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Abstract
The selective hydrogenation of propyne over a Pd-black model catalyst was investigated under operando conditions at 1 bar 
making use of advanced X-ray diffraction (bulk sensitive) and photo-electron spectroscopy (surface sensitive) techniques. It 
was found that the population of subsurface species controls the selective catalytic semi-hydrogenation of propyne to pro-
pylene due to the formation of surface and near-surface  PdCx that inhibits the participation of more reactive bulk hydrogen 
in the hydrogenation reaction. However, increasing the partial pressure of hydrogen reduces the population of  PdCx with 
the concomitant formation of a β-PdHx phase up to the surface, which is accompanied by a lattice expansion, allowing the 
participation of more active bulk hydrogen which is responsible for the unselective total alkyne hydrogenation. Therefore, 
controlling the surface and subsurface catalyst chemistry is crucial to control the selective alkyne semi-hydrogenation.

Keywords Pd catalyst · Selective alkynes hydrogenation · Subsurface carbon · Operando XRD · Atmospheric XPS · 
Graphene membrane

1 Introduction

Catalytic hydrogenation of hydrocarbons is an important 
family of processes in chemical industry [1]. The synthesis 
of alkenes and partial hydrogenation of multifunctional 
unsaturated hydrocarbons is of fundamental importance, 
both from and industrial and academic point of view 
[2]. These reaction routes are essential for example in 

polymerization processes where the complete elimina-
tion of alkynes and diolefins from the alkene feedstocks 
is the aim. Consequently, the selective elimination of pro-
pyne from a propylene rich stream is important to avoid 
the poisoning of the polymerization catalysts [3]. While 
many metals have been found to be able to catalyze the 
full hydrogenation of alkynes, Pd can perform their partial 
hydrogenation [4]. In this direction, Pd-based catalysts can 
effectively hydrogenate alkynes near room temperature. 
Nevertheless, other products such as alkanes and/or higher 
hydrocarbons, which are referred to as green oil or foulant, 
may be produced during the reaction [5] deactivating the 
catalyst over time. Even though alkyne hydrogenation is 
of utmost importance in the polymer industry, it is not yet 
fully understood due to two main difficulties: (1) the exist-
ence of a “pressure gap” between model experiments and 
real reaction conditions [6], (2) the reacting species in the 
hydrogenation reactions should be moderately adsorbed 
and present only during reaction conditions as opposed 
to strongly adsorbed species which are mostly spectators 
[7]. In particular the hydrogenation of alkenes does not 
depend on the catalyst structure with the weakly bonded 
subsurface hydrogen as key for the hydrogenation reaction 
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occur [8, 9]. It has been found that in small particles the 
accessibility of the subsurface hydrogen atoms is enhanced 
as results of their nanoscale dimensions yielding unselec-
tive full hydrogenation process [10, 11]. Nevertheless, the 
question if these results can be extended to high-pressure 
conditions still open [12, 13]. It has been proposed in lit-
erature that the selectivity and subsurface chemistry are 
strongly cross-linked, as either carbon or hydrogen can 
occupy subsurface sites, and thus govern the selectivity 
in alkyne hydrogenation [14, 15]. Furthermore, it was 
reported that the bulk H atoms are largely reactive spe-
cies in hydrogenation reactions, while H atoms bound to 
the surface are less reactive pointing out the importance 
of bulk/subsurface species in heterogeneous catalysis [16], 
where the presence of carbonaceous species is determi-
nant in the catalytic performance [17]. In this way, it was 
found that the carbon deposition strongly influences the 
hydrogen depth profile distribution promoting the diffu-
sion of hydrogen into the palladium bulk [18].Thereby, the 
combination of in situ spectroscopy and DFT calculations 
has shown that the existence of sizable barriers for hydro-
gen emerging from the bulk through  PdCx to the surface 
[19] is the origin for the alkynes’ selective hydrogenation. 
The investigations indicated that the existence of  PdCx 
at the surface strongly reduces the chemisorption energy 
of hydrogen and hence its coverage. On the other hand, 
during the unselective hydrogenation the subsurface and 
surface are dominated by high hydrogen population.

