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The heat of adsorption and sticking probability of CO on well-defined Pd nanoparticles were
measured as a function of particle size using single crystal adsorption microcalorimetry.

Pd particles of different average sizes ranging from 120 to 4900 atoms per particle

(or from 1.8 to 8 nm) and Pd(111) were used that were supported on a model in situ grown
Fe3;04/Pt(111) oxide film. To precisely quantify the adsorption energies, the reflectivities of the
investigated model surfaces were measured as a function of the thickness of the Fe;O4 oxide layer

and the amount of deposited Pd. A substantial decrease of the binding energy of CO was found
with decreasing particle size. Initial heat of adsorption obtained on the virtually adsorbate-free
surface was observed to be reduced by about 20-40 kJ mol~' on the smallest 1.8 nm sized Pd
particles as compared to the larger Pd clusters and the extended Pd(111) single crystal surface.

This effect is discussed in terms of the size-dependent properties of the Pd nanoparticles. The CO
adsorption kinetics indicates a strong enhancement of the adsorbate flux onto the metal particles
due to a capture zone effect, which involves trapping of adsorbates on the support and diffusion
to metal clusters. The CO adsorption rate was found to be enhanced by a factor of ~8 for the
smallest 1.8 nm sized particles and by ~ 1.4 for the particles of 7-8 nm size.

Introduction

Nanoparticles of transition metals supported on the oxide
surfaces form a basis for a large variety of practically
important catalytic materials. Their structural properties,
e.g. the particle size, are believed to strongly affect or even
control the chemical activity of a catalyst.'"” Generally, the
overall activity of any catalytic surface depends on the two
classes of its properties: on the intrinsic activity of the metal to
catalyze the desired reaction pathway and on the ability of the
surface to efficiently bind the reactants, stabilize the desired
reaction intermediates and effectively release the products. The
latter group of the properties is determined by the bond
strength of the adsorbed surface species and by the relative
thermodynamic stabilities of the reaction intermediates. For
the controlled molecular design of new catalytic materials, a
detailed knowledge on the energetics of the adsorbate—surface
interaction is required, which provides a basis for fundamental
understanding of how the surface binds the reactants and
guides them through various elementary steps to the products.
For the practically-important nano-structured materials, such
fundamental information on the correlation between the
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gas—surface binding energy and the exact nature of an adsorp-
tion site as well as the size of the metal nanoparticles is not
available. Previously, such correlations were addressed by
adsorption calorimetry by Vannice et al. on powdered
supported Pt, Pd and Ni catalysts.® However, studies of such
powdered materials produced by wet chemical preparation can
suffer from impurities and inhomogeneities of the support,
resulting in a broad particle size, structure or even composi-
tion distribution. The vast complexity of such materials and
possible contaminations introduced during wet chemical
preparation hamper detailed understanding of the structure
of the metal nanoparticles and the nature of the surface sites
interacting with the adsorbates.

To overcome the above-mentioned problems, we adopt here

a model catalyst approach where clean and well-defined metal
nanoparticles are prepared on single-crystalline oxide films
grown on metal single crystals under the pristine conditions of
ultrahigh vacuum (UHV).>**'* The use of such model
surfaces allows us to controllably vary the degree of complexity
of supported catalysts and enables a detailed characterization
of their surface structure by a variety of surface science
methods without losing the catalytically important structural
properties inherent to dispersed supported catalysts. Previously,
the adsorption energetics of several gases were studied as a
function of particle size by temperature programmed desorp-
tion (TPD) for clean and well-defined metal nanoparticles on
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single crystalline oxide surfaces (see e.g. ref. 3, 15 and 16).
However, those studies generally must assume a preexponential
factor for desorption to get the activation energy for desor-
ption, and must further assume that there is no activation
barrier for adsorption to convert the activation energy for
desorption into adsorption energy. Also, the initial particle
size distribution can change during the heating required for
such TPD studies.

In order to surmount these restrictions, we have developed
the capability to directly measure heats of adsorption by a
single crystal adsorption calorimeter (SCAC) on model
catalysts consisting of clean and well-defined metal nano-
particles grown on single-crystalline oxide surfaces under
UHV,!7 which provides much more definitive understanding
of the relationship between adsorbate energetics and catalyst
nanostructure. We report here calorimetric measurements of
the adsorption energy of CO molecules as a detailed function
of Pd particle size for model Pd/Fe;0, catalysts consisting of
well-defined Pd nanoparticles supported on clean Fe;O4(111)
single-crystalline surfaces, grown as thin films on a Pt(111)
substrate in an ultrahigh vacuum. The adsorption energies
were systematically measured as a function of CO surface
coverage and the size of Pd nanoclusters (independently
characterized by scanning tunneling microscopy in ref. 18).
Previous attempts to address the particle-size effects on the CO
chemisorption energy by temperature-programmed desorption'®
and isothermal modulated molecular beam studies''-"”
provided contradictory results: whereas the TPD studies found
a decrease of the adsorption energy by about 10 kJ mol~! on
the 2.5 nm-sized Pd particles as compared to the extended
single crystal surfaces, the molecular beam experiments pre-
dicted a pronounced increase of the adsorption energy by
about 35 kJ mol~! on the particles smaller than 1.5 nm. With
the direct SCAC measurement of the CO adsorption heats we
obtained a pronounced decrease of the adsorption energy with
decreasing particle size and resolved with this a long-standing
controversy. A preliminary report of some of these results has
appeared elsewhere.”®

