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In this study, the support effects on the Pd-catalyzed semi-hydrogenation of acetylene have been inves-
tigated from the structural and kinetic perspectives. According to the results of kinetic analysis and X-ray
photoelectron spectroscopy, hydrogen temperature-programmed reduction, temperature-programmed
hydride decomposition, and in situ X-ray diffraction measurements, using carbon nanotubes as support
for Pd nanocatalysts with various sizes instead of a-Al2O3 decreases the Pd0 3d binding energy and sup-
presses the formation of undesirable palladium hydride species, thus increasing the ethylene yield.
Furthermore, X-ray absorption spectroscopy, high-resolution transmission electron microscopy, and
C2H4 temperature-programmed desorption studies combined with density-functional theory calculations
reveal the existence of a unique Pd local environment, containing subsurface carbon atoms, that produces
positive geometric effects on the acetylene conversion reaction. Therefore, tailoring the Pd local environ-
ment and electronic properties represents an effective strategy for the fabrication and design of highly
active and selective Pd semi-hydrogenation catalysts.

� 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Elucidating the mechanism of the Pd-catalyzed semi-
hydrogenation of trace acetylene in the ethylene-rich feedstock
used for polyethylene production is of primary scientific and
industrial importance for the further catalyst modification and
design [1–4]. This process is widely recognized as a remarkable
structure-sensitive reaction that exhibits strong Pd size effects on
the catalytic performance [5–7]. Kinetic and structural insights
into such size effects reveal that the Pd(111) surface promotes
the conversion of acetylene and formation of C4 byproducts, while
the edge sites catalyze the formation of ethane byproduct [8]. It
has been also shown that small-sized Pd catalysts exhibit different
electronic properties that strongly affect the reaction kinetics [6,8],
demonstrating the existence of significant Pd particle size effects
on the semi-hydrogenation of acetylene.
In addition to particle size effects, support effects also strongly
influence the catalytic performance of Pd [9–13]. In the majority of
these studies, simultaneous changes in the size and electronic
properties of supported Pd nanoparticles were detected. Moreover,
when reducible and/or acidic metal oxides were used as supports,
metal-support interface effects and the effects of support acidity
on the coke formation were observed. For this reason, the weakly
interactive and chemical inert a-Al2O3 is commercially used as
the support material [14,15]. The application of another weakly
interactive carbon support revealed that its inherent weak acidity
produced no apparent effects on catalyst deactivation [16], and
the carbon-supported Pd catalyst exhibited strong positive effects
on the semi-hydrogenation of acetylene as compared with those
of the a-Al2O3-supported catalyst [8,17]. Moreover, the carbon
support possesses other unique properties that distinguish it from
the a-Al2O3 support such as the high specific surface area for metal
immobilization, tailorable carbon surface characteristics, and
effective electron transport between the metal and the support
[18–20]. Therefore, it is necessary to examine the structural and
kinetic aspects of support effects for optimizing the catalyst design.
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In this work, we utilized weakly interactive carbon nanotube
(CNT) and a-Al2O3 supports in the Pd-catalyzed semi-
hydrogenation of acetylene to investigate their geometric and elec-
tronic effects on the catalytic performance of Pd nanoparticles
without the interferences mentioned above. After excluding the
influence of the size of Pd, the support effects on the modified Pd
nanoparticles and their catalytic properties were examined by
combining kinetic analysis and density-functional theory (DFT)
calculations with various experimental techniques such as in situ
X-ray diffraction (XRD), hydrogen temperature-programmed
reduction (H2-TPR), temperature-programmed hydride decompo-
sition (TPHD), C2H4 temperature-programmed desorption (C2H4-
TPD), X-ray photoelectron spectroscopy (XPS), and X-ray absorp-
tion spectroscopy. The resultant unique Pd local environment
and electronic properties that were able to suppress the undesir-
able palladium hydride formation and enhance the catalytic per-
formance of supported Pd nanoparticles were identified.
2. Experimental and theoretical methods

