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Abstract

The hydrogenation of 1-pentyne over various palladium catalysts was studied under various conditions. In the regime of selective hydrogenation,
as observed by in situ X-ray photoelectron spectroscopy, significant amounts of subsurface carbon and a Pd-C surface phase built up in the early
stage of the reaction. These species inhibited the emergence of bulk-dissolved hydrogen to the surface, which is reactive but unselective. Carbon
laydown was also observed by tapered element oscillating microbalance and by catalytic pulse experiments, with greater laydown occurring in
the selective regime. The effect of carbon dissolution in the crystal lattice near the surface was evidenced by high-resolution transmission electron
microscopy. In alkyne hydrogenation, the active phase of palladium catalysts is a Pd-C surface phase in the regime of selective hydrogenation.
Because self-hydrogenation (hydrogen from dissociated pentyne) was also shown to be unselective, only surface hydrogen from the gas phase
is available to generate the alkene. The issue of structure-sensitivity of alkyne hydrogenation over palladium catalysts is discussed in terms of
structure-sensitive carbon deposition and carbon dissolution into the metal lattice.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Palladium is one of the most important hydrogenation cat-
alysts used in industry and studied in fundamental research.
Its uses include the removal of acetylene from ethylene feed-
stocks [1]. While in contact with the reactant feed, the catalyst
can undergo different transformations, including β-hydride for-
mation, carbon deposition, green oil formation, or carbon dis-
solution in the metal. Therefore, it is not surprising that various
explanations have been offered to explain palladium’s ability
to selectively hydrogenate multiple unsaturated hydrocarbons
[2–9]. Most of the models consider the presence of a carbona-
ceous overlayer. In the hydrogenation of C2H2, Webb et al. [2,3]
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proposed that the reaction proceeds in the second layer, on top
of an irreversibly adsorbed first layer. In this way, the hydrocar-
bonaceous deposit was thought to be the carrier of activity, via
hydrogen transfer from the first layer to the second layer. Ponec
et al. [4,5] suggested that the deposited carbon was only a selec-
tivity modifier through site isolation. This idea was put forward
by others [6–8,10] envisaging catalytic sites of different sizes
between carbon deposits. These can lead to different adsorption
geometries and/or owing to steric hindrance of the reactant to
different reaction products. The effect of carbonaceous deposits
on skeletal hydrocarbon transformation was thoroughly stud-
ied by Paál and co-workers [11,12]. Elsewhere, a carboneceous
overlayer on Pd(111) was shown to shift the methanol oxidation
selectivity toward formaldehyde formation [13].

There is significantly less information in the literature about
gas-phase hydrogenation involving longer-chain alkynes. In the
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selective hydrogenation of propyne to propene, an early non-
steady-state regime was observed associated with significant
carbon laydown [14]. Kennedy et al. [15] attributed the ac-
tive site for propene formation to a hydrocarbonaceous over-
layer, formed during the early stages of the reaction sequence.
It was shown that propene was produced only after a significant
amount of carbon was retained on the catalyst. Transient cat-
alytic and in situ IR spectroscopic studies indicated a similar sit-
uation in butyne hydrogenation [16–18]. Furthermore, the sur-
vey of the literature indicates some sort of structure sensitivity
of palladium catalysts in alkyne hydrogenation [15,17,19,20],
which is in strong contrast to the accepted structure insensitiv-
ity of hydrogenation.

Using X-ray diffraction (XRD), formation of PdCx solution
was observed when contacting Pd Black with acetylene [21].
Approximately 3% lattice expansion was calculated for 15%
incorporated carbon (PdC0.15). Several other studies confirmed
the dissolution of carbon in the palladium bulk [22–24]. Recent
density functional theory (DFT) calculations [25] revealed that
carbon insertion into the Pd surface is an energetically favor-
able process and that the most stable sites are located between
the first and second surface layers, that is, in the subsurface po-
sition. This latter was also observed experimentally by scanning
tunneling microscopy (STM) [26].

Although the golden era of studying the mechanism of hy-
drogenation processes has long since passed, the current status
of mechanistic information cries out for an in situ investigation
throughout the course of reaction with the ability to (i) look at
the surface selectively from the bulk, (ii) quantify the amount
of carbon deposition, and (iii) perform a depth-profiling ex-
periment. Our novel high-pressure X-ray photoelectron spec-
troscopy (XPS) system operated at a synchrotron source offers
all of these capabilities. The XPS measurements were comple-
mented by various reaction studies, by high-resolution trans-
mission electron microscopy (HRTEM), and by in situ tapered
element oscillating microbalance (TEOM) experiments. The
latter allowed us to quantify the amount of adsorbed molecules
during hydrogenation and also the amount of retained carbon.
The experimental approach that we followed was to demon-
strate on a typical Pd/Al2O3 catalyst the phenomenologic de-
scriptions of alkyne hydrogenation while other better-suited
samples were applied in spectroscopy and TEM. However, to
justify the generality of observation, care was always taken to
produce as much overlap as possible in the “matrix of exam-
ined materials and experimental methods.” For example, in situ
XPS and TEOM experiments were carried out on both bulk Pd
samples and supported catalysts. Here we present experimental
evidence that the selective hydrogenation of C≡C triple bond
proceeds not on metallic palladium, but rather on a “PdC sur-
face phase” formed during the reaction.

2. Experimental

2.1. Catalytic hydrogenation

Pulse hydrogenation of 1-pentyne was performed in a pulse-
flow microreactor system. The catalyst (0.1 g, 200 µm, 1%
Pd/θ -Al2O3, ex-Johnson–Matthey, 31.1% dispersion) was re-
duced in situ in flowing hydrogen (25 cm3 min−1) at 6 bar
and 313 K for 30 min. The flow was then switched to he-
lium (25 cm3 min−1) and aliquots of 1-pentyne (10 µl) pulsed
over the catalyst at 303 K. This methodology ensured that the
palladium surface was saturated with hydrogen. Pulses were
also passed over a catalyst that had been heated to 473 K in
flowing helium after reduction. This temperature is above the
hydrogen desorption temperature from palladium [27]; hence
this methodology ensured that no hydrogen was retained by the
palladium surface. The gases evolved were analyzed by a gas
chromatograph fitted with a flame ionization detector (FID) and
a CP Al2O3/Na2SO4 column; C-to-Pd ratios were calculated
from the gas chromatography (GC) trace according to mass bal-
ance.

