increase in the intensity of the peak at 2130 cm-! relative to
2076 cm-t observed in spectrum (iii). In the presence of CO at
350 °C, formation of Pd-CO bonds can lead to the weakening in
the binding strength of Pd to TiO;, resulting in Pd atoms
becoming mobile on the surface and redispersing into oxidized
Pd species.?3-66 As observed in spectrum (ii), immediately after
in-situ CO oxidation, a peak centered at 1978 cm-! emerged,
corresponding to bridge-bound CO on Pd*, further supporting
redispersion of Pd during CO oxidation.67.68 In spectrum (iv),
collected after ex-situ reaction, both peaks corresponding to
linearly bound CO on Pd emerged at 2130 cm1 and 2076 cm-1,
along with a peak for bridge-bound CO on Pd at 1978 cm™.
Interestingly, peaks similar in location and intensity emerged
after in-situ and ex-situ CO oxidation reaction, as observed in
spectra (iii) and (iv) of Figure 1b.

Effects of the oxide (MO,) shell composition on CO oxidation for
Pd@MO; systems

Reducible oxides such as CeO; and TiO; have shown to exhibit a
positive effect on the activity of supported Pd catalysts toward
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CO oxidation due to the redox properties of the metal oxide at
the Pd-MO interface.l” However, zirconia (ZrO;), an oxide that
requires much higher temperatures to reduce, has also shown
promise when used as support for Pd. The enhanced
performance of this system has been attributed to rapid oxygen
exchange between the Pd surface and ZrO,, which was found to
be faster than the exchange between the metal surface and the
gas phase.®® Given this understanding, Pd NPs with the best
performance (Pdpeg NPs), were encapsulated with various oxide
shells (MO, = TiO,, Ce0O,, and Zr0O,) to determine their effect on
the catalytic activity for CO oxidation. After the RP-M
treatment, amorphous ZrO,, tetragonal anatase TiO3, and cubic
cerianite CeO, were obtained for Pdpec@ZrOz-amorphous,
Pdpec@TiO2, and Pdpec@CeOs, respectively (Figure S2). To gain
insight into the porous structure of the TiO,, CeO,, and ZrO,
shells, N2 physisorption studies were used. The BET surface area
and total pore volumes, as shown in Table 1, were different for
the various metal oxide shells. The pore size distribution (Figure
S3) was narrow and centered at about 3.7, 2.4, and 2.4 nm for
TiO2, Ce03, and ZrO;-based catalysts, respectively. ICP results
showed that the Pd loading achieved after synthesis for systems
with TiO;, CeO;, and ZrO,, were 0.048 wt.%, 0.44 wt.%, and 0.45
wt.%, respectively.

The performance tests were carried out on all encapsulated
catalytic systems and the metal oxides themselves for
comparison. Reactivity was normalized by Pd metal loading into
the reactor, which was kept consistent at 0.09 mg for all
experiments to compensate for any differences in the Pd
loading on the various Pd@MO; catalysts. As observed in
Figure 2a, the reactivity of the catalysts for CO oxidation,
measured under identical testing conditions, varied depending
on the nature of the MO, shell for encapsulated structures.
Apparent activation energy (E,?°P) values were obtained using
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an Arrhenius-type plot, as shown in Figure 2b. Table S2 shows
that the calculated E, PP close to 44 kJ mol?! for Pdpec@ZrO,,
lower than that of ~55 kJ mol? for Pdpec@TiO,, or ~57 kJ mol-?
for Pdpec@CeO;, consistent with the activity trends reported in
Figure 2a. This difference in reactivity among Pd@MO; catalysts
is potentially associated with differences in the CO oxidation
mechanism on these systems. Over Pd@TiO;, based on the
studies above and literature on supported Pd/TiO, systems'?,
the reaction was hypothesized to proceed through a surface
reaction between the weakly adsorbed CO and oxygen via a
Pd/Ce0O, catalyst,
however, the reaction mechanism has been reported to involve

