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ABSTRACT

In this work, to identify the active site of Pd/Al.O3 catalysts for CO oxidation, we investigated
the dependence of CO oxidation activities for Pd/Al.Oz on surface structure and morphology of
Pd nanoparticles. The maximum catalytic activity was obtained in the Pd particle size of
approximately 2 nm. We performed structural analysis of Pd surface from IR spectra of adsorbed
CO on Pd surface. A positive proportional relationship was obtained between catalytic activity
and the fraction of linear adsorbed CO on Pd corner sites and Pd(111). Therefore, Pd corner sites
and Pd(111) on Pd particle are highly active sites for CO oxidation. X-ray absorption fine
structure (XAFS) and spherical aberration corrected scanning transmission electron microscopy
(Cs-STEM) elucidated that < 2 nm Pd nanoparticles with amorphous-like structure and large
well-ordered Pd particles are key structure to high fraction of the corner sites and Pd(111),

respectively.

1. Introduction

Supported metal nanoparticle catalysts have been widely used for purification of exhaust gas
from automobiles and industrial catalytic processes for chemicals. Size control of supported
metal particles is effective approach to improve catalytic performance. Because the proportion of
surface sites (for examples, corner and edge) on the nanoparticles changes dramatically
depending on particle size.* For examples, the abundance of low-coordination atoms on Au
clusters improve for activities of CO oxidation?, water gas shift reaction®* and aldehyde

hydrogenation®. It has also been reported that the interfacial site between Ni, Pd and Pt



nanoparticles and CeO», which increases as decreasing metal particle size, promotes the CO

oxidation.®

The crystal structure and the surface structure of metal nanoparticles, which are different from
those of bulk metals, sometimes improve the catalytic performance.’~*? Size controlling of Ru
nanoparticle to 3 nm improved catalytic activity for hydrogen oxidation reaction due to
generation of amorphous-like surface structure.'* Metal-support interaction (MSI) is also one of
the important factors for determining the structure of metal nanoparticles on supports.10-1314
Recently, we investigated that Pd particle size effect on methane combustion for Pd/Al>O3z with
various alumina crystalline (y- and 8-, a-Al,03).%° y-Al.O3 strongly interacts with Pd species as
compared with 6-Al,03 and a-Al.03.The morphology and surface structure of Pd particles,
which were varied by Pd particle size and metal-support interaction (MSI), affected methane
oxidation activity. In case of extremely low metal loadings, metal species present as an isolated
metal atom on supports.* It was found that isolated metal species (such as Pt*3?° and Pd?!,
Rh?223 Ru?*) is highly active as compared with nanoparticles in various catalytic reactions. It is
necessary to understand the influence of their structure on catalysis for improvement of catalytic

performance.

The Pd catalysts are often used as conventional catalysts for CO oxidation.?>=?® The Pd particle
size effect in CO oxidation has been also discussed since about 40 years ago.*° From a practical
viewpoint of environmental purification, the importance of the catalytic activity at lower
temperatures (< 200°C) is increasing. One of the keys is the effect of Pd particle size which
largely changes reaction rates. Wang et al. demonstrated that the activity of CO oxidation

increased with decreasing from 5070 to 4-8 nm.3! Osaki also reported that activity of Pd/Al2O3



increased as decreasing particle size in the size region of 5-14 nm.*? Haneda et al. reported that
the turnover frequency (TOF) of Pd/Al>O3 catalyst in CO oxidation is constant in the size range
of 4.0-14.0 nm Pd particles.?® Phan et al. claimed that the Pd particle size (about 5-12 nm) does
not affect the CO oxidation activity.?” On the other hand, Peterson et al. reported that Pd
dispersed atomically on Al,Oz3 is effective for CO oxidation activity than Pd nanoparticles at low
temperature.?® A microcalorimetric measurement and density functional calculations
demonstrated that adsorption properties of CO on Pd nanoparticles consisting of <1000 atoms
were considerably different than on Pd bulk.3*-%® Based on the above, the Pd particle size effect
in a size region of 4 nm or less has not been clarified and the maximum activity for CO oxidation

may be hidden in its size region.

Herein, we prepared Pd/Al.O3 catalysts with various particle sizes and alumina crystalline
phases, and evaluated their CO oxidation activities. We expected that the control of particle size
and strength of MSI will change shape and surface structures of metal nanoparticles. Combining
X-ray absorption fine structure (XAFS), spherical aberration corrected scanning transmission
electron microscopy (Cs-STEM) and infrared spectroscopy (IR) using CO as a molecular probe,
we identified the size, shape and surface structure of Pd particle on Al,O3. Comparison between
the relative fraction of various Pd surface site and the activities revealed the most active site for

CO oxidation.

