http://www.rsc.org/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=CP&Year=2007&ManuscriptiD=b614546a&lIss=11

Physical Chemistry Chemical Physics

Journals  Physical Chemistry Chemical Physics Contents List  DOI: 10.1039/b614546a

Phys. Chem. Chem. Phys., 2007, 9, 1347-1361 | DOI: 10.1039/b614546a | Paper

Particle size dependent adsorption and reaction Kinetics on
reduced and partially oxidized Pd nanoparticles:

T. Schalow, B. Brandt, D. E. Starr, M. Laurin, S. K. Shaikhutdinov, S. Schauermann, J. Libuda¥
*and H.-J. Freund
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195, Berlin, Germany

Received 5th October 2006, Accepted 15th December 2006

First published on the web 23rd January 2007

Combining scanning tunneling microscopy (STM), IR reflection absorption spectroscopy (IRAS) and
molecular beam (MB) techniques, we have investigated particle size effects on a Pd/FezO4 model
catalyst. We focus on the particle size dependence of (i) CO adsorption, (ii) oxygen adsorption and (iii)
Pd nanoparticle oxidation/reduction. The model system, which is based on Pd nanoparticles supported
on an ordered Fe3O4 film on Pt(111), is characterized in detail with respect to particle morphology,
nucleation, growth and coalescence behavior of the Pd particles. Morphological changes upon
stabilization by thermal treatment in oxygen atmosphere are also considered. The size of the Pd
particles can be varied roughly between 1 and 100 nm. The growth and morphology of the Pd particles
on the Fe304/Pt(111) film were characterized by STM and IRAS of adsorbed CO as a probe molecule.
It was found that very small Pd particles on FezO4 show a strongly modified adsorption behavior,
characterized by atypically weak CO adsorption and a characteristic CO stretching frequency around

2130 cm™. This modification is attributed to a strong interaction with the support. Additionally, the
kinetics of CO adsorption was studied by sticking coefficient experiments as a function of particle size.
For small particles it is shown that the CO adsorption rate is significantly enhanced by the capture zone
effect. The absolute size of the capture zone was quantified on the basis of the STM and sticking
coefficient data. Finally, oxygen adsorption was studied by means of MB CO titration experiments.
Pure chemisorption of oxygen is observed at 400 K, whereas at 500 K partial oxidation of the particles
occurs. The oxidation behavior reveals strong kinetic hindrances to oxidation for larger particles,
whereas facile oxidation and reduction are observed for smaller particles. For the latter, estimates point
to the formation of oxide layers which, on average, are thicker than the surface oxides on
corresponding single crystal surfaces.

1. Introduction

The selectivity and activity of supported catalysts are often found to be strongly dependent on the
surface structure, particle morphology and size, on the support and on the presence of promoters and
poisons.L2 Especially, the particle size is a critical issue, as it determines not only the density of active
sites but is also related to changes in the electronic and geometric structure as well as to interactions
with the support.

A particular complication arises in case of metal nanoparticles in oxidative environments. Often the
interaction of oxygen with metal surfaces and, particularly, with small metal particles turns out to be
rather complex. There is an ongoing discussion on the nature of the different oxygen and oxide phases
and on their activity with respect to catalytic reactions (see e.g.ref. 3-7). A large number of
experimental and theoretical studies focused on Pd surfaces, trying to identify different chemisorbed

oxygen phases, subsurface oxygen species, surface and bulk oxides®=2° Still, the role of this species in
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catalytic reactions is only poorly understood and some controversy remains.22.-28

In the case of supported metal nanoparticles the situation becomes further intricate, as oxidation
behavior, particle size and interaction with the support turn out to be closely related. For Pd
nanoparticles supported on an ordered Fe3zO4 film on Pt(111), we have recently shown that thin Pd
oxide layers formed during oxygen exposure are strongly stabilized at the particle/support interface,
leading to the preferential oxidation of the interface region.8:":2225 Also, oxidation was found to be

closely related to particle sintering.2% Moreover, the average oxidation state of the Pd particles, which
dynamically changes as a function of the reactant environment, was shown to control the catalytic
activity of the particles.” Finally, the oxidation behavior was found to be strongly size dependent.22
Whereas very small particles tend to get oxidized completely, larger particles show strong kinetic
hindrances with respect to interface and surface oxide formation.

In this contribution we present a comprehensive study on the adsorption and reaction kinetics on
Pd/Fe304 as a function of particle size, using CO adsorption and oxidation as a test reaction. We
consider both, metallic and partially oxidized particles. It is noteworthy that we were capable of
varying the size of the Pd aggregates by nearly two orders of magnitude. The large variation in size
allows us to study individual effects in the adsorption and reaction kinetics which otherwise could not
be clearly identified. This kinetic information is obtained by combining structural data from scanning
tunneling microscopy (STM) with molecular beam (MB) techniques22=32 and IR reflection absorption
spectroscopy (IRAS) (see e.g.ref. 32 and 33).