A continuous-flow microreactor system was used for vapor-
phase hydrogenation of 1-pentyne. The 1% Pd/θ -Al2O3 cata-
lyst (0.1 g) was reduced in situ in flowing hydrogen. 1-Pentyne
was introduced into the hydrogen feedstream via a saturator
held at 273 K. The 1-pentyne:hydrogen ratio was 1:4 at a flow
rate of 25 cm3 min−1. The reaction was performed at 308 K.
After 2 h on stream, the 1-pentyne saturator was bypassed, and
hydrogen was allowed to flow over the catalyst for 1 h. The
reaction was then repeated with a 1-pentyne:hydrogen ratio of
1:3. The gases evolved were analyzed as in the pulse experi-
ments.

Hydrogenation using the same 1% Pd/θ -Al2O3 (3.5 mg) was
carried out in a closed-loop apparatus equipped with GC analy-
sis (50-m CP-Sil glass capillary column, FID) [11]. The sample
was reduced in hydrogen (400 Torr, 0.526 bar) at 358 K for
2 h before the reaction. For most of the reaction, a standard
1-pentyne pressure of 10 Torr (∼13.1 mbar) was used, and the
hydrogen pressure was varied between 10 and 400 Torr (13.1–
526 mbar). Other conditions at different partial pressures were
also used to evaluate reaction orders. The reaction temperature
was kept constant at 308 K. Catalytic experiments were realized
in sequence going from higher to lower p(H2). The catalyst sur-
face was allowed at each condition to come to steady state by
repeated experiments without regeneration.

2.2. In situ TEOM experiments

The hydrogenation of 1-pentyne over Pd/θ -Al2O3 (as above,
BET surface area 97.6 m2 g−1), θ -Al2O3 (Johnson–Matthey,
BET surface area 101 m2 g−1), and Pd Black (Goodfellow, BET
surface area 2.06 m2 g−1) was studied by TEOM (Rupprecht
and Patashnick, TEOM 1500 PMA) connected to an on-line
gas chromatograph equipped with an FID (Hewlett–Packard
6890). The TEOM is capable of quantifying mass changes of
the order of micrograms occurring in a catalyst bed during re-
action, with a temporal resolution of 0.1 s. Mass changes are
recorded by monitoring the change in the resonant frequency of
a quartz element containing the sample in powder form packed
within a small cylindrical container. The cap to the container
has small holes through it such that the reactant gas stream can
pass through the catalyst. During measurement, the element is
made to oscillate in a clamped-free mode as a cantilever beam
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by a mechanical drive [28]. As the mass of the sample increases
(i.e., as molecules adsorb on to the catalyst), the frequency of
the oscillation changes. Considering the system as a simple har-
monic oscillator, the frequency of these oscillations is converted
to a mass change through the following equation:

(1)�Ma = K0

(
1

f 2
1

− 1

f 2
0

)
,

where �Ma is adsorbed mass change, K0 is spring constant,
f0 is initial frequency, and f1 is frequency after uptake.

In particular, an increase in catalyst mass is associated with a
decrease in the oscillation frequency of the TEOM. A more de-
tailed explanation of the principles of mass measurement using
TEOM has been reported by Zhu et al. [29].

For the study reported here, the catalysts (35 mg Pd/Al2O3,
Al2O3, and 50 mg Pd Black) were loaded into the TEOM
and constrained between 2 plugs of quartz wool (VWR). Re-
duction was then carried out in situ in a flow of 100% H2
(50 cm3 min−1, 1.1 bar) for 120 min at 393 K. The flow was
then switched to He (50 cm3 min−1, 1.1 bar), and the temper-
ature was reduced to 358 K. Both the mass adsorbed on the
three studied materials during reaction and the more tightly
bound material retained after reaction were investigated as a
function of exposure to 1-pentyne. 1-Pentyne was introduced
to the TEOM in a carrier gas via a saturator, with the feed
composition characterized by a hydrocarbon partial pressure of
0.1 bar. The carrier gas was either 100% H2 (Pd/Al2O3, Al2O3,
and Pd Black) or 5% H2/He (Pd Black only). The pressure in
the TEOM during reaction was 1.1 bar, and the temperature
was 358 K. The catalyst was subjected to three periods, each
1 h long, of 1-pentyne in hydrogen. Each period was sepa-
rated by 1 h of stripping with helium. The TEOM continuously
recorded the mass change occurring in the sample bed, whereas
GC was used to determine the product distribution at regular
intervals.

2.3. In situ XPS

The in situ XPS experiments were performed at beamline
U49/2-PGM1 and PGM2 at Bessy, Berlin, Germany. Details of
the setup have been published earlier [30]. The photoelectron
spectrometer system uses a differentially pumped lens system
between the sample cell and the electron analyzer, allowing us
to carry out XPS investigations during catalytic conditions in
the mbar pressure range.

Four different palladium samples (5% Pd/carbon nanotubes,
3% Pd/Al2O3 (Johnson–Matthey), Pd(111) single crystal, and
Pd foil) were introduced into the XPS cell. The 5% sample
[homemade nanotubes impregnated with Pd(NH3)6Cl2] was
prepared to minimize charging effects during XPS experiments.
The samples were cleaned before reaction in oxygen and then
treated in hydrogen. Gas flow into the cell was controlled us-
ing mass flow controllers and leak valves. The reaction mixture
consisted of 0.85 mbar H2 and 0.05 mbar 1-pentyne. Gas-phase
analysis was carried out using a quadrupole Balzers mass spec-
trometer connected through a leak valve to the experimental
Fig. 1. Layers on plan model used to describe the experimental XPS depth
distribution of carbon. “a” is the fraction of Pd in the Pd-C surface phase, while
“b” is the fraction of Pd in the bulk with subsurface carbon.

cell. The geometry of the XPS cell is inadequate to realize sig-
nificant conversion; therefore, conversion and selectivity values
(shown in Table 3) were calculated from the product signals (af-
ter calibration), not from the decrease of 1-pentyne signal. This
procedure includes a relative uncertainty of a few percentage
points.