Here we combine a bulk sensitive technique, namely 
X-ray diffraction (XRD), with surface sensitive X-ray pho-
toelectron spectroscopy (XPS) at elevated pressure (1 bar) 
to close the “pressure gap” and reveal the role of the surface, 
subsurface and bulk species in the selective hydrogenation of 
alkynes. We use propyne over a Pd-black catalyst as a model 
hydrogenation system. We find that  PdCx species are the key 
factor in the selective semi-hydrogenation as they inhibit the 
participation of subsurface hydrogen in the reaction. As a 
consequence, the equilibrium between surface, subsurface 
and bulk H is disturbed, giving rise to a reduced surface H 
concentration and, consequently, only partial alkyne hydro-
genation. These results are in good agreement with previous 
investigations performed in our group at few mbar using 
the so-called ambient pressure XPS (AP-XPS) [14, 15]. 
Furthermore, low pressure model data (few mbar) reveals 
the same trends than high pressure experiments indicating 
that in this specific case there is no pressure gap between 
low and high pressure conditions. The absence of pressure 
gap is due to the storage function of Pd on one side and the 
extremely high sticky coefficient of the organic feed on the 
other hand building a sufficient carbon monolayer at low 
pressure. This carbon monolayer protects the metal and seals 
it from the reactive atmosphere. The high sticking is a vari-
ant of the concept of the “virtual pressure” introduced by G. 

Ertl indicating that under such circumstances the effective 
pressure is much smaller than the hydrostatic pressure [20].

2  Experimental

2.1  Paladium Black Catalyst

The Pd-black catalyst with a surface area of 40 m2/g (as 
the BET analysis shows in the SI) and 99.95% purity (trace 
metal basis) was sourced from Sigma-Aldrich. This catalyst 
was characterized using different techniques which are pro-
vided in the supplementary information (SI).

2.2  ESEM/TEM Catalyst Characterization 
Measurements

Characterization of the Pd-black catalyst was conducted by 
both scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) techniques. SEM characteriza-
tion was performed with a Hitachi S4800. High-resolution 
imaging was accomplished using a FEI TITAN 80–300 in 
TEM mode. In situ ESEM measurements were performed 
with a FEI Quanta 200 FEG electron microscopy at 1 mbar 
total partial pressure.

2.3  Operando XRD

X-ray diffraction measurements were performed in situ at 
1 bar and 25 °C with a STOE Bragg–Brentano Theta/Theta 
diffractometer (Cu Kα1,2 radiation, secondary graphite mon-
ochromator, scintillation detector) equipped with an Anton 
Paar XRK 900 reactor chamber. Precise gas supply was 
achieved with Bronkhorst mass flow controllers, using He 
as balance gas at a total flow of 100 ml/min. The outlet line 
is connected to a fast gas-chomatograph (VARIAN µ-GC 
CP4900 equipped with four independent detection channels) 
allowing the on line identification and quantification of the 
chemicals products evolving from the alkyne hydrogenation.

2.4  Operando XPS

The operando photoelectron spectroscopy experiments 
were performed in the NAP-XPS end-station of the ISISS 
[21] beamline (BESSY II, Berlin). In presence of gases the 
strong inelastic scattering of the photoelectrons with the gas 
molecules prevents the effective collection of photoelectrons 
in the analyzer. To circumvent inelastic scattering events, a 
photoelectron transparent membrane (graphene) was used 
as catalyst support allowing the separation of the reaction 
volume (at 1 bar) from the photoelectron analyzer (ultra-high 
vacuum). The chemical-vapour deposited (CVD) graphene 
was grown on Cu foil and transferred to the  Si3N4 grids 
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(Ted Pella Inc, Redding CA), as described elsewhere [22]. 
Solid Pd-black powder was used as model catalyst for the 
hydrogenation experiments. The powder was drop casted on 
the graphene membrane from Pd nanoparticles suspended in 
acetone on the graphene membrane on the side exposed to 
feed gases. Taking advantage of this concept, a reaction gas 
cell was developed allowing an effective control of the reac-
tion feed gases in a flow-through scheme achieving operation 
pressures of up to 1 bar as shown in Fig. 1a, where the key 
part of the system is a holey array structure coated with free 
standing graphene, which solves stability problems. This 
membrane is used as catalyst support and at the same time 
it is transparent for the photoelectrons and leak tight for the 
gases. More details of this setup are provided elsewhere [23]. 
The feed gases (lab grade purity) were accurately dosed by 
calibrated Bronkhorst mass flow controllers, where helium 
was used as inert balance gas.