Experimental procedure

The adsorption experiments were performed at the Fritz-
Haber-Institute (Berlin) in a UHV single crystal adsorption
calorimetry apparatus described in detail elsewhere.!” Briefly,
the apparatus consists of two independent UHV chambers,
separated by a gate valve, with typical base pressure 2 X
107'° mbar. An effusive doubly differentially pumped multi-
channel array source was employed to produce a CO (Linde,
purity 4.7) beam at the intensity of 9.24 x 10'> molecules cm™>s~!
(3.3 x 1077 mbar on the sample surface). The beam was cut
into pulses of 266 ms length by a remote-controlled chopper,
after that the gas impinged on a sample prepared on an
ultrathin (1 pm) single crystal (Pd(111) or Pt(111)). The beam
spot on the sample surface had a circular shape with the
diameter of 4 mm. During the gas exposure, a fraction of
the molecule adsorbs on the surface, producing a heat input,
which causes a small (~10-20 mK) transient temperature rise
in the crystal. This small change in the temperature of
the sample was measured by a heat detector, consisting of a

9 pm-thick B-polyvinylidene fluoride (B-PVDF) pyroelectric
ribbon coated with Au on both sides, which produces a
transient voltage signal proportional to the temperature
change. The energy calibration was performed by applying
pulses of laser light (HeNe, Linos, wavelength 632.8 nm,
5 mW), which passes through the same path as the molecular
beam and is chopped in a way identical to the molecular flux.
Simultaneously, the fraction of the molecules adsorbed in a
single beam pulse (i.e., the sticking coefficient) was measured
by the modified King—Wells method?' with a quadrupole mass
spectrometer (QMS Hiden, HAL 301/3F) in a non-line-of-
sight geometry.

The absolute laser power was measured by an in situ
photodiode (Thorlabs, calibrated: 472.2 yW V') installed in
the UHV chamber. The reflectivity of the sample was deter-
mined by the use of a newly developed in situ setup for
reflectivity measurements with a continuous-wave He—Ne laser
(2 = 632.8 nm), which is described in detail elsewhere.!” The
reflectivity was measured on the samples prepared on the
1 mm-thick crystals, prepared in the same way as the 1 pm-thin
samples in order to guarantee the macroscopic flatness of the
surfaces.

The Pd(111) single crystal, which is used as a reference for
CO adsorption on extended surfaces, was cleaned by repeated
cycles of sputtering with 800 eV Ar ions, oxidation at 700 K
and annealing at 1000 K. The Pd/Fe;O4/Pt(111) model
catalyst was prepared by growing a thin (~ 50 A) Fes04(111)
film on a Pt(111) single crystal by repeated cycles of Fe
(>99.99%, Goodfellow) physical vapor deposition at a sub-
strate temperature of ~120 K and subsequent oxidation at
875 K (see ref. 18, 22-25 for details). The cleanliness and the
quality of the oxide film was checked by AES and LEED. Pd
particles were grown in situ by physical vapor deposition from
a Pd rod (>99.9%, Goodfellow) using a commercial evapora-
tor (Focus, EFM 3) with a deposition rate of 0.3 A min™!
(2.1 x 10'* atoms cm ™ min~"). During metal evaporation, the
single crystal sample was held at 115 K, and biased to +800 V
to avoid formation of defects by metal ions. The mean
diameter of the resulting Pd particles was controlled by the
amount of deposited Pd, which was varied from 2.1 x 10" to
4.9 x 10" atoms cm ~? using five nominal deposition thickness
values (0.3, 0.6, 1.5, 4.0, and 7.0 A, where 1 A corresponds to
7 x 10" atoms cm~? assuming the bulk density of Pd).
Directly after Pd deposition, the sample was annealed to
600 K and cooled, and a microcalorimetric measurement of
CO adsorption heats was performed after the sample reached
thermal equilibrium near room temperature with the
pyroelectric detector. The evaporation rates of Fe and Pd
were calibrated by a quartz-crystal microbalance (QCM,
Sigma instruments).

Results and discussion
1. Structure of Pd/Fe;O0,4/Pt(111) model supported catalysts

To study the CO adsorption energies as a function of particle
size, a series of the Pd/Fe;O4/Pt(111) model supported
catalysts with five different nominal Pd coverages was
prepared. Fig. 1 shows scanning tunneling microscopy (STM)
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3100 x 100 nm,

Fig. 1 STM images (100 x 100 nm) of Pd particles on Fe;O,/Pt(111) for different Pd nominal thicknesses: (a) 7 A, (b)4 A, and () 0.3 A, from ref. 24.

Table 1 Structural data of the Pd/Fe;O4 model catalysts as determined from STM (see Fig. 1), and the measured number of CO molecules

adsorbed per particle in the first CO gas pulse during calorimetry

Nominal thickness of deposited Pd layer 03 A 4.0 A 7.0 A
Nominal Pd coverage/atoms cm > 2.1 x 10 2.8 x 10" 49 x 101
Pd particle density from STM/cm 2 1.7 x 10'? 3.8 x 10" 1.0 x 102
Average number of Pd atoms per particle ~ 120 ~ 740 ~4900
Average Pd particle diameter/nm 1.8 4 8
Estimated number of surface Pd atoms per particle ~65 ~240 ~870
Number of CO molecules per Pd island adsorbed in the first MB pulse ~4 ~3 ~14
images for three surfaces with Pd thicknesses of 0.3, 4 and 7 A
(from ref. 24). Table | summarizes the structural data derived 0.75F r____FeOa’Pt(111) Fe,0,/P(111) (a)
from the STM images. The average number of Pd atoms per 0.74L & T i
particle was estimated by dividing the Pd coverage by the Pd =2 5
particle density. Additionally, the average number of the % 0.73F P(111) o
surface Pd atoms per particle was estimated from these % 072k o
structural data assuming a hemispherical particle shape to o
first estimate the Pd particle radius, and then assuming the 0.7t @
same number of Pd surface atoms per unit area as on the 0.70F o
Pd(111) surface (these numbers are reported in Table 1 as L L L L L L
number of Pd atoms per cm?). 0 - _10 15 20 25

