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ABSTRACT: Hydrogen species absorbed in the volume of Pd
nanoparticles play a crucial role in the hydrogenation of
unsaturated hydrocarbons. Recent evidence suggests that the
rate of diffusion of hydrogen from the surface of Pd
nanoparticles to the subsurface region critically affects the
hydrogenation rate, as this rate dictates whether or not the
nanoparticles can maintain a sufficient concentration of
subsurface hydrogen species under operating conditions.
Recent theoretical calculations predicted pronounced facili-
tation of subsurface hydrogen diffusion by coadsorbed carbon
and identified the conceptual importance of atomically flexible
low-coordinated surface sites on small metal clusters for the diffusion process. In this study, we experimentally probe the kinetics
of hydrogen diffusion into the subsurface by performing pulsed molecular beam experiments on carbon-free and carbon-
containing Pd nanoparticles and on Pd(111). We provide experimental proof that low-coordinated surface sites on Pd particles
play a crucial role in the diffusion process and that their selective modification with carbon results in marked facilitation of
subsurface hydrogen diffusion, in line with the theoretical predictions.

1. INTRODUCTION
The ability of nanoscale transition metal clusters to absorb
atomic hydrogen has pivotal importance for a large variety of
industrially relevant applications, such as hydrogen storage and
purification materials, development of fuel cells, and switchable
mirrors.1,2 In heterogeneous catalysis, the crucial role of
hydrogen absorbed in the subsurface region of the active
metal phase was recently established in a number of surface
science studies on hydrogenation of alkenes and alkynes.3−6

For these applications, activated hydrogen diffusion into the
subsurface of a metal particle is an essential elementary step,
which can critically control the overall performance of the
catalyst.6,7 Recent mechanistic studies on olefin hydrogenation
provided evidence that sustained catalytic activity on Pd
nanoparticles is only achieved when the subsurface hydrogen
reservoir can be effectively replenished under reaction
conditions,6,7 and it was proposed that this replenishment
process can only efficiently proceed in the presence of
carbon.6,7 Although the important role of carbonaceous
deposits in the activity and selectivity of transition metals has
been recognized for a long time in the catalytic community,8 a
microscopic understanding of how carbon participates in
surface processes which involve hydrogen is largely missing.
Traditionally, carbon is considered to merely play the role of a
site-blocker in surface processes on metals. However, recent
microscopic insights into hydrocarbon surface chemistry and
hydrogen-related processes do not support this common way of
discussing the role of carbonaceous deposits5−7 and kindle the

need for additional microscopic concepts to describe the
fundamentals of hydrogenation catalysis.
The interaction of hydrogen with transition metals was

extensively studied by both experimental and theoretical
methods for several decades,9−12 yet the microscopic details
of the hydrogen subsurface diffusion process remain largely
unexplored. This is mainly because the range of experimental
tools which are sensitive to hydrogen and which are capable of
addressing the dynamics of hydrogen diffusion in a time-
resolved way is very limited. Theoretical calculations on
hydrogen diffusion into the subsurface region of Pd clusters
revealed the conceptual importance of the atomic flexibility of
metal nanoparticles.13 In these calculations, lateral atomic
flexibility of small Pd clusters enabled the expansion of the
lattice near the particle edges during the diffusion event. This
effect was calculated to result in a substantial reduction of the
activation barrier for hydrogen diffusion into the subsurface and
thus substantial facilitation of the hydrogen diffusion rate into
Pd clusters relative to an atomically stiff extended Pd(111) face.
The computations indicate that a significant expansion of the
lattice near the particle edges can be achieved by modification
of the low-coordinated sites with carbon, which is predicted to
nearly remove the barrier for diffusion of hydrogen into the
subsurface. These effects were envisaged to have a decisive
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influence on catalytic processes such as hydrogenation, which
depend on the effective replenishment of subsurface hydrogen.
In line with this suggestion, it was recently observed
experimentally that modification of the low-coordinated surface
sites of Pd nanoparticles, such as edges and corners, with
carbon results in a sustained hydrogenation rate of 2-butene
that is not possible on the C-free surface.6,7 This observation
was proposed to arise from faster subsurface diffusion of
hydrogen through the edge sites modified with carbonaceous
deposits.
In this study, we for the first time experimentally address the