Pd3d , C1s, and valence band spectra were recorded at
normal electron emission. During depth-profiling experiments,
photon energies were chosen to result in photoelectrons with ki-
netic energies of 140, 260, 380, and 780 eV for both C1s and
Pd3d core levels. Valence band was measured with 150-eV ex-
citation. The binding energies were calibrated against the Fermi
level of the samples. Pd3d spectra were fitted and decomposed
by Gauss–Lorentz functions with an exponential tail [31]. El-
emental composition was calculated after normalizing the area
of measured carbon and palladium signals to their cross sec-
tion [32] and to the photon flux at the applied excitation, assum-
ing a homogeneous distribution of C in the information depth.
Because the homogeneous model turned out to be incorrect, we
constructed a “layers on plan” model to fit our experimental
data with the following layer distribution (from the top down):
adsorbate carbon, Pd-C surface phase, palladium with dissolved
carbon, and carbon-free bulk palladium (Fig. 1). To facilitate
calculations, the main model was subdivided into four sub-
models, in which the two palladium/carbon mixed layers were
decomposed into four individual Pd and C layers with differ-
ing depth orders. The thickness of these new layers was defined
by multiplying the atomic fraction of C (or Pd) of the actual
layer with its original depth (d2 and d3). The contribution of an
individual layer was calculated assuming the exponential atten-
uation on the above layers using the energy-dependent inelastic
mean free path (IMFP) values of Pd and C from [33]. For exam-
ple, the contribution of the dissolved carbon at a certain electron
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kinetic energy in submodel 1 with (1 − b)d3 depth follows as

IC
(1−b)d3 = exp(−d1/IMFPC) exp(−ad2/IMFPPd)

× exp
(−(1 − a)d2/IMFPC

)
(2)× [

1 − exp
(−(1 − b)d3/IMFPC

)]
.

The depth of the layers and the carbon concentration of the Pd-
C surface phase were allowed to vary to fit the experimental
data. The carbon content of the second mixed layer (d3) was
fixed at 0.13 atomic fraction after earlier work [24]. The total
atomic fraction of carbon at a certain electron kinetic energy
was calculated by summing up the carbon contribution in all of
the volume compartments in all four submodels.

2.4. HRTEM

HRTEM investigation was performed in a Philips CM200
FEG electron microscope operated at 200 keV. A cross-
sectional specimen was prepared from a piece of Pd foil that
was previously used in the in situ XPS cell in the hydrogena-
tion of 1-pentyne.

3. Results

3.1. Vapor-phase hydrogenation of 1-pentyne

3.1.1. Vapor-phase hydrogenation of 1-pentyne without
gas-phase hydrogen

Pulses of 1-pentyne in helium were passed over 1% Pd/
Al2O3 that had surface- and bulk-dissolved hydrogen and cat-
alysts that had been thermally treated to desorb hydrogen. In
the absence of hydrogen, the yield of pentane from the first
pulse was minor (0.58%). The selectivity to pentane was 69%;
1-pentene, trans-2-pentene, and cis-2-pentene were also formed
and had selectivities of 14, 14, and 3%, respectively. No gas-
phase products were observed in subsequent pulses. Calcula-
tion of the amount of 1-pentyne retained by the catalyst after
the first pulse gave a C:Pd(total) atomic ratio of 15:1 or a
C:Pd(surface) ratio of 47. (The conversion of 1-pentyne into
gas-phase products and mainly into carbonaceous deposit was
29%.) In the absence of surface- and bulk-dissolved hydro-
gen, adsorbed 1-pentyne must undergo self-hydrogenation to
produce pentane and pentenes. Self-hydrogenation—similar to
transhydrogenation [34]—can be understood as the hydrocar-
bonaceous deposit provides surface hydrogen to the reaction.
Knowing the amount of retained 1-pentyne and the amount of
hydrogen required to produce pentane and pentene, only very
little (∼1%) of the hydrogen associated with the deposit is
available for self-hydrogenation.

In the presence of surface hydrogen the yield of pentane
was 6.73%. Over the next two pulses, the yield of pentane de-
creased to 1.03, then to 0.49%. A negligible amount of carbon
was deposited from the first pulse, and no products were de-
tected by the fourth pulse. However, the system in the first pulse
was not selective to pentane; in contrast, 1-pentene, trans-2-
pentene, and cis-2-pentene were all formed with selectivities of
70, 12, and 6%, respectively. Hence the system is selective for
pentene formation on the first pulse with an overall 1-pentyne
conversion of 65%. On the other hand, on pulses 2 and 3 no
pentenes are formed; only pentane is formed. This is an un-
usual result; in keeping with literature results [15], the system
would be expected move from alkane selectivity to alkene se-
lectivity.

From the results obtained in the absence of hydrogen, it can
be assumed that there is very little self-hydrogenation in the
hydrogen-presaturated experiment as well (only in pulse 3);
therefore, it is possible to calculate a H:Pd ratio for the hydro-
gen retained by the palladium and available for reaction. The
calculated H:Pd(total) ratio is 13:1. This value is nonsustain-
able as H is dissolved in palladium; therefore, the support must
play a significant role. In the absence of palladium, the support
was found to be inactive; however, in the presence of palladium,
hydrogen can spill over from the metal to the support. Hence
there is a hydrogen reservoir, and the reverse-spillover process
can supply activated hydrogen for the reaction.

The amount of carbon deposited after the third pulse (i.e.,
when all hydrogen has been removed) gave a C:Pd(total) ra-
tio of 15:1, the same as that retained over the catalyst in the
absence of hydrogen after the first pulse. This suggests that
(surface) hydrogen can inhibit carbon deposition and that as
the catalyst reaches zero or near-zero surface hydrogen con-
centration, the extent of retained carbon and gas-phase product
yield by self-hydrogenation will be the same (pentane yield of
0.58% in the absence of H2 and 0.49% by pulse 3 in a hydrogen-
presaturated catalyst). This behavior reinforces the view that in
pulse 1, not only the metal must be taken into account. If the
hydrogen needed to produce the pentenes is discounted as hy-
drogen associated with the support, then the H:Pd ratio drops
from over 13 to nearly 2, which is much more sustainable con-
sidering bulk-dissolved hydrogen and self-hydrogenation. As
we discuss below, in the presence of bulk-dissolved hydrogen
(and the absence of surface PdCx ; see later) the principal prod-
uct of alkyne hydrogenation over palladium metal will be the
alkane. Hence at higher hydrogen pressures, the catalyst will
maintain selectivity to the alkane.

3.1.2. Vapor-phase hydrogenation of 1-pentyne with
gas-phase hydrogen

Continuous-flow hydrogenation was carried out on the 1%
Pd/Al2O3 as described in Section 2. Over the first 2 h, the sole
gas-phase hydrogenated product was pentane. During treatment
in hydrogen, 1-pentene was detected in the gas phase, confirm-
ing that the catalyst had retained C-5 species; trace levels of
trans-2-pentene were also detected. The total amount of hydro-
carbon removed was <1% of the feed. When the 1-pentyne feed
was reintroduced at the lower hydrogen:pentyne ratio (3:1), the
product profile changed such that selectivity to the alkenes was
97%. The activity was significantly lower on this run; however,
a similar amount of carbon was removed from the catalyst in
the hydrogen treatment. These results are in keeping with the
proposals from the pulse reactions and the TEOM experiments
(see later) at lower H:Pd ratios.