At the highest investigated Pd coverage (7 A, Fig. 1a), Fe nominal coverage, A
nucleation of the Pd particles occurs in a well-distributed 77—
fashion over the Fe;O, terraces resulting in formation of 0.72f (b)
~10'2 Pd particles per cm? The inset shows a close-up of 24 ML Fes04/PH(111) Pa(111)
an individual particle, which has a hexagonal shape with a 2 onr o
rather flat top facet. This indicates that the crystalline aggre- % !’f.'
gates are formed, growing in (111) orientation, and their sides % 0.70 i'la”m 03A  15A
are terminated either with (111) or (100) facets. The average o 3 s i
number of Pd atoms per particle is estimated to be about C 3 A
~4900 here. For the nominal deposition thickness of 4 A, the 06 A 4.(1 70 A
island density grows by about a factor of 4 resulting in 0.68¢ 0'1 % 1'0 /—

formation of smaller particles (~740 Pd atoms per island,
Fig. 1b) that retain a hexagonal form and a high degree of
crystallinity. At the lowest investigated Pd coverage (0.3 A,
Fig. lc), the shape of the particles appears round. However, it
should be kept in mind that due to convolution with the tip
shape, the precise identification of the particle shape and size is
difficult in the small particle size limit.”> The average number of
Pd atoms per particle is estimated to be about 120, corres-
ponding to the particle size of ~1.8 nm.

2. Optical reflectivity of Pd/Fe;O,4/Pt(111) surfaces

The reflectivity of the model catalyst surfaces was determined both
on pristine Fe;O4/Pt(111) layers after the different stages of oxide
film preparation and on the oxide layer containing Pd nanoclusters.

Pd nominal coverage, A

Fig. 2 Optical reflectivity measurements at the He-Ne laser wave-
length of 632.8 nm at normal incidence, as used for calorimeter
calibration, for: (a) Pt(111), FeO/Pt(111) and Fe;O4(111)/Pt(111) after
successive cycles of preparation plotted as a function of the thickness of
the iron layer (/OX) deposited prior to oxidation (see text). The reflectivity
is measured at 120 K directly after oxidation. (b) Fe;O4/Pt(111) film
(obtained after consecutive deposition and oxidation of 24 A of Fe)
covered with different amounts of Pd nanoparticles, plotted here as a
function of their Pd nominal coverage (measured at 298 K).

Fig. 2a shows the reflectivity values obtained at a photon
energy of 1.96 eV (1 = 632.8 nm) on the pristine Pt(111)
crystal, on the same crystal after preparation of the closed FeO
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monolayer film and after each of the six successive cycles of
Fe;04 preparation. The reflectivity measurements were carried
out at 120 K. A clean Pt(111) surface shows a 74.1 + 0.3%
reflectivity, which remains nearly the same within the
experimental error after formation of the FeO monolayer
(74.6 + 0.2%). On the following stages of preparation,
formation of Fe;O, layers significantly affects the reflectivity
leading to a decrease from 74.6 &+ 0.2% on the FeO layer to
70.2 £+ 0.1% after deposition of 24 A of iron, resulting in the
formation of a thick Fe;O4 film. The deposited Fe thickness of
24 A, once oxidized, corresponds to 1.1 x 10~% moles Fe;0,
per cm?, which at its bulk density corresponds to an effective
thickness of 50 A of Fes0q4.

The decrease in the reflectivity of the resulting Fe;O4 film
AR scales linearly with the amount of deposited iron: AR =
(—=01.9 £ 0.06%) x dg., where dy. (A) is the thickness of the
iron layer deposited prior to oxidation (note that dg. is not the
thickness of the resulting Fe;Oy4 film). 1 A of deposited iron
corresponds to deposition of 8.5 x 10'* Fe atoms per cm?
assuming the density of bulk iron.

Note that the reflectivity changes as a function of surface
temperature. The reflectivity of pristine Pt(111) decreases from
74.1 + 0.3% to 73.1 + 0.1% when the temperature increases
from 120 K to 298 K. This reflectivity decrease is related
to a change of the dielectric function with increasing
temperature.”® The reflectivity of Pt(111) determined at 298 K
coincides within 3% with most of the published data on the
reflectivity of Pt. A reflectivity value of 75% was reported by
Yu et al. for an evaporated Pt film,>” 71.5 + 0.5% by King
et al. for Pt(111)*® and 76% by Campbell et al. for Pt(111).° A
substantially lower reflectivity of 67% was measured on a
polycrystalline Pt sample by Weaver.>® The reflectivity of the
final Fe;04/Pt(111) obtained after deposition and oxidation
of 24 A of Fe amounts to 70.2% + 0.1% at 120 K and
69.2 + 0.1% at 289 K.