2. Experimental

All molecular beam (MB) experiments were performed in a UHV apparatus at the Fritz-Haber-Institut
(Berlin), which has been described recently. The system offers the experimental possibility of crossing

up to three molecular beams on the sample surface.3

Two effusive beams are generated by doubly differentially pumped sources based on multi-channel
arrays. These beams are modulated using remote-controlled shutters and valves. Both sources were
operated at room temperature. The beam diameters were chosen such that they exceed the sample
diameter. All experiments have been performed using high purity O (Linde, 99.999%) and CO (Linde,
99.997% further purified by a gas filter (Mykrolis)). Typical intensities of the beams were 2.1 x 104
molecules cm= s~ corresponding to an effective pressure on the sample of 8 x 10~" mbar. The third
beam is a supersonic beam, generated by a triply differentially pumped source from a supersonic
expansion. It is modulated by a solenoid valve and a remote-controlled shutter. In this study, the

supersonic source was used to generate 120, beams (Campro Scientific, 95% 20, 99.7% purity) at an
intensity of 4.6 x 10** molecules cm™ s~ and CO beams at an intensity of 2.3 x 10*3 molecules cm™

s71 for the sticking coefficient measurements (typical backing pressures 1.0-1.2 bar). The diameter of
the supersonic beam was chosen smaller than the sample for the sticking coefficient measurements.

For gas-phase detection an automated quadrupole mass spectrometer (QMS) system (ABB Extrel)
was employed, detecting the partial pressure of the reactants and the product. All QMS data have been
checked and/or corrected with respect to blind experiments using catalytically inert sample surfaces. In
addition, the MB apparatus allows us to acquire IR spectra (IRAS, IR reflection absorption
spectroscopy) during gas exposure and reaction using a vacuum FT-IR spectrometer (Bruker IFS 66v).
In addition to the IR spectra shown in the following, IR spectroscopy was used as a spectroscopic tool
in order to control the reproducibility and stability of the model surfaces prepared. All IR spectra were
acquired with a spectral resolution of 2 cm™, and an MIR polarizer to select the p-component of the IR
light only.

Scanning tunneling microscopy measurements were performed in a separate UHV chamber (at a
base pressure of <2 x 1071% mbar) equipped with Auger electron spectroscopy/low energy electron
diffraction (AES/LEED) (Specs), a quadrupole mass spectrometer (QMS) (Fisons VG) and an STM
(Micro H, Omicron) along with standard sample cleaning and preparation facilities. All images were
recorded using commercial Pt/Ir tips (LOT-Oriel GmbH) with tunneling currents of approx. 0.7 nA and
positive sample biases of approx. 1.4 V.
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The Pd/Fe304 model catalyst was prepared as follows: The thin (~100 A) Fe3O4 film was grown on
Pt(111) by repeated cycles of Fe (>99.99%, Goodfellow) deposition and subsequent oxidation (see ref.
35 and 36 for details). Cleanliness and quality of the oxide film was checked by IRAS of adsorbed CO
and LEED. Pd particles (>99.9%, Goodfellow) were grown by physical vapor deposition using a
commercial evaporator (Focus, EFM 3, flux calibrated by a quartz microbalance). Pd coverages
between 7 x 103 atoms cm™ and 1.3 x 10'® atoms cm™ (nominal thickness 0.1 t0 20 A: 1 A
corresponds to 7 x 10 atoms cm™2) were deposited at a sample temperature of 115 K (typical
deposition rates: 2.7 x 10'* atoms cm™ min™). During Pd evaporation the sample was biased in order
to avoid creation of defects by metal ions. Directly after Pd deposition, the sample was annealed to 600
K and was stabilized by several cycles of oxygen (8 x 10~" mbar for 1000 s) and CO exposure (8 x
10" mbar for 3000 s) at 500 K (compare e.g.ref. 24, 35, and 36).

3. Results and discussion

3.1 Particle growth and stabilization in oxygen atmosphere

As a critical prerequisite for the particle size-dependent investigations, we consider nucleation and
growth behavior of the particles first. The Pd model catalysts were prepared by physical vapor
deposition (PVD) of different amounts of Pd (nominal thicknesses 0.3 to 15 A) onto a thin and
well-ordered Fe3O4 film grown on Pt(111)22 under ultrahigh vacuum (UHV) conditions. After
deposition at 115 K the sample was annealed to 600 K and STM images were taken. In Fig. 1 (left
column), a series of corresponding images is show as a function of the nominal Pd thickness. At lowest
Pd coverage (0.3 A) nucleation of the Pd particles occurs in a well-distributed fashion over the Fe304
terraces. The inset shows a close-up of a few individual particles. The particles appear round and no
regular crystalline shape can be identified. However, it should be kept in mind that due to convolution
with the tip shape, the identification of particle shapes is difficult in the low particle size limit (compare
e.g.ref. 37).
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Hominal Pd Coverage: 15.0 A

Fig. 1 STM images of the Pd/Fe304 model

catalyst as a function of Pd coverage before and
after stabilization.

With increasing metal coverage there is further nucleation of Pd particles up to nominal Pd

coverages of about 4 A. Here, a maximum particle number density of up to 3.8 x 102 particles cm™ is
reached. The close-up shows the formation of crystalline aggregates with a rather flat top of near
hexagonal shape. This indicates that the Pd particles grow in (111) orientation, with their sides being
terminated by (111) and (100) facets. If we proceed to even higher nominal Pd coverage (7 A), the
particle number density decreases again. This decrease is due to the onset of coalescence, as indicated
for example by the formation of some larger elongated crystallites (Fig. 1e). If we finally consider even
higher metal coverages, the particle film is found to transform into an interconnected Pd structure as a
result of strong coalescence. Even in this range, however, the hexagonal shape of the Pd areas is clearly
visible, indicating growth of a (111)-oriented thin film.