2.5  Thermal Desorption Spectroscopy (TDS)

Thermal desorption spectroscopy (TDS) was applied for 
the temperature programmed desorption of various gases. 
Therefore, a self-constructed setup which enables the test-
ing of powder samples was used. The setup is equipped 
with mass flow controllers, an IR-light furnace (Behr IRF 
10) and a mass spectrometer (Pfeiffer Vacuum QME 200). 
The powder sample is placed on a small quartz-glass boat 
which is placed in a quartz tube (inner diameter of 14 mm, 
outer diameter of 20 mm, length of 450 mm) located inside 
of furnace and connected to the system using Ultra Torr 
vacuum fittings. The mass loaded was 61.6 mg. The sample 
is pre-treated at 1 bar at 30 °C for 3 h in 5%  H2 in Ar with a 
flow of 100 ml min−1. The gases are detected using the mass 

spectrometer leak valve. Afterwards the system is stepwise 
brought to 9 × 10−7–2 × 10−6 mbar and directly connected to 
the mass spectrometer. The desorption experiment is con-
ducted at a heating rate of 25 °C min−1 up to 695 °C. All 
masses and the temperature are monitored online.

3  Results and Discussion

3.1  Sample Characterization

Pd-black catalyst powder from Sigma-Aldrich with a sur-
face area 40 m2/g, 99.95% purity (trace metal basis) was 
used for the in situ XRD and XPS experiments. Figure 1b 
shows a SEM image of the Pd-black catalyst indicating a 
clearly sponge-like structure with macro-/mesoporous struc-
ture frameworks and continuous closely packed aggregates 
of nano-crystallites as shown in the TEM, Fig. 1b insets. 
This structure and arrangement allows for a good diffusion 
of feed gas molecules and the high surface area enables 
high alkyne conversion facilitating the products detection. 
TEM measurements indicate that the primary particle size 
is in the range of 5–15 nm (mean size ~ 9 nm) and that the 
sponge-like structure comes from the aggregation of primary 
crystallites. In situ ESEM measurements (at 1 mbar partial 
pressure) of the hydrogenation of propyne onto a Pd black 
catalyst are shown in Fig. S4 revealing no detectable changes 
in the morphology but a modification in the image contrast 
ascribed to a variation in the work function. Thus, accurate 
atomistic description of the catalyst structure under reaction 
conditions required additional characterization techniques 
sensitive to small variations.

Fig. 1  a Cross-sectional view of the in  situ XPS gas cell including 
the detection scheme through a holey array microstructure coated 
with free standing graphene which works as an impermeable mem-
brane for gases, that it is at the same time “transparent” for the photo-

electrons. b SEM image of the sponge-like Pd-black catalyst used as 
model catalyst including the TEM images, which are included in the 
insets
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3.2  Operando XRD Characterization

The XRD measurements revealed that the formation of car-
bides and hydride is accompanied by the expansion of the 
Pd lattice [24–26]. Accordingly, hydrogen is incorporated in 
the face centered cubic (fcc) lattice of Pd  (PdHx) as atomic 
hydrogen in the energetically favorable octahedral intersti-
tial voids [27]. Otherwise, the formation of carburized Pd 
where carbon occupies the octahedral sites of the fcc lattice 
has been reported [28], with the near surface enrichment of 
carbon atoms yielding diffusion barriers for other molecules 
to reach the Pd bulk [25]. Here we investigate the evolution 
in the lattice constant of the Pd-black catalyst under reaction 
conditions (at room temperature, 25 °C) making use of the 
in situ XRD setup described in the Sect. 2 yielding valuable 
information in the structural changes under different reaction 
conditions (the operando XRD measurements including the 
product analysis is shown in Fig. 2a). First, two XRD pat-
terns in 25%  H2/75% He and pure He were recorded as refer-
ences to characterize the palladium hydride and metal state, 
respectively. The measurement in hydrogen was conducted 
first to ensure that potentially present  PdOx traces were 
reduced before measuring the metal pattern. Between these 