The reflectivities of Pd(111) and five Pd/Fe;O4/Pt(111)
samples with different amounts of deposited Pd were studied
at room temperature. Fig. 2b shows the obtained values
plotted as a function of Pd deposition thickness along with
the reflectivity for the Pd(111) surface. For Pd(111), the
measured value of 71.6 + 0.5% lies in the range between
70.6% and 72.9% of the previously obtained reflectivity
values.> 3* For Pd nanoparticles supported on the Fe;O,
film, a decreasing reflectivity was observed with increasing
amount of deposited Pd. This behavior is expected from the
increasing absorption of light as a function of incrementing
particle size.*> To estimate a possible contribution of
scattering to the reflectivity changes with increasing particles
size, we calculated the absorption and scattering efficiencies of
the free-standing single Pd particle using Mie theory.* In the
scope of this theory, the absorption efficiency exceeds the
scattering efficiency by ~300-fold for the 8 nm sized clusters
and by ~2.5 x 10* for the 1.8-sized Pd particles. From this
estimate it can be assumed that the decreasing reflectivity of
the Pd/Fe;O04/Pt(111) surfaces with increasing particles size
results mainly from the increasing absorption of light by the
metal particles. For the three lowest Pd deposition thicknesses,
0.3, 0.6 and 1.5 A, the reflectivity values coincide within less
than 1% of the bare Fe;O4/Pt(111) support at room temperature.

For the larger deposition thicknesses, the trend to lower
reflectivities (68.3% and 68.2% for 4 and 7 A deposited Pd,
correspondingly) is more pronounced. It should be mentioned
that the final reflectivity might be affected by fluctuations of
the evaporation rate of Fe resulting in a slightly different
thickness of the underlying Fe;O, layer. To minimize the
impact of this irreproducibility on the measured adsorption
energy values below (whose calibration is sensitive to
sample reflectivity), the adsorption energy measurements
reported below were carried out on several—typically four
to six—newly prepared samples and averaged.

3. Combined energy and sticking coefficient measurement:
CO adsorption on supported Pd nanoparticles

A typical complete calorimetric data set is shown in Fig. 3.
Fig. 3a displays the response of the pyroelectric ribbon plotted
as a function of time due to the adsorption of CO gas pulses
onto Pd nanoparticles (deposition thickness 7 A) supported on
Fe;04(111)/Pt(111) films at 300 K. The applied molecular
beam flux amounts to 9.3 x 10" CO molecules cm ™2 s !,
which in combination with the pulse length of 266 ms results in
2.5 x 10" CO molecules cm™2 supplied to the surface per
molecular beam pulse. The energy released per CO pulse is
presented as a function of the pulse number in Fig. 3b. Fig. 3¢
shows the time evolution of the corresponding QMS signal for
CO gas (28 amu), recorded simultaneously with the calori-
metric measurement. This trace is used to calculate the sticking
probabilities of CO via the King-Wells method,?' which are
displayed in Fig. 3d as a function of CO pulse number.
Note that in a microcalorimetry experiment carried out
under conditions where the adsorbate can desorb in the
~2 s time between pulses, which is the case at high coverages
in Fig. 3, the system always reaches a steady-state situation at
quasi-saturation. In this regime, there is a constant non-zero
sticking probability and constant adsorption heat even after
saturation of the surface at high exposures. This effect is a
consequence of the fact that the CO saturation coverage
depends on the CO pressure in the gas phase:*”** it is higher
while the surface is exposed to the molecular beam and
decreases after the interruption of the beam toward the value
inherent to UHV conditions. As a result, a part of the
molecules desorbs between molecular beam pulses and overall
a quasi saturation regime is reached, in which the adsorption
during a gas pulse exactly balances the desorption between gas
pulses. This behavior leads to an apparent infinite uptake of
gas onto the surface in a quasi-saturation regime. Similar
behavior was previously observed in the microcalorimetric
studies on CO adsorption carried out on the Pd, Pt and Ni
single crystal surfaces® and cyclohexene on Pt(111).*° To
quantitatively treat this phenomenon, Campbell et al. intro-
duced two types of sticking probabilities for calorimetry
experiments:** the long-time sticking probability, which is
defined as the probability that molecules in a gas pulse stick
on the surface until the next pulse arrives 2 s later, and the
short-time sticking probability, which is defined as the
probability that molecules in a gas pulse stick on the surface
until the end of that gas pulse, which is the time period used to
measure the heat signal. In Campbell’s work, the long-time
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Fig. 3 A typical dataset obtained upon adsorption of CO on 7 A Pd/Fe;04/Pt(111) at 300 K (with the effective thickness of the oxide layer ~ 50 A):
(a) the pyroelectric detector response from a train of CO pulses (CO flux: 2.6 x 10'* CO molecules cm > per pulse or 0.017 ML per pulse); (b) the
energy released per CO pulse plotted as a function of pulse number; (c) time evolution of the QMS signal at 28 amu used for calculation of the
sticking probability; (d) resulting sticking probability plotted as a function of pulse number; (e) differential heats of adsorption plotted as a

function of number of adsorbed CO molecules.

sticking probabilities were used to calculate the coverage at the
start of the next pulse, and the short-time sticking probabilities
were utilized for calculation of the adsorption energies
per mole adsorbed. When the quasi-equilibrium is reached,
the long-term sticking probability goes to zero (i.e., the coverage
at the start of each new pulse is the same) but the short-term
sticking probability may remain very high. When there is no
desorption between pulses, both sticking coefficients must be
the same.