In a previous publication we have shown that strong restructuring of the Pd particles occurs upon

annealing in an oxygen containing environment.2% Specifically, it was demonstrated that particle
restructuring and sintering is directly connected to the onset of oxidation and, in particular, to the
formation of surface and interface oxides. Thus, the Pd deposit prepared in UHV under oxygen-free
conditions must be stabilized by repeated oxidation reduction cycles before they show a constant
activity in kinetic studies. Therefore the Pd model catalysts were treated several times with oxygen (2.1
x 10'* molecules cm™2 s7%, 1000 s, 600 L) and CO (2.1 x 10** molecules cm™ s, 3000 s, 1800 L) at
500 K.
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STM images of the stabilized model systems are shown in Fig. 1 (right column). For all Pd
coverages it is found that the particle number density decreases drastically upon stabilization and,
simultaneously, the particle size increases. Typically, the Pd particles show a well-defined crystalline
shape after the stabilization procedure, again exposing a planar nearly hexagonal top (indicating (111)
orientation). Measurements of the top facet size and the particle height reveal that the particles are
rather flat (the size of the flat top facet can be determined with good accuracy in STM). In the
intermediate coverage regime an aspect ratio (height : diameter) of approximately 1 : 3.5 is determined.
The flat shape hints to a relatively strong interaction with the support (compare e.g.ref. 38 and 39 and
references therein). From the information on the particle shape, we can estimate the fraction of (111)
facets to about 80% and the fraction of (100) facets to about 20%. At nominal Pd coverages above 7 A
coalescence leads to the formation of very large ordered and (111)-oriented Pd structures on a
characteristic length scale of 50 to 100 A. A summary of the structural data derived from STM is given

in Table 1.

Table 1 Growth parameters and structural data of the Pd/Fe304 model catalyst as determined from

STM (see Fig. 2)
Nominal Pd coverage

Nominal Pd coverage (atoms cm™2)

After annealing at 600 K
Island density (cm™2)
Number of Pd atoms/island
Average size/nm

After stabilization

Island density (cm™)
Number of Pd atoms/island
Average size/nm

03 A

2.0 x 101

1.7 x 1012
~100

4.8 x 1011
~400

40 A

2.7 x 101

3.8 x 1012
~700

8.4 x 1011
3300

7.0 A

4.7 x 101

1.0 x 1012
~4900

6.0 x 1011
~8100
~12

15.0 A

1.0 x 1016

For the size dependent studies it is desirable to extract quantitative information on the particle size
and density from the STM data. Here, it should be kept in mind that the most reliable information from
STM is the particle number density (see Fig. 2b), whereas it is difficult to extract exact particle
diameters, at least for small particles. We have, therefore, estimated the particle diameter from the
nominal Pd coverage and the particle number density. The particle number density as a function of
nominal Pd coverage was estimated from STM experiments by linear interpolation or extrapolation.
The average particle volume was derived by assuming a constant particle shape described by a half
spheroid with an aspect ratio of 3.5. On the basis of these assumptions we obtain an estimate of the
particle diameter as a function of the nominal Pd thickness. For very large nominal Pd coverages
(>10.0 A), an island density of the Pd aggregates could not be determined due to their interconnected
structure. Therefore the average particle size in this regime was estimated by linearly extrapolating the
size of the structures determined directly from the STM image for a nominal Pd coverage of 15.0 A.
The results of the corresponding estimates before and after stabilization treatment are displayed in Fig.
2a. In general, the curves show a behavior which is qualitatively expected on the basis of the STM data.
The region of lower Pd thickness (up to approx. 5 A) is dominated by particle nucleation and growth.
At higher coverage the particle size increases rapidly due to the onset of coalescence. We will use the
structural data from Fig. 2 and Table 1 in the following discussion of the size dependent adsorption and

reaction behavior.
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Fig. 2 Particle size and density of the Pd particles
on Fe304 as estimated from STM (see text).

3.2 Size dependent adsorption behavior and stabilization procedure (IRAS)

In the following we monitor the particle growth and morphological changes upon stabilization
(oxidation/reduction cycles) via IR spectroscopy of adsorbed CO.

Briefly, the CO adsorption behavior on Pd(111) and Pd(100) single crystals and on supported Pd
particles can be summarized as follows: On Pd(111) fcc threefold hollow sites are occupied at low

coverages, finally leading to a (¥3 x¥3)R30° superstructure at # = 0.33.2947 |n the low coverage limit,
adsorbed CO on fcc hollow sites gives rise to an absorption band at 1808 cm™, shifting to higher
frequencies with increasing coverage (1855 cm™ at # = 0.33). At higher coverage, site occupation was
found to depend on adsorption conditions.“64” At a coverage of & = 0.5 a c(4 x 2)-2CO structure is

observed giving rise to a single absorption band around 1920 to 1930 cm™. Based on theoretical
calculations and experiments, the structure was attributed to CO occupying a combination of fcc and
hcp hollow sites.24=4¢ More recent studies by STM and high-resolution PES (photoelectron
spectroscopy) suggested that structures with CO occupying bridge sites compete with adsorption on
hollow sites. 2647 Occupation of bridge sites around # = 0.6 has been found to give rise to absorption
bands between 1955 cm™ and 1970 cm™1.48=5L Saturation coverage at 100 K corresponds to a (2 x
2)-3CO superstructure at & = 0.75 with characteristic vibrational bands at 1895 and 2110 cm™, in
which hollow and on top sites are occupied.46=42

On Pd(100) the situation is simpler with bridge sites being occupied from low coverage to the c¢(2 x
2)-2CO superstructure at saturation coverage of & = 0.5. With increasing coverage the vibrational band
shows a large blue shift from 1895 to 1997 cm™ 4152

The absorption behaviour on Pd nanoparticles has been studied in detail and characteristic
differences have been found with respect to the single crystal data.2”:23=%8 First, adsorption of CO on
on-top sites has been observed at temperatures of 300 K and below, giving rise to absorption bands in
the region from 2070 and 2110 cm™. The exact positions of these bands depend on particle size and
coverage. Typically, the fraction of on-top CO, which is relatively weakly bound, increases with

decreasing particle size.2”>* A second difference is related to the occupation of bridge sites. The
corresponding bands are typically observed to dominate on Pd nanoparticles.22” Adsorption of CO at
bridge sites on particle edges gives rise to an intense absorption band, typically between 1970 and 2000
cm™ (with the exact position depending on adsorption temperature, coverage and particle size).22 CO
adsorbed on hollow sites gives rise to the shoulders and bands at lower wavenumbers.