2. Experimental section

2.1. Catalyst preparation



v-Al203 was obtained by thermal decomposition of boehmite (Sasol, PURAL alumina) at
500°C for 1 h. 6-Al>03 (AKP-G07) was supplied from Sumitomo Chemical Co. Ltd. and
calcined at 500°C for 1 h. Pd (Pd loading: 0.1-2wt%) were deposited onto alumina supports with
various crystalline phases by the impregnation method using a 4.5wt% Pd(NO3)2 solution. The
alumina supports were impregnated with an aquous 4.5wt% Pd(NO3)2 solution, and the
suspension was stirred for 1 h. Excess water was removed by a rotary evaporator at 60°C, and
then catalysts were dried at 80°C for 8 h and calcined at 300 or 500°C for 3 h. Some of the
samples were further treated at 800, 850 or 900°C under air for 10 h to obtain Pd/Al>O3 catalysts

with various Pd particles sizes.

Pd/ZSM-5 was prepared by ion exchange method. H-ZSM-5 was obtained by calcination of
NH4"-ZSM-5 with Si/Al ratio of 20 (Tosoh Co., HSZ-840NHA) at 700°C for 30 min. 1.0 g of H-
ZSM-5 stirred in 100 mL of an aqueous Pd(NO3)2 solution (containing 1.5 equivalent of Pd?*
based on Al content of H-ZSM-5) for 2 h at 45°C. The prepared sample was filtered and washed
distilled water, dried at 80 °C over night, calcined at 500°C for 3 h. Pd loading of Pd/ZSM-5 was

determined to be 0.26 wt% using inductively coupled plasma (ICP) analysis.

2.2. CO and H2 pulse chemisorption

CO and H2 pulse chemisorption measurement was performed using BEL-CAT-B
(MicrotracBEL). An approximately 50-200 mg sample was put into a sample tube and pretreated
under 100% O3 at 300°C for 10 min and then under 100% H: at 300°C for 10 min. After the
sample was cooled to 50°C in He, CO pulse chemisorption measurement was performed with 5%

CO/He while monitoring the effluent with a thermal conductivity detector (TCD). In case of H»



pulse chemisorption, the pretreated sample was exposed under Ar at 300 °C for 10 min to
eliminate adsorbed H atoms on Pd and then cooled to 0°C, pulse chemisorption measurement
was performed with 5% H2/Ar. The dispersion of Pd was calculated from total adsorption gases
by assuming that carbon monoxide and hydrogen were adsorbed on surface palladium at 1:1 (=

Pd:CO) and 1:2 (= Pd:H3>) stoichiometry, respectively.

2.3. Aberration-corrected scanning transmission electron microscopy

The structure and size of Pd nanoparticles supported on Al,O3 were observed using JEM-
ARMZ200F (JEOL Ltd.) Cs-corrected scanning transmission electron microscope operated at 200
kV. STEM images were recorded by a high angle annular dark field (HAADF) detector.
Pd/Al.O3 catalysts were pretreated under a flowing mixture of 10% O2/N> for 10 min and 10%
H2/N2 for 10 min at 300°C. The samples were prepared by spreading a drop of methanol
suspension of pretreated Pd/Al,O3 catalysts. The Pd particle size distribution was also estimated
after CO oxidation. The samples of Figure S10 were prepared by oxidation in 10% O2/N: at

300°C for 10 min and reduced in 10% H2/N» at 300°C for 10 min, and then treated under 0.4%

CO, 10% 0>, and N2 balance at 130°C for 30 min.

2.4. Fourier transform infrared spectroscopy

FT-IR measurement was performed using a quartz in-situ IR cell and a JASCO FT/IR-6100
(JASCO Co.) with a liquid-nitrogen-cooled HgCdTe (MCT) detector. IR spectra were obtained
by averaging 128 scans at a resolution of 4 cm™. The samples were pressed into approximately
50-100 mg of self-supporting disk and mounted into the IR cell with a CaF> window. The

samples were pretreated by oxidation in 10% O2/Ar at 300°C for 10 min and reduced in 10%



Hz/Ar at 300°C for 10 min. However, the samples used in previous work were oxidized at 400°C
and reduced at 200°C. *° The difference of pretreatment temperature did not almost affect
oxidation state of Pd catalysts because PdO can be reduced to Pd metal below room temperature.
After the samples were cooled to room temperature in Ar, IR spectra were taken as a background.
CO (0.4% CO/Ar at a rate of 100 mL/min) was introduced into a quartz in-situ IR cell for 10 min.
After physisorbed CO on Pd/Al>O3 catalysts was removed by a flowing of 100% Ar, IR spectra

of adsorbed CO on Pd/Al,O3 were obtained.