two measurements, the crystallite size remained constant 
(within the estimated standard deviation, e.s.d.). In con-
trast, the lattice constant changes from 3.8872 Å (Pd metal, 
which is in excellent agreement with the literature value of 
3.8907 Å) [29] to 4.0332 Å for  PdHx [30], indicating the 
formation of the hydrogen rich β hydride phase (0.58 < x < 1) 
under these conditions [31]. Subsequently, the sample was 
exposed to two feed atmospheres, containing 0% and 5% 
of propyne, versus a cycle of hydrogen exposition (these 
measurements are shown in Fig. S5). A detailed analysis of 
the XRD traces together with the conversion (C) and selec-
tivity (S) measurements is shown in Fig. 2b yielding valu-
able information related to the percentage of  PdHx, lattice 
constant (a) and crystallite size (L) variation under reaction 
conditions. In all cases, the crystallite size was calculated 
from the peak broadening. First, the Pd black catalyst per-
formance was investigated with 0%  C3H4 versus  H2 percent-
age (red line) where the cycled  H2 exposition indicates the 
existence of a phase transition hysteresis. Thus, increasing 
the concentration of hydrogen to 2% yields the formation of 
100%  PdHx with a lattice constant equal to 4.019 Å ascribed 
to the formation of a α-β phase. Increasing the concentration 
of  H2 to 5% yields the formation of a β phase. Reducing the 

Fig. 2  a Operando XRD meas-
urements including the product 
of the reaction detected by GC. 
b Conversion (X) and selectiv-
ity (S) measurements and the 
XRD analysis of the fraction of 
 PdHx, lattice constant and grain 
size. The XRD measurements 
were compared with (5%  C3H4, 
black) and without (0%  C3H4, 
red) versus the  H2 concentration
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concentration of  H2 induces a change from  PdHx to  Pd0 at a 
concentration of 0.5%  H2 indicating that the phase transition 
occurs at lower hydrogen concentration due to an enhanced 
diffusivity of  H2 in the bulk accompanied by an increase 
in the lattice constant. Thus, the strong α-phase H stabi-
lization in the Pd nanocrystals reflects a volume property, 
which should account for boundary effects on their elastic 
properties [10]. Interestingly, even the main crystallite size 
remains constant  (Lmain), in the overall hydrogenation pro-
cess as shown in the Fig. 2b top graph, the size of the  Pd0 
crystallites (L Pd) is bigger than the size of the  PdHx crystal-
lites (L  PdHx) in average. This found indicates clearly that 
for the smallest crystallites the accessibility of the H to the 
bulk is enhanced as consequence of their small dimension 
yielding the full  PdHx at lower partial pressures of H.

The observed hysteresis in the phase indicates that the Pd 
bulk hydrogenation is controlled by the hydrogen diffusion in 
the bulk more likely than the hydrogen concentration. Based 
on Fig. 2b a decrease of the selectivity is observed at high 
 H2:C3H4 ratios (i.e., also propane is formed). This conver-
sion is ascribed to the existence of the α or mixed α-β phase 
according to the XRD measurements. For 15% and higher 
 H2 concentrations, the lattice parameters shown in Fig. 2b 
fall into the known range of the β-PdHx (amin = 4.025 Å with 
x = 0.58) yielding a full conversion of propyne X(C3H4) 
accompanied by an unselective total hydrogenation of pro-
pyne to propane S(C3H8). Thus, at high  C3H4:H2 ratios the 
selectivity changes and the catalyst produces also propane. 
Note, the lattice parameter value observed for  H2 concen-
tration lower than 15% lies below this limit β-PdHx even 
when considering an error bar of three times the e.s.d. At 
the same time, it is well above the limit for the α-PdHx phase 
(amax = 3.895 Å with x = 0.02). These two solids display 
β-PdHx (0.58 < x < 1) and α-phase (0 < x < 0.03) [31], where 
the co-existence is observed in the region from x = 0.03 to 
x = 0.58 [32]. Thus, the lattice parameters extracted from 
the peak positions and the separation of metal and hydride 
is clearly indicating the β-phase for all gas mixtures with a 
 H2 concentration higher than 15%, as shown in Fig. 2b. The 
observed lattice parameter of the lowest  C3H4:H2 feed ratio 
suggest a ɑ-β transition [33]. Thus, one could speculate that 
the presence of hydrocarbons in the feed may alter the lat-
tice parameter by forming something like a mixed carbide/
hydride phase. Whether there is carbide formation or sim-
ply a slightly different hydride composition, it is difficult to 
assess based on XRD measurement [34]. Nevertheless, XRD 
measurements corroborate that the distribution of H in the 
bulk depends on the partial pressure of hydrogen indicat-
ing that not only the subsurface contributes to the overall 
critical phase changes. It has been probed that the amount 
of H species in the sub-surface volume is lowered whereas 
the amount of H in the bulk are the same than in the case of 
carbon covered particles [18]. However, XRD measurements 

