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Abstract

The characterisation of nanocatalytic materials was performed by pulsed molecular beam studies. Dual piezo-controlled pulsed molecular beams
were used to probe oxidation reactions through their ability to accurately control the mole fraction of reactants. By varying the size of mass-selected
Pd clusters soft-landed onto thin MgO films, strong dependency of the cluster size in the catalytic oxidation of CO was observed. True size effects
were clearly observed only when experimental results were compensated for in the incoming flux. This correction led to determination of the
reaction probability, the most unambiguous method of characterisation. Strong parallels between the new results for small, mass-selected clusters
and grown, mass-distributed clusters can be clearly seen.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Catalytic CO oxidation on Pd is one the most well-studied
reactions. Many of the major experiments were carried out
by Ertl et al. on Pd single crystals, leading to important dis-
coveries, such as the observation that CO oxidation follows a
Langmuir–Hinshelwood mechanism [1,2]. Other important as-
pects of catalytic oxidation have been illustrated by experiments
on subsurface oxygen, which was shown to induce kinetic os-
cillations under the specific conditions required for CO oxida-
tion [3].

Driven by the possible industrial application of this work,
developments in the field have led to investigations of dispersed
metal particles on chemically inert supports, due to the finan-
cial benefits associated with scaled-up versions of the catalytic
material involving less precious metals. The important ques-
tion then arises: Is there any chemical difference between Pd
particles on support materials compared with a single crys-
tal? For Pd particles in the nanometer size regime, which have
small interparticle distances compared with the particle diame-
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ters, experimental measurements can be well interpreted assum-
ing single-crystal properties. Examples of such observations
include CO poisoning which inhibits oxygen adsorption and
consequently affects the reaction kinetics [4–6]; even kinetic
oscillations have been observed for Pd islands supported by ox-
ide films [7]. However, the catalytical properties of smaller Pd
clusters (up to ∼100 atoms) on metal-oxide supports have not
been fully established.

Knowledge of the origin and functionality of nanocatalysts
of smaller mass-selected and larger mass-distributed clusters is
an ever-growing field of scientific interest. The catalytic prop-
erties of atomic clusters and larger mass-distributed nanopar-
ticles have been investigated with respect to support interac-
tions [8–17] and size-dependent electronic and chemical prop-
erties [11,18–20]. In the characterisation of these catalysts,
spectroscopic techniques such as IR [13,21–23] and electron
spectroscopy [24–26] have revealed interesting aspects of the
nanocatalysts. In many catalytic studies, size effects have been
shown to play a dominant role in the effectiveness of the cat-
alyst; however the dynamic aspects of catalytically activated
reactions are often well illustrated by molecular beam mea-
surements. Many such experiments have been performed on
mass-distributed nanoparticles [5,7,9,27–29], but fewer have
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been carried out on smaller, size-selected cluster-based cata-
lysts [30,31].

Mass selection in the production of supported catalysts al-
lows creation of clusters consisting of exact numbers of atoms,
allowing superior control when describing size effects in cataly-
sis. Probing these smaller mass-selected clusters with molecular
beam techniques can unlock fundamentally interesting details
about the reaction path if the molecular beams can be precisely
controlled. If the mole fraction of the reactants can be deter-
mined, then reactant-rich and -poor regimes can be investigated.
Mole fraction isotherms and trends in cluster size variation are
then augmented by this additional information. When the con-
tribution of reverse spillover [32,33] is determined in such ex-
periments [31], further crucial details may be elucidated. The
reverse spillover contributions can be calculated using the cap-
ture zone model [29]. The formalism involves determining a
global sticking probability that allows separation of the product
flux into direct and indirect reactant flux.