2.5. X-ray absorption fine structure

Pd K-edge XAFS measurement was carried out on the BL14B2 beamline of the SPring-8
synchrotron radiation facility of the Japan Synchrotron Radiation Research Institute in Hyogo,
Japan. The data analysis was performed using the Athena software including in the Demeter

package. The samples were pretreated under 10% O2/N2 for 10 min at 300°C and then under

10% H2/N» for 10 min at 300°C.

2.6. CO oxidation reaction

The CO oxidation was carried out using a conventional fixed-bed flow reactor at atmospheric
pressure. Prior to performing an activity test, each sample (10 mg) inside a U-shaped quartz tube
(inside diameter of 4 mm) was exposed to a flowing mixture of 10% O2/N> for 10 min at 300°C
and then 3% H2/N> for 10 min at 300°C. The CO oxidation test was performed under 0.4% CO,
10% O3, and N> balance at the total flow rate of 100 mL/min, corresponding to the gas hourly
space velocity of 600,000 mL/g-h. The effluent gas was analyzed by a nondispersive infrared

CO/CO: analyzer (Horiba VIA510). The CO conversion was obtained in steady-state from 100



to 200°C. The turnover frequency (TOF) was defined as the reaction rate per molar amount of
surface Pd determined by CO pulse measurement. To compare the TOF between the catalysts at
130°C, the samples showing > 20 % CO conversion at 130°C were diluted with inert quartz to
reduce CO conversion to < 20% to exclude thermal and gas diffusion problems. The TOF in

Figure S6 was calculated using amount of surface Pd determined by H» pulse chemisorption.

3. Results

3.1. Catalyst preparation

Table 1 shows all Pd/Al>O3 catalysts examined in the present study. In Table 1, “Catalyst” is
written as X nm Pd/Al2Oz3, and X corresponds to the average Pd particle size of Pd/Al>O3
estimated by CO pulse chemisorption. For the accuracy enhancement in the smaller Pd size
region (< 9.0 nm), the catalyst preparation and the CO pulse chemisorption were performed for
1.5-9.0 nm Pd/y-Al>Os3 at least three times and average values for Pd dispersion and Pd particle
size were displayed in Table 1. Based on the results of the repeated experiments, we renamed 1.9
nm Pd/y-Al>O3z and 3.7 nm Pd/y-Al>03, 5.4 nm Pd/y-Al,O3, and 7.7 nm Pd/y-Al>O3 in ref. 31 to
2.6 nm Pd/y-Al>03 and 4.1 nm Pd/y-Al203, 5.2 nm Pd/y-Al,03, 9.0 nm Pd/y-Al2Os3,
respectively. In addition, particle size and dispersion calculated by H> pulse chemisorption were
consistent with those estimated by CO pulse chemisorption excluding 0.1 wt% Pd/Al,O3 with

high fraction of the isolated Pd atom (Table 1).



Table 1. Pd/Al,O3 catalysts used in this study as well as their Pd loadings, 1st and 2nd calcination
temperature, dispersions, and average particle sizes.

Catalyst Pd loading 1st Calcination 2nd Calcination ~ CO pulse chemisorption H2 pulse chemisorption
(Wt%) Temperature Temperature Pd dispersion* Average Pd particle Pd dispersion* Average Pd particle

(°C) (°C) (%) size* (nm) (%) size* (nm)
1.5 nm Pd/y-Al,03 0.1 300 - 7147 1.5+0.1 51 22
1.6 nm Pd/y-Al.03 0.2 300 o 71+1 1.6£0.1 60 1.9
2.2 nm Pd/y-Al03 0.5 500 - 53.9+11 2.240.1 48 23
2.6 nm Pd/y-Al03 1 500 = 4519 2.6+0.5 38 2.9
4.1 nm Pd/y-Al203 2 500 - 27+3 4.1+0.4 34 3.3
5.2 nm Pd/y-Al03 2 500 800 2449 5.2+1.1 21 53
9.0 nm Pd/y-Al203 2 500 850 13+2 9.0£1.1 11 9.9
19 nm Pd/y-Al03 2 500 900 6 19.1 7 15.9
1.2 nm Pd/6-Al,03 0.1 300 - 97 1.2 66 1.7
1.4 nm Pd/0-Al,03 0.2 300 - 83 1.4 7 1.5
1.5 nm Pd/0-Al,03 05 500 - 73 15 37 3
3.8 nm Pd/0-Al,O3 1 500 - 29 3.8 25 4.5
5.4 nm Pd/6-Al>03 2 500 - 21 5.4 17 6.7
7.3 nm Pd/6-Alz03 2 500 800 15 7.3 13 8.5
14 nm Pd/0-Al,03 2 500 850 8 14.4 8 14.4
19 nm Pd/6-Al203 2 500 900 6 19.2 6 18.1

*Calculated from Pd dispersion assuming spherical Pd particles.