proved that only under higher partial pressures of hydrogen 
there is a phase transition in good agreement with changes 
in the unselectively to alkane hydrogenation depending also 
in other parameter as cristallyte size.

3.3  Operando XPS Characterization

The nature of the active Pd surface sites under partial and 
total hydrogenation at 1 bar was investigated by means of 
in situ XPS by recording and assessing the electronic struc-
ture information provided by the Pd 3d [35] and C 1s [36] 
core levels using the cell described in the Sect. 2. Figure 3 
shows the XP spectra for four different gaseous environ-
ments as well as the on-line gas chromatography analysis 
of the effluent gases. As received sample, in presence of 
100% He the Pd 3d shows two peaks ascribed to the  Pd0 
(335.0 eV) and  PdOx (336.6 eV) species. The C 1s spectra 
reveals the existence of a main peak ascribed to the graphitic 
carbon (284.6 eV) and two additional peaks ascribed to dif-
ferent carbonaceous species as CO (286.7 eV), and O–C=O 
(288.4 eV) as the TDS measurement shown. The O–C=O 
contribution is due to residues of PMMA from the graphene 
transfer process or contamination in the sample. After that, 
flowing a mixture of  H2/He with a ratio of 29.6%/71.4% 
at room temperature the Pd 3d shows a peak at 335.0 eV 
(red) ascribed to the formation of  PdHx species [37]. Under 
these conditions, the C 1s shows one main peak at 284.6 eV 
(gray) associated with the graphitic carbon species present 
on the free standing graphene support and carbon on the 
 Si3N4 wafer [38]. The peak at 288.4 eV is related to inert 
carbonyl groups presents in the back side of the membrane 
in the vacuum side and on the catalyst as the thermal desorp-
tion spectroscopy (TDS) shows in the Fig. 4. This measure-
ments indicates the existence of physisorbed  CO2 and  H2O 
which is desorbed at around ~ 30 °C. After that the hydrogen 
incorporated in the Pd lattice is desorbed at around ~ 50 °C. 
At higher temperature (~ 200 °C) CO evolved indicating the 
existence of carbonyl like groups (O–C=O). Note that the 
XPS peak at 286.7 eV related to CO vanished in presence 
of  H2 in good agreement with the TDS measurements. This 
measurements underlines the multi-method approach going 
beyond a “simple” identification of the adsorbate covering 
the catalyst. After that, a stream of 30 ml/min He, 9 ml/
min  H2 and 3 ml/min  C3H4 (71.4%/21.4%/7.2%) was flowed 
yielding a relative concentration of 1:3  (C3H4:H2). Note, this 
feed provided reaction conditions still in the selective hydro-
genation regime (α-β phase Fig. 2b). Accordingly, the gas 
chromatograph (column  Al2O3/KCl; sensitive to hydrocar-
bons) shows the formation of  C3H6 and  C3H8 with higher 
selectivity to  C3H6. Under selective hydrogenation condition 
a new peak in the Pd 3d spectrum at around 335.6 eV has 
formed, which is ascribed with the formation of  PdCx spe-
cies on the catalyst surface. This peak is strongly related to 
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an equivalent peak in the C 1s core level at around 283.6 eV 
(green peak) also associated with the formation of  PdCx spe-
cies [14], which is characteristic for the carbon-modified 
Pd surface phase. In addition, there are two other peaks in 
the C 1s spectrum at 285.8 eV (associated to chemisorbed 
alkyne groups, blue peak) in a di-σ-bonded geometry [11] 
and 286.4 eV (attributed to chemisorbed alkene groups, pur-
ple peak) in a π-bonded geometry [12]. The chemical shift to 
higher binding energies in the C 1s spectra is due to a higher 
degree of hydrogenation in good agreement with previous 
results [39, 40]. Thus under a 1:3  (C3H4:H2) feed the domi-
nantly species are chemisorbed  CnH2n−2 groups over the 
 PdCx surface. Upon increasing the concentration of hydro-
gen to 1:10  (C3H4:H2) by flowing a mixture of 30 ml/min 
He, 9 ml/min  H2 and 0.9 ml/min  C3H4 (71.4%/21.4%/7.2%), 
the unselective propyne hydrogenation is the dominant reac-
tion as indicated by the GC analysis (µGC column  Al2O3/
KCl). The change in the selectivity is accompanied by the 
loss of the Pd 3d peak intensity associated to the  PdCx near-
surface phase. The peak at lower intensity at nearly the same 
binding energy position (marked as  PdCxHy) corresponds to 
 CxHy adsorbate inducing core level shift [36]. Furthermore, 
the  PdHx species were enhanced on the surface as shown 
in Pd 3d by the red peak. The accumulation of carbona-
ceous deposits affects the activity and the selectivity [18]. 

