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e activity–selectivity trade-off via
the confinement effect from induced potential
barriers on the Pd nanoparticle surface†

Junguo Ma,‡a Chongya Yang,‡b Xue Ye,*c Xiaoli Pan,b Siyang Nie,*a Xing Cao,a

Huinan Li,a Hiroaki Matsumoto,d Liang Wu e and Chen Chen *a

The request for both high catalytic selectivity and high catalytic activity is rather challenging, particularly for

catalysis systems with the primary and side reactions having comparable energy barriers. Here in this study,

we simultaneously optimized the selectivity and activity for acetylene semi-hydrogenation by rationally and

continuously varying the doping ratio of Zn atoms on the surface of Pd particles in Pd/ZnO catalysts. In the

reaction temperature range of 40–200 °C, the conversion of acetylene was close to ∼100%, and the

selectivity for ethylene exceeded 90% (the highest ethylene selectivity, ∼98%). Experimental

characterization and density functional theory calculations revealed that the Zn promoter could alter the

catalyst's potential energy surface, resulting in a “confinement” effect, which effectively improves the

selectivity yet without significantly impairing the catalytic activity. The mismatched impacts on activity

and selectivity resulting from continuous and controllable alteration in the catalyst structure provide

a promising parameter space within which the two aspects could both be optimized.
Introduction

Utilizing the techniques in nanomaterial synthesis to obtain
model catalysts with well-dened and controllable active
structures could help to establish a clearer picture on the
structure–property relationships, which could provide guidance
for solving the complex problems in catalytic systems, thus
allowing for the optimization of catalytic performance in a tar-
getedmanner. One of the primary goals in catalysis is to develop
catalysts with desired activity and selectivity customized for
specic reactions.1–3 However, in practice it is oen rather
difficult to optimize the subtle balance between catalytic activity
and selectivity.4,5 For instance, Pd-based catalysts, which have
been widely used in selective semi-hydrogenation of alkynes,6–8

usually have excellent activity yet poor controllability over the
issue of over-hydrogenation into alkanes,9,10 leading to an
unsatisfactory selectivity for the corresponding olens. As
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a result, it is common to resort to poisoning or inhibitory agents
to passivate these excessively active centers in Pd catalysts,11–13

thus conferring an appropriate selectivity for semi-
hydrogenation, as in Lindlar's catalyst.14,15

Transitionmetal promoters (such as Cu, Ag, Au, and Zn)7,16–18

have also been introduced to regulate the selectivity of Pd-based
catalysts; it is generally believed that these transition metal
atoms would occupy those low-coordinated and overly active Pd
sites typically located at the edges and corners of the catalyst
particles. In recent years, taking advantage of the structure of
single-atom catalysts to adjust the adsorption conguration of
the substrate molecules has also been used as a strategy to
improve the selectivity.19–21 Yet, notably, these strategies for
selectivity regulation oen come at the expense of catalytic
activity.

Therefore, it remains a central task to establish a balance
between activity and selectivity for the catalysts required.
Despite the regulation strategies that have been proposed and
developed thus far, the mechanisms of selectivity control are
oen elusive, as regulation would usually further complicate
the catalytic systems,22,23 which adds to the difficulties in
probing the structure–performance relationship. In this regard,
advanced techniques in material synthesis could be employed
to construct model catalysts featuring well-dened
structures,24–26 and these model catalysts could be used to
investigate the structural alteration induced by regulation
measures, and thus help establish the structure–performance
relationship.
Chem. Sci., 2024, 15, 8363–8371 | 8363
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In this study, a series of Pd/ZnO model catalysts were ratio-
nally designed to investigate the efficacy of performance regu-
lation and the catalytic mechanism in acetylene (C2H2) semi-
hydrogenation. The ZnO support features preferential expo-
sure of inert oxygen-rich facets, whereupon Pd particles are
loaded. Aer the catalyst was subjected to a reductive H2

atmosphere at different temperatures, the promoter Zn could
diffuse to the Pd particle surface, with the Zn ratio being
continuously tunable, yet without introducing other complica-
tions such as the burial of the Pd sites. When applied in C2H2

semi-hydrogenation, the obtained model catalyst series display
catalytic performances that vary consistently with the Zn ratio,
and the selectivity for ethylene (C2H4) could be increased from
a minimum of 16% to almost 100%. Most notably, by ne-
tuning the ratio of the Zn promoter in the catalyst, the conver-
sion could approach ∼100% over a wide range of reaction
temperatures (40–200 °C), with a selectivity above 90%.