In the present work, only short-time sticking coefficients
were measured. As seen in Fig. 3d, the initial short-time
sticking probability on the clean sample is 0.64 £+ 0.01 at
300 K and decreases to a constant value of 0.38 4+ 0.01 after
~32 CO pulses in quasi-saturation. The latter sticking
coeflicient corresponds to adsorption during the pulse and
desorption between the pulses of about 0.01 CO molecules per

surface Pd atom, which is small as compared to the CO
saturation coverage of 0.5 CO molecules per surface Pd atom
at 300 K (see below). The short-time sticking coefficient and
flux allow us to calculate the absolute number of CO molecules
that were adsorbed on the surface during each pulse. Assuming
that no significant amounts of CO desorb between pulses prior
to the quasi saturation regime is reached, the increase of the
total CO surface coverage as a function of the pulse number
can be calculated by integrating the sticking coefficient and
multiplying the obtained number with the CO flux.>!
However, it should be kept in mind that the use of the
short-time sticking coefficients can generally lead to over-
estimation of the CO surface coverage, due to long-time
desorption of CO between pulses. For the coverages reported
in the present study, this is not an important problem, since we
truncated the coverage measurements just before saturation,
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Fig. 4 Sticking probability plotted as a function of number of adsorbed CO molecules at 300 K for Pd(111) and for Pd nanoparticles of different
sizes (the Pd nominal coverages are indicated). The data are shown as an average of four to six independent measurements on freshly prepared

surfaces. The error bars correspond to the error of the mean.

where the short-time sticking probability and the long-time
sticking probability are still very similar. We verified that the
use of the short-time sticking coefficients for CO adsorption
on Pd particles and Pd(111) gives the same CO coverages
(within 0.2% for Pd(111) and ~6% on Pd particles) as the
true values measured with a continuously running molecular
beam in the coverage regime reported here.

As shown in Fig. 3b, at the beginning of the exposure, the
initial adsorption energy on the clean Pd clusters is high
(415 + 7 nJ per pulse), which decreases with increasing
CO exposure until it reaches the quasi-saturation regime*!
after about 32 CO pulses and levels off at a value of
~115 4+ 10 nJ per pulse at quasi-saturation. By dividing this
measured energy input for any pulse by the absolute number
of molecules in that pulse which adsorbed during the short-
time sticking probability measurement, we obtain a heat of CO
adsorption in kJ mol~!, which is plotted as a function of
CO surface coverage in Fig. 3e. On this surface, the heat of CO
adsorption initially amounts to 125 kJ mol~!. After adsorp-
tion of about 0.45 x 10'> CO molecules cm ™~ the surface of
the particles reaches the quasi saturation regime (with the
corresponding CO surface coverage of ~0.5 ML with respect to
the number of surface Pd atoms) and the adsorption heat levels
out at ~77 kI mol~!. Note that no real coverage increase exists
in the quasi steady state regime reached after about 8.5 s. Two
reasons account for the decreasing adsorption enthalpy with
growing CO coverage: intermolecular repulsion of neighboring
CO molecules and increasing competition for the d-electrons of
Pd nanoclusters participating in the CO-Pd bonding.

Qualitatively similar dependences of the sticking probabilities
and the adsorption heat on the CO coverage were observed for
all Pd particles and for the single crystal surface, which will be
described in detail in Section 4.

4. CO adsorption energy and sticking probability as a function
of particle size

As a next step, the dependence of the CO adsorption heat on the
size of Pd nanoparticles was investigated for all five model
catalysts and compared to the Pd(111) single crystal. As described
above, the final energy value is the quotient of two independent
measurements: the total amount of deposited energy and the
number of adsorbed molecules associated with this energy
transfer. The latter parameter was determined from the short-
time sticking coefficient measurements of the King—Wells type”' as
described above. Fig. 4 shows, for all investigated model catalysts
and the Pd(111) single crystal, the short-time sticking coefficients
as a function of a number of adsorbed CO molecules
(molecules cm™>). In the following, we will denote the measured
short-time sticking coefficient simply as a sticking coefficient.

All measurements were performed at 300 K, at which CO
does not adsorb on the Fe;O4 support® but on the Pd particles
only. Note that an apparent non-zero sticking coefficient was
observed in the quasi steady state regime for all investigated
surfaces, which arises from the partial CO desorption between
the beam pulses and CO re-adsorption when the next pulse
hits the surface (see discussion in Section 3). Fig. 5 displays the
values of the initial sticking probability on the adsorbate-free
Pd nanoparticles and on Pd(111) plotted as a function of the
particle size (Fig. 5a) as well as the CO adsorption capacity
(number of CO molecules adsorbed per cm? at saturation)
reached right before the quasi steady state regime (Fig. 5b).
This point at which the system reaches the quasi-steady state
regime was chosen when the heat signal became constant
(within its deviation of 4%) for all further CO pulses.
Additionally we checked that the sticking coefficient values
also remain constant (typically within ~5-10%). The first
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criterion was found to be more reliable, probably due to the
better reproducibility of the heat measurement.

On Pd(111), the initial sticking probability reaches 0.72 +
0.03 and remains nearly constant until the CO surface
coverage of ~2.7 x 10" CO molecules cm™2 (or 0.18 CO
molecules per surface Pd atom) is achieved and decreases to a
quasi steady state value of about 0.3 for a CO coverage of
0.76 x 10" molecules cm 2 (or 0.5 CO molecules per surface
Pd atom) in quasi saturation. The CO saturation coverage on
Pd(111) is in an excellent agreement with the previously
reported value, which was obtained by a number of independent
surface-sensitive techniques (see e.g. ref. 42-45). The value of
the initial sticking coefficient measured in this study is some-
what lower than the previously reported values 0.8—1.0* and
0.95 + 0.05.

