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ABSTRACT: PdAg alloy is an industrial catalyst for acetylene-
selective hydrogenation in excess ethene. While significant efforts
have been devoted to increase the selectivity, there has been little
progress in the catalyst performance at low temperatures. Here by
combining a machine-learning atomic simulation and catalysis
experiment, we clarify the surface status of PdAg alloy catalyst
under the reaction conditions and screen out a rutile-TiO,
supported Pd;Ag; catalyst with high performance: ie, 85%
selectivity at >96% acetylene conversion over a 100 h period in _ Bk BB kB of PdsAgsrutile-TiO

an experiment. The machine-learning global potential energy Pd:Ag ratio at the top layer

surface exploration determines the Pd-Ag-H bulk and surface phase

diagrams under the reaction conditions, which reveals two key bulk compositions, Pd;Ag, (R3m) and Pd,Ag; (Pm3m), and
quantifies the surface structures with varied Pd:Ag ratios under the reaction conditions. We show that the catalyst activity is
controlled by the PdAg patterns on the (111) surface that are variable under reaction conditions, but the selectivity is largely
determined by the amount of Pd exposure on the (100) surface. These insights provide the fundamental basis for the rational design
of a better catalyst via three measures: (i) controlling the Pd:Ag ratio at 1:3, (ii) reducing the nanoparticle size to limit PdAg local
patterns, (iii) searching for active supports to terminate the (100) facets.

H coverage (ML)

1. INTRODUCTION short-range ordering due to the similar atomic scattering factors
of Pd and Ag.”**’ Therefore, for the PdAg catalysts in acetylene
hydrogenation, which are generally treated below 600 °C, there
is much uncertainty on the local PdAg pattern. Surface science

PdAg alloy is known to be the best low-temperature catalyst for
the selective hydrogenation of acetylene (HCCH) in excess
ethene, an important heterogeneous catalytic process in the

petroleum industry.' = To date, the typical selectivity is ~55% at studies by scanning tunneling microscopy (STM)™ demon-
>90% acetylene conversion under industrial conditions (<100 strated that the surface segregation of Ag>""** is possible: Ag can
°C),'%7'® which is already much better than those for the pure be enriched on both (111) and (100) for a Pd,Ag; alloy
Pd catalyst that has essentially no selectivity due to the strong annealed at high temperature (497—547 °C) under vacuum.
preference of converting ethene to ethane, the fully hydro- Similarly, a recent work combining STM, spectroscopy, and
genated product. While there is consensus that Pd is the active machine-learning molecular dynamics®® showed the reconstruc-
component in the alloy, many uncertainties persist regarding the tion of Pd islands deposited on Ag(111), where Ag atoms
role of Ag. A common view has been that Ag prevents the gradually migrate out of the surface and climb on the Pd islands
formation of the active PdH, phases under the reaction at only 177 °C. To date, no in situ data, however, are available for
conditions, which are responsible for the ethene hydro- the PdAg catalysts during acetylene hydrogenation, where the

enation.”'”~*° It was also argued that the alloying may dilute : oC i
& : su ying may ( reaction generally occurs below 100 °C in the feed gas of H,.
the Pd ensemble anc'i thus affect the hydrogenation kmetlcsét_)}g' Adsorbates such as H could be the additional variant to alter the
altering the adsorption strength of acetylene and ethene. y . .34

) . - surface segregation behavior.

Nevertheless, since the presence of Ag is critical to the
selectivity, significant efforts have been focused on the synthesis .
of other Pd alloys (e.g., Pd-Ga,”'~** Pd-In,”*** and Pd-Zn***"); Rece.lved: Mar.Ch 5, 2021
however, limited progress has been achieved in the low- Published: April 20, 2021
temperature conversion.