2.1. Catalyst preparation

Pd catalysts were prepared by an impregnation method using
CNTs and a-Al2O3 as the support materials. For this purpose, 2 g
of commercial CNTs (Beijing Cnano Technology Limited, China)
and a-Al2O3 were impregnated with calculated amounts of
chloropalladic acid based on the nominal Pd loading of 2 wt%.
The resultant catalyst precursors were aged at 25 �C for 12 h and
subsequently dried at 100 �C for 12 h. After that, the precursors
were reduced at 160 �C for catalytic testing and characterization.
The obtained CNT-supported and a-Al2O3-supported Pd catalysts
were denoted as Pd/CNT and Pd/a-Al2O3, respectively.
2.2. Characterization

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) observations were performed on a JEOL JEM-2100
transmission electron microscope (JEOL Ltd., Japan) with an accel-
eration voltage of 200 kV to determine Pd particle sizes and cata-
lyst shapes. The obtained images are shown in Fig. S1 in
Appendix A. The electronic properties of the catalysts were ana-
lyzed by XPS on a Kratos XSAM-800 spectrometer equipped (Kra-
tos Analytical Ltd., UK) with an Al Ka anode. The binding
energies of the Pd 3d XPS spectra obtained for all samples were cali-
brated with respect to the position of the C 1s peak (284.6 eV). X-
ray absorption fine spectra of Pd/CNT and Pd/a-Al2O3 at the Pd
K-edge (E0 = 24350 eV) were recorded on the BL14W1 beamline
of the Shanghai Synchrotron Radiation Facility (China) utilizing
Pd foil and PdO as the references. Data extraction and processing
were conducted using the Athena and Artemis codes [21,22].

H2-TPR and TPHD experiments were performed on a Micromet-
rics Autochem 2920 chemisorption analyzer (Canada) equipped
with a thermal conductivity detector (TCD) according to the proce-
dure described in our previous work [8]. In a typical H2-TPR experi-
ment, approximately 200 mg of the tested sample was reduced
inside a quartz U-type tube under a 10% H2/Ar atmosphere in the
temperature range of 45–800 �C. The temperature was ramped at
a heating rate of 10 �C�min�1. In a TPHD experiment, approxi-
mately 200 mg of the sample was reduced at 160 �C for 1 h and
then cooled down to 45 �C under H2/Ar atmosphere. Subsequently,
the sample was purged with pure Ar gas for 45 min to remove the
weakly adsorbed hydrogen species followed by the temperature
increase from 45 to 400 �C at a rate of 10 �C�min�1. Hydrogen evo-
lutions during the TPR and TPHD processes were analyzed by the
104
TCD detector. Ethylene catalytic TPD studies were conducted using
the procedure outlined in our previous work [19].

In situ XRD measurements were performed on a D8 ADVANCE
diffractometer (Brucker, Germany) in the 2h range of 38�–42� to
characterize the formation of subsurface hydrogen species when
the samples were first reduced and heated to 200 �C under N2

gas for 30 min. After cooling to 25 �C, in situ XRD studies were ini-
tiated. The sample was first kept under N2 for 30 min to achieve
stability. Subsequently, it was purged with 10% H2/Ar for 30 min
followed by N2 treatment for another 30 min (XRD patterns were
continuously recorded during these steps). Afterwards, the sample
was heated to 100 �C, and its XRD patterns were recorder again.
After collecting data at 100 �C for 30 min, the sample was cooled
down to finish the testing procedure.

2.3. Catalytic studies

The catalytic performances of the prepared catalysts for the
semi-hydrogenation of acetylene were evaluated using a commer-
cial stainless steel reactor (lBenchCAT, Altamira Instruments,
USA). Approximately 20 mg of the sample mixed with quartz sand
at a ratio of 1:10 was reduced in the reactor tube under H2 atmo-
sphere at 160 �C for 2 h and then cooled down to the reaction tem-
perature under N2 atmosphere. Afterwards, a reactant mixture
containing 1% of C2H2, 3% of H2, 20% of C2H4, and N2 balance was
introduced to the reactor at a flow rate of 120 mL�min�1. The reac-
tants and products were analyzed by a 3000 Micro gas chro-
matograph (Inficon, Germany) equipped with a TCD detector. The
following equations were employed to calculate the acetylene con-
version and ethylene selectivity:

XC2H2 ¼
CC2H2 ;inlet � CC2H2 ;outlet

CC2H2 ;inlet
� 100%

SC2H2 ¼ 1� CC2H6 ;outlet � CC2H6 ;inlet

CC2H2 ;inlet � CC2H2 ;outlet
� 2� ðCC4 ;outlet � CC4 ;inletÞ

CC2H2 ;inlet � CC2H2 ;outlet

� �

� 100%

where Ci denotes the determined concentration of i component
in the inlet and outlet streams. For example, CC2H2,inlet and
CC2H2,outlet are the concentration of acetylene in the inlet and
streams, respectively. XC2H2

and SC2H4
represent the conversion of

acetylene and selectivity to ethylene, respectively. According to
the results of our previous work [8], the Pd(111) surface contained
catalytically active sites for acetylene hydrogenation. Herein, the
reaction rates related to acetylene conversion were normalized
with respect to the number of Pd(111) atoms rather than to the
total Pd amount to determine turnover frequencies for the active
sites (TOFactive site) and compare their intrinsic catalytic activities
(the corresponding calculation details are provided in Supplemen-
tary data and Table S1 in Appendix A). Some parameters of the
Pd/CNT catalysts with different Pd particle sizes varied by adjust-
ing the Pd loading were taken from our previous work [8].

2.4. DFT calculations

All DFT calculations were performed using the Vienna ab initio
simulation package (VASP). The Kohn–Sham wave functions were
expanded by a plane-wave basis set in the calculations with a
cut-off energy of 500 eV. The projected augmented wave method
was employed to define the interactions between the ionic core
and valence electrons [23], and the Perdew–Burke–Ernzerhof func-
tional based on the generalized gradient approximation was used
to describe the exchange–correlation effects [24]. The Brillouin
zone was sampled by the Monkhorst-Pack k-point mesh [25]. The
5 � 5 � 5 and 5 � 5 � 1 grids were used for the bulk and slab
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models, respectively. Geometry optimization was performed until
the forces on each atom were below 0.05 eV�Å�1 and the total
energy differences were less than 1 � 10–5 eV. The transition state
of the diffusion of a hydrogen atom from the surface to the subsur-
face was located by a dimer method [26]. The adsorption energy
(Eads) was calculated as Eads = Eadsorbate/slab – Eadsorbate – Eslab, where
Eadsorbate/slab, Eadsorbate, and Eslab were the energies of the adsorbate
on the slab, free adsorbate, and clean slab, respectively.

Bader analysis [27] was conducted to calculate electronic
charges on various atoms in order to examine the electronic inter-
actions between Pd and C, and the charge density difference (Dq)
isosurface was computed by the formula Dq=Dq(Pd(111) –C) –
Dq(Pd(111)) –Dq(C), where Dq(Pd(111)–C), Dq(Pd(111)), and
Dq(C) were the charge densities of the relaxed Pd(111) surface
modified by the subsurface C atoms located at the octahedral sites
[28,29], Pd atoms at the corresponding surface locations, and C
atoms at the corresponding surface locations, respectively. For
the electron transfer between the surfaces and adsorbed ethylene
species, the charge density difference isosurface was calculated
as Dq=Dq(molecule/surface) –Dq(surface) –Dq(molecule), where
Dq(molecule/surface), Dq(surface), and Dq(molecule) were the
charge densities of the molecule/surface system, relaxed surface,
and ethylene molecule in their final configurations, respectively.
Fig. 1. (a) Correlations of TOFactive site at 30 �C and Ea with the Pd particle size. (b) Pd 3d
catalyst data were taken from our previous work). (c) Acetylene conversion and (d) e
selectivity, C4 selectivity, and ethane selectivity plotted as functions of the acetylene
presented in panels (c) and (d) and Fig. S3 in Appendix A). (a) Reproduced from Ref. [8]
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3. Results and discussion

3.1. Support effects and their kinetic interpretation

Fig. 1(a) shows the effects of both supports on the Pd-catalyzed
semi-hydrogenation of acetylene. Herein, the TOFactive site values
were calculated from the corresponding numbers of Pd active sites
(Pd(111) atoms [8]), which catalyzed the conversion of acetylene
molecules. At close Pd particle sizes, the CNT support resulted in
higher TOFactive site magnitudes as compared with those obtained
for the a-Al2O3 support, indicating the existence of strong
electronic effects on the reaction kinetics. The XPS spectra of the
Pd/CNT and Pd/a-Al2O3 catalysts depicted in Fig. 1(b) show that
the Pd/CNT catalyst exhibits a lower Pd0 3d5/2 binding energy as
compared with that of the Pd/a-Al2O3 catalyst. As demonstrated
in previous studies of the Pd electronic effects on the acetylene
conversion reaction [9,30–32], the electron-rich Pd/CNT catalyst
inhibits the adsorption of acetylene, making a larger number of
active sites available for hydrogen activation and promoting
acetylene hydrogenation. For this reason, the Pd/CNT catalyst has
relatively high TOFactive site values.

