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Particle size affects the activity and selectivity to partial hydrogenation of 1-pentyne over oxide-sup-
ported palladium nanoparticles. Larger particles are intrinsically more selective because of the weaker
bond strength of 1-pentene. In situ X-ray absorption near edge structure (XANES) at the Pd L3 edge
revealed the formation of a carbide-like phase as soon as the catalyst is exposed to alkyne, irrespective
of particle size. The newly formed phase prevented hydride formation. Surface poisoning of the palladium
carbide by alkyne is responsible for the constantly high selectivity, up to almost complete conversion. At
almost 100% conversion, all catalysts show low selectivity. The lack of significant pentyne adsorption on
the surface causes pentene to undergo consecutive reactions, such as isomerization and complete hydro-
genation. The structure of the catalyst was that of carbide-like phase and did not change. Palladium
hydride did not form under any of the conditions. Exposure of a carbided catalyst to pure hydrogen leads
to partial reversal of the structure. Hydride is not essential for complete hydrogenation to occur.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Chemoselective hydrogenation is a common reaction in the
chemical industry [1–4]. To achieve high yield, metal catalysts
are generally modified, for example by lead poisoning of palladium
to give a Lindlar catalyst [5,6], by adding dopants to Raney nickel
[7], and by partial poisoning of the catalyst surface. Partial hydro-
genation of alkynes is performed to remove traces of alkynes from
streams of alkenes to prevent poisoning of the catalyst during
polymerization and branching of poly-olefins [8,9]. Selective al-
kyne hydrogenation is characterized by the very strong adsorption
of the alkyne, which poisons the surface and prevents the alkene
from reacting further. The primary product from 1-alkyne is 1-al-
kene that converts into isomers and alkane in consecutive
reactions.

The structure of palladium catalysts changes readily as the con-
ditions to which the catalyst is exposed change. Palladium hy-
drides and carbides form easily, the latter of which forms after
adsorption of alkynes [10,11]. Hydride formation in palladium cat-
alysts depends on the size of the palladium particles [12–14]. Be-
cause the hydride is generally associated with unselective
hydrogenation, variation in catalytic performance is expected
ll rights reserved.
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[15,16]. In 1970s, Palczewska proposed the participation of hy-
drides in catalytic reactions and reviewed studies related to the
catalytic reactivity of hydrogen on palladium and nickel hydride
phases [17]. She concluded that the catalytic activity of palladium
and nickel decreases when they transform into the respective hy-
dride phases. Results of the hydrogenation of acetylene over sup-
ported palladium catalysts, with or without excess ethane,
indicate that the formation of the b-hydride phase in large particles
enhanced the full hydrogenation of acetylene [4,18–23], while sur-
face hydrogen was much more selective to ethylene [24]. Similar
results were obtained for alkynes of higher molecular weight
[25–28]. Palladium particles smaller than 2 nm formed an a phase,
which is more selective than the hydrogen-rich b phase [17,21,29–
32]. Under low pressure, hydrogenation of alkene did not occur
over a Pd(1 1 1) single crystal, because the hydrogen atoms dif-
fused so deeply into the bulk that they were inaccessible to the ad-
sorbed alkene. In contrast, alkene hydrogenation over palladium
nanoparticles under low pressure occurred, because the weak
binding of subsurface hydrogen meant that it was accessible to
the adsorbed alkene [15]. The authors also concluded that b-hy-
dride was more active and less selective to alkene than the a phase.
The higher activity of the bulk-dissolved hydrogen than of the ad-
sorbed surface hydrogen was confirmed by theoretical calculations
[27,33,34].