3.2. XAFS measurement

XAFS measurement was performed to obtain information on the oxidation state and the
coordination structure of Pd/Al,O3 catalysts. Figure 1a and 1b shows the Pd K-edge XANES
spectra of Pd/Al>O3 and, Pd foil and PdO as reference samples. The XANES spectra of
Pd/Al;O3 with smaller Pd particle were close to that of PdO reference. This indicates the

presence of Pd?* species in Pd/Al2O3 having Pd particle of 1-2 nm. As the particle size of



Pd/Al>Os3 increased, the X-ray absorption intensity of Pd/Al>O3 at around 24,357 eV decreased.
This trend was suggested that metallic Pd nanoparticles were formed on Al>O3 as the particle

size increases.

The Fourier-transformed (FT) EXAFS spectra of Pd/y-Al>O3 are displayed in Figure 1c. Pd-O
scattering in PdO and Pd-Pd scattering in Pd foil were observed at the 1.6 and 2.5 A, respectively.
In 1.5 and 1.6 nm Pd/y-AlOs3, only Pd-O scattering (at 1.6 A) without Pd-Pd scattering (at
around 2.5 A) was observed, suggesting the presence of isolated Pd atom or amorphous-like Pd
particles without periodic Pd-Pd bond. In contrast, Pd oxide particles were absent on Pd/Al>O3
because Pd oxide were reduced to Pd metal particle under Hz flow at room temperature. The Pd-
Pd scattering at 2.5 A slightly appeared in 2.2 nm Pd/y-Al,O3, and intensity of the Pd-Pd

scattering peak increased as the particle size increased. On the other hand, the Pd-O scattering
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Figure 1. Pd K-edge (a, b) XANES and (c, d) FT-EXAFS spectra for Pd/Al.Os with different
average particle sizes after Hx reduction, together with those of Pd foil (black line) and PdO (gray
line) as references.
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decreased and disappeared at 2.6 nm or more. These results mean that crystalline Pd metal
particles were generated on Al>O3. Figure 1d shows the FT-EXAFS spectra of Pd/6-Al2Os3.
However, a Pd-Pd scattering peak was clearly observed in the EXAFS spectrum of 1.5 nm Pd/6-
Al>03 compared with 1-3 nm Pd/y-Al>O3. The formation of crystalline Pd particles is
preference on 6-Al>03 than y-Al.O3 because isolated Pd atom and amorphous Pd particles are

more unstable on 0-Al,03 weakly interacting with Pd.°

3.3. STEM images of Pd/Al>Os3 catalysts

The Cs-STEM can visualize all Pd species (for example, single atoms and small clusters) on
Al,QO3 at atomic level. Figure 2 shows STEM images of three typical Pd/y-Al,O3. The STEM
images of other Pd/y-Al>O3 are shown in Figure S1. The STEM or TEM images of 19 nm Pd/y-
Al>O3 and Pd/6-Al>O3 with various Pd particle sizes are also displayed in ref. 31. A STEM
image of 1.5 nm Pd/y-Al.Os3 displayed the presence of isolated Pd atoms and amorphous-like Pd
particles which are smaller than 2 nm on y-Al>O3s (Figure 2a). In 2.2 nm Pd/y-Al,Os3,
amorphous-like Pd particles were mainly observed (Figure 2b). When the particle size increased
to 5.3 nm, the Pd particle was in distorted shape and its surface was amorphous-like structure
(Figure 2c). Even if the Pd particle size increased to 19 nm, the Pd particles maintained a
distorted shape. The size distributions of Pd particles in Pd/y-Al.O3 were obtained from STEM
images (Table S1 and Figure S2). Pd particle in the size range of 0-0.3 nm denoted isolated Pd
atom. The size distribution of 2.2 nm Pd/y-Al,O3 exhibited a high fraction of the Pd

nanoparticles smaller than 2.1 nm excluding isolated Pd atoms.
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In 1.5 nm Pd/6-Al.03, isolated Pd atom and small amorphous Pd particles were observed. It
was similar to the STEM image of 2.2 nm Pd/y-Al.Os. However, the structural variation of Pd
particles on 6-Al>03 with weaker MSI was different from that on y-Al.O3. The 7.3 nm Pd/6-
Al>0O3 showed a spherical Pd particles. Growth of Pd particle to 19 nm caused transformation
from spherical to well-faceted shape. In the size range of 4-19 nm, it was suggested that the

fraction of thermodynamically stable facet such as Pd (111) increased as the Pd particle size

increased.