Although PdAg alloy has long been known to form a face-
centered-cubic (fcc) solid solution at all compositions when it is
annealed below ~900 °C,*® it is elusive whether there is Pd-Ag
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Density functional theory (DFT) calculations have provided
some insights into the interaction of the reactants with PdAg
surfaces,””>~* on the basis of the idealized crystal surface
models truncated from the alloy bulk. The conclusions are
mostly consistent with the knowledge from experiments: for
example, (i) ethene, with a double bond, adsorbs much more
weakly in comparison to acetylene, which has a triple bond, (ii)
the C-containing species prefer to bond with Pd, instead of Ag,
and thus the adsorption strength decreases with an increase in
surface Ag content, and (iii) while the d-band states of Pd and Ag
are very different, the Pd d-band has only a slight shift after Ag
alloying, implying a minor influence on the Pd electronic
structure. For the catalytic reactions, by calculating the
hydrogenation process on PdAg(111) and Pd(111), Studt et
al.' found that the presence of Ag primarily alters the adsorption
energy rather than the activation energy, and thus they
concluded that the weaker adsorption strength of ethene on
PdAg helps to suppress the deep hydrogenation. As the previous
theoretical models are simplified, many key questions in the field
remain open such as the following, to name a few. Is the
formation of PdH, phases inhibited by Ag? Does the surface
Pd:Ag ratio vary during the hydrogenation reaction? How do the
activity and selectivity depend on the position of Ag?

Our recent work has investigated the acetylene hydrogenation
on pure Pd catalyst by combining a machine-learning atomic
simulation and experiment.”’ We found that it is the more open
Pd(100) surface that provides the lowest energy channel for
ethene hydrogenation. The formation of PdH, is not the major
cause of the low selectivity of Pd, although PdH,(100) is indeed
even more nonselective than Pd(100). For pure Pd catalyst, the
large nanoparticles dominated by the (111) surface do improve
significantly the selectivity.

Here we focus on the acetylene hydrogenation on PdAg alloy,
aiming to clarify the PdAg surface structures under the catalytic
conditions and design a better catalyst for acetylene hydro-
genation. The first four-element Pd-Ag-C-H global neural
network (G-NN) potential has been constructed that allows for
fast exploration of the vast global structure and reaction space in
acetylene hydrogenation. Two key thermodynamically stable
bulks, Pd,Ag, (R3m) and Pd,Ag; (Pm3m) are thus identified,
from which the likely surface structure patterns are determined
on (111) and (100) surfaces. On the basis of catalysis
experiments and microkinetic simulation, we demonstrate that
the Pd Ag; catalyst achieves the best performance, since its
(100) surface could be entirely blocked by Ag. The (111)
surface of Pd;Ag; evolves slowly under the reaction conditions
by accumulating Pd onto the surface layer, which leads to a
decrease in conversion while the selectivity is maintained. With
these fundamental insights, we screened out a rutile-TiO,
supported Pd;Ag; catalyst, which achieves 85% selectivity at
>96% acetylene conversion over a long catalyst test.

2. METHODS

2.1. SSW-NN Simulation. The stochastic surface walking based on
the global neural network potential (SSW-NN) method, as
implemented in large-scale atomic simulation with neural network
potential (LASP) code,*" was utilized for fast global potential energy
surface (PES) exploration to resolve the bulk and surface structures
during the reactions.””**™*" The Pd-Ag-C-H quaternary element G-
NN potential was developed by self-learning the DFT global PES data
set, which was generated from the SSW global PES exploration**~*° for
systems with different Pd-Ag-C-H compositions/structures. The self-
learning was performed iteratively until the G-NN potential was robust
enough to describe the global PES quantitatively. The procedure is
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briefly introduced below, and more details can be found in Section 1 in
the Supporting Information.

The global PES data set was generated iteratively by the SSW
simulations on all types of structures (including cluster, layer, and bulk)
with a series of different Pd-Ag-C-H compositions and varied supercells
up to 121 atoms/cell (see Table S1 in the Supporting Information).
The first-round data set came from a DFT-based SSW simulation, while
the others were from an NN-based SSW simulation in the self-learning.
More than 107 structures were generated in total, and 55213 of them
were selected and calculated by DFT calculations as the final global data
set for G-NN potential training.

The G-NN potential was established using the artificial neural
network technique based on the global data set, as described
previously.”' * To pursue a high accuracy for the PES, a large set of
power-type structure descriptors (PTSD) were adopted for each
element, including 151 two-body descriptors, 230 three-body
descriptors, and 12 four-body descriptors. In addition, a large neural
network involving two hidden layers (393—60—60—1), 82083 network
parameters in total, was utilized, where the hyperbolic tangent was
utilized as the activation function for the hidden layers while the linear
function was utilized for the output layer. The energy, force, and stress
were matched to DFT calculations with the root-mean-square errors
(RMSE) being 3.25 meV, 0.055 eV/A, and 0.434 GPa, respectively. A
systematic benchmark was performed against the DFT results, showing
good accuracy of the G-NN potential. For example, we have computed
the energy difference between G-NN and DFT calculations for 1602
Pd-Ag-H surface structures, which shows a low RMSE of 4.9 meV/atom
as seen in Figure S1 in the Supporting Information. A detailed
comparison between G-NN and DFT calculations for the hydro-
genation reaction is also compiled in Table S2 in the Supporting
Information.