We conducted in situ/ex situ spectroscopies, chemical
adsorption–desorption tests and density functional theory
(DFT) calculations, and revealed that the introduction of Zn
would suppress the activity of electrons at the catalyst surface
and modulate the potential energy surface, which would in turn
alter the adsorption, activation and migration steps of the
substrate molecules. Specically, the Zn atoms on the Pd
particle surface could induce a local potential energy barrier
that is unfavorable for the adsorption of substrate molecules,
and the resulting “connement” effect would constrain the
adsorption conguration, thereby lowering the probability of
effective collision between C2H2 and active *H species,
substantially alleviating over-hydrogenation. The desired
product, C2H4, has a larger molecular size (with a longer C–C
bond and more C–H bonds), and thus would be more prone to
the “connement” effect, and become more prone to desorp-
tion, leading to a higher selectivity for semi-hydrogenation. As
the ratio of surface Zn increases, the areal density of the barriers
on the potential energy surface becomes higher, and the barrier
heights also increase nonlinearly; this would further constrain
the space for optimal adsorption, and hinder the migration of
active *H, collectively leading to a higher selectivity, and an
activity only slightly impaired. Nevertheless, the resulting
decline in activity lags behind the increase in selectivity, and
could be compensated for by simply increasing the reaction
temperature. Therefore, it could be seen that as the Zn ratio
increases, the resulting alteration in activity and selectivity is
rather mismatched, and the conventional issue of the activity–
selectivity trade-off is thus circumvented.

Results and discussion
Morphological and structural characterization

The bi-plate shape ZnO nanocrystals which have a dorayaki-like
morphology were synthesized as the support (Fig. 1a and S1†),27

and PdO particles were deposited on the preferentially exposed
oxygen-rich facets (000�1), with a mass loading of ∼0.1 wt%
(Fig. 1b). This structural relationship was further demonstrated
by high angle angular dark eld-scanning transmission electron
microscopy (HAADF-STEM). In the HAADF-STEM image
8364 | Chem. Sci., 2024, 15, 8363–8371
(Fig. 1c), the Pd particle is loaded on the ZnO hexagonal ring
surface. Combined with the locally magnied image (Fig. 1d)
and its FFT pattern (Fig. 1e), analysis shows that the electron
beam is incident along the ZnO (00�1) or (000�1) zone axis. Fig. 1d
presents three crystal planes, (010), (100), and (1�10), with an
angle of 60°, which is consistent with the corresponding
diffraction spots in FFT images. Therefore, the hexagonal ring
surface is the (000�1) surface, that is, the nanocrystals are loaded
on the ZnO (000�1) surface. Fig. 1g illustrates this arrangement.
Further exploration of the ZnO (000�1) surface reveals that when
observed perpendicular to the surface, the crystal structure
presents a well-ordered hexagonal ring structure (Fig. 1f and g),
and when observed parallel to the surface, the surface is an
oxygen-rich surface (Fig. 1h). Therefore, the Pd particle is
loaded on this oxygen-rich surface.

In situ aberration-corrected scanning transmission electron
microscopy (AC-STEM) was conducted to monitor the structural
evolution of the catalyst under a reductive H2 atmosphere. As
shown in Fig. 2a–c and S2,† the supported PdO particle was rst
reduced into metallic Pd; as the temperature increased, some
Zn atoms diffused into the Pd particle. Electron energy loss
spectroscopy (EELS) and quantitative simulation of the
elements of Pd, O and Zn revealed that for the catalyst in
a reductive atmosphere, the Zn atoms diffused into the Pd
particle from the Pd/support interface (Fig. S3 and Tables S1,
S2†). This is because the high temperature could facilitate the
activation of H2 on the Pd surface, and the Zn(II) ions at the
interface would be reduced by the active H species.28,29 Then the
subsurface Zn(II) would come into contact with the Pd particle,
and also be reduced by the active H absorbed in the Pd lattice,
leading to the gradual diffusion of Zn atoms from the interior to
the surface of the Pd particle.