Figure 2. Typical STEM images of (a) 1.5 nm Pd/y-Al>O3, (b) 2.2 nm Pd/Al>Os and (c) 9.3 nm
Pd/Al>Os. The red allows indicate the position of Pd single atom.

3.4. IR spectra of adsorbed CO

IR spectroscopy using CO as a molecular probe allows us to identify surface sites on metal
nanoparticles because the wavenumber of the CO stretching vibration depend on a chemical state
and a coordination number of the metal surface. Figure 3a shows two representative IR spectra of
adsorbed CO on Pd/Al>O3. The intensities of IR bands were normalized because of difference of

Pd loading and Pd dispersion. IR spectra of 1750-2300 cm™* were well fitted with four stretching
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vibration bands of CO adsorbed on Pd. The broad band centered at 2150 cm™ is derived from
linear adsorbed CO on cationic Pd species (Pd*-COlinear).>"*° The band at around 2075 cm™ is
attributed to linear adsorbed CO on the corner of Pd particles or Pd(111) (Pd®-COjinear).**" But,
it is difficult to distinguish the corner sites and Pd(111) from the band of Pd®-COjinear. The band
at 1980 cm™ is attributed to bridge adsorbed CO on the step (Pd%%tep-CObridge).>>*>*4>47 The
broad bands at 17501960 cm™ are derived mainly from bridge or three—fold adsorbed CO on
the plane including Pd(111) (Pd°piane-CObridge).>>*"*" The band of linear and three-fold CO were

observed, when CO is saturated adsorbed on Pd(111).*

Figure 3b and 3c (solid lines) shows the IR spectra of CO adsorbed on Pd/Al>O3 with various
Pd particle sizes. Also, Figure 3b and 3c (dotted lines) shows the IR bands of each adsorbed CO
species fitted by Gaussian function to quantify the Pd surface structure in the section 4.1. Figure
3b shows IR spectra of adsorbed CO on Pd/y-Al;03. In 1.5 nm Pd/y-Al,03, Pd*-COjinear and
Pd®-COiinear bands were mainly observed. From the results of XAFS spectrum and TEM image
of 1.5 nm Pd/y-Al,0Os, the cationic Pd species were identified isolated Pd atom on Al.Os. As the
Pd particle size of Pd/y-Al>03 increased to 2.2 nm, the relative intensity of Pd*-COjinear band
decreased and that of Pd®-COjinear and Pd°piane-COuridge band increased. This variation
corresponds to a decrease of isolated Pd atom and generation of small Pd nanoparticles with
amorphous structure. Thus, the amorphous-like Pd particles are considered to be the key
structure for the formation of Pd corner sites. The Pd%tep-COurigge band appeared when Pd
particle size increased to 4 nm or more. Figure 3c shows the CO adsorption IR spectrum of Pd/6-
Al>03. The IR spectra of adsorbed CO on Pd/6-Al.O3 with Pd particles smaller than 2 nm was
similar to that of 1-3 nm Pd/y-Al.O3. However, with increasing the particle size from 1.5 nm to

7.3 nm, the relative intensity of Pd°~COjinear band decreased sharply and the Pd%tep-CObrigge band
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appeared. This result meant that amorphous-like Pd particles grew to spherical Pd particle with
high fraction of the step sites. Furthermore, as the particle size increased from 7.3 nm to 19 nm,

the relative intensity of the Pd°-COjinear band increased due to transformation of Pd particles from
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Figure 3. (a) IR spectra of CO chemisorbed to 1.5 nm Pd/y-Al,O3 and 5.4 nm Pd/6-Al>O3 at room
temperature. The band centered at 2150 cm™ is assigned to linear adsorbed CO on cationic Pd
species (Pd*-COsjinear). The band at around 2075 cm™ is assigned to linear adsorbed CO on the corner
of Pd particles or Pd(111) (Pd°-COiinear). The band at 1980 cm™ is assigned to bridge adsorbed CO
on the step (Pd%tep-CObridge). The broad bands at 1750-1960 cm™ are assigned mainly from bridge or
three—fold adsorbed CO on the plane including Pd(111) (Pd%iane-CObrigge). IR spectra of adsorbed
CO at room temperature on (b) Pd/y-Al203 and (c) Pd/6-Al,Oz with various Pd particle sizes. IR
spectra of 2.6-19 nm Pd/y-Al;O3 and 1.5-19 nm Pd/6-Al,O3 were previously reported in reference

31, Figure 2. Gaussian fittings of IR spectra were carried out for determination of the band areas at
2100-2200, 2000-2100, 1980, and 1750-1960 cm™.

spherical to well-faceted shape having such as a Pd(111).
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3.5. CO oxidation activities of Pd/Al,O3 catalysts