Fig. 3  XPS and gas chromatography measurements under various conditions collected at 600 eV kinetic energy: In presence of He (black),  H2 
(red), 1:3  (C3H4:H2, blue) and bottom 1:10  (C3H4:H2, purple) in He balance 71.4%

Fig. 4  Thermal desorption spectroscopy characterization of the Pd 
black catalyst
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The hydrogenation process arises from the fact that under 
reaction conditions it is accompanied by a decomposition 
of some of the reactants and concurrent deposition of partly 
dehydrogenated carbonaceous species on the surface [41]. 
The carbonaceous species resulting from the early decom-
position of the reactants modify the adsorption properties 
of the surface and critically control the selectivity due to 
the inclusion of weakly or strongly bound adsorption sites 
yielding different reactivity toward the hydrogenation. Thus, 
π-bonded species are not in direct contact with the palladium 
surface and the alkyne desorbs intact and the hydrogena-
tion proceeds only via di-σ-bonded alkene [12]. As a conse-
quence  PdCx transforms to  PdHx with adsorbed hydrocarbon 
on the surface leading to unselective hydrogenation [42]. 
The presence of  PdCx weakens the bonding of hydrogen to 
the surface reducing the surface concentration being one of 
the major effects on the selectively hydrogenation of alkynes 
onto Pd black catalysts. Furthermore, the chemisorbed spe-
cies associated with  CnH2n (purple) versus the  CnH2n−2 
(blue) are enhanced, indicating that these species on the Pd 
surface as well as the actual state of the surface  (PdCx versus 
 PdHx) plays a key role in the overall reaction [43]. Note that 
the peak at 288.4 eV is associated to the presence of non-
active carbonyl groups in the back side of the membrane and 
on the Pd sample.

3.4  Discussion

According to the above described experiments, the existence 
of  PdCx species, which are formed by alkyne decomposition 
and carbon diffusion into the Pd lattice [42], appears to be a 
key factor in the selective hydrogenation of alkynes into alk-
enes. Thus,  PdCx species strongly disturbs the equilibrium 
between hydrogen dissolved in the bulk and adsorbed on the 
surface. The bulk hydrogen is much more reactive than the 
surface hydrogen, and can hydrogenate the adsorbed spe-
cies upon their appearance on the surface, thus contributing 