For all IRAS studies, it should be noted, however, that the intensity of the various bands cannot be
easily related to the abundance of the corresponding species. This is due to strong dipole coupling
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effects in the adsorbate layer as well as to possible differences in the dynamic dipole momen

t.4l’59’60

Therefore, we restrict ourselves to qualitative interpretation of the CO IR spectra in the following

discussion.

Based on the above information we consider the IR reflection absorption spectra taken after
exposure to CO (18 L, T = 125 K) before (Fig. 3, black traces) and after stabilization (Fig. 3 grey

traces).

Intensity

IR-Spectra of CO on PdiFeq0,4 at 125K
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Fig. 3 IR reflection absorption spectra of the
Pd/Fe304 model catalyst at 125 K before and after
stabilization showing the CO stretching frequency
region after CO saturation.

ARMR=10%

1800

We focus on the range of low Pd coverage first (0.1 to 0.3 A nominal Pd coverage). Here we
observe bands at frequencies of approximately 2080, 2105 and 2130 cm™. The band at 2080 cm™
contains contributions due to CO adsorption on the Fe3O4 film and on the Pd particles. The feature at
2105 cm™ can be assigned to CO at on-top sites on small Pd aggregates. The band at 2105 cm™
increases in intensity with increasing Pd coverage and represents the regular on-top species. The
CO/Pd contribution to the band at 2080 cm™ may be tentatively assigned to very small Pd aggregates
or to specific defect sites.
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Two points are noteworthy in connection with the IR spectra at low Pd coverage. First, there is a

new band at 2130 cm™, which is not observed on single crystal surfaces. However, CO stretching
frequencies in this range are typically found for co-adsorption of CO and O (see references and
discussion in ref. 6, 24 and 61). Therefore, it appears plausible to assign this band, which is strongest at
very low Pd coverage, to CO adsorption on Pd particles in close contact with the oxide support or Pd
atoms at the particle/oxide interface. The second point concerns the adsorption at higher coordinated
sites. In contrast to previous studies on Pd/Al,O3, no CO adsorbed in bridge or hollow sites is observed

in the low coverage limit.2%:%7 Both observations indicate that the interaction of Pd with the Fe304
support is substantially stronger than, for example, with Al,O3 supports, leading to pronounced
modifications of the adsorption behaviour in the small particle limit.

Upon stabilization (oxidation/reduction cycles) the CO signals generally decrease, indicating a
reduction of the adsorption capacity. A possible explanation is sintering of the particles. However, the
spectra after stabilization do not resemble the spectra for larger particles. In fact the lower frequency
bands which are characteristic of CO adsorption on larger Pd particles are decreasing rather than
increasing. This observation suggests that the metal/oxide interaction is to a certain extent enhanced by
the stabilization procedure.

Next we consider the intermediate coverage regime (0.56 to 4 A nominal Pd coverage). In this

region the spectra are comparable to those observed for Pd/Al,03, previously.25” The band around

2100 and 2000 cm™ dominate the spectra. In addition, there is a weaker band at 1880 cm™ and a weak
diffuse band around 1930 cm™,

The dominant on-top peak around 2100 cm™ is characteristic of CO adsorption at low temperature
on small to medium sized particles and can be assigned to on-top CO adsorbed on Pd(111) facets and

on-top CO at defect sites such as e.g. steps and edges. The strong peaks around 1970-2000 cm™ can be
attributed to bridge bonded CO at particle edge sites and Pd(100) facets. Intensity in the range between

1930 and 1960 cm™ may be attributed to CO on hollow and bridge sites on (111) facets and the peak

around 1880 cm™ may at least partially be assigned to CO on hollow sites on (111) facets.

Upon stabilization the band in the on-top region decreases in intensity. This effect can be
rationalized by oxygen induced sintering (compare e.g.ref. 24) and an ordering of the particles which
leads to a lower density of edge and defect sites and, therefore, reduces on-top adsorption. This
interpretation is consistent with the sharpening and blue-shift of the band in the region of
bridge-bonded CO. Especially for deposition of 4 A Pd, this band becomes very intense, indicating a
large dynamic dipole for CO adsorbed on particle edges as well as strong dipole coupling effects

leading to intensity transfer from the bands at lower frequency.2 It is noteworthy that the CO band at

1880 cm™!, which is mainly attributed to hollow bonded CO on Pd(111), decreases upon stabilization.
This may partially be explained by a decrease in the fraction of (111) facets in favor of (100) facets,

similar to the reshaping in oxygen atmosphere observed by Henry and coworkers.22 The STM
investigation discussed before (see section 3.1) shows, however, that also after stabilization the particle
surface is clearly dominated by (111) facets. Therefore, the decrease in the hollow band may rather be
related to changes in the site occupation of the facets due to the influence of edges and defects as well
as to intensity transfer effects.