Langmuir—Hinshelwood mechanism. For
oxygen activation at different sites; CO adsorbed on Pd species
was shown to interact with surface lattice oxygen of CeO; or
oxygen ions activated by the anion vacancies near Ce3+*.70 In the
case of Pd@ZrO,, a redox or Mars van Krevelen mechanism has
been suggested in the literature.®® Table 1 shows that
Pdpec@ZrO; exhibited the lowest light-off temperature for CO
oxidation of 194 °C, compared to Pdpec@TiO2 (227 °C) and
Pdpec@CeO; (234 °C). Previous reports highlighted oxygen
mobility at the interface between the metal and ZrO; assisting
in the Mars van Krevelen mechanism for CO oxidation as the
potential reason for the enhanced activity of the Pd-ZrO;
system.71-74

CO DRIFT spectra were collected for all three Pdpec@MO
catalysts after RP-H treatment and prior to CO oxidation
reaction, using the procedure previously described in the
Experimental Section, to shed light on the catalyst active
surface structure. Figure 3 shows that the location of the
observed major peaks varied depending on the metal oxide
used for Pd NP encapsulation. In the case of the Pdpec@TiO;
(spectrum (i), Figure 3), two major sharp vibrational peaks were
observed in the 2000-2150 cm- range, characteristic of CO
binding linearly to Pd in the form of CO-Pd* and CO-Pd°.
Contrastingly, in the case of Pdpec@ZrO;, a broad peak
extending from 1920-2080 cm and composed of three
overlapping peaks, was observed (spectrum (ii), Figure 3), and
ascribed to linearly bound CO on Pd9, bridge-bound CO on Pd?,
and bridge-bound CO on Pd(100).6275 These results suggest that
Pd species in Pdpec@ZrO, before reaction were completely
reduced, with CO binding preferentially to metallic Pd sites. In
the case of Pdpec@CeQ; (spectrum (iii), Figure 3), two sharp
peaks, one in the region corresponding to bridge-bound CO to
Pd° and one ascribed to CO bound onto hollow metallic Pd sites
were observed, along with a small peak in the region ascribed
to linearly bound CO to PdO. The variations in peak location,
shape, and relative intensities observed between the three
spectra prior to in-situ CO oxidation reaction indicate that the
nature of the metal oxide shell and its interfacial interaction
with Pd plays an important role in the formation of different
types of active sites, which could potentially impact the
generation of distinct catalytic properties and reactivity for each
Pd@MO system, as observed in Figure 2a. To further shed light
on the changes in the reactive surface of the Pd@MO; catalysts
during reaction, an extended study was performed where in-
situ CO oxidation reaction was conducted and DRIFTS scans
during CO purging in Ar were collected, as shown in Figures S8
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followed by reduction at 250 °C) and RP-H (high-temperature oxidative pretreatment at
400 °C followed by reduction at 200 °C) conditions.

(carbonyl region, 1800-2200 cm) and S9 (full spectra, 1200-
2400 cm). Peaks in the 1200-1600 cm region (Figure S9)
correspond to carbonate species bound to the metal oxide
(OCO vibrations). Spectra (i) and (ii) for Pdpec@TiO in Figure S8
show two peaks emerging at 2076 and 2130 cm?,
corresponding to linearly bound CO to Pd®and Pd*, respectively.
As previously discussed, the changes in the relative intensity of
2130 to 2076 cm also observed in Figure 1 before and after
reaction suggest Pd redispersion, which could impact the
reactivity of the catalyst for CO oxidation. In the case of
Pdpec@ZrO,, changes were observed in the metal carbonyl
region (1800-2200 cm-1, Figure S8) before (spectrum (iii)) and
after (spectrum (iv)) in-situ CO oxidation reaction. As previously
shown in spectrum (ii) of Figure 3, three bands appeared prior
to reaction, centered at 1952, 1994, and 2042 cm-1. After being
exposed to reaction conditions, the three peaks shifted and
formed two major peaks centered at 1970 and 2035 cm,
corresponding to a-top bound and bridge bound CO on Pdo,
respectively.®2 The obtained CO DRIFTS results for Pdpec@ZrO;
indicate that the rapid oxygen exchange between the Pd surface
and ZrO; during reaction resulted in similar availability of metal
sites and similar CO-Pd interactions, but slightly different CO-
ZrO; interactions postreaction. Conversely, spectra (v) and (vi)
in Figure S8 for Pdpec@CeO, before and after CO oxidation
reaction, respectively, indicate that no significant changes
occurred in the reactive surface of this catalyst after reaction.
The intensity and location of all bands observed both in the
metal-carbonyl region (1800-2200 cm-) and in the region
corresponding to interactions between CO and CeO; (1400-
1600 cm-1, Figure S9) remained essentially the same before
(spectrum (i)) and after CO oxidation reaction (spectrum (ii)).
These observations suggest that the bridge and hollow binding
of CO to Pd remain unaffected despite being exposed to
reaction conditions for CO oxidation.