Fig. 2 shows the reaction profile obtained in the closed-loop
reaction at constant 1-pentyne pressure of 10 Torr. At low hy-
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(a)

(b)

Fig. 2. 1-Pentyne hydrogenation over 1% Pd/Al2O3 in a closed loop-reactor,
t = 5 min. (TOF is expressed as transformed pentyne/surface Pd atoms/time.)

drogen partial pressures (low H2-to-C5 ratios), hydrogenation
was generally selective, yielding 1-pentene. In this regime, hy-
drogen has a reaction order of approximately 1. At high hy-
drogen pressures, the activity was significantly enhanced, and
nearly full conversion was observed with the selectivity pushed
toward total hydrogenation. Above 100 Torr H2, in the equi-
librium regime, the hydrogen reaction order is zero and that
of 1-pentyne is approximately 1. The hydrogenation rate over-
proportionally increased in the intermediate p(H2) region, in
which the selectivity changed drastically, indicating a transi-
tion in the reaction mechanism. This transition may correspond
to the appearance of 2-pentenes in the gas phase (Fig. 2), as
the surface intermediate of 1-pentene (apart from further hydro-
genation) isomerizes to 2-pentenes, analogous to that shown for
butenes [35].

3.2. In situ TEOM measurements

Fig. 3a shows the total mass change in the sample bed during
each 1-h period on stream for the 4 systems studied, whereas
the retained mass levels for the same systems after purging with
helium are shown in Fig. 3b. The Pd/Al2O3 catalyst shows the
greatest adsorption (per mg of catalyst) during reaction. The
level of adsorption is 8 µg/mgcat greater than that on Al2O3
and 18.1 µg/mgcat greater than that on Pd Black under the
same reaction conditions. Considering the surface composition
of the materials (∼97% of the surface of Pd/Al2O3 is alumina
compared to 100% of the pure support) this corresponds to
∼8.4 µg/mgcat of material associated with palladium sites (as-
(a)

(b)

Fig. 3. (a) Mass adsorbed on catalyst after 3 × 1 h period on 1-pentyne stream.
(b) Mass retained on catalyst after desorption in helium following 3×1 h period
on 1-pentyne stream.

suming that the alumina shows the same adsorption behavior
with and without metal present). The precise composition of
the adsorbed material is unknown; however, it must lie some-
where between that of pentane (the fully hydrogenated product)
and elemental carbon. This provides upper and lower limits on
the amount of carbon associated with each surface Pd atom
of between 20.0 and 24.0 carbons per Pd. If the carbon is in-
stead associated with the bulk Pd, then this ratio changes to
6.2–7.5 C/Pd. The effect of adsorbed hydrogen on the retained
masses will be negligible even considering a β-hydride palla-
dium phase with ∼0.7–1 H-to-Pd stoichiometry. The calculated
carbon uptake number per Pd atom is extremely high; therefore,
it is more likely that more carbon is adsorbed on the alumina if
Pd is present. Accumulation of carbonaceous deposits on both
catalytically active and inactive supports is well known in the
case of reforming catalysts [36]; the amount of accumulated
carbon can be 3–10 times higher on alumina than on the metal-
lic phase if both are present; on the other hand, the amount
of carbon is negligible on the support alone. The amount of
retained mass (Fig. 3b) is very close to that adsorbed during re-
action; hence only little desorption occurs when the catalyst is
purged in He. This observation is in line with the continuous-
flow experiments in which there is evidence for removal of only
a minor fraction of adsorbed species.

A similar analysis provides the number of carbon atoms
associated with palladium atoms on Pd Black. The BET sur-
face area, established by nitrogen adsorption, of Pd Black is
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2.06 m2 g−1. The number of surface sites available for adsorp-
tion can then be calculated as follows:

Nsites = SA

1.62 × 10−19
,

where 1.62×10−19 = area of 1 molecule of nitrogen (m2). This
gives the number of surface sites as 1.27 × 1019 (g−1). The to-
tal mass adsorbed on Pd Black, in 100% H2, is 2.59 µg/mgcat.

Therefore, the number of carbon atoms associated with each
surface Pd atom is 8.5–10.2, and the ratio in the bulk is 0.02:1.
When 5% H2/He is used in place of pure hydrogen, a signifi-
cantly greater adsorption level is achieved over Pd Black. This
adsorption level of 6.88 µg/mgcat corresponds to a C:Pdsurf ra-
tio of 22.6–27.2:1 and an overall C:Pd ratio of 0.05–0.06:1. The
calculated Pd:C ratios for all 3 palladium-containing systems
are given in Table 1.

In addition to TEOM data, on-line GC measurements were
also acquired; these are summarized in Table 2. 1-Pentyne over
Pd/Al2O3 is always converted to pentane under the study condi-
tions. Pd Black also shows very high selectivity toward the fully
hydrogenated product when 100% H2 is used as carrier gas.
However, when 5% H2/He is used, the selectivity shifts toward
1-pentene, with the fraction of the outlet stream comprising
1-pentene increasing with time on stream. The difference be-
tween these systems can be ascribed to the higher H2 partial
pressure in the 100% system, leading to increased surface and
bulk hydrogen concentrations, which will maintain catalyst se-
lectivity to the alkane, as discussed below.

Table 1
Total quantity of material adsorbed after 3 h pentyne hydrogenation, retained
after desorption, and calculated C:Pd ratios during hydrogenation

Mass adsorbed
after 3 h
(µg/mgcat)

Mass retained after
purging with He
(µg/mgcat)

C:Pd-surf C:Pd-bulk

Pd/Al2O3, 20.7 20.5 20.0–24.0 6.2–7.5
100% H2
Pd Black, 2.6 1.1 8.5–10.2 0.02
100% H2
Pd Black, 6.9 5.6 22.6–27.2 0.05–0.06
5% H2
On first inspection, the pure alumina support also appears to
show some hydrogenation activity. However, conducting identi-
cal experiments with the reactor loaded purely with quartz wool
results in near-identical product selectivity. In addition, at 303
instead of 358 K, this activity is somewhat reduced. Therefore,
it can be concluded that the alumina itself is inert under the
conditions used herein. Blank experiments on quartz wool in
the closed-loop reactor gave similar results.