The surface composition and chemical environment of the
catalysts were probed via quasi in situ X-ray photoelectron
spectroscopy (XPS). Fig. 2d shows that as the reduction
temperature increased from 50 °C to 300 °C, the Pd 3d peak
shied from 336.13 eV (corresponding to PdO) to 334.95 eV
(metallic Pd).30,31 A further increase in temperature led to a shi
to a higher binding energy (335.35 eV, ascribed to the formation
of the PdZn alloy).32 These data conrm that a higher temper-
ature would result in a higher Zn ratio on the Pd particle
surface.

In order to obtain further details on the catalyst structures,
the samples prepared at different reduction temperatures,
hereaer denoted as y-Pd/ZnO (in which y stands for the
temperature), were examined via high-resolution transmission
electron microscopy (HRTEM). Fig. 3 summarizes the results
corresponding to the sample before reduction and the samples
aer reduction at 50 °C, 150 °C and 300 °C. For the sample
before reduction (Fig. 3a and b), the interplanar spacings for the
particle deposited on ZnO were measured to be 2.6 Å/2.6 Å and
2.7 Å, with interplanar angles of 59°/60°, which could be
assigned to the (01�1), (011), and (002) crystal planes of tetrag-
onal PdO (JCPDS no. 41-1107),29,33 respectively. These inferences
were further conrmed by the fast Fourier transform (FFT)
patterns (Fig. 3c). In contrast, the sample aer reduction at
50 °C (50-Pd/ZnO) showed a face-centered cubic structure
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Morphological and structural characterization of the catalyst. (a) SEM image of the ZnO crystals with a dorayaki-like morphology. (b) TEM
image and (c) HAADF-STEM image of a Pd particle deposited on the oxygen-rich (000 1�) surface of ZnO. (d) High-magnification image of the
lower part in (c). (e) The corresponding FFT pattern of (c). (f) Scheme of wurtzite ZnOwith the (000 1�) oxygen-rich surface. (g) Model of the PdO/
ZnO atomic structure. (h) The atomic arrangement at different ZnO facets. Pd (yellow), Zn (blue), and O (red).
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characteristic of metallic Pd (no. 46-1043, Fig. 3d–f). For 150-Pd/
ZnO, two crystal structures were observed (Fig. 3g–i). The phase
in the dotted box in Fig. 3g was indexed as the tetragonal
PdZn1−x intermetallic alloy, with the characteristic crystal
planes (111) (spacing, 2.2 Å) and (�111) forming a lattice angle of
64°, signicantly different from that for metallic Pd (70°). Aer
Fig. 2 Continuous structural evolution of Pd/ZnO model catalysts. (a)
catalyst series. (b) In situ AC-STEM images and elemental mapping of Pd/Z
(d) Quasi in situ XPS profiles of Pd 3d.

© 2024 The Author(s). Published by the Royal Society of Chemistry
reduction at 300 °C, the particle had evolved into a highly
crystalline phase of a tetragonal PdZn single crystal (JCPDS no.
06-0620, Fig. 3j–l). The data above suggest that the supported
PdO particles could be converted into metallic Pd under H2

reduction at merely 50 °C, and a further increase in temperature
could result in continuous alteration in the particle
Schematic illustration of the preparation procedures of the Pd/ZnO
nO catalysts. (c) In situ EELS profiles of Pd and Zn corresponding to (b).

Chem. Sci., 2024, 15, 8363–8371 | 8365
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Fig. 3 Structural details of the Pd/ZnO catalyst series. HRTEM images (a, b, d, e, g, h, j, and k) and FFT patterns (c, f, i, and l) of unreduced PdO/
ZnO (a–c), 50-Pd/ZnO (d–f), 150-Pd/ZnO (g–i), and 300-Pd/ZnO (j–l).
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composition and structure, eventually leading to formation of
intermetallic PdZn particles.