In short, the capture zone model is a kinetic model used
to incorporate the flow of reactants from a support material
to the active centres (in this case, Pd clusters). A concentra-
tion profile is calculated between neighbouring clusters, called
the capture zone. Any reactant molecules lying on the support
within this capture zone will reach the cluster and react. As
such, the capture zone acts as a slow reservoir of reactants.
The model assumes an equivalent frequency factor for the ad-
sorption and desorption processes, resulting in a dependency
on the saddle energy (i.e., the energetic difference between ad-
sorption and diffusion) and the adsorption site spacing, both of
which are constant values [29]. In addition, the model relies on
the assumptions that the sticking probability of CO on Pd is
unity and that of CO on the support also remains unaffected by
other physical parameters. Due to the former assumption in the
capture zone model, explicit reference to the CO sticking prob-
ability is omitted from any formalism that follows. The reverse
spillover of oxygen is neglected due to the very low adsorp-
tion energy of molecular oxygen on MgO films [34]. Using this
model, the reaction probability (RP) can be determined.

When discussing the effects of particle size in catalysis, the
RP is the only relevant quantity. It gives the statistical chance of
reaction on the catalyst and as such provides the best available
description of cluster-based materials. Whereas the turnover
frequency negates the influence of reactant flux, the RP does
not. When a factor as important as the incoming molecule rate is
overlooked, very different and possibly fallacious conclusions
may be drawn from the experimental data.

Here we present experimental data investigating temperature
and size effects of small (up to Pd30) clusters by consider-
ing effects induced by the variation of the reactant mole frac-
tions. This work offers an important extension of our previous
work [29], because for the first time we were able to control
and change the mole fraction of the reactants on size-selected
clusters supported on a thin oxide film. Using the capture zone
model, the experimental data may be further resolved into RPs,
the de facto quantity in the characterisation of a supported cata-
lyst. The importance of RPs in the interpretation of size effects
for small clusters is clearly illustrated.
2. Experimental

Nanocatalysts are produced by the soft-landing of size-
selected Pd clusters onto a MgO substrate. The support is pre-
pared by evaporating magnesium in an isotropic oxygen back-
ground and allowing it to grow onto a cleaned Mo(100) crystal
surface (Mg evaporation rate, 1–2 ML min−1; O2 background,
5×10−7 mbar). The films have a typical thickness of ∼10 ML.
Before the deposition of clusters onto the support, the MgO film
was annealed to 800 K [35,36]. Auger electron spectroscopy
was used to ensure the quality and cleanliness of the support.

The Pd clusters were produced using a 100 Hz laser vapori-
sation source [20], in which the third harmonic of a Nd:YAG
laser is focused onto a rotating Pd target. The metal plasma
produced was combined with a helium carrier gas, and the
thermal mixture was pulsed through a piezo-controlled noz-
zle, creating a supersonic expansion. The positively charged
metal clusters were allowed to traverse a set of ion optics
until they reached a mass-selecting quadrupole (ABB-Extrel;
mass limit, 4000 amu). The mass gate of the quadrupole was
programmed to select only masses of a given value and al-
low their deposition onto the MgO film. The mass-selected,
charged Pd clusters were deposited at 90 K (to prevent agglom-
eration) up to a desired coverage. The coverage was chosen
based on the cluster size, to provide an identical catalytically
active surface area on the support (assuming spherical cluster
structures) as achieved experimentally through integration of
the cluster current. This contrasts with other methods in which
the cluster size and coverage cannot be controlled indepen-
dently. For Pdn (n = 8,13,30) the required cluster coverages
were 0.65% ML, 0.47% ML and 0.28% ML respectively, where
1 ML = 2.25 × 1015 clusters cm−2 deposited onto a 0.8-cm2

crystal. The cluster charge was neutralised on impact with the
MgO film, either by defect neutralisation or through charge-
tunnelling interactions with the thin film.

After formation of the supported catalyst, double pulsed-
beam measurements were conducted to investigate the effects
of the mole fraction variation of the product gases. The pulsed-
beam assembly and its operation have been described in detail
previously [30,31]. In addition to previous studies, the experi-
ment was extended to include a second pulsed molecular beam,
which allows controlled variation of the mole fraction. The
reaction of interest was the oxidation of carbon monoxide to
form carbon dioxide. The product molecules were detected and
the mole fractions of the pulsed beams were calibrated using
a Balzers QMG 421 quadrupole mass spectrometer. The en-
trance of the mass spectrometer is covered by a skimmer that
was biased by −150 V, to prevent electron-stimulated desorp-
tion processes [37] and mounted in the line of sight of the
catalyst. The signal from the detector of the mass spectrometer
(90◦ SEV) is passed into a preamplifier (Balzers EP 112) be-
fore it is averaged (15–20 pulses; pulse frequency, 0.3 Hz; pulse
duration, 100 ms) and read by a digital oscilloscope (LeCroy
Waverunner 6030).