3.3. In situ XPS of 1-pentyne hydrogenation

Synchrotron-radiation based high-pressure XPS was used
to explore the surface and near-surface electronic structure of
palladium catalysts during 1-pentyne hydrogenation. The great
advantage of using a synchrotron radiation X-ray source is
the possibility to perform nondestructive depth-profiling mea-
surements. Four different palladium samples were applied in
the in situ XPS experiments: two supported catalysts and two
bulk palladium materials. All of these showed catalytic ac-
tivity in the hydrogenation of 1-pentyne at close to 1 mbar
total pressure. With the exception of the Pd(111) single crys-
tal, which produced only pentene, both single and total hy-
drogenation products were formed (Table 3). Pentane is pro-
duced more in the early stage of the experiment at lower tem-
peratures, whereas selective hydrogenation occurred at 358 K.
Unfortunately, the supported catalysts in the form of pressed
pellets revealed strong diffusion hindrance at 1 mbar. It is pre-
dominantly the outer part of the pellet that is responsible for
the catalytic performance. One can note that despite the sim-
ilar surface area, Pd foil was about three time more active
than Pd(111). Moreover, the total hydrogenation selectivity was
drastically decreased with bulk palladium, whereas pentane did
not even form on Pd(111). This latter is in good accordance

Table 3
Conversion and selectivities in 1-pentyne hydrogenation over various catalysts
at 0.9 mbar condition and 358 K

5% Pd/CNT 3% Pd/Al2O3 Pd foil Pd(111)

Conversion (%) 10 5 2.5 <1
Selectivity pentene (%) 95 80 98 100
Selectivity pentane (%) 5 20 2 –
Table 2
Gas chromatographic data for 1-pentyne hydrogenation over various catalysts. Values are reported as a percentage of the total material detected by GC at the TEOM
outlet

40 min 170 min

1-pentyne 1-pentene 2-pentenes n-pentane 1-pentyne 1-pentene 2-pentenes n-pentane

Pd/Al2O3,
100% H2

trace trace trace 100 trace trace trace 100

Pd Black,
100% H2

0.1 trace 0.1 99.8 3.6 0.5 11.3 84.5

Pd Black,
5% H2

58.7 40.1 trace 1.2 42.8 54.7 0.2 2.3

Al2O3,
100% H2

81.1 16.2 0.7 2.0 74.9 22.4 0.7 1.9

Quartz wool,
358 K

81.6 17.1 0.2 1.1 – – – –

Quartz wool,
303 K

89.2 10.6 trace 0.3 – – – –
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Fig. 4. Pd3d 5/2 of (a) Pd(111), (b) Pd foil, and (c) 5%Pd/CNT in the reaction mixture of 0.85 mbar H2 + 0.05 mbar 1-pentyne at 358 K. The cleanest state of the
samples is also included. As a comparison, Pd3d of Pd foil during the hydrogenation of trans-2-pentene (0.2 mbar t-2-p + 0.6 mbar H2) is shown in (d). Incident
photon energy, hν = 720 eV. Dashed line: measured data, full line: fits.
with our previous result [37] that pentane does not form from
trans-2-pentene over Pd(111). The significantly higher total hy-
drogenation selectivity on the supported samples can be at-
tributed in part to the aforementioned diffusion hindrance in the
pores.

Concurrently with the mass spectrometric analysis, the sur-
face of the samples was monitored by XPS. Fig. 4 displays
the corresponding Pd3d (5/2) spectra at steady reaction condi-
tions and for comparison in the state before reaction. Adsorbed
(carbonaceous) species shifted the binding energy (BE) of sur-
face palladium atoms (surface core level shift with a BE of
3d5/2 ∼ 334.7 eV) to the high BE side of the bulk (∼335.0 eV)
palladium signal. The BE for this component was found at
about 335.7 eV for Pd(111). At a very similar BE (335.6 eV)
a palladium peak with significantly higher intensity was ob-
served with the supported samples and with Pd foil. The fitting
analysis revealed a peak area roughly similar to the bulk com-
ponent. (Note that its apparent higher intensity was caused by
the asymmetrical shape of the bulk peak.) Considering the mean
free path of Pd at 720 eV (∼9 Å), this component cannot cor-
respond to only surface Pd (see the next paragraph). In the
hydrogenation of trans-2-pentene on Pd foil, this intense new
component did not form (Fig. 4d); only the adsorbate-induced
state formed. The asymmetry parameter of the Gauss–Lorentz
function decreased considerably for the 335.6-eV component
compared with the bulk component, indicating its less-metallic
character. Valence-band spectra of palladium foil (Fig. 5) taken
with 150-eV excitation during the steady hydrogenation point
Fig. 5. Valence band of Pd foil in the reaction mixture of 0.85 mbar
H2 + 0.05 mbar 1-pentyne at 358 K (A) and before reaction (after cleaning, B).
Incident photon energy, hν = 150 eV.

to a massive redistribution of the spectral weight in the valence
band; the density of the Pdd-band maximum decreased while a
new band at about 6 eV developed.

The synchrotron radiation X-ray source allowed us to vary
the excitation energy, and hence the information depth. Obvi-
ously, depth-profiling measurements are most powerful when
using microscopically planar surfaces. Fig. 6 depicts such an
experiment on Pd foil in the reaction mixture. From this fig-
ure, it is obvious that the 335.6-eV component is more surface
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Fig. 6. Nondestructive depth profiling experiment on Pd3d of Pd foil during
1-pentyne hydrogenation.

located, that is, it is above the bulk Pd.

(3)depthPd-C = IMFPPd ln

(
areaPd C

areaPd bulk
+ 1

)
.

Considering its “on-top” location and the IMFP values of Pd
at different photon energies [33], the 335.6-eV component ac-
cording to Eq. (3) has a 2- to 3-Pd atomic thickness. Because
β-hydride formation (BE ∼ 335.2 eV, [38]) can be ruled out as
the origin of this peak, a special Pd-C component must have
formed in the reaction mixture. Therefore, in the pentyne hy-
drogenation at the regime of high pentene selectivity, the ac-
tive surface consists not of metallic palladium, but rather of a
few-atoms-thick metal–carbon surface phase formed over the
course of the reaction. This spectroscopic evidence correlates
perfectly with earlier studies (mentioned in the Introduction)
showing that alkene formation from alkyne occurs just after the
catalyst retains a significant amount of carbon on its surface.
(Please note the form of Pd3d at 1120-eV excitation. Typi-
cal lab X-ray sources [MgKα, 1253.6 eV; AlKα, 1486.6 eV]
would not allow resolution of the 335.6 eV component; hence
it is not surprising that such a surface Pd-C phase was not pre-
viously observed.)

As the palladium samples are heated further, their catalytic
activity diminishes. Parallel to this, the 335.6 eV “Pd-C” com-
ponent also strongly decreases (see later in Fig. 8), indicating
its metastable nature with respect to segregation into carbon
and pure palladium. In addition, at higher temperatures, most
of the surface and near-surface dissolved hydrogen (α-hydride)
should have desorbed or diffused to deeper layers. In the cool-
ing experiment, after the palladium foil was heated to 523 K,
neither the catalytic activity nor the 335.6-eV component recov-
ered, strengthening their strong correlation. Once “Pd-C” de-
composed, a special carbonaceous blocking layer should have
formed, hindering both adsorption of hydrogen and regenera-
tion of the active phase.