2.2. Surface Models and Transition State Search. To model the
surfaces, we generally adopted four-layer slabs, a (4 X 2\/ 3) supercell
for modeling (111) and a (4 X 4) supercell for modeling (100). In the
calculations of surface compositions, the bottom three layers were
constructed from the bulk-truncated structure, while the top layer was
allowed to vary in Pd:Ag ratio and H coverage. The results were utilized
to plot the Pd-Ag-H contour maps on the basis of the computed surface
formation free energy (see below). In the simulation of chemical
reactions, the bottom two layers were kept fixed while the top two layers
were allowed to fully relax. )

The double-ended surface walking (DESW) method®>* was utilized
to locate the transition states (TS) for the hydrogenation reactions.
This was achieved by driving two images from the initial state (IS) and
final state (FS) toward each other via the consecutive addition of bias
Gaussian potential. After the Pa_th was connected, the constrained
Broyden dimer (CBD) method”"** starting from the maximum energy
point along the path was then utilized to locate the TSs, which were
further confirmed by vibrational frequency calculations and an
extrapolation optimization to the correct IS and FS. To address the
activity and selectivity in comparison with experiment, we have further
converged all the pathways by DFT, and all the data reported in this
work without explicit mention are from DFT calculations.

2.3. DFT Calculations. The DFT calculations were performed
using the periodic plane-wave method with the projected augmented
wave (PAW)*® scheme, as implemented in the Vienna ab initio
simulation package (VASP).®° The Perdew—Burke—Ernzerhof (PBE)
functional at the generalized gradient approximation (GGA)®' was
employed for all of the calculations with a plane-wave basis set at a 450
eV cutoff. The Monkhorst—Pack k-mesh was 30 times the reciprocal
lattice vectors (1/30 A™"), and the convergence criterion for the atomic
force was set to be 0.01 e€V/A. Density functional perturbation theory
was utilized for the calculation of phonon spectra to determine the zero-
point energy (ZPE).

To obtain the free energy profile, we have calculated the Gibbs free
energy for all of the states on the basis of the ZPE-corrected DFT total
energy, which was set as the enthalpy at 0 K. The free energy of the gas-
phase molecules was computed from thermodynamics by utilizing the
standard thermodynamics data at the standard state® (e.g, the
standard state G(25 °C, 1 bar) values for acetylene, ethene, ethane, and
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hydrogen are —0.52, —0.57, —0.60, and —0.32 eV, respectively). The
adsorption barrier of the molecule was estimated by the entropy
difference before and after adsorption. For the adsorbate on the surface,
the free energy was approximated as the enthalpy at 0 K, since the
thermal effect of enthalpy and the entropy dependence on temperature
are small.*®

2.4. Experimental Methods. 2.4.1. Synthesis of PdAg Catalysts.
The PdAg catalysts were synthesized by a coimpregnation method and
loaded on MgAl hydrotalcite (HT). The HT was first calcined in air at
400 °C for 6 h to improve its hydrophilicity and then was dispersed in 2
mL of water in a bottle. After sonication for 10 min and stirring for 30
min, the precursor (Pd(NO;),-2H,0 and AgNO; solution) was added
quickly to the mixture, with continuous stirring for 6 h. Thereafter, the
sample was dried in air at 90 °C for 12 h and calcined in air at 450 °C for
4 h. Finally, after reduction in 5% H,/Ar at 400 °C for S h, the PdAg/
HT catalysts were prepared. The other catalysts, including Pd/HT and
various PdAg nanoparticles on different supports (a-ALO;, y-ALO;,
Si0,, Y,03, CaCOj, rutile-TiO, (r-Ti0,), anatase-TiO, (a-TiO,), the
commercial TiO, mixed phase (P2S), and the mesoporous
titanosilicates Ti-MWW, were prepared similarly (see also the
Supporting Information for more information).