To provide kinetic insights into Pd electronic effects, the resul-
tant activation energy (Ea) is plotted as a function of the Pd particle
XPS spectra recorded for the Pd/CNT and Pd/a-Al2O3 catalysts (the original Pd/CNT
thylene selectivity plotted as functions of the reaction temperature. (e) Ethylene
conversion adjusted by varying the reaction temperature (derived from the data
with permission of ACS Publications, �2019.
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size in Fig. 1(a). The Ea of the Pd/a-Al2O3 catalyst is lower than that
of the Pd/CNT catalyst, which positively contributes to the catalytic
activity of the former system. In contrast to Ea, the pre-exponential
factor and concentration produce a stronger negative effect on
the activity of the Pd/a-Al2O3 catalyst (Fig. S2 in Appendix A),
ultimately endowing the Pd/CNT catalyst with a higher activity.

Fig. 1(a) also shows that the smaller-sized Pd catalysts exhibit
much higher TOFactive site values than those of the larger-sized cata-
lysts, which can be related to the difference in their electronic
properties [8]. Moreover, the last three Pd/CNT catalysts with close
Pd0 3d binding energies possess similar Ea magnitudes, suggesting
that the quantitative, not qualitative differences between the Pd
active sites are mainly responsible for the observed differences in
their reaction rates. In other words, these catalysts are located in
the dominant region of geometric, not electronic effects. In con-
trast, the former two Pd/CNT catalysts and Pd/a-Al2O3 catalyst
are located in the dominant region of electronic effects.

The catalytic semi-hydrogenation of acetylene is both a well-
known structure-sensitive reaction and a sequential-parallel process
[1,5–7,33]. The Pd electronic effects on the acetylene conversions and
product selectivities observed at various reaction temperatures are
shown in Figs. 1(c)–(e) and Fig. S3 (Appendix A). The Pd/CNT catalyst
exhibits higher acetylene conversion and ethylene selectivity as com-
pared with those of the Pd/a-Al2O3 catalyst, which can be due to the
lower Pd0 3d5/2 binding energy of the former system that increases
the hydrogenation activity as discussed above and promotes the
desorption of ethylene product [9,30–32].

Meanwhile, typical volcano relationships between the ethylene
selectivity and reaction temperature are observed for both cata-
lysts in Fig. 1(d). Increasing the temperature changes the acetylene
conversion; hence, a fair comparison of the product selectivities of
the two catalysts should be based on the close acetylene conver-
sions in the sequential-parallel process. Product selectivities are
plotted against acetylene conversion in Fig. 1(e), which shows that
the ethylene selectivity of the Pd/CNT catalyst is higher than that of
the Pd/a-Al2O3 catalyst. The results obtained in previous
studies [34] suggest that on the one hand, the increased ethylene
selectivity can be related to the enhanced ethylene desorption at
higher temperatures that prevents the over-hydrogenation of ethy-
lene. On the other hand, the decreased ethylene selectivity likely
originates from both the lower surface coverage of acetylene and
higher hydrogen coverage leading to over-hydrogenation, which
is supported by the inverse volcano curve shape obtained for the
relationship between the ethane selectivity and the reaction
temperature in Fig. 1(e).

Fig. 1(e) also shows that the dependences of the ethylene and C4

selectivities on acetylene conversion have similar shapes, which
can be explained by their occupations of similar Pd active sites,
such as those of the Pd(111) surface reported in our previous work
[8]. Moreover, the relatively weak correlation between the C4

selectivity and acetylene conversion obtained for the Pd/CNT cata-
lyst is most likely caused by its lower Pd0 3d binding energy that
decreases the adsorption energy of acetylene.