Figures S3 and S4 show the CO conversion against reaction temperature using 10mg of
Pd/Al>O3 catalysts with different particle sizes and alumina crystal phases. Since the Pd loading
weight and dispersion are quite different between these Pd/Al,Os3 catalysts, TOFs were
calculated from <20% CO conversion where thermal and gas diffusion problems are negligible
(Figure S5). Figure 4 shows the dependence of TOF of Pd/Al.Os3 catalysts as a function of Pd
particle size. As the particle size increased from 1.5 nm to 2.3 nm, the TOF of Pd/y-Al.O3
increased from 0.07 s to 0.20 s, and the TOF reached a maximum value. When the particle
size increased to 4 nm, the TOF sharply decreased to 0.07 s*. Then, the TOF gradually increased

with increasing the particle size to 19 nm. The TOF of Pd/6-Al.O3 also showed a similar trend

of that of Pdy-Al>O3. However, the TOF of Pd/6-Al.O3 was less than a half of that of Pd/y-
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Figure 4. Dependence of TOFs at 130°C on
average Pd particle size. Some error bars
represent experimental error evaluated by
repeating preparation of Pd/Al,O3, CO pulse
measurement, and activity test at least three
times.
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Al>Os3 in the size range of 4 nm or more. The increase of TOF in Pd/Al,O3 catalyst with particle
size of 4-14 nm was slight and almost consistent with previous study reported by Haneda et al.?®
When TOFs were also calculated using Pd dispersion by H> chemisorption and plotted against

Pd particle size (Figure S6), the trends were similar to Figure 4.
4. Discussions
4.1 Active Pd surface structure

To elucidate active sites for CO oxidation, the surface structure on Pd nanoparticles was
quantified by IR spectra in Figure 3. The fraction of the Pd surface structure was determined
from the band area of adsorbed CO species obtained by Gaussian fitting (Figure 3 and Table S2).
Since the extinction coefficient of various adsorbed CO species is not clear, it should be noted
that the fraction of the Pd surface structure is not an absolute value but a relative value. The
fraction of Pd®-COiinear Was plotted against Pd particle size in Figure 5a. The dependence of
fraction of Pd®-COiinear ON the particle size roughly agreed with that of TOF. The highest faction
of the Pd°-COjinear Was obtained in 2.2 nm Pd/y-Al>Os, which showed the highest activity. In the
size range of 8 nm or less, the high faction of the Pd°-COjinear Was due to the presence of
amorphous Pd particles with high fraction of corner sites. In contrast, in the size range of 8-19
nm, the increase of faction of the Pd°-COjinear derives from formation of Pd(111) on Pd particle.
We estimated a particle size dependence of Pd site fraction on surface of Pd cubo-octahedron as
a tentative model particle (Figure S7).148 The particle size dependence of the fraction of Pd
corner site + Pd(111) on the Pd particle model was similar to that determined from the IR spectra
(Figure 5(a)). Therefore, the fraction of the Pd®-COjinear in the particle size of < 8 nm and > 8 nm

in Figure 5(a) indicates the fraction of the corner and Pd(111), respectively. Comparing with
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different crystalline alumina, y-Al2O3 maintained a distorted structure of Pd nanoparticles with
high fraction of corner sites due to stronger MSI. In contrast, Pd nanoparticles on 6-Al>O3z with
weaker MSI formed high fraction of step sites. TOF was plotted against the fraction of Pd°-
COulinear (Figure 5b). The trend between fraction of Pd°-COjinear and TOF showed a positive
proportional relationship. Therefore, it was revealed that corner sites on Pd particles and Pd
(111) are the highly active sites in CO oxidation. On the other hand, a positive relationship was

not obtained between the fraction of Pd*-COiinear, Pd%step-CObridge OF Pd°piane-CObridge and TOF
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Figure 5. (a) Dependence of the fraction of
linear adsorbed CO on Pd® on Pd particle size.
(b) Plot of TOFs (at 130°C) against the
fraction of linear adsorbed CO on Pd°.
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(Figure S8).

To investigate the reactivity of isolated Pd atom for CO oxidation, Pd/ZSM-5 catalyst (Pd
loading: 0.26 wt%) was prepared by ion exchange method. An IR spectrum of adsorbed CO on
Pd/ZSM-5 showed that Pd species on ZSM-5 were present as isolated Pd species (Figure S9a).
CO conversion of Pd/ZSM-5 was lower than all Pd/Al>O3 catalysts at 130°C and TOF value of
Pd/ZSM-5 was 0.009 s (Figure S9b). Therefore, at 130°C, the isolated Pd atoms hardly
contribute to the CO oxidation activity and Pd metal clusters/nanoparticles are more active than

isolated Pd atoms.