During alkyne hydrogenation, adsorbed alkynes undergo hydro-
genation/dehydrogenation reactions, during which palladium car-
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bide may form [10,11]. The formation of palladium carbide during
acetylene hydrogenation at 100 �C was discussed as early as 1980s
[35]. The decomposition of acetylene on the palladium surface pro-
duced carbon atoms, which penetrated the lattice and formed a so-
lid solution of carbon in palladium. Two carbide phases, analogous
to the a and b hydride phases, were observed when the palladium
catalysts were exposed to acetylene at high temperature [10,36–
38]. In situ XPS has revealed the formation of a surface carbide in
bulk palladium during the selective hydrogenation of 1-pentyne
[25]. Full hydrogenation occurred over a surface with bulk-dis-
solved hydride, indicating the instability of the carbide phase over
which selective hydrogenation occurred. The formation of palla-
dium carbide was also observed during acetoxylation of ethylene
[39], selective hydrogenation of butadiene [40], and the selective
hydrogenation of propyne [27,27] and 1-pentyne [11,25,26,41].
These studies showed that the structure of a catalyst is affected
by the composition of the gas phase. Theoretical calculations
showed that the formation of carbide is energetically feasible
[27,42–44] and that carbides probably form at the steps-like sites
at near-surface positions and diffuse toward the center of the pal-
ladium particles. Penetration to the bulk of the particle and forma-
tion of dense carbide structures are energetically unfeasible [27]. It
was suggested that the carbide formed mainly in the near-surface
region of the catalyst and that it completely suppressed the
absorption of hydrogen [11,25,27] and, hence, increased selectiv-
ity. Palladium carbide has also been correlated with the loss of
activity, stabilization of supported Pd catalysts, and high selectivity
to alkene.

Despite results from different groups suggesting the formation
of the palladium carbide during reactions [11,25], only very few
characterization data of this species have been obtained under
reaction condition, especially in case of nano-sized particles. In this
work, we performed gas-phase hydrogenation of 1-pentyne over
supported palladium nanoparticles and determined the structure
of the palladium particles in situ by means of X-ray absorption
near edge structure (XANES) at the Pd L3 edge during selective
and non-selective hydrogenation. The L3 edge XANES probes the
empty d density of states; thus, palladium in different oxidation
states can be distinguished easily. Furthermore, hydrides can be
identified in the near edge when there is a Pd–H antibonding state
[14,45,46]. Because of the depth of penetration of high energy X-
rays, XAS can be implemented under actual catalytic conditions
[47]. The energy of the X-rays at the Pd L3 edge (3175 eV) is mod-
erate, which therefore required the adaptation of an in situ cell
[48]. The measurements were taken at the PHOENIX I beamline
of the Swiss Light Source. The lowest measurable palladium con-
centration in fluorescence mode was about 0.4 wt.%. The in situ
spectroscopic data obtained enabled us to determine directly the
role of hydride and carbide during selective and non-selective al-
kyne hydrogenation. We found that, irrespective of the palladium
particle size, palladium carbide forms during the selective reaction
and that, over time, the particles are completely carbided. Com-
plete and selective hydrogenation occurred over this surface.
2. Experimental

2.1. Synthesis and characterization of silica-and alumina-supported
palladium nanoparticles

The catalysts were prepared by incipient-wetness impregnation
with either alumina or silica, as described elsewhere [14]. The cat-
alysts are Pd/SiO2-10.5, Pd/Al2O3-3.6, Pd/SiO2-2.8, and Pd/Al2O3-
1.3; the numbers at the end refer to the average particle size in
nanometer, determined from scanning transmission electron
microscopy, CO chemisorption (assuming a CO to Pd ratio of
one), and X-ray absorption spectroscopy. All the catalysts had a
Pd weight loading of 1.9%, as determined by inductive couple plas-
ma mass spectrometry.
2.2. Gas-phase hydrogenation of 1-pentyne