3.2. Support effects on the formation of undesirable palladium hydride
phase (PdHx) by-products

Previous studies [9,28,35–40] have shown that the palladium
hydride phase (PdHx) is easily formed under hydrogen atmosphere,
which is detrimental to the semi-hydrogenation of alkynes, leading
to over-hydrogenation and formation of alkanes. Therefore, the
effects of the Pd/CNT and Pd/a-Al2O3 catalysts on the formation
of PdHx species were investigated by conducting H2-TPR measure-
ments (Fig. 2(a)). Both catalysts exhibit negative hydrogen con-
sumption peaks in the range of 100–150 �C, which can be related
to the reduction of Pd species. Moreover, as compared with the
106
Pd/CNT catalyst, the Pd/a-Al2O3 catalyst produces an additional
positive (hydrogen formation) peak at approximately 75 �C that
likely originated from the decomposition of palladium hydride
[17,41,42]. To verify this hypothesis, TPHD measurements were
performed and the results are shown in Fig. 2(b). Here, the Pd/a-
Al2O3 catalyst exhibits one strong palladium hydride decomposi-
tion peak at approximately 75 �C, while no such peaks are observed
for the Pd/CNT catalyst, which was consistent with the results of
H2-TPR studies presented above. The obtained data indicate that
in contrast to the a-Al2O3 support, the CNT support can suppress
the formation of undesirable palladium hydride species; it also
explains the higher selectivity of the Pd/CNT catalyst as compared
with that of the Pd/a-Al2O3 catalyst.

In situ XRD measurements were conducted to determine the
support effects on the structural properties of supported Pd
nanoparticles and achieve a better understanding of the
remarkably different formation behaviors of undesirable palladium
hydride species described above. Figs. 2(c) and (d) show the evolu-
tions of the XRD patterns of Pd/a-Al2O3 and Pd/CNT under variable
treatment conditions, respectively. The XRD patterns of the freshly
reduced catalysts and the corresponding supports depicted in
Fig. S4 (Appendix A) exhibit the characteristic Pd(111) diffraction
peak (JCPDS 46-1043), which partially overlaps with the a-Al2O3

peak. To illustrate the structural evolution of the Pd(111) peak
under variable treatment conditions, planar projection transforma-
tions of the three-dimensional in situ XRD patterns were performed
to yield the two-dimensional images displayed in Figs. 2(c) and (d).
Switching from N2 to the H2-containing atmosphere at 30 �C
apparently shifted the position of the Pd(111) diffraction peak of
the Pd/a-Al2O3 catalyst from 40.1� to 39.8�, which could be caused
by the formation of a-PdHx species [43]. Unfortunately, it is diffi-
cult to obtain more accurate information regarding the a-PdHx for-
mation at 38.8� [44,45] because the corresponding peak fully
overlaps with the Al2O3(110) peak (JCPDS 81-1667). Furthermore,
after switching back to the N2 atmosphere and elevating the tem-
perature to 100 �C, the diffraction peak shifted back to 40.0�, which
was likely caused by the PdHx decomposition as suggested by the
results of H2-TPR and TPHD studies presented in Figs. 2(a) and
(b), respectively. In contrast, no visible Pd(111) diffraction peak
shifts were detected for the Pd/CNT catalyst, indicating that PdHx

formation was suppressed by the CNT support, which was in good
agreement with the results of H2-TPR and TPHD analyses. Notably,
the 2h value obtained for the Pd/CNT catalyst (39.9�) was lower
than that of the Pd/a-Al2O3 catalyst (40.1�), corresponding to a lar-
ger Pd(111) lattice spacing. This phenomenon is related to the
presence of subsurface carbon atoms in the CNT-supported Pd
nanoparticles, which will be discussed in detail in Section 3.3.

3.3. Unique local environment of the Pd/CNT catalyst

Extended X-ray absorption fine structure (EXAFS) studies of the
Pd/a-Al2O3 and Pd/CNT catalysts were conducted to identify the
difference in their local environments. Fig. 3(a) shows the Fourier
transforms of the Pd K-edge EXAFS spectra recorded for these
catalysts as well as for the reference PdO and Pd foil samples.
The R-space spectrum of the Pd/a-Al2O3 catalyst exhibits a peak
at approximately 2.74�, which matches the Pd–Pd bond length
[46–48]; however, its intensity is lower than that of the peak
obtained for the reference Pd foil due to the finite size effect of
Pd nanoparticles [49–51]. At similar sizes of supported metallic
Pd nanoparticles, the Pd/CNT catalyst demonstrates a broad peak
in the range of 1.8�–2.2� and a Pd–Pd peak with a much lower
intensity, which is shifted to higher R values with respect to the
position of the main Pd–Pd peak [46]. This phenomenon can be
attributed to the existence of scattering interactions between Pd
atoms and the first Pd–C shell [46,48]. The above-mentioned XRD