2.4.2. Hydrogenation Reaction Experiment. The hydrogenation
reactions were performed in a continuous flow fixed-bed microreactor.
For uniformity, all of the samples contained 0.25 mg of Pd, mixed with
20 g of green silicon carbide. The gas consisted of 0.5% C,H,, 50.0%
C,H,, 5.0% H,, 4.0% He, and 40.5% N,, fed at a flow rate of 40 mL/min.
Prior to the reaction, the catalysts were pretreated in 5% H,/Ar at 150
°C for 3 h and then cooled to the reaction temperature. The products
were analyzed by an online gas chromatograph (GC, Agilent 7890B)
that was equipped with two thermal conductivity detectors (TCD) and
a flame ionization detector (FID). The activity and selectivity of the
catalysts were evaluated from the steady data (after 1 h in stream) by

_ CZHZ(in) - CZHZ(out)

Cacetylene - X 100%
CoHy(in) (1)
CyHgou — C3Hgin
Suthene = | 1 = o) 26 | 1009
CoHy(in) = CoaHygom (2)
3. RESULTS

3.1. PdAg Bulk. A good knowledge of the in situ structure is
the first step to understand the catalytic kinetics of PdAg
catalysts. We start our investigations from the bulk phase of
PdAg by using the SSW-NN method to explore the global PES
of Pd-Ag-H with different compositions. We first rule out the
PdAgH, hydride bulk phases (e.g,, Pd;Ag;H, ), the dissolution
of H in PdAg bulk,”’ since they are less stable in comparison to
the corresponding PdAg and the gas-phase H, (the typical
reaction conditions of 25 °C and p(H,) = 0.05 atm were utilized
to compute the free energy of H,).

We now focus on the Pd-Ag phase diagram determined from
SSW-NN, as summarized in the thermodynamics convex hull
plot in Figure la. We find that the alloying of Pd and Ag is
exothermic at all compositions with respect to the Pd and Ag
metal, and the alloys generally prefer the fcc lattice, the same as
the Pd and Ag metals. It should be noted that the formation
energies of PdAg alloys are generally small (only up to —0.06
eV/atom at Pd/Ag = 1/1), implying a weak interaction between
Pd and Ag. This fact explains the experimental observation of the
PdAg solid solution with random ordering at high temper-
atures.”®

Five convex configurations can be resolved from Figure la,
which are Pd;Ag, (R3m, —0.060 eV/atom), Pd;Ag,, (C2/m,
—0.060 eV/atom), Pd,Ag; (Pm3m, —0.055 eV/atom), Pd;Ag,
(I4/mmm, —0.04S eV/atom), and Pd;Ag; (P4/mmm, —0.032
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Figure 1. (a) Convex hull diagram of PdAg alloy bulk with respect to
pure Pd and Ag metal. The open circles denote the convex
configurations. (b) Excess of chemical potentials of Pd and Ag in
forming PdAg alloy, with respect to the Pd and Ag metals. Each convex
Pd-Ag composition corresponds to a linear line in the figure, where the
excesses of chemical potentials Aupy and Apu,, for two key
compositions, Pd;Ag, and Pd,Ag;, are identified. (c) Atomic crystal
structures of two key convex configurations: Pd;Ag; (R3m,a=2.85 4, ¢
= 14.00 A) and Pd,Ag, (Pm3m, a = 4.09 A). Color code: Pd, indigo
balls; Ag, light blue balls.

eV/atom), as indicated by open circles in the figure. Among
them, the atomic structures of Pd;Ag, and Pd;Ag; are
representative, since the other alloy structures can be considered
as a mix of these two structures and pure Ag. For Pd,Ag), the
crystal has alternating Pd and Ag layers along the close-packed
[111] direction, while for Pd;Ag;, Pd atoms are uniformly
distributed with Ag atoms. Importantly, we note that it is not
possible to infinitely separate Pd atoms in an Ag matrix: the
largest separation is achieved in Pd;Ag;, where Pd atoms can
only be located as the second nearest neighbors to each Pd atom.

In order to identify the chemical potentials of Pd and Ag in
forming PdAg alloys, we transform Figure 1a into Figure 1b by
considering eq 3

AEp g = AppgNpg + Apty Ny (3)
where AEy for a composition can be read from Figure 1a (e.g.,
AE,(Pd,Ag,) = —0.06 eV/atom); Appg and Apyg are the
excesses of chemical potentials of Pd and Ag with respect to the
Pd and Ag metals, respectively, and are utilized as the variables in
the axes of Figure 1b. Each composition will therefore
correspond to a linear line in the figure, and consistently, the
five thermodynamically stable compositions, Pd;Ag;, Pd;Ag,,,
Pd,Ag;, Pd;Ag;;, and Pd,Ag;, are identified as five segments
with the lowest AEy values. We can obtain the average Afipg
and Ap,, values for each composition from the figure. For
example, by using the midpoints of the segments, we obtain
Apipg=—0.030 eV and Apiy, = —0.090 eV for Pd,Ag, (R3m) and
Apipg = —0.143 eV and Ap,, = —0.026 eV for Pd;Ag; (Pm3m).
These values pin the chemical potentials of Pd and Ag in the
PdAg alloy bulk and thus can be utilized to determine the free
energy of the surface structures.