The mole fraction of the reactant gases was controlled by the
calibrated ion current value. This value was achieved by col-
lecting the mass channel that corresponds to a reactant and then
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controlling the back-pressure of the reactant gas. The height of
the first reactant channel was then set to a height at the proper
ratio with that of the second reactant channel. The maximum
height for the spectrometer output was defined to ensure that
the detector did not become saturated at any point during the
measurement. In all of the subsequent measurements, the two
molecular beams were pulsed simultaneously onto the catalytic
surface. The two molecular beams were aligned to be coinci-
dent with the sample. The total gas flux remained constant.

The temperature of the reaction was controlled by resistive
heating of the crystal. The temperature feedback system was
controlled by software designed in-house (Labview).

3. Results

3.1. Catalytic characterisation

Signals recorded using the data acquisition procedure were
analysed to extract quantitative values that allow a thorough
characterization of nanocatalytic materials. The raw data in
the form of quadrupole mass spectrometry (QMS) response
were analysed with respect to the peak maximum. The peak
maximum persists for 30 ms, during which the system is as-
sumed to be in pseudo-steady state, as shown in Fig. 1. The
value for the peak height was calculated from the average of
the data over the steady-state regime. A typical flux value of
1×1016 cm−2 s−1 in this regime corresponds to an effective gas
pressure of 3.5 × 10−5 mbar at the surface. Error determination
was based on statistical deviations within the pseudo-steady-
state region of the recorded data. The error in the peak height
was calculated from the standard deviation of the points over
this time period. The error for the mole fraction value was cal-
culated by considering the average steady-state value of the
reactants and given as a percentage of the stated mole fraction
value.

The flux of CO onto the surface, as measured by the QMS
detector, can be resolved into total, direct, and indirect compo-

Fig. 1. Shown is the response of the mass spectrometer on detection of the CO2
reaction products. Inset is the peak of the signal on a different scale illustrating
the pseudo steady-state regime.
nents using the capture zone model. First, the incoming CO rate
(FCO) is normalised to the area of the surface (A = 0.8 cm−2)
to calculate the amount of incoming CO every second per unit
area of the surface (the flux). The total incoming flux (Jtot,CO)
onto a cluster then can be described through the global sticking
probability (αg), calculated using the capture zone formalism,

(1)Jtot,CO
(
CO s−1 cm−2) = αg

A
FCO.

The direct flux (Jdir,CO) of the reactant (assuming a cluster-
sphere model) CO onto a single cluster is defined by

(2)Jdir,CO
(
CO s−1 cm−2) =

(
R

A

)2

πFCO,

where R is the radius of the cluster. Because the total reactant
flux is simply the sum of the direct and indirect fluxes (Jdiff,CO)
of CO onto the clusters (Jtot,CO = Jdiff,CO +Jdir,CO), the diffus-
ing flux of CO onto a cluster can be calculated from

Jdiff,CO
(
CO s−1 cm−2) = Jtot,CO − Jdir,CO

(3)=
(

αg

A
− πR2

A2

)
FCO.

Once the incoming flux has been resolved into its two con-
stituent parts, the RP for the two reactant channels can be
calculated. First, however, the product reactant flux must be
determined. As described previously, the pseudo-steady-state
method was adopted, allowing the product rate of CO2 (FCO2 )
to be determined from the measured QMS response. The flux
can then be used to calculate the turnover frequency (TOF) of
the catalyst. The TOF effectively indicates the efficiency of the
catalyst, giving the rate of CO2 produced for every cluster on
the surface; it is calculated by