Fig. 2. (a) H2-TPR and (b) TPHD profiles of the Pd/CNT and Pd/a-Al2O3 catalysts. Time-resolved XRD patterns of the (c) Pd/a-Al2O3 and (d) Pd/CNT catalysts. The right panels
were derived from the corresponding left panels (c) and (d) by performing planar projection transformations to clearly show the evolutions of the catalyst structures. The
reaction conditions were changed at the times indicated on the left sides of the two-dimensional images.
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patterns showing a small Pd lattice expansion in the Pd/CNT cata-
lyst indicate the presence of carbon atoms in the Pd particle shell,
which is schematically depicted in Fig. 3(a). This observation is
consistent with the previously reported data suggesting that the
thermal treatment of carbon-supported Pd catalysts leads to the
dissolution of the carbon atoms belonging to the oxygen-
containing groups of the carbon support (such as carboxylic ones)
[52,53] into the Pd particles located at the octahedral sites [28,29].

The HRTEM and fast Fourier transform (FFT) images of the Pd/a-
Al2O3 and Pd/CNT catalysts presented in Figs. 3(b) and (c), respec-
tively, show that both catalysts exhibit the characteristic diffrac-
tion patterns of metallic Pd and that the angle between the Pd
(111) and Pd(100) planes in the Pd/CNT catalyst remains almost
unchanged, indicating the presence of interstitial carbon atoms
in Pd nanoparticles and absence of palladium carbide species.
These results are in good agreement with the EAXFS and XRD data
presented above. To examine the effects of interstitial carbon
107
atoms on the semi-hydrogenation of acetylene, an energetically
favorable Pd(111)–Csubsurface model describing the subsurface car-
bon atoms located at the octahedral Pd sites [28,29] was con-
structed (Fig. 4(a)). It was further utilized to theoretically study
the influence of these atoms on the hydrogen diffusion process
and related formation of undesirable PdHx species due to the
over-hydrogenation activity. In this model, the most stable subsur-
face H atoms below the clean Pd(111) surface are located at the
octahedral sites, which match the locations of the most stable sub-
surface C atoms on the Pd(111)–Csubsurface surface blocking the
favored H diffusion pathway. Alternatively, H atoms can also dif-
fuse to other metastable (tetrahedral) subsurface sites; the corre-
sponding diffusion barrier for this process is 0.51 eV, which is
higher than that on the clean Pd(111) surface (0.41 eV), as shown
in Fig. 4(b). Therefore, it can be concluded that unlike the a-Al2O3

support, the CNT support generates subsurface C atoms at the octa-
hedral sites of supported Pd nanoparticles and thus inhibits the



Fig. 3. (a) Fourier transforms of the Pd K-edge EXAFS spectra recorded for the Pd/a-Al2O3 and Pd/CNT catalysts as well as for the PdO and Pd foil reference specimens. The
right panel contains a schematic diagram of the CNT-supported Pd nanoparticles with subsurface carbon atoms. Typical HRTEM images of the (b) Pd/a-Al2O3 and (c) Pd/CNT
catalysts with the corresponding (FFT) patterns displayed in the insets.

Fig. 4. (a) The most stable adsorption configurations of the subsurface C and H atoms on the Pd(111) surface. (b) Energy barriers of the hydrogen diffusion from the Pd(111)
surface to the subsurface over the Pd(111)–Csubsurface surface.
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formation of undesirable PdHx species, promoting the semi-
hydrogenation of acetylene into ethylene.