https://doi.org/10.1021/jacs.1c02471
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Figure 2. (a, b) Pd-Ag-H surface contour maps for the formation free energies of Pd-Ag-H/Pd,Ag;(111) and Pd-Ag-H/Pd,Ag;(100), at 25 °C and
p(H,) = 0.0S atm. The formation free energy here is averaged to each metal atom at the top layer. (c, d) Stable surface configurations of Pd;Ag;(111)
and Pd;Ag;(100) under the typical reaction conditions, as determined from the Pd-Ag-H surface contour maps.

3.2. PdAg Surface. We now explore the surface structures of
Pd;Ag, and Pd;Ag; based on their PdAg bulk crystals. By setting
the typical reaction conditions (i.e. 25 °C and p(H,) = 0.05 atm)
that define the chemical potential of H, we can determine the
thermodynamics at different surface compositions during the
reaction. The SSW-NN global optimization was utilized to
search for the possible structures of (111) and (100) surfaces of
Pd;Ag, and Pd;Ag; (the calculation details can be found in
Methods).

The stability of the surface is measured by the free energy
excess AGy,,, with respect to the Pd and Ag components in the
bulk, as shown in Figure 2. AGy,, is defined by eq 4

AGsur = (E + ZPEHNH) - (GPd + Alupd)NPd

sur

- (GAg + AﬂAg)NAg - :uHNH (4)
where puy is set as half of H, at 25 °C and 0.0S atm, Gpg and Gy,
are the total energies of Pd and Ag metal, respectively, Apupg and
Appg for each alloy composition can be found from Figure 1b,
E,,. is the total energy of the slab, ZPEy is the zero-point energy
for the adsorbed H, and Npg, Njg and Ny are the numbers of Pd,
Ag, and H atoms in the slab.

Figure 2a,b shows the Pd-Ag-H contour maps for Pd-Ag-H/
Pd;Ag;(111) and Pd-Ag-H/Pd;Ag;(100) at different surface
Pd/Ag ratios and H coverages. In general, for both (111) and
(100) without H, we find that the Ag-exposed surfaces have the
highest stability, which appear at the bottom right corners in the
contour maps. This indicates the preference of Ag segregation
on the surfaces of Pd;Ag; due to the lower surface energy of the
Ag element. Under the reaction conditions where H atoms are
populated, however, the Ag surface segregation is largely
inhibited, since a number of possible Pd-exposed surface
structures are energetically nearly degenerate with the Ag-
covered surface. In particular, on the (111) surface, these low-

6284

energy structures form a long valley at different Pd/Ag
compositions (Figure 2a), from zero H coverage to a full
monolayer (ML) coverage, with the formation free energy only
differing by 0.012 eV, as also shown in Figure 2c. Interestingly,
the valley on (100) is much smaller and, correspondingly, the H
coverage is only up to 0.25 ML.

Now we can have a close look at the low-energy surface
structures. Figure 2c shows four selected surface configurations
of Pd;Ag;(111). The most stable configuration (0.349 eV) has a
full Ag exposure, denoted as Ag/Pd;Ag;(111), where the symbol
/ separates the composition at the first and the bottom layers;
Pd,Ag;/Pd;Ag;(111)-0.25 ML H is a representative structure
with the surface Pd atoms arranged in a line (Pd line ensemble),
where the H atoms adsorb at the bridge of two Pd atoms. Its
formation free energy is slightly higher than that of Ag/
Pd,Ag;(111) by 0.003 eV; with more Pd atoms accumulating to
the top layer, e.g. Pd;;Ag;/Pd;Ag;(111)-0.5 ML H, the local Pd,
ensemble forms and the H atoms adsorb at the 3-fold Pd hollow
sites. The structure is 0.004 eV less stable in comparison to the
Ag-covered surface (Ag/Pd;Ag;(111)); finally, the Pd/
Pd;Ag;(111)-1 ML H configuration has a full layer exposure
of Pd with a full layer of adsorbed H (Pd layer ensemble). Its
formation free energy is 0.012 eV higher than that of the Ag-
covered surface. From these stable surface structures, one can
conclude that H prefers to bond to Pd atoms with at least two
coordinations, which induces the appearance of Pd atoms onto
the surface.