4.2. Structure stability of Pd nanoparticle during CO oxidation

The stability of isolated Pd atoms and Pd nanoparticles on Al2O3 during CO oxidation was
confirmed by STEM. The Pd particle size distribution of 2.2 nm Pd/y-Al.O3 before or after CO
oxidation at 130°C is shown in Figure S10. Since the size distribution hardly changed by the

reaction, isolated Pd atoms and Pd nanoparticles were stable on Al>O3 under reaction conditions.

Avanesian et al. reported that surface reconstruction of Pt nanoparticle induced by CO
adsorption at saturation coverage and >400 K.8 Pt(100) facets on Pt nanoparticles were
reconstructed into stepped surfaces with high concentrations of under-coordinated Pt atoms by
the adsorption of CO. CO-induced reconstruction of Pd surface may occur during CO oxidation
at 130°C. To confirm whether the surface of Pd nanoparticle was reconstructed by CO exposure,
we observed adsorbed CO species on Pd/Al.O3 before and after CO oxidation (Figure S11). In

comparison with Pd/Al.O3 before CO oxidation, IR spectra of Pd/Al.O3 after CO oxidation
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showed that the band intensity of linear bound CO adsorbed on the corner sites decreased, while
the band intensity of bridge bound CO adsorbed on the facets such as Pd(111) or Pd(100)
increased. These results indicated that CO-induced reconstruction of Pd surface occur during CO
oxidation at 130°C because bridge bound CO adsorbed on Pd facet is more thermodynamically
stable than linearly bound CO adsorbed on Pd corner. The variation in the fraction of the linear
adsorbed CO on Pd® was ~10%. The change of Pd surface structure was more largely influenced
by Pd particle size and alumina crystalline phase than by CO-induced reconstruction. Figure S12
shows the plot of TOFs against the fraction of linear adsorbed CO on Pd® in Pd/Al,O3 after CO
oxidation at 130°C. The order of fraction of Pd®-COiinear among Pd/Al,O3 catalysts treated under
CO oxidation did not change. The trend between fraction of Pd°-COjinear in Pd/Al2O3 after CO
oxidation and TOF also showed a positive proportional relationship. Thus, we considered that Pd

corner sites and Pd(111) worked as dominant active sites during CO oxidation.
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4.3. Mechanistic study

The kinetic analysis was carried out for Pd/Al.O3 with various Pd particle size. The apparent
activation energies for CO oxidation of Pd/y-Al.O3 with Pd particle size from 1.5~9.0 nm were
66-71 kJ mol™* (Figure S13 and Table S3). Because there was little difference between their
values, it was suggested that CO oxidation over all Pd/Al>Os3 catalysts proceeded via the similar
reaction mechanism. We investigated the dependence of CO and O partial pressures on CO
oxidation (Figure S14 and Table S3). Reaction orders with respect to CO and O were negative
value (-0.58~-0.89) and positive value (+0.66~+1.08), respectively. Therefore, it was suggested
that CO oxidation on Pd metal surface proceeded in Langmuir-Hinshelwood mechanism, which
is reaction of adsorbed CO and adsorbed O***, or mechanism involved O, molecular adsorption
and then adsorbed CO-assisted O, dissociation step®. It is difficult to determine that which
mechanism is favor to proceed CO oxidation at low temperature over Pd particles. But, in either
mechanism, self-poisoning of Pd metal surface by CO molecule inhibits dissociative adsorption
or molecular adsorption of O2. Thus, CO desorption from Pd surface at low temperature is the

key for low temperature CO oxidation activity.?®

From the above kinetic analysis, it was inferred that the desorption of CO from Pd surface is
an important step for CO oxidation. Removal of CO from the Pd surface is necessary for
subsequent activation of O». Thus, the desorption behavior of adsorbed CO from Pd/Al,O3 was
observed by IR spectroscopy. CO was adsorbed on prereduced 4.1 nm Pd/y-Al>O3 at 40°C and
then the temperature of IR cell was risen to 120°C (at 10°C step) under Ar flow. In Figure 6a, the
IR spectrum of 4.1 nm Pd/y-Al,O3 at 40°C exhibited the three bands of Pd°~-COjinear (2000-2100

cm‘l), Pdostep'CObridge (1960-2000 cm'l), and Pdoplane'CObridge (1750-1960 Cm_l), which was
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similar to Figure 3b. When the temperature increased to 50-90°C, the three CO stretching
vibration bands decreased. In particular, the decrease in the band intensity of Pd°-COjinear Was

remarkable, and the band of Pd°-COjinear disappeared completely when the temperature was
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Figure 6. (a) FT-IR spectra of CO adsorbed
on 4.1 nm Pd/y-Al>Os at various temperature
under Ar. (b) Plot of normalized A absorbance
against temperature. Normalized A absorbance
calculated from the IR band intensity (e: Pd°-
COlinear (at 2000-2100 cm‘l), H: Pdostep'
CObridge (at 1960-2000 Cm-l), A: Pdoplane‘
CObrigge (at 17501960 cm™™)).
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raised to 100°C.