to the unselective hydrogenation [44]. The incorporation of 
carbon into the upper Pd layers strongly influences the dif-
fusion/transport of H from the bulk to the uppermost Pd 
layer, thereby hindering the participation of more energetic 
subsurface hydrogen in the catalytic process. On the other 
hand, increasing the hydrogen partial pressure promotes 
the unselective total hydrogenation of propyne to propane, 
which is accompanied by a decrease in the amount of sur-
face  PdCx and an enhancement of the surface  PdHx species 
[45, 46]. Furthermore, the role of  PdCx was also deduced 
from operando EXAFS experiments [47]. In addition, these 
experiments proved the existence of different chemisorbed 
hydrogenated species depending on the dominant surface 
state  (PdCx or  PdCxHy). That is, the chemisorbed hydrocar-
bon species are more dehydrogenated over  PdCx and more 
hydrogen rich over  PdHx. Taking into account the above 
described processes, the general scheme of the hydrogena-
tion of hydrocarbons with multiple unsaturations is linked 
to the so-called “rake mechanism” because the adsorption 
and desorption steps and equilibrium constant are like the 
“teeth” of a “comb” [48, 49]. This process can be accurately 
described taking into account the chemistry of the popula-
tion of palladium surface sites and the rate constant (k) for 
each catalytic process [3]. Thus, two scenarios are consid-
ered: the partial hydrogenation on α-β  PdCx and the full 
hydrogenation on β-PdCxHy catalysts, as shown in Fig. 5. 
These processes are governed by carbon and/or hydrogen 
subsurface atoms, as the operando experiments showed. 
Hence, the processes A and a are related to the adsorp-
tion and desorption of  CnH2n−2 on the Pd surface yield-
ing the formation of  PdCx as main product of the reaction. 
Moreover, in presence of  CnHn−2 and  H2, two reactions are 
expected, which are described by the constant processes B 
and C, given that in the case of low  H2 concentration B is 
the dominant rate constant. Hence low partial pressures of 
hydrogen yields:

Fig. 5  Proposed extended 
“rake” reaction mechanism 
accounting the formation of 
surface/subsurface  PdHx/PdCx 
and bulk β-PdHx species as well 
as chemisorbed  CnH2n−2/CnH2n 
intermediates



2059Topics in Catalysis (2018) 61:2052–2061 

1 3

This reaction is selectively due to the formation of  PdCx 
by the incorporated carbon in the upper layers preventing the 
effective diffusion of rather reactive bulk/subsurface hydro-
gen. As a consequence, the upper carbonaceous species lead 
to the formation of alkenes avoiding the full hydrogenation 
on the Pd catalyst and thus hindering the C unselective 
mechanism. On the other hand, if the partial concentration 
of  H2 is increased then C is the dominant prompting the 
hydrogenation of  PdCx as:

Once the  PdCx surface concentration is lowered and the 
 PdHx becomes dominant the reaction becomes unselective 
to the total hydrogenation to alkanes as follows:

Note that this reaction is not favored when  PdCx spe-
cies are present because the carbonaceous species avoid the 
participation of subsurface hydrogen in the reaction. On 
the other hand, the unselective formation of alkanes (D, E) 
can be conducted when the concentration of chemisorbed 
hydrogen is high yielding the formation of surface  PdHx. 
Therefore, β-PdHx is formed facilitating the production of 
 CnH2n and  CnH2n+2 due to the participation of more reactive 
subsurface hydrogen in the hydrogenation of alkynes.

4  Conclusions

On-line gas analysis of propyne hydrogenation showed high 
propene selectivity at moderate conversion levels and pro-
pane formation near full conversion for a Pd-black model 
catalyst. This behavior is attributed to the population of 
hydrogen and carbon into the surface/subsurface regions 
that control the catalytic performance of Pd in the selec-
tive hydrogenation of propyne onto a  PdHx α-β phase. The 
selective/unselective hydrogenation is due to the fact that the 
incorporation of carbon into the Pd surface strongly influ-
ences the transport of hydrogen from the bulk to the surface 
and thus the surface species and events are decoupled from 
the bulk properties.  PdCx hinders the participation of more 
reactive subsurface hydrogen in the catalytic process hence 
making the selective semi-hydrogenation of alkynes to alk-
ene possible. Otherwise, an increase in the partial pressure 
of  H2 yields the progressive loss of  PdCx allowing the par-
ticipation of subsurface hydrogen in the reaction and thus 
favoring the unselective hydrogenation to alkane onto a 
 PdHx β phase. Accordingly, these experiments at high pres-
sure validate the previous reaction model demonstrated by 
in situ NAP-XPS at few mbar partial pressure and therefore 
close the “pressure gap” in the understanding of the hydro-
genation of alkynes on Pd catalysts showing the evident dif-
ference between bulk and near-surface chemistry of the Pd 
catalyst in contact with both hydrogen and hydrocarbons. On 
the other hand, this work is an example for the value of true 
operando studies even and because it shows here the absence 

of a high-pressure gap due to a well understandable reason 
based in high sticking.
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