Finally, we consider large Pd coverages (8-20 A) corresponding to the regime of particle
coalescence. Here, the Pd surface is dominated by extended interconnected aggregates exposing
predominately large (111) facets. The CO IR spectra show the corresponding features, which are
characteristic of CO adsorption on Pd(111). Coexistence of on-top and hollow CO is indicated by the
two bands at 2110 and 1890 cm™. A band at 1955 cm™ indicates CO at bridge sites on Pd(111).
Finally, the band at approximately 2000 cm™ contains contributions from bridge bound CO at particle
edges and on Pd(100) sites. Upon stabilization the band intensity decreases, indicating a loss of Pd
surface area. However, no qualitative changes in the spectra are apparent (disregarding the case of 8 A
Pd coverage, which is right at the onset of the coalescence regime and may involve extended mass
transfer effects upon stabilization).

In order to obtain further insight into the size dependent CO adsorption behaviour, we have
performed further adsorption experiments at T = 300 K. In Fig. 4a comparison is shown between the IR
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spectra taken at 125 and 300 K. Here, we focus on the stabilized Pd particles only. It is noteworthy that
at nominal Pd coverages below 0.3 A, almost no CO absorption band can be detected at 300 K. In
order to illustrate this peculiar behaviour, the integral absorption of all bands in the CO stretching
frequency region is plotted as a function of the nominal Pd coverage in Fig. 4b. Atypically low
adsorption capacities are observed at low Pd coverage, which do not reflect the changes in the Pd

surface area. This behaviour is in sharp contrast to the adsorption of CO on Pd/Al,03246283 and on
Pd/Mg0.84=8 |n spite of the majority of relatively weakly bound CO at high coverage, in these studies
strongly bound CO was found down to low particle size, even showing adsorption energies exceeding
the values on the Pd(111) single crystal surface. We attribute the unusual CO behavior on the Pd/Fe304
to a strong metal/oxide interaction, which leads to a modification of the adsorption properties of the Pd
particles. As a result, CO occupies weakly binding on top sites with modified adsorption properties (as
reflected by the shift in the CO stretching frequency to 2130 cm™). At larger nominal Pd coverage a
characteristic band appears at 1953 cm™, which shifts to 1973 cm™ with increasing particle size. This
band is assigned to bridge bonded CO adsorbed at particle edges and (100) facets. The blue shift with
increasing particle size is attributed to the increasing number of corresponding sites leading to an
increasing dipole coupling. At intermediate particle sizes a shoulder around 1930 cm™ appears, which
transforms into the dominating feature at largest particle size. This peak is characteristic of CO on
Pd(111) facets (see above) and reflects the dominance of large (111) facets in this case.

(a) IR Spectra of CO on Pd/Fes0y

T=300K T=125K
1953 210 1993
N 0104
= — (2.4 nm) -
015 A
28nm T LT
- 0.30 A
"_ [Asam) = =t L
056 A
™ = I P 10 i N
- 1 140 A \r -\/I""'"
% | e (5.4 Am) " s
s 400 A /-F
E |~ BB, ;
120A
I 200 A
Nominal Pd
Coverage
kﬂ.ﬂfﬂ =05% {Panicle Size)
zigh | feomo
1973 1931 2127 2108 2001 1855 1302
2200 2100 2000 1900 1800 2200 2100 2000 1800 1800
Wavenumber I jem-1} Wavenumber | [em-1)
(b) Integral IR-Intensity at 300K
0.4
3
£ 0.3
z
w
£ 02
=
=
® 0.1
g
E
0.0t
00 10 20 30 4.0

Mominal Pd Coverage / (A)

Fig. 4 (a) IR reflection absorption spectra of the
Pd/Fe304 model catalyst at 125 and 300 K after
stabilization showing the CO stretching frequency
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region after CO saturation; (b) integral absorption
in the CO stretching frequency region at 300 K.

3.3 Size dependent CO adsorption kinetics (molecular beam experiments)

In the next step we investigate the CO adsorption kinetics on Pd/Fe304 as a function of particle size.
Therefore we perform King and Wells type®”:8 sticking coefficient measurements at 300 K. At this
temperature, CO does not adsorb on the Fe3O4 support, but on the Pd particles only. The sticking

coefficient experiments for the stabilized model surfaces are shown in Fig. 5. Corresponding
measurements were also performed before stabilization.

CO Sticking Coefficient on Pd/Feq04 at 300 K

Sticking Probability
AB=0.2

Nominal Pd Coverage (Particle Size)

_ 20.0 A Pd (90 nm)

: ' TRl L 2.0 APd (54 nm
N s )

. 8.00 APd (9.6 nm)
Srate il ottt .

o kY

4,00 A Pd (6.8 nm)

=4

1.40 A Pd (5.4 nm)

CO Sticking Probability

0.30APd(35 nmj

010APd (24 nm

M

ti(s)
Fig. 5 CO sticking coefficient measurements on
the stabilized Pd/Fe304 model catalyst at 300 K.

It is found that the characteristics of the CO sticking coefficient curves—including the shape of the
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curve, the initial sticking coefficient, the adsorption capacity and the saturation exposure—strongly
depend on the nominal Pd coverage. We will discuss these points in detail in the following.

First, it is apparent that the general adsorption mechanism follows a typical precursor type behavior
for all particle sizes. This is expected, taking into account the coverage dependent CO sticking
coefficient on Pd single crystal surfaces (compare e.g.ref. 69). The exact shape of the sticking
coefficient curve depends on the nominal Pd coverage and is discussed below.