kinetics of hydrogen diffusion into the subsurface on well-
defined model Pd nanoparticles and on Pd(111) by performing
pulsed multimolecular beam experiments. Particular emphasis
was placed on understanding the role of atomically flexible low-
coordinated surface sites, such as the edges and corners, in the
diffusion process and on exploring how modification of these
surface sites with carbon affects the subsurface diffusion rate.
To probe hydrogen subsurface diffusion, the H2 + D2 → HD
exchange reaction was conducted in the temperature regime
where the rate of this reaction is limited by the formation rate
of the subsurface H(D) species. We provide direct experimental
evidence thatin line with theoretical predictionsthe
atomically flexible low-coordinated surface sites on Pd particles
play a crucial role in the diffusion process and that selective
modification of these sites with carbon results in marked
facilitation of subsurface hydrogen diffusion. The latter finding
allows us to identify adsorbed carbon as an exceptionally
important participant in surface reactions, which governs the
rate of subsurface hydrogen diffusion, and to revisit the
traditional view on the role of carbonaceous deposits in
hydrogenation chemistry.

2. RESULTS AND DISCUSSION
The model catalyst used in this study is shown in Figure 1a. It
consists of Pd nanoparticles of ∼7 nm size (Figure 1a)
supported on a well-ordered Fe3O4/Pt(111) thin film. The
particles are mainly terminated by (111) facets (∼80% of the
surface area) and exhibit low-coordinated surface Pd atoms
incorporated into edges, corners, and (100) facets.14 Sub-
monolayer amounts of carbon were deposited by adsorption of

cis-2-butene and D2 followed by heating to 485 K (for
experimental details and the carbon deposition procedure see
the Experimental Section). The spatial distribution of the
carbonaceous deposits was previously investigated by IR
spectroscopy using CO as a probe molecule for different
adsorption sites. It was established that the carbon occupies
predominately edge sites of the Pd nanoparticles while leaving
the regular (111) terraces nearly unchanged.15

Hydrogen ad- and absorption on model supported Pd
nanoparticles was previously extensively characterized both by
temperature programmed desorption (TPD)4,15,16 and by
hydrogen depth profiling via nuclear reaction analysis
(NRA).16 Figure 1b shows a desorption trace of D2 from Pd
particles obtained after adsorption of 3.1 L of D2 at 100 K. Two
distinct peaks with maxima at 295 and 320 K can be identified.
By performing hydrogen depth profiling via NRA, it was
possible to clearly attribute the high-temperature peak to
associative recombination of strongly bound H(D) species
adsorbed on the surface. The estimated desorption energy of 83
kJ·mol−1 is very similar to the value 87 kJ·mol−1 measured for
hydrogen desorption from Pd(111) in the low-coverage limit,
where only strongly bound surface species are populated.17 The
desorption of H2(D2) in the low-temperature regime (between
200 and ∼300 K) was found to be associated with the depletion
of weakly bound H(D) species absorbed in the bulk of Pd
particles.16 It should be emphasized that in this low-
temperature regime only the depletion of subsurface species
was observed upon heating by NRA, while the concentration of
surface H(D) was observed to remain constant, implying that
the low-temperature desorption pathway involves consumption
of at least one subsurface H species. It is likely that a surface-
adsorbed H atom is also involved in this pathway as a
participant. In this case, a desorption event must be
accompanied by a simultaneous replenishment of the surface
H(D) reservoir from the H-containing volume of Pd particles.
The clear distinction of two desorption regimes allowed us to

separately probe the processes dominated by associative
desorption of subsurface or subsurface-related species (in-
dicated here as Dsub or Hsub) versus processes governed mainly
by desorption of the more strongly bound surface species (Ds
or Hs). For this purpose, the following experimental approach

Figure 1. (a) Scanning tunnelling microscopy (STM) image (100 nm × 100 nm) of the Pd/Fe3O4/Pt(111) supported model catalyst used in the
experiments described here (from ref 14). (b) TPD spectrum obtained after adsorption of 3.1 L of D2 on the Pd/Fe3O4/Pt(111) model catalyst at
100 K.
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was used: we exposed the model catalyst to a continuous D2
molecular beam with a flux of 3.2 × 1015 molecules·cm−2·s−1,
until both the surface and the volume of the Pd particles were
saturated with D, and then applied 60 s long pulses of H2 from
a second molecular beam (flux: 4.5 × 1013 molecules·cm−2·s−1),
thereby generating a reactant ratio of D2:H2 = 71 impinging
upon the surface. Note that the absolute flux of H2 is small
compared to that of D2 (less than 1.5%), which ensures that the
steady state concentrations of the D species are not perturbed
by the reaction with H species.
The time evolution of the reaction product, HD, was