The gas-phase hydrogenation of 1-pentyne was performed in a
continuous-flow, fixed-bed tubular quartz reactor. The tempera-
ture difference of the oven was kept constant within 1 �C. The tem-
perature at the bottom of the catalyst bed was measured with a
chromel–alumel thermocouple. All the temperatures mentioned
in the text refer to the measured temperature of the catalyst
bed; these values at most varied by a few degrees. The catalyst
was diluted with alumina or silica to give different dilution factors,
i.e., the ratio between the amount in weight of pure catalyst and
that of the respective diluents ranged from 100 to 400 to achieve
different conversion levels. Sieved fractions (45 < x < 60 mesh) of
the diluted catalyst, 0.05 g, were used in each experiment. A fresh
batch of catalyst was used in each experiment. Prior to the catalytic
reaction, the catalyst was reduced in situ at 2�/min to 150 �C and
left for 1 h in a flow of pure hydrogen (30 mL/min). The catalyst
was then cooled in pure hydrogen to the desired reaction temper-
ature. 1-Pentyne (Fluka, 99% purity) in a stream of helium was
introduced into the system and passed through a saturator at
0 �C. The 1-pentyne/helium flow was mixed with pure hydrogen
before reaching the catalyst bed and the H2/1-pentyne ratio ad-
justed. The reaction products were analyzed with an Agilent
6890A gas chromatograph (GC) equipped with an FID detector
and an HP-5 (50 m � 0.32 mm) column. Under differential condi-
tions, the reactions were performed at a constant reaction temper-
ature of 80 �C. The sample dilutions were adjusted to give a
conversion of around 10%. Conversion and selectivity were also
determined as a function of hydrogen to 1-pentyne ratio and of
increasing gas flow at 90 �C. When varying the hydrogen to 1-pen-
tyne ratio, the flow rates of hydrogen were adjusted while the flow
rates of helium, which contained the 1-pentyne, remained con-
stant. When varying the gas flow, the total flow rates of helium-
1-pentyne and of hydrogen were adjusted to maintain a H2/1-pen-
tyne ratio of 4. We did not find that the selectivity and conversion
depend on the flow rate per min, but on the space time. The reac-
tions were performed at a constant reaction temperature of 45, 75,
and 100 �C to achieve different conversion levels. To identify the
effect of increasing hydrogen partial pressure, an additional exper-
iment was performed at 45 �C at a H2/1-pentyne ratio of 10.

The TOF of the products was calculated using the following
equation:

TOF ðs�1Þ ¼ moleculeproduct=t
nSurf :Pd

; ðiÞ

where nSurf.Pd is the number of exposed palladium atoms as deter-
mined by CO chemisorption [49].

The selectivity (S) of the products was calculated using the fol-
lowing equation:

Sproduct A ¼
Aproduct A �Wproduct A

molall products
� 100%; ðiiÞ

where Ai is the GC peak area and Wi the calibrated mol coefficient.
Wi was 1 for 1-pentene, trans-2-pentene, cis-2-pentene, and

pentane and 0.5 for the oligomers, assuming that the oligomers
consist mainly of hydrocarbons with 10 carbon atoms (C10), as sug-
gested by the retention time in the GC. The carbon balance was
closed within the accuracy of the GC. Only at the initial stage of
the reaction did alkyne adsorb irreversibly onto the catalyst.
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2.3. Pd L3 edge XANES

The structure of Pd/SiO2-10.5 and Pd/SiO2-2.8 during selective
and non-selective hydrogenation of 1-pentyne was determined
by means of Pd L3 edge XANES. The measurements were taken at
the X07MB (PHOENIX I) beamline of the Swiss Light Source with
a double crystal Si(1 1 1) monochromator to select the energy of
the incoming beam. High-order harmonics and thermal load of
the monochromator crystals were reduced with a set of two plane
rotatable mirrors. The fluorescent X-ray was detected by means of
a silicon drift detector with an energy resolution of �130 eV,
placed at 90� to the incoming beam. The sample made an angle
of 45� to both, beam and fluorescence detector. A very thin poly-
mer window was attached to the detector to enable detection of
the fluorescence of elements down to the carbon K edge [50].
The determination of each XANES spectrum took about 15 min.
Two mirrors in a Kirkpatrick–Baez configuration provided a focal
spot size of about 10 lm � 5 lm (horizontal � vertical). The
incoming intensity of the beam (I0) was monitored by a thin poly-
ethylene foil covered by a 30-nm-thick nickel layer.