The change in the electronic structure of palladium cata-
lyst via carbon incorporation necessarily involves the modifi-
cation of its geometric structure in the near-surface layers as
Table 4
Average lattice expansion in Pd foil calculated for three different depths; refer-
enced from the surface. Circles with 3 nm diameter were used for fast Fourier
transformation. The lattice expansion nearest the surface was averaged from 10
calculated power spectra

Depth Average observed deviation (%)

First 3 nm 5.4 ± 1.3
Second 3 nm 1.7 ± 1.7
Third 3 nm 3.6 ± 1.7

well. HRTEM is well suited to account for such modifications.
Palladium foil used in 1-pentyne hydrogenation for the XPS
experiments at low and then high temperatures indicates sur-
face graphitic structures with few graphene layers [37]. Very
rarely, up to 10–12 layers were observed. The observed in-
ability to recover catalytic activity is therefore related to the
existence of graphitic layers. Closer inspection of the palla-
dium foil lattice fringes reveals a significant expansion of its
lattice. Using Fourier transformation of selected areas of Pd lat-
tice, the created power spectra can supply information about the
depth distribution of possible lattice expansion. Table 4 sum-
marizes the observed deviations from the ideal lattice distance
calculated for several images. It is seen that lattice expansion is
more pronounced in the near-surface area. The calculated stan-
dard deviation of the average lattice expansion indicates that
this method is qualitative rather than quantitative for revealing
this phenomenon; however, that lattice expansion exists and is
more pronounced in the near-surface regions is obvious. The
most feasible explanation for such lattice expansion is incorpo-
ration of carbon during the catalytic experiment.

A very effective way of proving carbon incorporation in-
situ is to perform a depth-profiling XPS experiment during a
catalytic run on both palladium and carbon core levels. With
the help of energy-dependent theoretical cross sections, the
palladium:carbon ratio can be calculated for various informa-
tion depths. Fig. 7 displays the carbon content in the reaction
mixture during hydrogenation according to the depth-profiling
experiment. The figure also shows simulated carbon curves us-
ing only adsorbed carbon on carbon-free bulk palladium and
a more complex model described in Section 2. The simple
overlayer-type model (3.5 monolayer C) cannot account for
the experimental observations; thus, the presence of subsur-
face carbon had to be considered to fit the carbon content for
greater depth of information. The best-fitting parameters de-
scribing the carbon depth profile are given in Table 5. The best
fit provided an approximate 3-Å-thick layer of adsorbates on a
14-Å-thick Pd-C surface phase. While the 3 Å could account
for a coverage between 0.5 and 1 monolayer considering the
three-dimensionality of the adsorbate (i.e., not only one car-
bon atom attenuates one surface unity), the 14-Å-thick Pd-C
surface phase could correspond to ∼3 double layers of Pd-C,
that is, three alternating carbon and palladium rows. This latter
would be similar to the case in which oxygen is incorporated
in the ruthenium top layers, forming “trilayers” of O–Ru–O,
which is thought to be the intermediate in the Ru oxidation
route [39]. The calculated thickness of Pd-C fits well with that
estimated from the Pd3d profile decomposition. The thickness
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(a)

(b)

Fig. 7. Carbon distributions with different information depth as revealed by
the depth profiling XPS experiments. For easy of understanding carbon con-
tent is expressed according to the homogeneous model. Calculations applying
the depth model given in Fig. 1 and a simple model using only 3.5 monolayer
adsorbed C (3.5 × 2.06 Å) in (a) and 4.2 ML in (b) are shown.

Table 5
Calculated parameters describing the depth profile of the palladium foil.
“d1–d3” are the thickness of the ad-layer, that of Pd-C surface phase and of
Pd bulk with dissolved carbon, while “a” is the fraction of Pd in the Pd-C sur-
face phase and “b” is the fraction of Pd in the layer d3, (see Fig. 1). During
calculation at 358 K in the reaction mixture “b” was assumed to be 0.87 ac-
cording to Ref. [24]. At 523 K, as Pd-C decomposed (see Fig. 8b) “a” was set
to 1

Parameters Reaction mixture
(358 K)

Reaction mixture
(523 K)

Switched off C5

d1 3.27 7 2.8
d2 14.3 3 7.4
d3 140 100 40
a 0.55 1 0.55
b 0.87 0.9 0.97

of the 140-Å Pd bulk with an average carbon atomic fraction
of 0.13 indicates that a very significant amount of carbon is
dissolved in the palladium lattice. Extrapolating the model for
infinite thickness, the total amount of carbon to the surface unity
(i.e., to a surface Pd atom of theoretical clean surface) would be
∼14:1, as opposed to 22-27:1 in the case of TEOM on Pd Black.
Despite the different pentyne partial pressures used in the two
experiments, this indicates that XPS most probably does not
overestimate the carbon content of palladium.
(a)

(b)

Fig. 8. (a) C1s and (b) Pd3d region of Pd foil at different conditions. 1: in the
reaction mixture; 2: after switching off 1-pentyne (only H2); 3: after switching
off H2 (only 1-pentyne). All the spectra were recorded at 358 K. Some differ-
ence spectra are also shown. In (b) Pd3d of Pd foil at 523 K is also included.

After demonstrating that the active surface of a palladium
catalyst in the selective hydrogenation of pentyne consists of
a Pd-C surface phase, below which a considerable amount of
subsurface carbon is incorporated, we turned our attention to
investigating how this system would behave when switching
off one of the reactants. Fig. 8 shows the C1s and Pd3d spec-
tra at 358 K taken in these experiments with ∼380 eV electron
kinetic energy. The C1s spectrum during reaction (curve 1) re-
veals a maximum at 284.6 eV with a clearly visible shoulder at
the low BE side (at 283.4 eV). This latter BE is close to that
of carbides [40]. As 1-pentyne was switched off (curve 2), the
low-BE component and a significant intensity from the high-
BE side disappeared. The latter disappeared instantaneously,
whereas the former took several minutes to do so. The differ-
ence in time constants of the two components suggests that
these components are not directly related and are not a single
species. The slight asymmetry of the peak at ∼285 eV in the
difference curve (1–2) indicates that it contains two components
(284.8 and 285.2 eV). Because the gas phase is not contributing
to the 285-eV peak (see spectrum 4; only negligible intensity
below 285.7 eV), we attribute it to chemisorbed pentyne mole-
cules, which desorbed as the pentyne feed was stopped. After
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switching back 1-pentyne, the spectrum (not shown) immedi-
ately developed as in the reaction mixture (curve 1). Moreover,
a pentene signal appeared in the MS spectrum. Calculation of
Pd-to-C ratios indicates a <0.5% increase of carbon content
in the information depth between states before switching off
and after switching back to the pentyne feed. Therefore, beam-
induced carbon accumulation was not observed during this ex-
periment. Spectrum 3 in Fig. 8 was recorded after the hydrogen
supply was turned off. The signal related to 1-pentyne in the gas
phase was now significantly enhanced as the scattering of the
photoelectrons on the hydrogen molecules was eliminated, and
thus the gas-phase signal was enhanced. Furthermore, no spec-
tral changes indicating decomposition occurred. The difference
spectrum (3–1) indicates a tiny increase at 285.2 eV, seen also
as a slight broadening on the high-BE side of spectrum 3, and a
very small decrease around 283.2 eV. As hydrogen was turned
on, reaction continued, and again no beam-induced carbon ac-
cumulation was observed from investigation of the spectra.