monitored by quadrupole mass spectrometry (QMS). At a
sufficiently low reaction temperature (260−280 K), the HD
formation rate, which is equivalent to the desorption rate, is
dominated by association of subsurface-related species (note
that at these temperatures the dominant pathway results in
consumption of subsurface species but does not necessarily
occur via recombination of two subsurface species). Consistent
with this interpretation, the mean residence time of the surface
hydrogen species is estimated to be ∼3000 s at 260 K in the
absence of subsurface hydrogen,18 which is approximately 2
orders of magnitude larger than H2 pulse duration of these
experiments. In conjunction with the NRA data, this estimate of
the mean residence time strongly suggests that the rate of HD
formation at <280 K is dominated by reactions involving the
subsurface or subsurface-related Hsub(Dsub) species and that the
contribution to the HD production rate from reactions between
surface atoms is negligible. In contrast, at a reaction temperature
of 320 K, the subsurface Hsub(Dsub) reservoir would be
essentially depleted, and the HD formation would occur mainly
via recombination of the more strongly bound surface Hs and
Ds.
Figure 2 shows the time evolution of the HD formation rate

in response to the H2 beam pulse in the low-temperature
regime for three surfaces: Pd(111) and clean and C-precovered
Pd nanoparticles. On Pd(111) (Figure 2a), a clear parallel
reaction behavior can be observed: after the H2 beam is opened,
the rate of HD formation increases rapidly at first and then
exhibits an inflection point before reaching a steady state value
after ∼40 s. The height of the final plateau is about twice that of

the inflection point. On clean and C-precovered Pd particles, a
similar fast increase of the reaction rate is observed initially
up to the inflection pointbut the second increase to a steady
state level occurs more rapidlyin about 9 s for the C-free and
6 s for the C-precovered Pd particles.
The initial fast-rising component of the HD formation rate

can be rationalized as HD formed from reaction between Dsub
(which is already present in the particles) and surface Hs,
formed by spontaneous nonactivated dissociation of H2 on Pd
surface. Such fast and nonactivated dissociation is typical for Pd
and a number of other transition metal surfaces.11 In contrast,
the slower component of the HD rate can originate from
reaction between Ds and Hsub, the latter species being formed in
a slower activated process of H diffusion into the subsurface.11

Within the scope of this model, the reaction rate RHD of the
low-temperature channel can be expressed as

= +R t k t k t( ) [D ][H ( )] [D ][H ( )]HD sub sub s sub s sub (1)

where ksub is the reaction rate constant for the low-temperature
pathway; [Ds] and [Dsub] are the steady state concentrations of
the surface and subsurface-related D species; and [Hs(t)] and
[Hsub(t)] are the time-dependent concentrations of the surface
and subsurface-related H species. Note that after establishing
the steady state conditions the ratios [Ds]:[Hs] = [Dsub]:[Hsub]
= 71 (equal to the ratio of the reactants in the gas phase) and
the contributions of both terms in eq 1 should be equal, i.e.,
ksub[Dsub][Hs] = ksub[Ds][Hsub] = (1/71)ksub[Dsub][Ds].

19 This
condition is reasonably fulfilled for Pd(111), where the
contributions of both parts of the composite curve can be
most easily estimated (Figure 3). It should be pointed out that
the observed parallel reaction behavior at this temperature and
at constant D coverage suggests a reaction mechanism
involving the direct association of the subsurface D(H) with
the surface-adsorbed H(D) species, particularly in view of the
previous NRA results. If only one type of surface species (i.e.,
the surface species with modified adsorption properties by the
presence of subsurface H(D)) was involved in HD formation,
only a single reaction channel could occur.
The initial rate of Hsub accumulation directly depends on the

rate constant for subsurface hydrogen diffusion

Figure 2. Time evolution of the HD formation rate obtained at 280 K on (a) Pd(111), (b) pristine Pd nanoparticles supported on Fe3O4/Pt(111),
and (c) C-precovered Pd nanoparticles. The sample was exposed to a continuous D2 beam and to a pulsed H2 beam. The H2 exposure pulse starts at
time zero and ends at 60 s. Each plot of data above was obtained by averaging pulse profiles from three independent measurements. The arrow
indicates the inflection point (see text).
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where kdiff is the rate constant for diffusion into the subsurface.
In this formulation, the diffusion rate is assumed to be
proportional to the difference between the concentration of Hs
and Hsub.
Once the steady state concentration of Hs is rapidly reached