An aluminum plug-flow reactor, which can be heated to 400 �C,
was used [48]. The reactor was placed in a stainless steel chamber
which was vacuumed and refilled multiple times with nitrogen
and helium to minimize the disturbance of air which could
strongly affect the quality of the data. The chamber was eventually
filled with 800 mbar of helium. The inlet and outlet of the reactor
were fed through the chamber by Swagelok connections. The cata-
lyst was diluted with silica (dilution factors from 2 to 5) to control
the conversion. Sieved fractions (45 < x < 60 mesh) of the catalyst
were packed in the plug-flow reactor and covered by a kapton film,
0.008 mm thick. Prior to the reaction, 4 mg catalyst was reduced
in situ at 150 �C at 2�/min, left for 1 h, and cooled to the desired
reaction temperature in pure hydrogen (30 mL/min). Spectra of
the catalyst in pure hydrogen were collected at 150 �C and then
at 40 and 100 �C respectively. 1-Pentyne (Fluka, 99% purity) was
introduced into the system in a stream of helium, which passes
through a saturator at 0 �C. The 1-pentyne/helium flow was mixed
with pure hydrogen before reaching the catalyst bed, and the H2/1-
pentyne ratio was adjusted to 4. With the GC, conversion and
selectivity were determined as functions of increasing gas flow in
mL/min. XANES spectra of each flow were recorded. The reactions
were performed at a constant reaction temperature of 40 or 100 �C.
Measurements taken at the middle and at the bottom of the reactor
yielded identical results. The XAS data were processed according to
standard procedures using the XDAP software package (Version
2.3) [51].
3. Results

3.1. Activity and selectivity under different conditions

Fig. 1a shows the conversion under constant temperature of
80 �C. Nearly a constant conversion of 12% was obtained for Pd/
SiO2-10.5 and Pd/SiO2-2.8 throughout the reaction. Both alumina-
supported catalysts, particularly Pd/Al2O3-3.6, showed high activ-
ity at the beginning of the reaction and became deactivated over
time. The reactivity of each catalyst was compared by means of
TOF based on the number of adsorbed CO molecules (Fig. 1b). Pd/
SiO2-10.5, with the largest particle size, converted six times more
pentyne than Pd/Al2O3-1.3 with the smallest particles and twice
as much as Pd/SiO2-2.8 per site per second. Due to the strong deac-
tivation of Pd/Al2O3-3.6, it is not discussed. Fig. 1c–e show the cor-
responding selectivity of each catalyst to pentenes, pentane, and
oligomers. Pd/SiO2-10.5 showed a constantly higher selectivity to
pentenes, while Pd/Al2O3-1.3 showed the lowest.
Fig. S1 (supporting information) shows the conversion of 1-pen-
tyne on Pd/SiO2-10.5 at different H2/1-pentyne ratios at constant
temperature of 90 �C. Starting from a H2/1-pentyne ratio of 8, the
conversion gradually decreased from 45% to 15% at decreasing
H2/1-pentyne ratio to 2. The corresponding selectivity to pentenes
was 67% and 98%, while the selectivity to pentane was 20% and 2%
respectively. The amount of oligomers remained below 5% regard-
less of the H2/1-pentyne ratio used. Increasing the H2/1-pentyne
ratio back to 4 and then 6 led to conversion and selectivity trend
which were similar to those values obtained during decreasing ra-
tio. Our data confirmed that hydrogenation of alkyne usually
shows a reaction order of between 0.5 and 1.5 in hydrogen and
zero or even negative in alkyne [1,52–54]. Hydrogen adsorbs
weakly compared to the alkyne, and the rate determining step is
normally the addition of hydrogen to an adsorbed intermediate
[55,56]. The hydrogen coverage is always very low and virtually
the complete conversion range is the surface covered with alkyne.