(4)TOF
(
CO2 s−1 cm−2 n−1) = 1

nA
FCO2,

where n is the number of atoms, clusters, or normalisation to
the area of the catalyst. From the standard definition of enzyme
catalysis,1 n is the number of active sites of the catalyst; how-
ever, the number of active sites is ambiguous in heterogeneous
catalysis and is difficult to quantify. Consequently, for the re-
mainder of this paper, the TOF is calculated with respect to the
number of clusters present. For clarity, TOF values for differ-
ent definitions of n are given in Table 1. Normalising the TOF
to the total, direct, or indirect flux of CO, the RP for the overall,
direct, or indirect flux channels can be obtained from

(5)RP = FCO2

Finc
,

a unitless quantity simply describing the likelihood of reactivity
on a catalyst, where Finc is the generic form of the incoming
flux. For all RP values in the following, the reactant flux was
normalised by the total incoming flux of CO.

1 IUPAC Compendium of Chemical Terminology, 2nd edition, 1997.
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Table 1
Turn over frequency (TOF) values for various clusters sizes at a given mole
fraction and temperature value illustrating the TOF magnitude according to the
various definitions possible

Cluster size

Pd8
a Pd13

b Pd30
c

TOF per cluster 14.4 36.2 33.1
TOF per atoms 1.8 2.8 1.1
TOF per effective area 4.8 × 1015 8.8 × 1015 4.6 × 1015

a xCO = 0.5; cluster coverage 0.65% ML; temperature 478 K.
b xCO = 0.5; cluster coverage 0.47% ML; temperature 478 K.
c xCO = 0.5; cluster coverage 0.28% ML; temperature 478 K.

Fig. 2. The turn over frequency (TOF) is shown for three different cluster sizes
at a varying CO mole fraction. (- - -) indicates TOFs determined using a catalyst
based on mass-selected Pd8, (—) using Pd13 and (· · ·) using Pd30. The constant
temperature at which the kinetics were determined was 478 K. The coverage of
each cluster size is given in the text. The size of the marker illustrates the error
in the measurements.

3.2. TOF

The rate of CO2 production, per cluster (TOF) was calcu-
lated for a varying mole fraction as a function of cluster size
(Fig. 2). TOFs for the investigated cluster sizes were recorded
at a constant temperature of 478 K, an arbitrary value selected to
ensure catalytic activity. A very striking dependency with vari-
ations in cluster size can be seen, in which the CO2 production
rate of the Pd13- and Pd30-based catalysts was almost twice that
of the Pd8-based catalyst. As the TOF was normalised to the
number of clusters, CO2 production would be expected to in-
crease with increasing cluster size. At mole fractions of zero
or unity, the CO2 production is zero regardless of the clusters
on the surface, due to the lack of CO and O2 reactants, respec-
tively. For a given cluster size (at a fixed temperature), CO2

production increased from zero (at xCO = 0) to a maximum,
before decreasing again to zero (at xCO = 1). The observed de-
pendency of the production rate on the mole fraction may be
rationalised by considering the adsorption properties of the re-
actants.

At low mole fractions of CO (i.e., CO-poor regime), the
rate-determining step was likely the adsorption of CO; conse-
quently, CO2 production was low. As the mole fraction of CO
Fig. 3. The turn over frequency (TOF) is shown for a catalyst based on mass-
selected Pd13 at a constant coverage of 0.47% ML. The mole fraction depen-
dent TOFs were recorded at four different temperatures. The TOFs at different
temperatures are illustrated with (- - -, 358 K), (– · ·– · ·, 417 K), (· · ·, 440 K)
and (—, 478 K) lines. The size of the marker illustrates the error in the meas-
urements.

approached unity, the rate-determining step then became the
dissociative adsorption of O2, and once again the rate of CO
oxidation was low.2 Thus, CO2 production would be expected
to be the maximum at a value between these two extremes, as
was observed. It can be seen that at a given temperature, the
maximum CO2 production was achieved for all cluster sizes
with a mole fraction of ∼0.6 within the defined error limits
(although the nominal maximum for Pd30 was at a mole frac-
tion of ∼0.7). This value is the expected stoichiometric ratio
(2:1) for the CO oxidation reaction. The decreased rate of the
CO2 production away from this (optimum) mole fraction value
was more rapid under CO-rich conditions due to a reversible
site-blocking mechanism. Consequently, due to the presence of
adsorbed CO, the dissociative adsorption of O2 became less
efficient when the adsorption sites were hindered by the adsorp-
tion of CO, and thus the rate decreased faster under CO-rich
conditions.