It is apparent that the general adsorption mechanism
follows a typical precursor type behavior, which was previously

observed on the Pd single crystal surfaces (compare e.g.
ref. 47). A similar precursor-mediated adsorption was detected
for most of the Pd particle sizes except for the two smallest
ones (0.3 and 0.6 A deposition thickness). The CO adsorption
capacity of the investigated surfaces increases with increasing
particle size ranging from 0.07 x 10" molecules cm™>
(for 0.3 A Pd) to 0.45 x 10" molecules cm 2 (for 7 /OX). The
CO surface coverage expressed as a number of adsorbed CO
molecules per surface Pd atom is shown in Fig. Sc. Apparently,
the CO surface coverage in saturation amounts to about
0.49 + 0.06 CO molecules per surface Pd atom for all investi-
gated particle sizes. This results in an excellent agreement with
the CO saturation coverages of 0.5 measured on the Pd(111)
and Pd(100) single crystal surfaces at room temperature
(see e.g. ref. 42, 47 and 48). The largest deviation from the
saturation coverage of 0.5 (by about 20%) was found for the
deposition density of 0.6 A, which can be related most likely to
the error in the estimate of the number of Pd surface atoms.
This result shows that the absolute adsorption capacity of all
investigated Pd nanoparticles is close to the one of the single
crystal surfaces and indicates that no dramatic changes in the
adsorption mechanism occurs upon reduction of the particle
sizes down to at least 2 nm.

The initial CO sticking probability on the Pd nanoparticles
first linearly increases with increasing particles size (for the
range of deposition thicknesses 0.3-1.5 A) and then levels off
at a constant value of ~0.67. These data are in very good
experimental agreement with the previously obtained sticking
coefficient data measured on Pd clusters in the same size
range.”*

The sticking coefficient data can be rationalized on a basis
of the so-called ““capture zone™ effect, which was formulated
for the supported catalysts by Matolin and Gillet.**>° This
phenomenon is based on the existence of two adsorption
channels: the adsorbate molecules can either directly impinge
on the metal particles and chemisorb or they can be trapped in
a weakly bound state on the support and reach the particles via
surface diffusion. The capture zone was defined as an area
from which impinging adsorbates can be collected by the
particles. This effect was predicted and later experimentally
confirmed to considerably enhance the adsorption rate on the
particles [see e.g. ref. 11 and 51]. In the presented experiments,
the capture zone effect was found to play an important role in
the overall adsorption rate. The magnitude of this effect can be
evaluated from the comparison of the measured initial sticking
probability data on the supported particles and the estimate of
the highest possible initial sticking probability on the particles
of the same size in the absence of the contribution from the
support. For the smallest deposition coverage of 0.3 A, the
average particle size of ~1.8 nm and the island density of
1.7 x 10'? particles per cm? result in the estimate that about
5% of the Fe;0, surface area is covered by Pd particles. This
means that only ~5% of the impinging molecules arrive
directly on the metal surface and about 95% interact first
with the support. If one assumes the highest possible sticking
coefficient on metallic Pd to be 1.0 and fully neglects the
contribution from the capture zone effect, only initial sticking
coefficients below 0.05 can be expected (corresponding to
the scenario when 5% of the molecules completely stick
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to the metal particles). However, the experimentally measured
initial sticking coefficient 0.4 is by an order of magnitude
higher than the estimated upper limit for the direct sticking
on the metal particles. This observation can be rationalized
only in the scope of the “capture zone” model, where the
additional 35% of the impinging molecules become first
weakly trapped on the support and reach the Pd particles,
where they strongly chemisorb, within their residence time.
Thus, the capture zone effect leads to an enhancement of the
adsorption rate by about a factor of 8. Note that CO does not
chemisorb on Fe;04 at the experimental temperature of 300 K
[ref. 23 and this study], so that the enhanced adsorption
cannot be explained simply by CO chemisorption on the
support. Similar estimates can be made for the larger Pd
particles. For the deposition thickness of 4 A, about 48% of
the total surface area is metallic, resulting in the upper limit for
the direct sticking on Pd nanoparticles to be ~0.48. The
experimentally measured value of the initial sticking coefficient
of 0.68 indicates that additionally 20% of the impinging
molecules are trapped on the Fe;O4 support and diffuse to
the particles within their residence time. A very similar result
with the direct sticking coefficient on the particles of 0.50 and
additional contribution from the support amounting to
0.17 was obtained for the large particles (7 A nominal Pd
coverage). It is apparent that the relative contribution from
the trapping on the support decreases with increasing particle
size: whereas the molecular flux from the support to the
particles is by about a factor of 8 higher than the direct CO
flux onto the nanoparticles for the smallest deposition coverage
0.3 A), this ratio decreases to ~0.4-0.35 for the two largest
investigated particle sizes (4 and 7 A, correspondingly). This
effect can be explained most likely by the overlapping capture
zones with increasing particle size, which reduces the relative

fraction of the surface area contributing to the reverse spil-
lover from the support to the metal.

The resulting differential adsorption heats plotted as a
function of the number of adsorbed CO molecules are shown
in Fig. 6 for all investigated particle sizes and Pd(111). Each
curve is an average of 4 to 6 independent measurements on
freshly prepared model systems. Qualitatively, the dependence
of the adsorption heat on the adsorbate coverage is similar in
all cases: after a high initial value, the adsorption heat
decreases as a result of intermolecular repulsion between the
adsorbates and increasing competition for Pd d-electrons
participating in the CO-Pd bonding. Finally, the heat levels
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Fig. 7 Initial heats of adsorption as a function of N~'/3 where N is

the average number of atoms in a Pd particle (the Pd nominal coverage
is indicated in the graph). N'/ is proportional to the effective diameter
of a hemispherical particle. The filled diamond corresponds to the
value of the CO adsorption heat on Pd(111) reported by Ertl er al.*®
Error bars correspond to the standard error of the mean.
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off at a final non-zero value, which is associated with the
dynamic adsorption—desorption equilibrium discussed in the
Section 2. Note that the final heat value is a subject of large
statistical errors since a very small absolute number of CO
molecules is added in a single CO pulse that is difficult to
measure.