3.2. Effect of temperature and conversion on activity and selectivity

Fig. 2a–d show the conversion and selectivity to pentenes, pen-
tane, and oligomers over Pd/SiO2-10.5 at 100 �C. Different levels of
conversion were obtained by varying the flow and the dilution fac-
tor. The dilution factor means the ratio between the amounts in
weight of pure catalyst and that of the respective diluents. At
10–30% conversion (Fig. 2a), the system showed about 92% selec-
tivity to pentenes, 5% to oligomers, and 3% to pentane. The pent-
enes consisted of only 1-pentene (Fig. 2b). At almost 100%
conversion, there was consecutive 1-pentene isomerization to
cis- and trans-2-pentenes as well as full hydrogenation. The selec-
tivity to 1-pentene eventually decreased to 0% (Fig. 2c and d).
Fig. 2e and f give the data recorded at 45 �C. The conversion was
below 5%, and the reaction was 100% selective to 1-pentene. The
very low conversion made it difficult to detect small amount of
products. Oligomer formation was lower than 5% in all cases.
Fig. 3a and b give the reaction data under the same conditions as
in Fig. 2e and f, with the exception that the H2/1-pentyne ratio
was 10. Increasing the hydrogen pressure led to twice as much
conversion, but the selectivity did not change.

Fig. 4a–d gives the conversion and product selectivity of Pd/
Al2O3-1.3 as a function of increasing gas flow at 100 �C. At conver-
sion between 15 and 84% (Fig. 4a and b), the system showed 60 to
80% selectivity to pentenes, consisted mainly of 1-pentene. At 98%
conversion, the selectivity to pentenes dropped to 48%; at >99%
conversion, full hydrogenation occurred. At these high conversion
levels, 1-pentene also converted to trans-2-pentene (23%) and
cis-2-pentene (9%). At 100% conversion (Fig. 4c and d), full hydro-
genation dominated (93% selectivity to pentane, 6% to oligomers,
and 1% to pentenes). Fig. 4e and f gives the data of the reaction
at 45 �C. The conversion was below 5%, and selectivity was about
82% to 1-pentene, 7% to pentane, and 11% to oligomers.

Based on the data in Figs. 2–4, selectivity versus conversion
plots were constructed. Fig. 5a–d give the selectivity versus con-
version plots of the other catalysts. Selectivity to 1-pentene,
trans-2-pentene, and cis-2-pentene is referred to as selectivity to
pentenes. Except for conversion below about 5%, all the catalysts
showed constant selectivity to pentenes and pentane with near
100% conversion. Only at 100% conversion did full hydrogenation
dominate and the selectivity to pentenes decreased to 0%. More-
over, under these conditions, 1-pentene isomerized. The selectivity
to pentenes over Pd/SiO2-10.5 was 90% compared to 80% over Pd/
Al2O-1.3. An increase of 10% in selectivity is extensive at such high
level of selectivity. These plots indicate that selectivity is deter-
mined by the level of conversion and tends to be independent of
temperature and that particle size affects the intrinsic selectivity
to partial hydrogenation.
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Fig. 1. (a) Conversion of 1-pentyne over ( ) Pd/SiO2-10.5, ( ) Pd/Al2O3-3.6, ( ) Pd/SiO2-2.8, and ( ) Pd/Al2O3-1.3 under differential conditions at 80 �C. (b) The
corresponding TOF. Corresponding selectivity to (c) pentenes, to (d) pentane, and to (e) oligomers.
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3.3. Pd L3 edge XANES of reference samples

Fig. 6a shows the Pd L3 edge XANES spectra of palladium
nanoparticles, palladium hydride, and palladium carbide. The
Pd L3 edge XANES spectrum of the bare particles of Pd/SiO2-
10.5 was measured at 300 �C in He (Fig. 6, black [14]). It is char-
acterized by an absorption edge at around 3175 eV together with
an intense feature on the absorption edge, known as the white-
line. The typical hydride spectrum was obtained by exposing
Pd/SiO2-10.5 to pure hydrogen at 40 �C (Fig. 6, red). The edge
shifts to higher energy, the intensity of the whiteline decreases,
a new Pd–H antibonding state forms at around 3180 eV, and a
change in the intensity at above 3185 eV occurs [14,45,46]. The
spectrum of palladium carbide was measured under pure 1-pen-
tyne, which leads to the formation of carbide (Fig. 6, pink) [10].
The edge shifts to higher energy and is very close to that of the
hydride. Furthermore, the whiteline is significantly broader, and
the intensity is between that of the bare particle and the hydride.
Unlike the spectrum of hydride, no clear antibonding state was
observed.