As a first piece of specific information we consider the total CO adsorption capacity of the Pd
particles before and after stabilization. A corresponding graph is shown in Fig. 6a. It is found that the
total CO adsorption capacity rapidly increases with increasing particle size in the low Pd coverage
regime, but with increasing coverage approaches a limit of about 4.5 x 10'* molecules cm™ at a
nominal Pd coverage of ~4 A At even higher coverage, the CO adsorption capacity slightly decreases.
In line with the STM data (see section 3.1) the region of increasing adsorption capacity can be
attributed to the regime of nucleation and growth, whereas in the region of constant or even decreasing
adsorption capacity coalescence of Pd particle dominates. The adsorption capacity after stabilization
shows the same qualitative behavior as before, but the absolute adsorption capacity decreases
substantially. Naturally, this effect can be attributed to the increasing particle size and decreasing
particle number density upon stabilization.

(a) Integral CO Adsorption on Pd/Fey0y at 300K
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Fig. 6 (a) Integral CO adsorption capacity of the
Pd/Fe304 model catalyst at 300 K as determined

from the sticking coefficient measurements (see
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Fig. 6); (b) relative loss of CO adsorption capacity
upon stabilization; (c) CO adsorption capacity per
Pd atom.

A somewhat surprising behavior is observed in the limit of very small Pd coverage. Here, the
adsorption capacity shows an s-like shape, with an atypically low adsorption capacity. The effect
becomes more obvious if we plot the CO adsorption capacity per deposited Pd atom at CO saturation
(see Fig. 6¢). Because of the decreasing Pd dispersion of the model catalyst with increasing nominal Pd
coverage (i.e. increasing average particle size) one would expect a monotonously decreasing CO/Pd
ratio, if the adsorption properties of the surface Pd atoms were independent of particle size. Indeed we
find the expected monotonous decrease for larger nominal coverages (approximately >1 A). For
smaller Pd coverage the CO adsorption capacity per Pd atom is, however, found to decrease with
decreasing particle size (in spite of the large error bars at low Pd coverage the effect is well
reproducible and can, therefore, be considered to be significant). This decrease cannot be explained on
the basis of the growth behavior only, as the Pd dispersion is expected to increase monotonously with
decreasing particle size. Therefore, the decreasing CO adsorption capacity in the limit of small particle
sizes must be attributed to a change in adsorption behavior itself. We associate the low CO coverage
with a modification of the adsorption properties due to interactions with the oxide support. As a result,
CO adsorption apparently becomes very weak for small Pd particles and CO is not adsorbed
permanently at 300 K. This observation is consistent with the IRAS studies discussed in section 3.2,
indicating that for small particles a strong metal/oxide interaction leads to modification of the
adsorption properties and weak CO bonding at on-top sites only. The sticking coefficient
measurements, however, clearly prove the decrease in adsorption capacity, whereas no quantitative
information on coverage is available from the IRAS studies.

After stabilization the CO adsorption capacity decreases significantly due to particle sintering and
ordering. The relative loss in adsorption capacity upon stabilization is plotted in Fig. 6b. It is found that
the loss is largest for small Pd particles (approximately 35%) and decreases to approximately 20% for
the largest particles. This behavior is expected to take into account the lower stability of small
aggregates which, for kinetic and thermodynamic reasons, are more prone to sintering processes.

As a second piece of information we consider the CO sticking coefficient as a function of particle
size. A detailed comparison of three sticking coefficient curves at low, intermediate and high Pd
coverage is given in Fig. 7. It is observed that from low to intermediate Pd coverages the initial sticking
coefficient and the exposure required for CO saturation increase. If we proceed from intermediate to
high Pd coverage the saturation exposure still increases, but the initial sticking coefficient decreases
again.
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sized and large Pd particles on Fe304.

This, at a first glance somewhat surprising behavior can be understood on the basis of a combination
of the Pd growth and the so called “capture zone effect”. The capture zone effect for supported
catalysts was first formulated by Gillet and Matolin’%"% and later experimentally investigated by many
other authors (see e.g.ref. 32 and 72). Briefly, it is found that on supported particle systems two
adsorption channels exist. In addition to the adsorbate molecules directly impinging on the active
particles, other molecules may be trapped on the support and reach the particles via surface diffusion.
The equivalent area from which impinging adsorbates can be collected by the particles, is termed the *
capture zone”. The effect may substantially enhance the adsorption rate on the particles and, provided
that the adsorption process has some degree of rate control, may also have an effect on the kinetics of
catalytic reactions.

Schematically, the effect of the capture zone as a function of particle size and density is depicted in
Fig. 8. At low nominal Pd coverage, i.e. for small particles and not too high particle densities, the
capture zones are not expected to overlap substantially. Consequently, the initial sticking coefficient
increases with Pd coverage as a result of the increasing particle size and density. The exposure required
for CO saturation increases with increasing Pd coverage, due to the rapidly increasing particle surface
(which is not compensated for the moderately increasing sticking coefficient).
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direct impingement on the Pd and due to trapping
on the Fe304 support and diffusion to the Pd

particles (“capture zone effect”, see text).

If we now switch to high Pd coverage, we are dealing with very large Pd islands. Adsorption on

these islands is expected to be dominated by direct impingement on the Pd islands, and the contribution
of the capture zone should be small. As a result, the exposure required for CO saturation is even larger
and approaches the single crystal value. The average distance between the Pd particles also increases

for large nominal Pd coverage due to the low island density as illustrated in Fig. 8a (compare with

section 3.1). As a result, the probability of CO molecules trapped on the support to be collected by the
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particles decreases (because the width of the capture zone stays constant) and so does the initial
sticking coefficient So.