3.4. Origin of selectivity enhancement

As demonstrated in the previous sections of this work, the Pd/
CNT catalyst produces a stronger positive effect on the formation
of ethylene from acetylene as compared with that of the Pd/a-
Al2O3 catalyst, owing to the lower Pd0 3d binding energy of the for-
mer catalyst and its unique Pd local environment containing sub-
surface C atoms that suppresses the formation of undesirable
PdHx species. To achieve a better understanding of the effects of
the Pd electronic properties and local environment of the Pd/CNT
catalyst on the ethylene selectivity enhancement, C2H4-TPD mea-
surements were conducted for the Pd/a-Al2O3 and Pd/CNT cata-
lysts by investigating the adsorption/desorption characteristics of
108
the ethylene product. As shown in Fig. 5(a), the Pd/a-Al2O3 catalyst
exhibits three desorption peaks centered at 120, 240, and 490 �C.
Previous C2H4-TPD studies revealed that the adsorbed C2H4 easily
decomposed into hydrogen atoms and C2-fragments at elevated
temperatures [54]. These three peaks can be attributed to the des-
orption of three different C2H4 species and/or decomposed frag-
ments (e.g., C2H3) from the top, bridge, and hollow sites based on
the results of DFT calculations [28]. In contrast, the Pd/CNT catalyst
generates only one broad low-temperature desorption peak
(Fig. 5(a)), corresponding to relatively weak ethylene adsorption
that increases the ethylene selectivity.

Finally, DFT calculationswere performed to investigate the effect
of the Pd local environment on ethylene adsorption. As shown in
Fig. 5(b), both the Pd(111) and Pd(111)–Csubsurface surfaces favor
ethylene adsorption at the bridge sites. The ethylene adsorption
energy of the latter surface is significantly lower than that of the



Fig. 5. (a) C2H4-TPD profiles of the Pd/CNT and Pd/a-Al2O3 catalysts. (b) The most stable adsorption configurations of ethylene on the Pd(111) and Pd(111)–Csubsurface surfaces
with the corresponding adsorption energies. Top and front views of the charge density distributions of the (c) Pd(111)–Csubsurface surface and (d) adsorbed ethylene molecule.
The isosurface value is 0.003 e�Å�3. The red and green isosurfaces represent the accumulation and depletion of the electron density, respectively.
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Pd(111) surface, owing to the presence of subsurface carbon atoms
in the CNT-supported Pd nanoparticles [3,28]. This can account for
the higher ethylene selectivity and formation rate of the Pd/CNT
catalyst mentioned above. To examine this issue in more detail,
the charge density distribution of the Pd(111)–Csubsurface surface
was comparedwith that of the configuration containinganadsorbed
ethylenemolecule (Figs. 5(c) and (d)). Thecalculatedelectroncharge
density is highest on the Pd(111)–Csubsurface surface around its car-
bon positions and lowest at the palladiumpositions, which suggests
the existence of an electron transfer fromPdatoms to the subsurface
carbons. However, for the ethylene molecule adsorbed on the Pd
(111)–Csubsurface surface, the subsurface carbon positions possess
the lowest electron densities, indicating a back-donation of elec-
trons to the palladium positions upon ethylene adsorption. This
observation can help to better interpret the lower ethylene adsorp-
tion energy on the Pd(111)–Csubsurface surface as comparedwith that
of the ethylene adsorbed on the Pd(111) surface. By taking into
account the results described in Sections 3.2 and 3.3, the presence
of subsurface carbon atoms produces two remarkable effects: sup-
pression of the formation of undesirable PdHx species and enhance-
ment of the desorption of the ethylene product due to its electron
back-donation contribution. Notably, the results of XPS analysis
showed that the lower Pd0 3d binding energy and high electron den-
sity of the Pd/CNT catalyst favored ethylene desorption and
increased the ethylene selectivity [9,30–32]. Therefore, it can be
concluded the CNT catalyst support not only possesses a lower Pd0

3d binding energy than that of thea-Al2O3 support for positive elec-
tronic effects, but also creates a unique Pd local environment con-
taining subsurface carbon atoms for positive geometric effects.
4. Conclusions

In this study, support effects on the Pd-catalyzed semi-
hydrogenation of acetylene were investigated from the structural
109
and kinetic perspectives. Compared with the a-Al2O3 support, the
CNT catalyst support reduced the Pd0 3d binding energy and sup-
pressed the formation of PdHx species to enhance the reaction
kinetics in terms of ethylene selectivity and formation rate.
Meanwhile, the positive geometric effects produced by the
Pd/CNT catalyst were attributed to its unique Pd local environment
containing subsurface carbon atoms that promoted the electron
back-donation to Pd atoms and inhibited the adsorption of ethy-
lene. The obtained results can be used in the fabrication and design
of highly efficient Pd semi-hydrogenation catalysts by tailoring the
Pd local environment and electronic properties.
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