The variation of CO2 production with temperature for a
given cluster size was investigated for Pd13 mass-selected clus-
ters with a coverage of 0.47% ML. The mole fraction measure-
ments for a range of four different temperatures are given in
Fig. 3. In the CO-poor regime (at low mole fraction values), the
rate was proportional to the CO flux. Only at the highest tem-
perature was a slight variation in this behaviour seen. Under
CO-rich conditions, as noted earlier, the rate-determining step
became the dissociative adsorption of O2. In parallel with ex-
pectations for a temperature-activated process, as the tempera-
ture increased, CO2 production also increased. Furthermore, the
mole fraction of the maximum production also shifted toward
higher temperatures. This shift can be attributed to reversible
site-blocking effects that have been reported for larger metal-
lic particles [7]. At lower temperatures, CO site blocking was
enhanced due to an increased magnitude of the sticking proba-

2 We assume for the CO oxidation, a Langmuir–Hinshelwood mechanism,
involving the dissociative adsorption of O2.
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Fig. 4. The reaction probability (RP) is shown for three different cluster sizes
at varying CO mole fraction. (- - -) indicates RPs determined using a catalyst
based on mass-selected Pd8, (—) using Pd13 and (· · ·) using Pd30. The constant
temperature at which the kinetics were determined was 478 K. The coverage of
each cluster size is given in the text. The size of the marker illustrates the error
in the measurements.

bility. In addition, the dissociation of O2 was reduced at lower
temperatures.

3.3. Reaction probabilities

The TOF measurements can be further refined by consider-
ing the RP. The data in Figs. 2 and 3 can be normalised to the
flux of the incoming CO corrected by the capture zone model,
as described previously. Fig. 4 shows the variation of RP with
cluster size corrected for the total flux (including both diffusion
and direct flux). The RP varied in the same way as the TOF
across the range of mole fractions investigated, except that the
maximum values were closer to a mole fraction of ∼0.4. One
interesting feature seen when comparing the RP and the TOF
is that in the case of Pd30 and Pd8, the probability was approx-
imately the same (∼4%), but much lower than that when Pd13
was used (∼8%). At a first glance, this appears to be in direct
contradiction to the TOF data (Fig. 2), but rather than showing
an anomalous result, it highlights the importance of the use of
RPs in conjunction with TOFs to demonstrate the clear and very
significant size effects. It should be noted that these results ap-
pear to contrast with previous work [31], but in the case of the
earlier measurements, the clusters were precovered with oxy-
gen, making them essentially incomparable with those used in
the present study.

Finally, when considering the temperature effects for Pd13

clusters, we found similar results (Fig. 5) as for the TOF mea-
surements (Fig. 3). The maximum RP value shifted to a higher
mole fraction with increasing temperature; furthermore, the
maximum overall RP was achieved at an intermediate tempera-
ture of 440 K. However, maximum CO2 formation occurred at
higher mole fraction values when TOFs were considered com-
pared with RPs.

Under CO-poor conditions, the RP appeared to be inde-
pendent of temperature. At low CO mole fractions, the rate-
determining step depends on the availability of CO adsorption
Fig. 5. The reaction probability (RP) is shown for a catalyst based on
mass-selected Pd13 at a constant coverage of 0.47% ML. The mole fraction
dependent RPs were recorded at four different temperatures. The RP values at
different temperatures are illustrated with (- - -, 358 K), (– · ·– · ·, 417 K), (· · ·,
440 K) and (—, 478 K) lines. The size of the marker illustrates the error in the
measurements.

sites. At higher mole fractions, the reaction depends on tem-
perature activation. As the temperature is increased, the CO
sticking probability decreases (O2 dissociation increases), oc-
cupation of reactive sites by CO decreases, and, consequently,
CO2 formation increases. However, a different behaviour was
observed at the highest temperature (478 K). At higher temper-
atures, the assumptions made in the model—specifically, that
the CO sticking probability on Pd is equal to unity—became
invalid, and the model began to break down.