The particle size dependence of the adsorption heat can be
better analyzed by comparing the initial adsorption heats in
the low coverage limit. Under these conditions, the adsorption
heat is determined by the interaction of individual CO mole-
cules with metal, and is not perturbed by the CO inter-
molecular repulsion or by the competition for the d-electrons.
Fig. 7 shows the dependence of initial CO adsorption heats
(measured during the first CO pulse) on the linear dimension
of the particles expressed as N~'/3, where N is the average
number of Pd atoms per particle, which is proportional to the
average particle volume. The Pd nominal coverage is indicated
for each data point. The particles size dependence of the
adsorption heats shows a pronounced trend: the initial
heat of adsorption decreases with decreasing particle size,
from 126 + 3 kJ mol~' on 8 nm-sized Pd particles to 106 +
1 kJ mol™" on the smallest ~ 1.8 nm clusters. Additionally, all
investigated particles showed smaller initial adsorption heat as
compared to the single crystal surface (149 + 3 kJ mol™").
Note that two experimental problems can principally affect the
measured value of the initial adsorption heat. First, a variety
of contaminating species such as water or CO adsorbed from
the background prior to the microcalorimetric experiment can
affect the measured initial heats of adsorption e.g. by selective
blocking of the most stable adsorption sites. To check for
possible contaminants and quantify their amounts, TPD
experiments were performed for all prepared model supported
systems and Pd(111) after a typical waiting time of 30 minutes
between the cleaning at 600 K and the beginning of the
calorimetric measurement. Neither water nor CO, traces were
detected, and only negligible amounts of CO (~1% of the
saturation coverage) were found to adsorb from the back-
ground after the cleaning of the sample. Second, different
amounts of CO molecules per Pd particle could be adsorbed
in the first pulse, giving rise to formally different CO
coverages. Since the adsorption heat decreases due to inter-
adsorbate repulsion, the heat values obtained at different CO
coverages cannot be compared directly. To overcome this
difficulty, we chose our experimental conditions in such a
way that only a few molecules (0.01 to 0.06 CO molecules
per surface Pd atom as estimated from the number of
adsorbed molecules and the number of surface Pd atoms)
are adsorbed after the first CO pulse (see Table 1 for more
details). Therefore it can safely be assumed that the initial
heats of adsorption were obtained in the low-coverage limit
and governed predominantly by the interaction of a CO
molecule with a Pd cluster and not by the repulsive interaction
between the adsorbates.

The Pd particles investigated in this work expose mainly
(111) terraces alongside with a smaller fraction of (100) facets
and low-coordinated defect sites such as edges and corners. In
the literature, there is a general agreement that the CO
adsorption energy on the steps and open surfaces such as
Pd(100) is only slightly higher than on the Pd(111) plane.

Conrad and Ertl*® studied the CO adsorption energies by
equilibrium adsorption isotherm measurements on a variety
of plane and stepped single crystal surfaces and found
the lowest adsorption energy of about 142 kJ mol™' for
Pd(111), followed by the stepped surfaces (between 146 and
148.5 kJ mol~") and Pd(100) (153 kJ mol~"). It appears to be
difficult to compare these energies to the TPD data available
from other groups because different assumptions on the pre-
exponential factors were used. For the Pd(331) plane, Davies
and Lambert> reported values between 143 and 150 kJ mol™!
depending on the chosen pre-exponential factors. This range
lies somewhat higher than the value 142 kJ mol~" reported by
Conrad et al. for Pd(111). In agreement with Conrad and Ertl’
study, Ramsier et al. found that the CO adsorption energy on
the (100) plane is by about 10 to 15 kJ mol™" higher than that
on the (111) plane.’® Theoretical calculations carried out by
Yudanov et al. on Pd clusters in the size range of 55 to 260 Pd
atoms per cluster agree well with the experimental data,
showing that irregular sites e.g. edges exhibit higher CO
adsorption energies than Pd(111).3

It should be noted, however, that the differences in the CO
adsorption energies on the (111) facets and the low-coordinated
sites (like step edges) are relatively small. Ramsier, Lee and
Yates® even concluded from comparing CO TPD and adsorp-
tion energies for different stepped Pd facets that “structure of
the Pd surface is only of minor importance in CO adsorption/
desorption kinetics.”” These experimental results suggest that
the degree of coordination of the Pd surface atoms on the
stepped surfaces is not as important in determining the CO
adsorption energy as on surfaces of other metals like Pt.>
Even though the smaller particles exhibit larger relative
amounts of low-coordinated Pd atoms, no major enhancement
of the CO-binding energy can be expected due to increasing
fraction of such sites. Instead, a pronounced decrease of the
CO adsorption energy is experimentally observed for smaller
particles, which has to be related to other size-dependent
properties of Pd nanoclusters.

The observed decrease of the initial CO adsorption heat
with decreasing particle size can be explained by two alter-
native microscopic effects: (i) reduction of the van der Waals
attraction and (ii) weakening of the chemisorptive interaction.