(the fast rise in the HD production), the initial formation rate
of Hsub is given by ((dθHsub(t = 0))/(dt)) ≈ kdiff[Hs]. Thus, the
observed slower rise of the second component of the reaction
process to the steady state on the close-packed Pd(111) relative
to the Pd particles indicates a slower rate of formation of Hsub
on the extended Pd(111) single crystal than on the Pd particles.
We interpret the data to mean that in all cases the surface
species Hs quickly reaches the steady state concentration
expected for both Pd(111) and Pd(100) faces in this
temperature range, while the slower formation rate of Hsub
on Pd(111) relative to the Pd particles is attributable to the
lower kdiff. Faster formation of Hsub on Pd particles may be due
to the atomic flexibility of the nanoclusters, particularly at low-
coordinated surface sites, such as edges and corners, which
should allow for easier H penetration into the volume of the
particles. This experimental result is also in agreement with the
previous experimental observations that lower exposures of H2
are needed to populate the subsurface species on the open
(100) and (110) surfaces as compared to the close-packed
(111) face.11,20,21

The time evolution of the two parallel reactions that
contribute to the overall HD formation rate can be most easily
compared by normalizing the reaction rates to their steady state
values. Figure 3 shows normalized HD formation rates for the
first 10 s of the H2 pulses on Pd(111) and on both clean and C-
precovered Pd particles. All three curves overlap until HD
production reaches half of the steady state value after ∼4 s of
H2 exposure (RHD(from 0 to 0.5)) and then diverges significantly
thereafter (RHD(from 0.5 to 1.0)). The coincidence of the rate
profiles at the beginning of the H2 pulse is in excellent
agreement with the reaction mechanism proposed above, which
suggests that one-half of the final steady state reaction rate
(RHD(from 0 to 0.5) = ksub[Dsub][Hs]) arises from the reaction of

Dsub, already available in the particles, with the quickly forming
Hs species. Additionally, the characteristic time for the
formation of surface-adsorbed Hs is surface-independent for
the three surfaces in Figure 3 (at least on the time scale of
observation), which agrees well with the fast nonactivated
formation of surface Hs species described in the literature for
most of the transition metal surfaces including Pd.11

In contrast, for the time evolution of the second half of the
reaction rate (RHD(from 0.5 to 1.0) = ksub[Ds][Hsub(t)]), a strong
dependence on the surface structure is observed, which we
attribute to the slow structure-dependent subsurface H
diffusion. This dependence can be quantified in terms of the
slope of the curve directly after the level of HD production
reaches half that of the maximum steady state value (RHD = 0.5,
see the linear fit in Figure 3). In view of the fact that at this
reaction temperature the surface state is saturated both on
Pd(111) and Pd particles with a coverage of about 1, and given
that (Hs − Hsub) ∼ Hs, the differences in the slopes reflect the
differences in the values for kdiff for the Pd(111) surface and the
Pd nanoparticles. Note that based on this slope the rate
constant for diffusion of H into the subsurface is nearly an
order of magnitude higher on the C-covered Pd particles
compared to the close-packed Pd(111) surface. Taking into
account the small relative fraction of the low-coordinated
surface sites on the Pd particles (∼20%), the rate constant for
H diffusion through the C-modified edge sites of the Pd
particles is estimated to be at least a factor of 50 greater than
that for diffusion through the Pd(111) face. Note that the
contributions from the two rate terms in eq 1, which
correspond to the two possible HD formation channels, are
predicted to be equal. The observed experimental data are in an
excellent agreement with this prediction as indicated by the fact
that the reaction rate obtained after the first four seconds (the
maximum reaction rate of the “fast channel”) is exactly half of
the final steady state HD formation rate.
In terms of the model, the reaction rate at 320 K can be

expressed as

= +

+

R t k t k t

k t

( ) [D ][H ( )] [D ][H ( )]