3.3.1. In situ Pd L3 edge XANES
Table 1 lists the conversion and selectivity during the Pd L3 edge

experiments at 40 and 100 �C. The trends were similar to the pre-
vious catalytic data. For the experiments at 40 �C, conversion was
low and selectivity to pentenes was high. The collected spectra,
therefore, correspond to the catalyst structure in the selective re-
gion. For the experiments at 100 �C, both catalysts show high con-
version and high selectivity to full hydrogenation (pentane). The
spectra, therefore, correspond to the catalyst structure in the
non-selective region (vide infra).

Figs. 7 and 8 show the spectra of Pd/SiO2-2.8 and Pd/SiO2-10.5
collected at 40 �C. The formation of hydride of both catalysts in
H2 was clearly indicated by the Pd–H antibonding state in the spec-
tra. Upon exposure to the reactant mixture, the Pd–H antibonding
state of Pd/SiO2-10.5 and Pd/SiO2-2.8 rapidly disappeared, indicat-
ing complete consumption of bulk hydrogen (Figs. 7 and 8, blue).
At the same time, broadening of the whiteline occurred, indicating
formation of a carbide-like phase. When the gas flow was increased
to 57.1 mL/min, the spectra of both catalysts (Figs. 7 and 8, green)
resembled that of the carbide-like phase (Fig. 6, pink): the white-
line became broader and intensity increased. These experiments
indicate that formation of a carbide-like phase occurs in the selec-
tive region for both catalysts.

Figs. 9 and 10 show the spectra of Pd/SiO2-10.5 and of Pd/SiO2-
2.8 at 100 �C. The formation of hydride of both catalysts was also
found at 100 �C in H2 (Figs. 9 and 10, red), although to lesser extent
than at 40 �C. For both catalysts, the Pd–H antibonding state disap-
peared as soon as the system was exposed to the reactant mixture
at 24.5 mL/min (Figs. 9 and 10, blue). Again for both catalysts,
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broadening of the whiteline and an increase in intensity were
observed when the gas flow increased to 40.8 mL/min for Pd/
SiO2-2.8 or to 57.1 mL/min for Pd/SiO2-10.5 (Figs. 9 and 10, green),
which suggest the formation of a carbide-like phase. The formation
of such phase occurs at 100 �C even in the presence of excess
hydrogen at full conversion. These results were not affected by
where the spectra were recorded, i.e., at the middle or bottom of
the reactor. For Pd/SiO2-10.5, the spectra collected after exposure
to excess hydrogen at a hydrogen/1-pentyne ratio of 10 at 100 �C
(gas flow = 42.5 mL/min) and to only 1-pentyne at 100 �C caused
no significant difference in the spectra. Instead, the whiteline re-
mained shifted and broader (Fig. 9, orange and pink), along with
an increase in the intensity, indicating the stable presence of the
carbide-like phase. For both catalysts, reexposure to pure hydrogen
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Fig. 4. Conversion (N) and selectivity of pentenes ( ), pentane ( ), oligomers ( ), 1-pentenes ( ), t-2-pentene ( ), and c-2-pentene ( ) as a function of total flow of Pd/
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(Figs. 9 and 10, cyan) caused the weak reappearance of the Pd–H
antibonding feature, indicative of hydride. Its intensity remained
low, indicating that only some of the carbide-like phase was con-
verted into hydride.
4. Discussion

4.1. Selectivity versus conversion

Selectivity of hydrogenation of alkynes over palladium-based
catalysts is generally attributed to the thermodynamic effect: al-
kynes adsorb stronger than the corresponding alkenes [57–60].
The selectivity of the reaction is essentially determined by the rel-
ative surface coverage of adsorbed alkyne respectively alkene on
the catalyst. A sharp decrease in selectivity occurred only at close
to full conversion of the alkyne, because of the ability of alkene
to re-adsorb [1]. The low alkyne coverage enables the fast reaction
of alkene, such as in isomerization and full hydrogenation, which
are faster than alkyne hydrogenation [1,8,61]. During complete
hydrogenation over palladium black, the subsurface carbon under-
goes hydrogenation [11,25]. In contrast, the structure of the nano-
particles did not change during the transition from the selective to
the unselective regime. The constant and small amount of pentane
at all conversion levels probably originated from the presence of a
small amount of pentenes, which did not desorb from the surface
but underwent direct consecutive hydrogenation.