To compare the adsorption strength of CO on different Pd surface sites, the decrease of
absorbance of the CO adsorbed band on different surface sites was plotted against temperature
(Figure 6b). Assuming that CO coverage of each surface site at 40 and 120°C is 100 and 0%,
respectively, the CO coverage at various temperature (50-110°C) was evaluated from
normalized A absorbance. A red shift of Pd%jane-CObridge band was due to decrease of CO
coverage. When the temperature increased from 40 to 80°C, the normalized A absorbance of Pd°-
COiinear more largely decreased than Pd%tep-CObrigge and Pd°piane-CObridge. At 100°C, the bridge
bound CO adsorbed on Pd plane were only observed. Thus, the order in the adsorption strength
of CO on the different Pd surface sites was Pd°-COlinear < Pd%tep-CObridge < PA%plane-CObridge.
This order indicated that the linear adsorbed CO on Pd corner sites and Pd(111) easily desorbs
than bridge adsorbed CO on Pd step and plane. Zeinalipour-Yazdi et al. reported that the order of
CO adsorption energy follows linear < bridge < hollow-bound sites using DFT calculation.®? To
demonstrate linear adsorbed CO can easily desorb from Pd nanoparticles during CO oxidation,
in-situ IR spectrum of adsorbed CO on Pd/Al>O3 during CO oxidation were obtained (Figure
S15). The intensity of Pd°-COjinear band (at 2000-2100 cm™) was decreased to half of that as
temperature increased from 50 to 110°C. In section 4.2, the fraction of Pd corner sites
reconstructed to facet by adsorbed CO was ~0.05. Therefore, the decrease of Pd®-COjinear band
was derived from not only CO-induced reconstruction but also formation of Pd vacancy site by
CO desorption. In contrast, the intensities of Pd%ep-CObridge (at 19602000 cm™) and Pd®pjane-
CObrigge (at 1750-1960 cm™) band was slightly increased with increasing temperature due to CO-
induced reconstruction. At 130°C, adsorbed CO on Pd particles was completely disappeared for

reason that CO conversion reached almost 100%. The based on above in-situ IR study, at least a
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part of Pd corner sites and Pd(111) were present as vacancy site to activate O molecules during

CO oxidation.

5. Conclusions

The Pd particle size effect on CO oxidation showed a complex tendency in the wide range of
1-19 nm. Concretely, as the Pd particle size increased from about 1 nm to 2 nm, the catalytic
activity increased. But the activity sharply decreased with increasing particle size to 4 nm.
Further growth of Pd nanoparticle to 19 nm, the activity slightly increased. In addition, Pd/y-
Al>O3 showed higher activity than Pd/6-Al>O3 in the size range of 4-19 nm. These size effects
were clearly understood using the fraction of Pd surface site obtained by IR spectra of adsorbed
CO. The positive correlation between the fraction of Pd°-COinear and the CO oxidation activity
indicated that corners and Pd(111) on Pd particle are highly active sites. The fraction of Pd°-
COiinear depended on the shape and surface structure of Pd particles supported on Al2Os.
Approximately 2 nm Pd nanoparticles displayed amorphous structure with high fraction of the
corner sites. On the other hand, growth to Pd particles to 19 nm promotes exposure of
thermodynamically stable Pd(111). Comparing Pd/y-Al>O3 and Pd/6-Al.O3, distorted Pd
particles on y-Al203 have relatively higher fraction of highly active corner sites for CO oxidation
than spherical or well-faceted Pd particles on 6-Al2O3. The structure sensitivity in CO oxidation
over Pd nanoparticles was appeared by the CO adsorption strength depended on Pd surface site.
The mechanistic study clarified that corner sites and Pd(111) promote CO oxidation due to the

ease of CO desorption from the corner sites and Pd(111).
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We previously reported step sites on Pd nanoparticles is highly active for CH4 oxidation.'® In
contrast, corner sites and Pd(111) on Pd nanoparticles is effective for the activity of CO
oxidation in this study. The active surface strongly depends on the reaction substrate. Therefore,
to improve the catalytic activity of the supported metal nanoparticles, it is necessary to elucidate
the shape and surface structure of the metal nanoparticles effective for the reaction substrate at

an atomic scale.
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SYNOPSIS

Pd corner sites formed on small amorphous-like Pd particles and Pd (111) on large particles are

highly active for CO oxidation than isolated Pd atoms and stepped surface like Pd(110).
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