The situation on (100) is quite similar to that of (111), except
that (100) has a much higher cost for Pd exposure. This is
apparently due to the lower coordinations of (100) that favors
more the low-surface-energy Ag metal. Figure 2d shows two
typical low-surface-energy configurations, the Ag-covered
configuration and that with Pd/Ag = 1/7 at the top layer. The
latter, Pd,Ag,/Pd,Ag;(100)-0.1875 ML H, having a surface Pd,

https://doi.org/10.1021/jacs.1c02471
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Figure 3. (a) Gibbs free energy profile for acetylene/ethene hydrogenation on Pd;Ag;/Pd;Ag;(111), under the typical reaction conditions of 25 °C,
p(H,) = 0.05 atm, p(C,H,) = 0.005 atm, p(C,H,) = 0.5 atm, and p(C,H) = 0.005 atm. (b) Structure snapshots for the reaction intermediates on
Pd,Ag;/Pd,Ag;(111). Color code: H atoms of hydrocarbon, yellow balls; H atoms reacting with hydrocarbons, pink balls; other H atoms, white balls;

Pd atoms, indigo balls; Ag atoms, light blue balls; C atoms, gray balls.

Table 1. Adsorption Energy (E,,), Adsorption Free Energy (G,4), and Overall Hydrogenation Barrier (G,) for Acetylene/Ethene
Hydrogenation on the Low-Energy Surfaces of Pd;Ag; (Pm3m) and Pd,Ag, (R3m) with Different Surface Pd Ensembles”

surface Pd ensemble initial H coverage (ML)
Pd,Ag;/Pd,Ag;(111) Pd line 0.25
Pd,,Age/Pd,Ags(111) Pd, 0.5
Pd/Pd,Ag;(111) Pd layer 1
Pd,Ag,/Pd,Ag,(100) Pd, 0.1875
Pd/Pd,Ag,(111) Pd layer 1
Pd,Ag,/Pd,Ag,(100) Pd; 1

acetylene ethene
Eg(eV)  Gu(eV)  Gi(eV)  Eg(eV)  Gu(eV)  Gi(eV)
-0.73 —0.08 0.67 —0.18 0.41 091
—1.11 —0.46 0.80 —0.11 0.48 1.29
—0.68 —0.03 0.74 0.00 0.59 1.38
—0.98 —0.33 0.67 —0.39 0.20 0.76
—0.67 —0.02 0.60 0.00 0.59 1.12
—0.76 —0.11 0.78 —0.31 0.28 0.81

“The adsorption energy is with respect to the initial surface, while the free energy is with respect to the gas-phase acetylene, ethene, and hydrogen
under the typical reaction conditions: i.e., 25 °C, p(H,) = 0.0S atm, p(C,H,) = 0.00S atm, and p(C,H,) = 0.5 atm.

dimer with H adsorbed at the bridge site, is already 0.024 eV less
stable than the former.

For Pd,Ag,, the major difference in comparison to Pd;Ag; is
that the most stable surfaces always have Pd exposure, no matter
whether the surface is (111) or (100). The most stable
configurations, Pd/Pd;Ag;(111)-1 ML H (Pd layer ensemble)
and Pd;Ag,/Pd;Ag,(100)-1 ML H (Pd; ensemble), both have
surface H and the coverage is up to 1 ML with respect to the
surface metal atom. Our results of Pd;Ag, are summarized in
Figure S2 in the Supporting Information, including the
formation free energy contour maps and the lowest energy
configurations.

The above thermodynamics analyses for the surface structures
confirm the facts that Ag tends to segregate on the surfaces of
PdAg alloys, but the adsorbates, i.e. H, can hinder the Ag
segregation by forming Pd—H bonds on the surfaces.
Importantly, our results indicate that under typical reductive
reaction conditions with H adsorbates, only below Pd:Ag = 1:3
could the most stable surfaces ((111) and (100)) be fully
covered by Ag. In addition, Ag segregation occurs preferentially

on (100), while it is almost thermoneutral for the Pd exposure
on Pd;Ag;(111) in the presence of H,.