Figure 4 shows the effect of the RP-M and RP-H redox
pretreatment on the catalytic structure and activity of the
Pd@MO; materials toward CO oxidation. As observed in Figure
S2, ZrO; was the only metal oxide shell studied that remained
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amorphous under a pretreatment temperature of 250 °C, and
thus it was subjected to treatments at various temperatures
until a tetragonal crystallographic structure was achieved at 400
°C to assess the effect of crystallinity on the catalytic activity.
For consistency, all three PA@MO systems were subjected to
the same RP-H pretreatment, and the results obtained were
then compared to those obtained from the experiments using
the RP-M treatment. The temperature of reduction for these
experiments was kept at 200 °C to avoid the possibility of
inducing strong metal-support interaction (SMSI) effects, which
could block Pd sites.”®77 Figure S10 shows the HAAD STEM
images and EDS mapping of Pd@MO, (M= Ti, Ce, or Zr)
structures. The ZrO,-based catalyst was characterized using
XRD, as reported in Figure S11. It was confirmed that after the
RP-H treatment, the Pdpec@ZrO, had achieved a crystalline
structure, and all samples exhibited a degree of pore closure
and loss of surface area upon pretreatment. The light-off curves
shown in Figure 4 were obtained with both the RP-M and RP-H
pretreated catalysts and used to compare variations in the
reactivity of each Pd@MO; system as a function of the
pretreatment oxidation temperature conditions to determine
the impact of crystallinity of MO; on the performance of the
catalysts.

As observed in Figure 4 and reported in Table S2, the light-off
temperature, representative of the catalytic reactivity, of the
Pdpec@CeO; system (green curves) slightly increased (by < 10°C)
as the temperature of the oxidative treatment was increased.
Similarly, the differences in activity were analyzed for the
Pdpec@TiO; system (red curves) as a function of pretreatment
temperature. Figure 4 shows that the activity of Pdpec@TiO,,
analyzed in terms of the light-off temperature and the shape of
the light-off curve, remained unchanged regardless of the
temperature of pretreatment applied prior to reaction. The
insignificant changes in the CO oxidation reactivity for both
Pdpec@TiO; and Pdpec@CeO, systems as a function of
pretreatment temperature were consistent with the fact that
was the same at both
in the case of

crystallinity of the oxide shell
pretreatment temperatures. Conversely,
Pdpec@ZrO; (blue curves), the light-off temperature increased
about 20 °C when the oxidative pretreatment temperature was
increased via the RP-H treatment. As observed in Figure 4, the
shape of the curve corresponding to the RP-M pretreated
catalyst, Pdpec@ZrOz-amorphous, €xhibited variations as a result of
pretreatment temperature, particularly above 50% CO
conversion. To ensure that no additional structural changes
occurred during reaction, six temperature ramps were
conducted on selected materials for catalytic recyclability
testing and no major changes were noted after the 3rd cycle.
Thus, three temperature ramps were conducted on all catalysts
investigated in this work. Given that a crystalline ZrO; shell was
only formed after subjecting the catalyst to the RP-H treatment,
the shape of the curve corresponding to the RP-H treated
Pdpec@ZrO,, indicated an improvement in the thermal stability
of the catalyst. Moreover, it can be observed in Figure 4 that the
Pdpec@ZrO, (RP-H treated) catalyst achieved complete
conversion at the lowest temperature. Overall, independent of
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the pretreatment temperature, Pdpec@ZrO; system exhibited
the best performance for CO oxidation.