XPS was also conducted to probe the structural evolution
described above. As shown in Fig. S4,† with the increase in
temperature, the Pd 3d peaks shied to higher energy as a result
of the enrichment of surface Zn atoms.34,35 Therefore, the Pd
ratio in the intermetallic PdZn is directly related to the Zn ratio
at the particle surface. Table S3† summarizes the data of
deconvolution of the XPS peaks. It could be noted that as the
temperature increases, the Zn ratio at the particle surface
increases accordingly. Aer 300 °C reduction, the Zn/Pd atomic
ratio was approximately 1 : 1. These results further conrm that
by varying the reduction temperature, the surface composition
and the crystal structure of the Pd-based catalyst particles could
be tuned continuously.

Selective hydrogenation of C2H2 into C2H4

The catalyst series were tested in C2H2 semi-hydrogenation, and
their performances are summarized in Table S4.† It could be
seen that aer the introduction of the promoter Zn, the selec-
tivity for C2H4 was improved dramatically (from ∼16% to
∼100%).

Fig. 4a shows the results obtained for catalytic reactions
conducted at 60 °C; as the Zn ratio increases, the selectivity for
C2H4 increases from 16% (for 50-Pd/ZnO) to ∼95% (for 200-Pd/
ZnO), with the conversion of C2H2 retained at almost∼100%. As
the Zn ratio further increases, the conversion is initially main-
tained at a relatively high level before eventually declining.
Then, to explore the intrinsic activity of the series catalysts, we
increased the reaction space velocity from 18 000 mL gcat

−1 h−1
8366 | Chem. Sci., 2024, 15, 8363–8371
to 36 000 mL gcat
−1 h−1, and lowered the reaction temperature

(<20 °C) by air-cooling, at which time the reaction was domi-
nated by the reaction kinetics. Based on the above reaction
conditions, the effect of reduction temperature on catalyst
activity was investigated. As shown from the experimental
results (Fig. S5†), we found that the activity of the catalyst was
almost unaffected by the reduction temperature when the
reduction temperature was lower than 200 °C; whereas
a decrease in the activity of the catalyst occurred only when the
reduction temperature was higher than 200 °C. Nonetheless,
the conventional issue of the trade-off between catalyst activity
and selectivity is not prominent here. Fig. 4b shows that for
reactions conducted at all temperatures, the selectivity for C2H4

increases consistently with the Zn ratio, and the decline in
conversion lags behind the improvement in selectivity. Notably,
the decline in catalyst activity caused by the higher reduction
temperature could be compensated for by increasing the reac-
tion temperature. Therefore, for catalysts with different surface
Zn ratios, the optimum conversion and selectivity are achieved
at different reaction temperatures. As shown in Table S4,† 250-
Pd/ZnO achieves ∼98% C2H4 selectivity while maintaining
∼100% C2H2 conversion at 80 °C. The performance of these
catalysts reached or even outperformed some of those in the
published literature reports (Table S5†).7,36–42 Interestingly, by
modulating the surface zinc ratio, we achieved a change in the
optimal reaction temperature, which could enable the catalysts
to adapt to the individual requirements of different application
situations. And more importantly, these data suggest that for
each catalyst, there exists a certain temperature range within
which the primary effect of the structural alteration would be an
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Catalytic performances in C2H2 hydrogenation for Pd/ZnO catalysts with varying surface Zn ratios. (a) Selectivity for C2H4 and conversion
of C2H2 over different Pd/ZnO catalysts; data obtained at 60 °C. (b) Conversion of C2H2 and selectivity for C2H4 over different Pd/ZnO
catalysts; data obtained at various reaction temperatures. Reaction conditions: 2% C2H2, 20% H2, Ar balance gas; 0.1 g catalyst; 2 hours;
18 000 mL gcat

−1 h−1.
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improvement in selectivity rather than a decline in conversion.
This offers the possibility to deconvolute the effects of the
multiple factors causing structural change on catalytic selec-
tivity and activity.