[D ][H ( )]
HD s s s sub sub s

sub s sub (3)

where ks is the reaction rate constant for the high-temperature
pathway.
As discussed earlier, at 320 K the contribution from the

reaction between pairs of strongly adsorbed surface species (not
modified by the presence of subsurface hydrogen) Hs and Ds
(first term in eq 3) most likely dominates the overall reaction
rate. This is because the concentrations of the subsurface
species (Hsub and Dsub) are very small at 320 K, according to
both the NRA and TPD results, and therefore the reaction
channel associated with the subsurface species becomes minor.
Assuming fast formation of the surface-adsorbed Hs species, the
model predicts a transition from the time-dependent sigmoidal
behavior of the product pulses (in Figure 3) to a more
rectangular pulse form. Indeed, a nearly perfect square-shaped
HD production profile was observed on both Pd(111) and Pd
nanoparticles (Figure 4). Thus, the suggested mechanistic
model correctly accounts for the temperature dependence of
the HD formation rate at both low temperatures and high
temperatures. It should be noted that while virtually no
subsurface hydrogen is present at 320 K under the low-pressure
conditions applied in this study substantial amounts of
hydrogen incorporated into Pd bulk are expected to be present

Figure 3. Comparison of the pulse profiles of the normalized HD
formation rate for Pd(111) and pristine and C-covered Pd
nanoparticles using the same data shown in Figure 2. The time
evolution of the normalized HD formation rate coincides for all
surfaces until the rate reaches the value 0.5 and then diverges
significantly afterward.
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under normal industrial pressure conditions, even in the
temperature range of 300−500 K (see, e.g., the H−Pd phase
diagrams in refs 22 and 23). This means that the reaction
mechanisms involving subsurface hydrogen can apply in a
broad range of practically relevant temperatures and pressures.
Finally, we address how carbon deposition at the low-

coordinated sites of Pd nanoparticles affects the diffusion
process. We probed the HD exchange in a range of pressure
conditions from 1.3 × 10−6 to 5.3 × 10−6 mbar (overall
pressure), keeping the reactant ratio constant at D2:H2 = 71.
Figure 5 shows the steady state HD formation rates obtained in
these experiments for the reaction temperatures 260 and 320 K.
Carbon was found to affect the HD formation rate in a
dramatically different way for the two reaction temperatures:
whereas at 320 K preadsorbed carbon reduces the overall
reaction rate by about 30%, the reaction rate increases by about
100% at 260 K on the carbon-precovered particles, for all
pressures studied. The decreased HD formation rate in the
high-temperature regime, where HD formation is most likely
dominated by the recombination of the surface-adsorbed
species, can be easily rationalized as a consequence of the
blocking of adsorption sites by carbon. Interestingly, despite the
fact that a part of the surface is blocked by carbon, the HD
formation rate significantly increases in the low-temperature
regime: where desorption is dominated by recombination of
the subsurface-related species. This effect can be explained by
the higher formation rate of the subsurface H(D) species on
the C-modified particles resulting in a higher steady state
concentration of these species in the subsurface. This result is

in perfect agreement with the time evolution of the HD
product presented in Figures 2 and 3, which also suggests that
the effective subsurface diffusion rate constant (kdiff) on the Pd
particles increases after C deposition by about a factor of 2. It
should be noted that at the microscopic level facilitation of
subsurface H diffusion through the C-modified low-coordinated
sites is most likely even more pronounced than this factor of 2.
Indeed, the nearly 100% increase of the overall subsurface
diffusion rate arises from modification of only ∼20% of the
surface sites constituting edges and corners of Pd particles.
Microscopically, this means that the local diffusion rate through
these C-modified sites increases by at least an order of
magnitude. These results are in excellent qualitative and in a
good quantitative agreement with the theoretical predictions.13

3. CONCLUSIONS
In conclusion, we have probed the kinetics of diffusion of
hydrogen into Pd nanoparticles using pulsed multimolecular
beam experiments and HD production as an indicator of the
presence of subsurface hydrogen. The HD exchange reaction
was carried out in a temperature regime where its rate is limited
by the rate of formation of subsurface H species and under
conditions where the process of subsurface H diffusion occurs
at experimentally measurable time scales. By comparing the
time evolution of the HD product using the model supported
Pd nanoparticles and the extended Pd(111) surface, we show
that the H subsurface diffusion critically depends on the
structure of the surface and is considerably facilitated on the
atomically flexible Pd nanoparticles. Moreover, in agreement
with theoretical predictions, modification of the atomically
flexible low-coordinated surface sites, such as edges and
corners, with carbon was found to increase the subsurface
diffusion rate by at least an order of magnitude. These findings
clarify the microscopic origin of the previously experimentally
observed promotion of sustained hydrogenation activity on the