4.2. Reaction mechanism and effect of particle size

During the hydrogenation of alkynes, they adsorb strongly on
the catalyst surface. The first formed olefin may desorb or undergo
consecutive reactions, such as hydrogenation and isomerization
(Fig. 11) [3]. Competition between desorption of the pentene and
the consecutive reactions to pentane determine the intrinsic selec-
tivity of the catalyst. High selectivity to pentene is expected when
k4, k5, and k6, which refer to the extent, to which pentane and olig-
omers form from 1-pentyne but without the formation of desorbed
pentene. When k1/k�1� k3/k�3, strong and preferential adsorption
of 1-pentyne poisons the surface, effectively displacing the pen-
tene and inhibiting its re-adsorption. Only when the concentration
of 1-pentyne is low, can the pentene undergo consecutive reactions
such as isomerization (k6) and full hydrogenation (k5) (Figs. 2–5).

The intrinsic selectivity to partial hydrogenation in the selective
regime was affected by the particle size of palladium. Large parti-
cles (Pd/SiO2-10.5) were intrinsically more selective to partial
hydrogenation. Smaller particles were more selective to the forma-
tion of pentane and oligomers. DFT calculations gave the adsorp-
tion energy of acetylene and ethylene on various transition metal
surfaces; they uniquely correlate with the energy of the carbon-
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Fig. 6. Pd L3 edge spectra of Pd/SiO2-10.5, at 300 �C in He (black, [14]) and at 40 �C
in H2 (red) and in 1-pentyne (pink). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 1
Kinetic data for the Pd L3 edge experiments at 40 and 100 �C.

Pd/SiO2-10.5 Pd/SiO2-2.8

(A)
40 �C

(B)
100 �C

(C)
40 �C

(D)
100 �C

24.5 mL/min Conversion (%) 100 33 100
Selectivity (%)
Pentane 87 5 93
Pentene 10 80 0
Oligomers 3 15 7

40.8 mL/min Conversion (%) 12 95 100
Selectivity (%)
Pentane 0 64 80
Pentene 100 31 13
Oligomers 0 5 7

57.1 mL/min Conversion (%) 10 93 12
Selectivity (%)
Pentane 0 56 0
Pentene 100 38 83
Oligomers 0 6 17
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surface bond, as determined from the adsorption energy of methyl
groups [57]. An energy range for metals and alloys with an optimal
combination of high activity and selectivity was proposed. Surfaces
in this energy range were predicted to show weak binding with
ethylene but strong binding with acetylene, thus enabling partial
hydrogenation. Both ethylene and acetylene showed weaker bond-
ing on palladium with subsurface carbon and hydrogen than on
clean palladium, and such catalysts are generally more selective.
Nevertheless, palladium with subsurface hydrogen had a signifi-
cantly weaker effect on the selectivity and reactivity on the palla-
dium surface than on the surface with subsurface carbon. Selective
hydrogenation occurred on a carbided surface, showing that the
strong pentyne bonding is responsible for the selective hydrogena-
tion. We found that the larger particles showed higher selectivity.
Larger particles may adsorb more weakly as long as the surface is
covered with alkynes; the weaker adsorption of alkenes has a
stronger effect and, thus a higher selectivity. Weaker adsorption
of poisonous species may enhance the rate. In addition to a differ-
ent adsorption strength, the selectivity to pentenes is influenced by
the relative amount of planes and edges and corner atoms and the
kind of exposed surface of the palladium particles. Big particles
have larger extended planes than small particles, which have more
edge and corner sites. Terminal alkyne can adsorb on the surface in
a parallel or perpendicular manner, while internal alkyne can only
bond in a parallel state, assuming facile removal of the alkynic
hydrogen [62]. Large particles thus favor 2-pentyne hydrogenation
while for 1-pentyne hydrogenation, the differences were less sig-
nificant. In terms of activity, our TOF results agree with those ob-
tained for the hydrogenation of 1-butyne over oxide-supported
palladium catalysts, where the reaction activity decreased as the
particle size decreased [63,64].
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Fig. 7. Pd L3 edge spectra of Pd/SiO2-10.5 at 40 �C in H2 (red), during reaction at
40.8 mL/min (blue) and 57.1 mL/min (green). The spectra correspond to kinetic data
in Table 1 (A). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 8. Pd L3 edge spectra of Pd/SiO2-2.8 at 40 �C in H2 (red), during reaction at
24.5 mL/min (blue) and 57.1 mL/min (green). The spectra correspond to kinetic data
in Table 1 (C). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 9. Pd L3 edge spectra of Pd/SiO2-10.5 at 100 �C in H2 (red), during reaction at
24.5 mL/min (blue) and 57.1 mL/min (green). In excess hydrogen at a H2/-pentyne
ratio of 10 (orange) at 100 �C. In 1-pentyne at 100 �C (pink) and reexposed to H2 at
40 �C (cyan). The spectra correspond to kinetic data in Table 1 (D). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 10. Pd L3 edge spectra of Pd/SiO2 -2.8 at 100 �C in H2 (red), during reaction at
24.5 mL/min (blue) and 40.8 mL/min (green). Reexposed to H2 at 100 �C (cyan). The
spectra correspond to kinetic data in Table 1 (B). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 11. Reaction mechanism during hydrogenation of alkynes [26].
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4.3. The structure of palladium during reaction