Reaction mechanism of C2H2 hydrogenation

DFT calculations were performed to further unveil the rela-
tionship between the surface structures and the catalytic
performances of the catalyst series. First, on the basis of the
structural characterization results above, we constructed three
theoretical models for 50-Pd/ZnO, 150-Pd/ZnO and 300-Pd/ZnO.
In heterogeneous catalysis, the adsorption of substrate mole-
cules, the migration of reaction intermediates and the desorp-
tion of product molecules are all closely related to the surface
microenvironment of the catalyst.1,43 In order to investigate the
distribution of optimal adsorption sites on the catalyst surface,
we simulated the potential energy surface by employing an H
atom as the detector (see the ESI†).44 The potential energy
surface was used as the descriptor here, rather than the
adsorption energy, as the latter could only reect the average
adsorption strength of substrate molecules on the catalyst
surface, whereas the potential energy surface could reect the
alteration in the adsorption conguration of the substrate
molecules and the energy barrier for the migration of the active
*H intermediates.

The potential energy surfaces for the catalyst series are
shown in Fig. 5. The “peaks” and “troughs” represent the sites
of weak and strong adsorption, respectively. The potential
energy surface for 50-Pd/ZnO is relatively at, with a small peak-
to-trough difference (0.21 eV, Fig. 5a), and thus C2H2 and C2H4

molecules are adsorbed in a bridge-shaped conguration, with
a high degree of freedom. With further introduction of surface
Zn atoms, the peak-to-trough difference becomes more
pronounced (0.76 eV, Fig. 5c), which results in a decrease in
optimal adsorption sites. Therefore, the adsorption congura-
tions of the gas molecules become more “conned”, with
a lower degree of freedom.44 This would lead to a lower proba-
bility of effective collision between *H and adsorbed C2H2
© 2024 The Author(s). Published by the Royal Society of Chemistry
molecules during the hydrogenation process, thus suppressing
over-hydrogenation.21,45,46 More importantly, the regulated
potential energy surface displays a “connement” effect, which
alters the adsorption conguration of the substrate molecules.

As shown in Fig. S6,† C2H2 molecules tend to be adsorbed in
a bridged conguration, which is consistent with the results
obtained via in situ diffuse reectance infrared Fourier trans-
form spectroscopy (DRIFTS, Fig. S7†). Such a conguration
could allow the C2H2 molecule to form sp3-hybridized C–C
bonds with multiple active metal centers.47–49 On the surface of
50-Pd/ZnO, C2H2 would adopt a C2H2Pd3 adsorption congu-
ration, with the C–C bond stretched to 1.363 Å (in contrast to 1.2
Å for gaseous C2H2). However, beneting from the regulation
effect of Zn atoms, the higher peaks in the potential energy
surface would hinder the adsorption of C2H2, eventually
resulting in a C2H2Pd2 adsorption conguration on the surface
of 300-Pd/ZnO, featuring a weakened adsorption, consistent
with the DRIFTS data. Also owing to the Zn regulation, the
troughs in the potential energy surface of 300-Pd/ZnO become
almost “isolated”, and thus cannot support a stable sp3 C2H4Pd2
conguration for the C2H4 molecule (which has a longer C–C
bond and a larger size).40,50 As a result, the C2H4 molecule is
forced to adopt a C2H4Pd adsorption conguration; the
“connement” effect would destabilize the C2H4 molecule,
facilitating its desorption, and thereby effectively improving the
selectivity for semi-hydrogenation.