In order to quantify the role of the capture zone effect we proceed as follows: we assume an initial
sticking coefficient So on the Pd particles close to unity, similar as observed for the single crystal
surface (compare, e.g., with ref. 69). Next, we estimate the fraction of the support covered by Pd on the
basis of the STM-based model described in section 3.1. The enhancement of the adsorption rate due to
the capture zone is given by the ratio of Sp and the fraction of the Pd-covered support. The result is
displayed in Fig. 8b. We find an enhancement factor of up to approximately 6 for the smallest particles.
With increasing nominal Pd coverage the enhancement factor decreases monotonously. From this data,
we can estimate the size of the capture zone as AR = 1.7 £ 0.7 nm. This value is comparable to the
estimates by Matolin and coworkers, who calculated capture zones with ‘AR between 0.5 and 3.3 nm
for CO adsorption at 300 K on Pd particles supported on different types of #- and 7-Al,03

surfaces.’>=">

3.4 Size dependent oxygen adsorption and oxidation behavior

In the last part of this work, we discuss the oxygen adsorption and oxidation behavior of the Pd/Fe304
model catalyst. In the first step, we consider the dissociative adsorption of oxygen on metallic Pd only.
In a previous work we have shown that at temperatures below 450 K oxygen predominantly
chemisorbs dissociatively on the Pd particles.® We may assume that the Pd oxide formation is
kinetically hindered in this temperature region under the conditions applied.4:22

In order to probe the oxygen adsorption capacity, a molecular beam CO titration experiment is
performed (see Fig. 9). First, the sample is exposed to an extended pulse of O, (100 s), which leads to
saturation of the Pd surface by chemisorbed oxygen. After a delay time of 10 s the surface is exposed to
a pulse of CO (60 s). During the CO pulse, the CO2 production is recorded. It is found that the initial
COg production rate first increases with increasing nominal Pd coverage whereas at high Pd coverage it
shows a maximum and then decreases slightly.
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Fig. 9 Molecular beam CO titration experiments
on an oxygen-precovered Pd/Fe3O4 model catalyst
at 400 K.

Apparently, this behavior is similar to the Pd coverage dependence of the CO sticking coefficient. It
can be easily explained if we consider that at high oxygen coverage CO adsorption is expected to be
the rate determining step of the CO oxidation reaction. Consequently, the initial CO» production rate
represents the CO sticking coefficient on the oxygen saturated surface. Apparently, CO adsorption on
the oxygen saturated surface shows similar effects due to the capture zone as CO adsorption on the
clean surface (see section 3.3).

In order to quantify the amount of adsorbed oxygen, we integrate over the complete CO>
production. A corresponding plot is shown in Fig. 9c. The absolute oxygen uptake is estimated on the
basis of the morphology of the Pd particles at a nominal Pd coverage of 4 A (see section 3.1). On the
basis of the ratio of (111) facets (80%) to (100) facets (20%) and the saturation coverage on the single
crystal surfaces (Pd(111): #co = 0.5,228994 = 0.25,8 Pd(100): #co = 0.5,2% = 0.5%5) the average
saturation coverage on the particles are calculated as Ao = 0.3 and Aco = 0.5. With the data in Fig. 6
we obtain an absolute oxygen uptake of 2 x 104 atoms' cm™ at a nominal Pd coverage of 4 A. This
value is consistent with oxygen sticking coefficient measurements on the Pd/Fe304 model catalyst
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reported recently.®

It is found that the oxygen uptake as a function of the nominal Pd coverage follows a similar
behavior as the CO adsorption capacity. At low Pd coverages the adsorption capacity increases rapidly,
reaches a maximum at a nominal Pd coverage of about 4 A and decreases slightly at higher coverage as
a result of particle coalescence. Therefore we conclude that independently of the particle size oxygen
chemisorption dominates on the metallic Pd particles at 400 K.

Next, we investigate the particle size dependent oxidation of the Pd particles at 500 K. In order to
quantify the amount of Pd oxide formed, pulsed CO titration experiments are performed, which are
schematically depicted in Fig. 10a.22 The sample is exposed to a pulse of Oz (100s) and, subsequently,
360 pulses of CO (5s on-time, 5s off-time) are applied. In comparison to a continuous beam
experiment, the pulse experiment has the advantage that the CO, formation can be detected easily even
at very low rates (see Fig. 10b). As discussed previously, the CO; formation kinetics shows a bimodal

behavior:2 fast initial CO, production during the first pulse can be attributed to reaction of CO with
chemisorbed O on metallic Pd. Slow CO» production during the following pulses can be assigned to
reduction of the surface and interface oxides. The total oxygen release is determined by integrating
over 300 pulses after subtraction of the average signal of the last 60 pulses, used as a background
signal. The results of these experiments are plotted in Fig. 11a (upper trace). An absolute calibration of
the oxygen release is obtained by comparison with the integral CO> signal obtained from the CO
titration experiment at 400 K in Fig. 9 (see Fig. 11a, lower trace).
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model catalyst at 400 K (only chemisorption of
oxygen) and at 500 K (chemisorption and oxide
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titration experiments; (b) reversible oxygen uptake
per Pd surface area; (c) reversible oxygen uptake
per Pd atom deposited.