The results of this study indicated that the exposure of fully re-
duced catalysts to hydrogen always produced hydrides [14,45,46].
As soon as the catalyst was exposed to 1-pentyne, the hydrides
transformed into a disordered, carbide-like phase, even in the pres-
ence of excess hydrogen. We only observed the formation of the
carbide-like phase after the exposing the catalyst to pentyne, not
pentene. Scheme 1 describes the structures that form after consec-
utive exposure of the catalysts to different gas mixtures. Alkynes
bond very strongly to the palladium surface and readily undergo
hydrogenation and dehydrogenation, which gradually fully trans-
form the palladium particles into a palladium carbide-like phase,
probably starting at the (sub) surface. Reexposure of the carbide-
like phase to hydrogen for 1 h (Figs. 9 and 10) restores the hydride
structure only to a small extent, indicating the stability of the
nano-sized carbide-like phase, as opposed to the instability of sub-
surface carbide in massive palladium [11,25]. The presence of
hydrogen does not hinder the dehydrogenation of alkyne, which
enables the incorporation of carbon into the palladium structure;
under 1-pentyne and hydrogen, the carbide-like phase also forms.
Although it takes some time for the particles to be carbided, selec-
tive hydrogen is found on fully occurs over particles with the car-
bide-like phase. The structure of our nanoparticles did not change
when changing to the unselective regime. Even though the pres-
ence of hydride is often associated with complete hydrogenation,
it is not essential for complete hydrogenation to occur.
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5. Conclusions

During the hydrogenation of 1-pentyne, the alkyne poisons the
surface of palladium nanoparticles and effectively displaces the
pentene to desorb from the surface. The inhibition of the reaction
of pentenes leads to suppressed conversion and high selectivity,
the latter of which depends on particle size; the larger particles
are more selective and have a higher TOF. The intrinsic selectivity
depends on the relative bond strength of the alkynes and alkenes.
Pentene isomerization and full hydrogenation dominate when the
concentration of 1-pentyne is low enough for pentene to undergo
secondary reactions. This occurs at high conversion. Alkyne under-
goes hydrogenation and dehydrogenation, which gradually trans-
form the palladium particles into a palladium carbide-like phase.
Surface poisoning by alkyne of the palladium carbide-like phase
is responsible for the high selectivity below 95% conversion. The
nano-sized carbided palladium particles did not change in the
non-selective regime, and full hydrogenation occurred over the
carbided particles. Exposure of the carbided catalyst to pure hydro-
gen leads to subtle changes in the structure. Hydride was not de-
tected during reaction. Full hydrogenation can also occur in the
absence of hydride.
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