Figure 4. Time evolution of the HD formation rate obtained using
Pd(111) at (a) 280 K and (b) 320 K and using pristine Pd
nanoparticles supported on Fe3O4/Pt(111) at (c) 280 K and (d) 320
K. (e) Comparison of the pulsed profiles obtained at 280 and 320 K
on the pristine Pd nanoparticles. Data were obtained as described for
Figure 2. In agreement with the suggested kinetic model, increasing
the temperature from 280 to 320 K results in a transition from a clear
bimodal behavior at 280 K to a nearly rectangular-shaped pulse profile
at 320 K for the HD formation rate.

Figure 5. Steady state HD formation rates obtained on the pristine
and C-precovered Pd nanoparticles supported on Fe3O4/Pt(111) at
260 and 320 K in the D2 pressure range from 1.3 × 10−6 to 5.3 × 10−6

mbar. The reactant ratio D2:H2 was kept constant at 71. Carbon
deposition resulted in a ∼30% decrease in the HD formation rate at
320 K and in a ∼100% increase in the HD formation rate at 260 K.
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C-modified Pd nanoparticles, which requires effective replen-
ishment of the subsurface hydrogen species. The observed
phenomena provide important insights into the microscopic
details of hydrogen interaction with technically relevant
transition metal surfaces and underline the exceptional
importance of the atomic flexibility of metal nanoparticles
and surface modifiers such as carbon that is usually formed
under catalytic reaction conditions. Related effects are expected
to play a key role in processes taking place on a large variety of
hydrogen storage and catalytic materials.

4. EXPERIMENTAL SECTION
All molecular beam (MB) experiments were performed at the
Fritz-Haber-Institut (Berlin) in a UHV apparatus described in
detail previously.24 Two effusive doubly differentially pumped
multichannel array sources operated at room temperature were
used to supply the D2 and H2. Beam fluxes for D2 between 1.0
× 1015 and 4.3 × 1015 molecules·cm−2·s−1 (1.3 × 10−6 to 5.3 ×
10−6 mbar on the sample surface) and for H2 between 1.5 ×
1013 and 6.0 × 1013 molecules·cm−2·s−1 (1.5 × 10−8 to 5.3 ×
10−8 mbar) were used in these experiments. An automated
quadrupole mass spectrometer (QMS) system (ABB Extrel)
continuously monitored the partial pressure of the reactants
(H2 at 2 amu and D2 at 4.8 amu) and products (HD at 3 amu).
The Pd/Fe3O4 model catalyst was prepared by growing a

thin (∼100 Å) Fe3O4 film on a Pt(111) single crystal by
repeated cycles of Fe (>99.99%, Goodfellow) physical vapor
deposition and subsequent oxidation (see refs 14 and 25 for
details). The cleanliness and quality of the oxide film was
checked by IRAS of adsorbed CO and by 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) while keeping the
sample temperature at 115 K. During metal evaporation, the
sample was biased to avoid formation of defects by metal ions.
The Pd coverage used to prepare the particles was 2.7 × 1015

atoms cm−2. The particles were subsequently annealed to 600 K
and stabilized by repeated cycles of oxygen (8 × 10−7 mbar for
1000 s) and CO (8 × 10−7 mbar for 3000 s) exposure at 500 K
before use.14 According to the STM data,14 the surface displays
Pd particles with an average diameter of 7 nm containing
approximately 3000 atoms each. The particles uniformly cover
the support with an island density of about 8.3 × 1011 islands
cm−2. The majority of the particles are well-shaped crystallites
grown in the (111) orientation and terminated predominantly
by (111) facets (∼80%) as well as by a small fraction of (100)
facets (∼20%).
Before each experiment, the Pd/Fe3O4 model catalyst was

cleaned by oxidation−reduction cycles as employed during
stabilization of the Pd particles. For carbon precovering, the
sample was exposed to 280 L of D2 and 0.8 L of cis-2-butene at
100 K and heated in vacuum to 500 K in the following (see ref
15 for details).
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