We further performed DFT calculations on the processes of
C2H2 semi-hydrogenation (into C2H4) and over-hydrogenation
(into C2H6). Fig. 6a shows the energy diagrams and the
adsorption congurations of reaction intermediates for 50-Pd/
ZnO, 150-Pd/ZnO and 300-Pd/ZnO. The C2H2 hydrogenation
proceeds in two consecutive steps. The rst step (i.e., from C2H2

to C2H4) is only marginally affected by the above change in the
potential energy surface, because the sp-hybridized carbon
atoms in C2H2 confer a higher activity to the p bond.1,51 For all
three catalysts, the combinations of active *H and *C2H2 or
*C2H3 are all exergonic, and the activation energies for the three
catalysts only exhibit minor differences. In addition, the results
Chem. Sci., 2024, 15, 8363–8371 | 8367
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Fig. 5 The change in the potential energy surface of Pd/ZnO catalysts with varying surface Zn ratios. (a–c) Three-dimensional model of the
potential energy surface (g–i). (d–f) Two-dimensional model of potential energy surface (g–i). The adsorption configuration of C2H4 molecules
on 50-Pd/ZnO (g), 150-Pd/ZnO (h), and 300-Pd/ZnO (i) catalysts.

Fig. 6 DFT calculations on Pd/ZnO catalysts. (a) Energy diagrams for the semi-hydrogenation of C2H2 into C2H4 and the further hydrogenation
into byproduct C2H6 on the surfaces of 50-Pd/ZnO, 150-Pd/ZnO, and 300-Pd/ZnO catalysts. The horizontal axis shows the reaction inter-
mediates and transition states (TSs), and the vertical axis shows the relative energy of each state. (b and c) Isosurfaces (level 0.005) of charge
density differences on Pd/ZnO catalysts with (b) C2H2 and (c) C2H4. (d) Dissociation of H2 and (e) migration of active *H on the surfaces of
different Pd/ZnO catalysts.

8368 | Chem. Sci., 2024, 15, 8363–8371 © 2024 The Author(s). Published by the Royal Society of Chemistry
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of differential charge analysis directly reveal that with the
increase in the surface Zn ratio, the electron transfer to the
antibonding orbitals of C2H4 decreased (Fig. 6b and c), thus
hampering the activation of C2H4 molecules. The step from
C2H4 to C2H5 is the rate-determining step here. For 300-Pd/ZnO,
the energy barriers are 1.07 eV (for TS3) and 1.07 eV (for TS4),
whereas for 50-Pd/ZnO, the energy barriers are 0.75 eV (for TS3)
and 0.68 eV (for TS4). This suggests that for catalysts with
higher surface Zn ratios, over-hydrogenation into C2H6

becomes more difficult. In addition, the adsorption of C2H4 on
the catalyst surface becomes weakened with the increase in Zn
ratio (Fig. S8†). Moreover, for the last step, we calculated the
desorption energy of C2H6 for the three catalysts: 0.36 eV for
300-Pd/ZnO, 0.49 eV for 200-Pd/ZnO, and 0.52 eV for 150-Pd/
ZnO. These values align with the calculated trend in this
study, indicating that the surface potential energy of the 300-Pd/
ZnO catalyst exhibits weak adsorption of C2H6, making it more
favourable for C2H6 desorption compared to the 150-Pd/ZnO
catalyst. All these factors would facilitate the desorption of
C2H4 from the catalyst surface into the gaseous phase, and
suppress the further activation of C2H4 on Pd active sites and
further hydrogenation into C2H5 intermediates, which is
consistent with the experimental results described above. In
other words, the DFT calculations in Fig. 6a demonstrate that
the 300-Pd/ZnO catalyst exhibits superior performance in
achieving the highest C2H4 selectivity, surpassing its counter-
parts of 150-Pd/ZnO and 200-Pd/ZnO catalysts. Moreover, as
C2H2 has a high reactivity and a high adsorption energy, it
would prevail over C2H4 in competitive adsorption even in the
presence of excessive C2H4. To sum up, the energy barrier
mismatch between the adsorption–activation step and the
hydrogenation step for C2H4 directly suppresses the side reac-
tion of over-hydrogenation. Notably, the results of performance
tests (Fig. 4) have revealed that the variation trends for catalytic
activity and selectivity are not necessarily “in phase”. Speci-
cally, in our case here, the decline in activity lags behind the
increase in selectivity. By further analyzing the potential energy
surface (Fig. 5), we found that at a relatively low Zn ratio, the
catalyst could retain a signicant amount of adsorption sites on
the surface, and the negative impact on catalytic activity is only
marginal. As the Zn ratio further increases, the areal density of
barriers on the potential energy surface becomes higher, with
the barrier heights increasing non-linearly. This is because the
d band center of the surface Pd atom would shi farther away
from the Fermi level as more Zn promoter is introduced (Fig.
S9a–c†), and the electron activity of surface Pd atoms would be
signicantly suppressed. As a result, the potential energy
surface would be substantially altered, and the former sites for
optimal adsorption would be “squeezed” into isolated troughs
(Fig. 5c). This impairs the adsorption and activation of substrate
molecules on the catalyst surface (Fig. S8d–f†); more impor-
tantly, the elevated peaks in the potential energy surface would
constrain the migration of active *H on the catalyst surface.
Since *H could facilitate the activation of adsorbed substrate
molecules, the energy barrier for *H migration is expected to
have a direct impact on the catalytic activity. For 300-Pd/ZnO,
the high peaks in the potential energy surface would
© 2024 The Author(s). Published by the Royal Society of Chemistry
constrain *H migration, resulting in the highest diffusion
barrier (0.727 eV, Fig. 6d). In contrast, the diffusion barrier for
50-Pd/ZnO is 0.107 eV. These aforementioned effects are
experimentally reected in the lower catalytic activity observed
for the 300-Pd/ZnO catalyst.