4. Discussion

With control over the mole fraction, the observed trends in
the experimental data demonstrate that the maximum produc-
tion of CO2 occurred close to the stoichiometric ratio. At lower
mole fraction values, the catalyst was precovered with O2, and
thus CO2 production was governed by the CO flux. At higher
mole fractions, the converse occurred. Therefore, optimum con-
ditions were reached when the catalyst was covered with the
stoichiometric ratio of reactants. This finding is in good agree-
ment with previous results on Pd nanoparticles and clearly in-
dicates that supported size-selected Pd clusters serve as model
catalytic systems.

The first apparent discrepancy between the conclusions
drawn from considering TOF and RP for the same system is
that when the RP is considered, the mole fraction at which the
maximum CO2 production occurs moves away from the ideal.
When the RP is evaluated, the resulting values no longer con-
tain information about the reaction stoichiometry, because the
values are normalised only to the CO flux; consequently, the
maximum probability occurs at a different (lower) mole frac-
tion value. These considerations also apply when formulating a
definition for the RP [Eq. (5)].

When the size of the clusters is considered, catalytic CO2
production appears to be greater for the Pd13 and Pd30 clusters.
The results from catalysts based on these two larger cluster sizes
demonstrate an evolution of CO2 at a rate twice that for the Pd8
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clusters. When the incoming flux is taken into consideration, the
RP values do not directly complement the conclusions drawn
from the TOF data, because the cluster coverage is calculated
to ensure that the effective coverage remains constant. It should
be noted that in principle, the cluster coverage defines which
reaction channel is predominant for the RP. In the case of direct
flux, the RP is independent of the cluster coverage.

Previous work at the high CO mole fraction limit [31] has
shown that reverse spillover coverage dependency is important
for clusters of this size, especially in the case of Pd30. It has
been demonstrated that the RPs for CO defined in terms of
direct and indirect fluxes (i.e., reverse spillover) are not nec-
essarily equivalent. In addition, the behaviour of the different
reservoirs of reactant molecules varies as a function of cluster
size. Here, only the total flux to the clusters (a sum of the direct
and indirect reaction channels) is considered, highlighting the
effects of varying mole fraction. Calculating the RP in this way
demonstrates that Pd8 and Pd30 have identical probabilities for
reaction. This suggests that Pd8 and Pd30 are equally efficient
catalysts under the current conditions [31], whereas Pd13 (with
an RP twice that of Pd8 and Pd30) is much more efficient. How-
ever, based on the TOF values, the amount of CO2 produced by
Pd30 is equivalent to that of Pd13 and twice that of Pd8. This
illustrates the misleading nature of TOF measurements. Only
when the total reactant flux is considered can Pd13 be clearly
defined as the most effective catalyst.

Although the Pd30 clusters are larger, the surface area of the
support material remains constant, implying that fewer Pd30
clusters are present on the surface. Thus, the Pd30 clusters
are surrounded by much more free space compared with their
smaller counterparts. The diffusion from the film onto the clus-
ter is a very important factor in CO2 production, as is the inter-
cluster spacing.

Each cluster has an associated capture zone that acts as a CO
reservoir. It is important to note that the capture zone model
does not have a fixed capture zone radius, but rather it behaves
as a function of the concentration profile between two neigh-
bouring clusters. Note that it is the actual physical situation that
is referred to in the interpretation that follows.

When the size of the cluster is large, so is the associated
capture zone, but because there are relatively few clusters on
the surface, dead space between the cluster capture zones is ex-
pected. In those regions, the CO remains on the film, but it is
too far away from any cluster to ever react. Consequently, the
RP is high, as is the TOF. As the cluster size decreases, the cap-
ture zone also decreases, but the number of clusters increases.
In a mid-sized cluster regime, the capture zones are sufficiently
close to reduce the dead space but sufficiently sparse so that the
capture zones do not overlap. In this regime, both the TOF and
RP are expected to be high and to not differ from the values
seen with high amounts of dead space. The limiting case would
be when the capture zones of the clusters touched. When the
size is further decreased and the capture zones start to overlap,
the TOF will start to decrease even though the RP may remain
high.