The corresponding palladium 3d spectra to the aforemen-
tioned carbon spectra are shown in Fig. 8b. As pentyne was
switched off, the “Pd-C” component partially decreased. The
difference spectrum indicates a somewhat higher (335.7 eV)
BE; thus, the 335.6-eV “Pd-C” component (Fig. 3) may be the
sum of more than one component. In fact, carbon atoms in var-
ious environments are expected to show relaxation shifts. The
original Pd3d spectrum was observed as pentyne was reintro-
duced in the feed (not shown separately). Moreover, hardly any
modification was obtained with just pentyne in the feed. The
slight increase at ∼335.5 might be correlated with higher pen-
tyne coverage. In addition, the Pd3d spectrum in the reaction
mixture at 523 K was also included, as discussed previously.

The surface state of the sample with pentyne switched off
was measured with more than one excitation energy; there-
fore, we can estimate the palladium-to-carbon depth distribu-
tion shown also in Fig. 7a. The absence of pentyne in the gas
phase reduces the total carbon content, not only on the sur-
face. Carbon was depleted from the subsurface region; hence,
the desorption of pentyne was accompanied by the migration
of carbon from subsurface positions to surface positions. Be-
cause the model describing the measured carbon profile using
an atomic fraction of 0.13 for dissolved carbon in palladium in-
dicated that this layer was <15 Å thick, we allowed the carbon
fraction to decrease. Hence the calculation showed a more rea-
sonable 40-Å-thick palladium layer with only a 0.03 fraction of
carbon. Generally the greatest amount of carbon was observed
at 523 K in the reaction mixture (Fig. 7b), with subsurface
carbon intensity less than at 358 K. However, its presence (al-
though reduced) at high temperature is in good agreement with
the HRTEM data shown previously. Moreover, the increased
thickness of the ad-layer (see d1 in Table 5) is in perfect accord
with the graphene layer reportedly formed at high temperature
in the hydrogenation mixture [37].

4. Discussion

In this section we extract structural information from the
spectroscopic data, build a functional model of the palladium
near-surface region during selective hydrogenation, and estab-
lish a relationship between carbon laydown surface orientation
and selectivity. Over the last 10 years, several research teams
[41–44] have provided plentiful experimental evidence reveal-
ing the important and unique chemistry of subsurface or bulk-
dissolved hydrogen. Hydrogen emerging from the bulk of metal
particles to the surface is significantly more energetic and thus
far more reactive than surface hydrogen. However, its strength
is also its weakness, at least as far as selectivity is concerned—
being too active to be selective enough! Its high activity in
alkene hydrogenation or in the total hydrogenation of alkynes
has been clearly established [44,45]; therefore, bulk hydrogen
is not the best candidate for providing good selectivity in the
single hydrogenation of alkynes.

We have shown in the pulse hydrogenation experiment that
surface hydrogen provided by reverse spillover from the support
was very selective; however, it was used up quickly in the first
1-pentyne pulse, and no pentenes were observed in the subse-
quent pulses. After the accessible hydrogen was removed, car-
bon accumulated on the surface, and the only product observed
was pentane from self-hydrogenation. Hence hydrogen released
by dissociated pentyne molecules is not selective either. This
is essentially a very minor process, however. Going from the
pulse experiments to the real catalytic study, at high hydro-
gen pressure or above a certain total pressure at high H2/C5
ratios, hydrogenation was fast and not selective. It was not our
aim to study the kinetics of total hydrogenation in depth; how-
ever, the reaction rate as r = k[H2]0[alkyne]1 can be estimated.
On the other hand, at low p(H2) or low H2/C5 ratio, selectivity
improves significantly while the reaction rate is significantly
lowered and controlled by the surface hydrogen concentration.
The estimated rate equation is r = k[H2]1[alkyne]0, where the
order of alkyne is sometimes even negative. As shown by the
TEOM experiment, considerably more carbon is adsorbed and
retained in this reaction regime; however, the catalyst did not
exhibit long-term deactivation [19]. The activity after 170 min
on stream was higher than that after 40 min on stream.

From a spectroscopy standpoint, this may be the first time
that the decisive role of carbon in creating the active site for the
hydrogenation of a C≡C triple bond has been evidenced. In situ
XPS showed that a palladium-carbon compound was formed
during hydrogenation, composed of a thin layer of ∼3Pd atomic
thickness on top of metallic palladium with significant carbon
incorporated in the bulk. However, the “Pd-C” layer itself seems
inhomogeneous. Fig. 8 shows the removal of some carbide-like
component as pentyne was switched off, but the 335.6-eV Pd-C
component decreased by only ∼30%. Therefore, the carbide-
like C1s component may correspond to one of the three Pd-C
double layers in the surface phase. If we assumed that the de-
crease in Pd3d (shown by the difference curve 1–2 in Fig. 8b)
corresponded to the vanishing “carbide” (the 283.4-eV com-
ponent), then the calculated Pd:C ratio would be 1.88:1, that
is, 35% carbon. (Note that none of these components were ob-
served during the hydrogenation of trans-2-pentene [37]; see
Fig. 4d.) To end up with a carbon content of about 45%, as
suggested by the model fitting of carbon depth distribution,
the other part of the “Pd-C” layer would need to be more



36 D. Teschner et al. / Journal of Catalysis 242 (2006) 26–37
Fig. 9. Model of the palladium surface during 1-pentyne hydrogenation.

carbon-rich. The depth distribution of the Pd foil during pen-
tyne hydrogenation is shown in Fig. 9. Pentyne was adsorbed
on a C-rich “Pd-C” phase, the exact composition and geomet-
ric arrangement of which remain unknown. A thick layer with
subsurface-type carbon dissolved in palladium should be the
transition between the Pd-C surface phase and the bulk pure
metallic palladium. The amount of carbon incorporated dimin-
ished in deeper layers. As pentyne was switched off, the ad-
sorbed molecules desorbed, accompanied by the breakup of the
less carbon-rich “Pd-C” layer and carbon segregates to the sur-
face. As hydrogen was turned off, surface hydrogen desorbed,
making space for more adsorbed pentyne, while the Pd-C dou-
ble layers remained intact. At high temperature (523 K), in the
reaction mixture, hydrogen and pentyne desorbed and decom-
posed, respectively; the double layers were destroyed; and a
blocking graphene layer built up, inhibiting any further reac-
tion. The active double layers can be restored only after regen-
eration, by the reaction itself.