Then we conducted hydrogen–deuterium (H–D) exchange
experiments on the model catalyst series.52,53 As shown in Fig.
S10,† with the Zn ratio increasing, the required temperature for
H–D exchange increases accordingly, consistent with the theo-
retical prediction (Fig. 6e). The H–D exchange experiment could
not only help assess the catalysts' capabilities of dissociating
H2, but could also reveal the migration efficiency of *H over the
catalyst surfaces (the effect of the latter has oen been over-
looked in previous related studies). These results here suggest
that the active *H species has to overcome a higher energy
barrier so as to migrate over an inert Zn (or Zn-modulated Pd)
atom to access an intermediate for hydrogenation. Increasing
the reaction temperature could compensate for the negative
effect of the high energy barrier for migration, and this could
explain the fact that the optimum reaction temperature for
different model catalysts increases with the ratio of Zn
promoters. In addition, the introduction of Zn promoters alters
the potential energy surface, resulting in a unique “conne-
ment” effect, which could negate the effect of increased
temperature on facilitating the undesired over-hydrogenation.
As a result, the 300-Pd/ZnO catalyst achieved a selectivity for
C2H4 that approaches 100% and a C2H2 conversion of∼100% at
reaction temperatures up to 200 °C (Table S4†).

Conclusions

In this paper, by varying the reduction temperature during
catalyst preparation, we can control the diffusion of Zn atoms to
the Pd particle surface with high precision, and thus continu-
ously regulate their catalytic performances for C2H2 semi-
hydrogenation. Combining multiple experimental character-
ization studies and DFT calculations, we found that the intro-
duction of Zn on the Pd-based catalyst surface could
signicantly alter the potential energy surface, leading to
a “connement” effect that not only suppresses the over-
hydrogenation of C2H2 into C2H6, but also facilitates the
desorption of C2H4, thereby optimizing the selectivity for semi-
hydrogenation. Moreover, the resulting decline in activity
signicantly lags behind the improvement in selectivity, and
could be compensated for by simply increasing the reaction
temperature. Thereby, we conrmed that there are the certain
parameter spaces within which the selectivity and activity could
be optimized simultaneously, thus avoiding the trade-off
between the two aspects (which is oen encountered for
conventional catalysts). The structure–performance relation-
ship established here, and the potential energy surface as a new
descriptor for performance optimization, could offer new
perspectives to specically tune the catalytic performance.
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H. Lorenz, M. Hävecker, R. Blume, T. Rocha, D. Teschner,
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00635f


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
26

/2
02

5 
5:

20
:4

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
A. Knop-Gericke, R. Schlögl, D. Zemlyanov, N. Memmel,
G. Rupprechter and B. Klötzer, J. Catal., 2010, 276, 101–113.

32 M. Armbrüster, M. Behrens, K. Föttinger, M. Friedrich,
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