As the clusters become smaller, the space between them
reduces to such an extent that eventually the capture zones be-
gin to overlap. At this point, even though the dead spaces are
very small and in the overlapping regions, the CO molecules
are shared between more than one cluster. This effectively re-
duces the efficiency of the catalysts, because the amount of CO
reaching each active centre is attenuated by nearest-neighbour
competition. Consequently, the TOF should decrease irrespec-
tive of the RP.

Because the measured TOFs for Pd13 and Pd30 are large
compared with that for Pd8, a strong influence from overlap-
ping capture zones cannot be demonstrated. In principle, Pd30
should have the highest CO2 production, with the TOF decreas-
ing as the size decreases and the capture zones overlap. Thus,
the effects of reverse spillover can be considered small in the
spectra, but the effects of size are clarified and highlighted. The
difference in CO2 production is largely due to the electronic
properties of the clusters. In addition, the Pd13 cluster appears
to be the best for the oxidation of CO within the size range in-
vestigated.

If the cluster size is maintained but the temperature is var-
ied, then additional effects are observed. First, as the tempera-
ture is increased, the maximum mole fraction in the TOF also
increases. Again, this maximum is lower when the RP is con-
sidered, for the same reasons as discussed earlier.

For both the RP and TOF, the higher the CO2 production
in an increasingly CO-poor regime, the lower the temperature
becomes. Occupation of adsorption sites by CO at lower tem-
peratures may effectively lead to a reversible but strong ac-
tive site occupation that is alleviated at higher temperatures.
Such a mechanism also has been observed in larger parti-
cles [7]. For mass-distributed clusters in the nanometer size
regime (∼2700 Pd atoms), stark and asymmetric decreases in
the steady-state CO2 production are seen at a mole fraction be-
tween 0.3 and 0.6 as the temperature is varied over a range
of 70 K. The site-blocking effects for larger (6 nm) nanopar-
ticles (and thus the asymmetry) are less than those for single
crystals [9]. Consequently, as the size of the clusters is fur-
ther reduced, so is the abrupt nature of this effect. For smaller
clusters (∼100 Pd atoms), the asymmetric profile of the CO2
production remains, but the abrupt decrease is less pronounced.
Extending the size regime by considering smaller clusters (∼9
to 30 Pd atoms) should result in similar trends, as was observed.
Such clear agreement between smaller and larger Pd clusters
reinforces the need to consider a broad size distribution to com-
pletely understand cluster catalysis.

Despite the apparent temperature limitations of the reverse-
spillover model, the maximum production of CO2 nonethe-
less increased constantly with increasing temperature. How-
ever, these measurements cannot provide explicit details of the
catalytic energy barrier that must be overcome to provide effi-
cient CO2 production.

5. Conclusion

Mole fraction measurements represent one of a very impor-
tant set of measurements that allow investigation of the dy-
namics of nanocatalysts and characterization of such materials.
Temperature effects, as well as strong size effects, are seen
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for cluster-based catalytic materials involving Pd size-selected
clusters deposited onto thin films of MgO. Small, mass-selected
Pd clusters show similar active site blocking by adsorbate mole-
cules as systems based on larger particles of the same metal.
The calculation of reverse spillover, and thus the ability to nor-
malise TOF data to the incoming flux, is also very important.
In this way, the presence of slow reservoirs of CO and their
contribution to the incoming flux may be taken into account.
The resulting RP allows the correct interpretation of data by al-
lowing the actual origin of the reactants to be deduced, thereby
enabling unambiguous characterisation.

Our findings demonstrate that catalytic reactions are com-
plex and depend strongly on particle size. These size effects
must be considered in the design of catalytic materials. Al-
though the TOF values provide an indispensable route to op-
timising the reaction conditions, true size effects can only be
detected when the RP is calculated. This information can only
be obtained when the particle size and coverage are controlled
independently. The importance of control over the temperature
and mole fraction should be considered in the search for the
most effective and efficient way to catalyse reactions.
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