First, a feasible weakening of the dispersion force (van der
Waals interaction) that is induced by dynamic response of
bulk electrons of the metal to charge density fluctuations in an
adsorbed molecule can result in the decrease of adsorption
heat of a gas-phase molecule on the small metal clusters. It has
been previously shown that the electron population at the
Fermi edge, which is mainly relevant for this interaction,
drastically changes with the cluster size in the range of a few
nanometres.”® Since smaller clusters contain less electrons
available for dynamic response, i.e. their polarizability is
reduced, the decrease of the initial adsorption heat with the
decreasing cluster size can be reasonably understood in the
scope of this model. Similar behavior has been previously
observed in TPD studies for methane on Pd'® and NO on Ag
nanoclusters®’ and was also attributed to the reduced polariz-
ability of the small metal nanoparticles.

Second, the decrease of the chemisorption energy can arise
from the lattice contraction of a small metal nanoparticle.
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It is now well established by computational studies of various
metals including Pd*® " that relaxed structures of metal
clusters exhibit shorter interatomic distances than bulk crystals.
Also experimental evidences for a pronounced decrease of the
interatomic bond length with decreasing particle size are
available from transmission electron microscopy (TEM)
studies.®"**% This phenomenon has been rationalized as a result
of decreasing average coordination number of the atoms with
the higher surface-to-volume ratio of the cluster.*® * Theore-
tical calculations on Pd clusters show that the average Pd-Pd
nearest-neighbor distance decreases linearly with decreasing
linear dimension of a nanoparticle in the range of 55-260
atoms per cluster.®® This lattice contraction in the small metal
clusters was theoretically shown to result in a reduction of the
CO adsorbate binding energy. Particularly for the Pd clusters
consisting of 55-260 atoms, which correspond to our smallest
investigated cluster sizes, it was demonstrated that the clusters
with the contracted lattice parameter exhibit systematically
lower adsorption energies by about 10-15 kJ mol ™' than the
clusters with a bulk terminated geometry (d(Pd-Pd) =
275 pm).®* This finding can be rationalized in terms of the
strain effect, which is associated with a downward shift of the
valance d-band with decreasing lattice parameter®*® and
results in a poorer overlap with the CO molecular orbitals.
This effect also agrees with the principle of bond order
conservation:**®” in the contracted clusters, one expects
weaker adsorption bonds and stronger binding within the
adsorbate as a result of better saturated valences of the
substrate atoms. Theoretically, such effects were shown to be
valid not only for 3-fold hollow sites on (111) facets, but also
for the bridge and on-top sites and for the particle edges.®*
Thus, the effect of the lattice strain on the adsorption energy
appears to reflect a general trend that holds for adsorption at
any surface sites of the nanoparticles.

The relative contributions of the van der Waals interaction
and chemisorption strength into overall reduction of the CO
adsorption energy with decreasing particle size cannot be
estimated from our experimental data. The large magnitude
of the effect (about 40 kJ mol ! relative to the Pd(111) surface)
allows us to suggest that most likely reduction of both van der
Waals interaction and chemisorption strength contributes to
the overall decrease of the adsorption heat. To resolve this
question, further theoretical calculations on clusters that treat
both interactions are needed.

Conclusions

In conclusion, we investigated the interaction of CO molecules
with well-defined Pd nanoclusters and with the extended
Pd(111) surface under clean UHV conditions. The main focus
of this study was the direct measurement of the CO adsorption
heat by single crystal adsorption microcalorimetry and finding
a correlation between the particle size and the gas—surface
interaction strength. Pd particles of different average sizes
ranging from 120 to 4900 atoms per particle (or from 1.8 to
8 nm) were used in this study, which were supported on a
model in situ grown Fe;O04/Pt(111) oxide film.

To obtain reliable reflectivity values that are necessary
for precise quantification of adsorption energies, the optical

properties of the supported particles and the oxide film were
investigated by a new in situ setup for reflectivity measure-
ments. During the stepwise preparation of the Fe;O,4 film, the
reflectivity at a wavelength of 4 = 632.8 nm was found to
decrease linearly with increasing thickness of the oxide layer.
A gradient of (0.19 £ 0.06)% /A, where A refers to the nominal
iron coverage, was obtained. The optical reflectivity of the
final oxide film, resulting from the total deposition of 24 A of
iron, was determined to be 69.2% at 298 K. The reflectivity for
supported Pd particles of various sizes was found to lie in the
range of 69 to 68% for average particle sizes from 1.8 to 8§ nm
(or nominal Pd deposition coverages 0.3 to 7 A).

The CO adsorption kinetics investigated by the King—Wells
method shows a strong enhancement due to a capture zone
effect involving weak trapping of the adsorbates on the
support and diffusion to the metal particles. This effect was
quantified based on the structural data from STM. For the
smallest particles containing 120 Pd atoms per particles, the
CO adsorption rate was found to be enhanced by a factor of
about 8. This factor decreases to ~1.35-1.4 for the largest
investigated particles.

The binding energy of carbon monoxide was found to
considerably decrease with decreasing particle size. The
obtained initial CO adsorption energy on the 1.8 nm-sized
Pd clusters is reduced by about ~20 kJ mol ™! as compared to
the largest 8 nm particles and by ~40 kJ mol™' relative to the
extended Pd(111) single crystal surface. With this we provided
for the first time a direct experimental proof that the CO
binding energy decreases with decreasing particle size and
resolved a long-standing controversy. Two phenomena were
suggested to contribute to the observed reduction of CO
binding strength on the small nanoparticles: (i) reduction of
van der Waals attraction due to the reduced polarizability of
the small particles and (ii)) weakening of chemisorptive
interaction due to the contraction of the lattice parameter of
the Pd cluster. The present data provide important bench-
marks for upcoming theoretical calculation, incorporating
dispersive van der Waals interactions.
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