H,/D> scrambling experiments were performed as a
characterization technique to determine HD exchange rates and
estimate dispersions before pretreatment, after RP-M, and
after RP-H for the PdpEG@ZrOZ, PdpEG@TiOZ, and PdpEG@CEOZ
catalysts. Dispersion here is used as a measure of the fractional
exposed metal surface area and is determined by calculating the
ratio of surface metal atoms by the total number of metal
atoms. As observed in Figure S12 and as reported in Table S3, a
clear trend is observed for all three catalysts, where scrambling
activity (and hence active surface area) is higher after RP-H and
is lower when no pretreatment is performed, suggesting that
oxidative-reductive pretreatments increase the availability of
exposed Pd active sites. Estimated dispersion was similar for all
three catalysts after RP-H, as observed in Figure S12, whereas
the activity prior to pretreatment was much higher for
Pdpec@ZrO; than that for Pdpec@CeOs. Interestingly, after RP-
M, the trend is reversed, with a higher apparent active surface
area observed for Pdpec@Ce0O,, suggesting that the increased
availability of Pd active sites observed after pretreatment is
affected by the nature of the metal oxide used for
encapsulation. These findings support our claim that variations
in the reactivity of encapsulated catalysts arise from changes in
the Pd-MO interactions. Moreover, it can be concluded that the
trend observed for reactivity of encapsulated catalysts for CO
oxidation after RP-H, where Pdpc@ZrO, is the most active
catalyst, is due to the interaction between Pd and ZrO,, given
that the exposed available Pd site density is nearly the same for
all encapsulating oxides.

Although Pdpec@ZrO3-amorphous Showed the best overall catalytic
performance, the light-off temperature for Pdpec @ZrO, was still
lower than those obtained with both Pdpec@CeO,
Pdpec@TiO; catalytic systems. These results suggest that
Pdpec@ZrO; provides the best encapsulated catalytic system for
CO oxidation, independent of the crystallinity of the oxide shell.
The exceptional low-temperature catalytic activity observed for
metal encapsulated in amorphous ZrO,, poses a promising
material for further investigation for industrially relevant
reactions that allow preservation of the amorphous structure.
Two factors have been reported as the main contributors to the
enhancement of catalytic activity for CO oxidation on supported
Pd catalysts: (i) the dynamic reducibility of Pd2* to Pd9, and (ii)
the participation of lattice oxygen of the redox oxide support.’8
We propose that the Pd-ZrO; interface leads to improved CO
oxidation catalytic activity because: (i) ZrO; reduces when in
close contact with Pd; (ii) metal-metal oxide interactions
between Pd and ZrO, enhance PdO stability; and (iii) the
equilibrium oxidation-reduction properties of the Pd@ZrO;
core-shell catalysts are not a simple sum of those expected for
the individual PdO-Pd and ZrO; phases.”® Contact between the
transition metal and ZrO; in encapsulated structures also
provides opportunities unavailable with CeO, and TiO,-based
catalysts due to the fact that ZrO, does not form a stable
reduced phase under normal conditions.

and
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Conclusions

Pd-MO; encapsulated catalytic systems were prepared by a
two-step protocol. The encapsulated catalytic systems
displayed higher activity and stability when compared to the
control-supported Pd/MO, catalysts due to unique
physicochemical properties at the Pd-MO interface.
Interestingly, the Pdpec@ZrO; catalyst showed the most
promising activity for CO oxidation (regardless of pretreatment
temperature) resulting from changes in the Pd oxidation state.
In addition, the reported results indicated that the active sites
in the amorphous structure (Pdpec@ZrOz-amorphous) Were
significantly more active at low temperatures, presenting
catalytically interesting systems for oxidation reactions under
mild conditions. Moreover, CO DRIFTS findings indicate that Pd
redispersion occurred under CO oxidation reaction conditions in
the Pdpec@TiO; system, with potential formation of smaller Pd
NPs, Pd clusters and oxidized Pd species postreaction. In the
case of Pdpec@ZrO, and Pdpegg@CeO,, no evidence of Pd
redispersion was observed during in-situ CO DRIFTS
experiment. To better understand the reaction mechanism by
which CO oxidation occurs over the surface of Pdpec@ZrO,, XAS
studies and other surface characterization techniques will be
performed as part of future work for this investigation. The data
presented here indicate that several phases may exist. The effect
from the presence of monometallic Pd or PdO clusters is also not
unlikely and cannot be excluded either. The conditions of the catalyst
pretreatment, the state of the active Pd species, and the interaction
between Pd and MO at the interface contribute to the enhanced
catalytic performance in the case of Pd@ZrO, under the considered
CO oxidation conditions.
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