It is found that the total oxygen release initially increases with increasing nominal Pd coverage,
shows a maximum at a Pd coverage around 4 A and decreases rapidly at higher Pd coverages. This
behavior cannot be explained on the basis of the total surface area of the Pd particles but points to a
pronounced particle size dependence of the oxide formation. For small particles, kinetic hindrances are
minor and the particles are easily oxidized under the conditions applied here. For larger particles,
however, strong Kinetic hindrances exist and surface or interface oxides are hardly formed. As a result,
the oxygen release drops with increasing Pd coverage in spite of a nearly constant surface area. The
region where this drop in oxygen release is observed coincides with the region of coalescence, in which
the most rapid increase of particle size occurs (compare section 3.1). It should be noted that even for
largest particle sizes the oxygen release at 500 K is significantly larger than at 400 K. This effect may
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be associated with a small fraction of Pd oxide formation even on large particles.

In order to obtain more information on the oxide formation as a function of particle size, it is useful
to relate the oxygen release to the number of Pd surface and bulk atoms. To calculate the number of
oxygen atoms per Pd surface atom we estimate the surface area of the particles on the basis of the
STM-based model discussed in section 3.1. The data is normalized such that the oxygen coverage for
chemisorption (400 K) at a Pd coverage of 4 A is fio = 0.3 (see discussion above). The result is shown
in Fig. 11b. We find that the oxygen release at 400 K (chemisorption only) remains constant within our
experimental accuracy, whereas the oxygen release at 500 K (Pd oxidation and chemisorption) shows a
step-like increase for nominal Pd coverages below 4 A (corresponding to an average particle size
around 7 nm). For smaller particles the ratio of oxygen to Pd surface atoms increases to a value of
approximately 1.5. It is difficult to estimate the exact thickness of the surface and interface oxide from
this number, as we have no detailed information on the distribution of the oxide over the Pd/Fe304
interface. We have to take into account that in addition to the Pd/Fe304 interface, a minor part of the
outer surface of the Pd particles is also oxidized and the remaining metallic fraction is saturated with

chemisorbed oxygen.8 Taking all points into consideration it appears likely that the average thickness
of the Pd surface and interface oxide on the Pd particles is thicker than the surface oxide on Pd(111) (@
o0 =0.7, see ref. 18).

Finally, it is interesting to estimate the average oxidation state of the complete particles, by
calculating the ratio between the oxygen uptake and the total amount of Pd deposited (see Fig. 11c).
We find that with decreasing nominal Pd coverage the average oxidation state rapidly increases for Pd
coverages of 4 A and below (corresponding to an average particle size of 7 nm). For very small
particles the oxygen release points to an O/Pd ratio of around 0.6 to 0.8.

One might assume that for very small particles, for which no substantial kinetic limitations with
respect to oxidations exist, the stoichiometry may approach PdO. This assumption is not supported by
the titration experiments, however. Instead the oxygen release appears to decrease again for the
smallest particles. We have to treat this observation with care because of the large experimental
uncertainties in the limit of small particles. Still, it is important to notice that a decreasing oxygen
release for the smallest particles does not necessarily imply a hindered oxidation. Instead, it may also
point to a hindered reduction upon CO exposure. Such an effect would be compatible with the
anomalous CO adsorption behavior for very small particles (see section 3.2) which was tentatively
assigned to a strong interaction with oxygen from the support or a partial oxidation of the Pd particles,
remaining even after extended CO exposure.

4. Conclusions

We have investigated (i) the particle size dependence of CO and oxygen adsorption and (ii) the particle
size dependence of oxidation of Pd nanoparticles using a supported Pd model catalyst based on an
ordered Fe304 film on Pt(111).

(1) The morphology, nucleation, growth and coalescence behavior of the Pd particles immediately
after preparation and after stabilization by thermal treatment in oxygen were characterized by STM. Pd
particles in a size range between roughly 1 and 100 nm could be prepared.

(2) The morphological changes as a function of particle size can be monitored via IRAS (IR
reflection absorption spectroscopy) of adsorbed CO as a probe molecule. Smaller particles show
characteristic bands (125 K) due to on-top CO, the bands in the bridge- and hollow-regions show
characteristic changes as a function of particle size and can be interpreted on the basis of single-crystal
data.

(3) Very small Pd particles on Fe3O4 show an anomalous adsorption behavior, which is

characterized by weak CO adsorption and a CO stretching frequency in the range of 2130 cm™. This
modified adsorption behavior is attributed to the interaction of small Pd particles with the support.

(4) The CO adsorption kinetics shows a strong enhancement due to trapping and diffusion on the
support (capture zone effect). The capture zone is quantified on the basis of structural data from STM.
In the limit of small particles the CO adsorption rate is enhanced by up to a factor of 6 (300 K). The
enhancement effect becomes negligible for very large particles.

(5) Oxygen adsorption at 400 K was quantified by means of CO titration experiments and shows a
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size dependent behavior similar to CO adsorption. This observation suggests that independently of the
particle size oxygen adsorbs dissociatively at 400 K and almost no Pd oxidation occurs.

(6) Oxidation and reduction of the Pd particle was investigated as a function of particle size at 500
K. Interface oxidation and partial surface oxidation occur easily at particle sizes up to approximately 7
nm. On larger particles strong kinetic hindrances with respect to oxidation are observed. On the
contrary, smaller particles are easily oxidized. Estimates point to the formation of oxide layers which,
in average, are thicker than the surface oxides formed on single crystal surfaces. Full reduction of very
small Pd particles may be hindered due to strong interaction with the support.
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