Let us now consider the importance of the Pd-C surface
phase with subsurface carbon below it. Bulk-dissolved hydro-
gen was shown to be reactive but unselective. As the pressure
of hydrogen decreased the hydrogenation rate rapidly (overpro-
portionally) decreased as if a preferred reaction path closed up
and Pd-C was observed. It is perhaps not daring to assume that
bulk hydrogen was no longer available here, because its equilib-
rium with the surface was disturbed by the massive amount of
carbon inserted into the upper layers of palladium. Therefore,
subsurface carbon and the Pd-C surface phase inhibited the
repopulation of bulk-dissolved hydrogen, as well as its emer-
gence to the surface. Whether bulk hydrogen was only “tamed
down” for the reaction or was rather completely eliminated
by carbon is not clear from our data. However, the usefulness
of surface hydrogen in the pulse experiment points indirectly
to the likelihood of the latter assumption. In fact, carburized
bulk palladium showed no hysteresis in the hydrogen sorption–
desorption isotherm and had no tendency toward the formation
of β-hydride [46]. A very recent patent application [47] on the
superiority of PdGa intermetallic compounds selectively hy-
drogenating acetylene in ethylene feed indicated the beneficial
effects of excluding bulk-dissolved hydrogen and of isolating
palladium sites on the surface.

The mechanism detailing how the Pd-C surface phase forms
is not clear. Considering the carbon depth distribution, several
monolayers of adsorbed pentyne are required to dissociate into
C1 species to penetrate into deeper layers and to form the top
Pd-C layers. Moreover, no fragment (C1–C4) desorbed, because
none was detected in any of the experiments. Therefore, we sus-
pect that in the early stage, after losing the first hydrogen, the
adsorbed pentyne autocatalytically fragmented and transformed
into atomically dispersed carbon, which penetrated into the
palladium lattice. Preliminary experiments when hydrogenat-
ing acetylene indicate that the same Pd-C surface phase was
formed; hence the key point should lie in the C≡C triple bond.
A supportive fact is that this surface phase did not form dur-
ing the hydrogenation of trans-2-pentene when starting from a
reactant with a double bond.

The last issue that we tackle here is why apparently similar
palladium catalysts can behave so differently in terms of both
activity and selectivity in alkyne hydrogenation [15,17,19,20],
suggesting that the process is structure-sensitive. Hydrogena-
tion was believed to be structure-insensitive, which is probably
valid for ethylene hydrogenation; however, Doyle et al. [48,49]
showed that pentenes react faster on larger particles, and thus
the reaction exhibited structure sensitivity. Kinetic measure-
ments on Pd(110) and Pd(111) revealed that selective hydro-
genation of 1,3-butadiene was structure-sensitive as well [35].
We have seen that selectivity in pentyne hydrogenation is re-
lated to the exclusion of bulk hydrogen and thus to the buildup
of Pd-C. This is possible only if the reactant strongly fragments
at the initial palladium surface. Carbon–carbon bond breaking
has been shown to be structure-sensitive [50,51]. Because the
reaction rates when using the emerging bulk hydrogen or sur-
face hydrogen are so different, it is not surprising that catalysts
with different selectivity and hence activity can be synthesized.
That different surfaces fragment differently and build up Pd-C
is shown in Fig. 4, demonstrating that this process is not effec-
tive on the surface of bulk (111). In fact, DFT calculations [25]
have shown that carbon diffusion into the bulk of Pd(111) is en-
ergetically unfavorable. The reason why the single crystal still
performs selectively is because the applied hydrogen pressure
is not sufficient to populate subsurface sites (only the α-hydride
phase can form, of which hydrogen effectively penetrates to
deeper layers [52,53]); therefore, only surface hydrogen was
available for the reaction. However, if small palladium parti-
cles are synthesized with (111) surface plans, then they likely
will be very unselective in alkyne hydrogenation, because Pd-C
cannot build up and hence hydrogen can saturate the bulk of the
particle, which is too reactive and not selective.

Palladium particles with the proper surface orientation or
significant structural defects are required to start with the C–C
dissociation reaction in the hydrogenation mixture. This will fa-
cilitate the essential carbon dissolution and buildup of a Pd-C
surface phase that prevents the participation of energetic bulk-
dissolved hydrogen in the hydrogenation. The competition of
“Pd(C)” with “Pd(H)” is an effective concept to moderate the
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availability (energy spread) of active hydrogen, thus governing
the alkyne hydrogenation only toward the formation of alkenes.

5. Conclusions

In line with the literature data on alkyne hydrogenation,
1-pentyne hydrogenation on palladium catalysts was character-
ized by two significantly different regimes. At high pressures
and high hydrogen excess, pentane is by far the main product.
At lower pressures and/or lower H2/C5 ratios, hydrogenation is
much slower, but is almost totally selective to 1-pentene. Pulse
hydrogenation, in situ TEOM, in situ XPS, and HRTEM re-
vealed that this turn of selectivity is related to carbon retention.
It was unequivocally demonstrated that carbon dissolves into
the palladium lattice (mainly in the near-surface region) and a
palladium-carbon surface phase builds up in the early stage of
the reaction. This, and not the clean palladium surface, is the ac-
tive phase in the regime of selective hydrogenation of alkynes
on a typical catalyst. It is proposed that the role of dissolved
carbon and the Pd-C surface phase is to exclude bulk-dissolved
hydrogen participating in the reaction. The genesis of the ac-
tive surface includes the total fragmentation of a significant
amount of reactant molecules. Furthermore, an explanation is
offered for the clearly established structure sensitivity of palla-
dium catalysts in alkyne hydrogenation. Different crystal facets
will have different activities in the essential carbon laydown
process. If carbon dissolution is not a favorable process [as on,
e.g., the (111) facet], then the emergence of energetic bulk-
dissolved hydrogen to the surface of finite-sized particles can
be predicted to shift the reaction selectivity toward the forma-
tion of alkane.
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