3.3. Reaction Energy Profile. With the knowledge of PdAg
surfaces, we then investigated the acetylene/ethene hydro-
genation pathways on several representative surfaces with Pd
exposure, including Pd;Ag;/Pd;Ag;(111), Pd, Ags/
Pd,Ag;(111), Pd/Pd,Ag;(111), Pd,Ag,/Pd,Ag;(100), Pd/
Pd,Ag,(111), and Pd;Ag,/Pd,Ag,(100). It should be empha-
sized that the hydrogenation reaction could not occur on the Ag-
covered surfaces due to the difficulty in H, dissociation and
acetylene adsorption. However, on the Pd-exposed surfaces, the
reaction mechanism for acetylene hydrogenation, as determined
from SSW-NN based reaction pathway sampling,* is generally
the same as that on the Pd surfaces reported previously:*’
namely, the Horiuti—Polanyi sequential hydrogenation via the
intermediates of vinyl (C,H,), ethene, and ethyl (C,H;). As a
representative, Figure 3a shows the Gibbs free energy profile for
the lowest hydrogenation pathway on Pd;Ag,/Pd;Ag;(111)
under the typical reaction conditions: i.e., 25 °C, p(H,) = 0.05
atm, p(C,H,) = 0.00S atm, p(C,H,) = 0.5 atm, and p(C,Hj) =
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Figure 4. (a) TEM image of Pd;Ag;/HT and an enlarged view from the HR-TEM image (inset). (b) EDS elemental mapping image of Pd;Ag;/HT.
(c) Selectivity and reaction temperature of the PdAg/HT catalysts with different Pd/Ag ratios at 100% acetylene conversion. (d) Conversion of
acetylene and selectivity to ethene versus temperature on Pd;Ag;/HT. (e) Selectivity of Pd;Ag;/HT over 200 h at a high conversion of acetylene

(>96%) as modulated by reaction temperature. (f) EDS pattern of Pd,Ag;/HT after a 200 h test.

0.005 atm. The key kinetic parameters of the reaction on
Pd,Ag;/Pd;Ag;(111) and the other surfaces are summarized in
Table 1, including the adsorption energy, the adsorption free
energy, and the overall free energy barrier.

On Pd,Ag,/Pd,Ag;(111), the surface featuring Pd lines along
(110) (see Figure 3b), the reaction starts from the acetylene
adsorption at the Pd bridge site near to a surface hydrogen
vacancy (H,). The adsorption needs to overcome an overall
barrier of 0.69 eV, for the creation of H, (+0.20 eV) and the loss
of translational and rotational entropy of the gas-phase acetylene
(+0.49 eV). The adsorbed acetylene (see Figure 3b, C,H,*) is
only 0.08 eV more stable in free energy with respect to the gas-
phase acetylene and hydrogen. Next, the adsorbed acetylene can
react with the nearby surface H atoms to give vinyl and ethene in
a consecutive way, overcoming barriers of 0.67 and 0.37 eV,
respectively. The process is exothermic, and thus the reverse
reaction is inhibited kinetically. Meanwhile, the consumed
surface H can be refilled quickly from the H, dissociation, which
has a low barrier of 0.38 eV. Overall, both the acetylene
adsorption and the first hydrogenation are rate-determining
from acetylene to ethene, with close free energy barriers (0.69
and 0.67 eV).

Similarly, for ethene, it also prefers to adsorb at the available
Pd bridge site near to H,, which is however endothermic by 0.41
eVin free energy. Its hydrogenation to ethyl and to ethane needs
to overcome barriers of 0.50 and 0.24 eV, respectively.
Therefore, the rate-determining step is from ethene to ethyl
with an overall barrier of 0.91 eV, which is significantly higher
than the overall barrier from acetylene to ethene (0.69 eV). Due
to the local high H coverage, the ethene desorption is facile with
only a 0.2 eV barrier, which is much lower than its further
hydrogenation barrier (0.50 eV).

As given in Table 1, for Pd;;Ag;/Pd;Ag;(111) and Pd/
Pd,Ag;(111), the other two representative (111) surfaces of
Pd,Ag; with the surface ensemble of Pd; and Pd layers (see the
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detailed PdAg patterns in Figure 2c), the acetylene hydro-
genation barriers increase to 0.80 and 0.74 eV, respectively,
while the ethene hydrogenation barriers increase to 1.29 and
1.38 €V, respectively, in comparison to those on Pd;Ag;/
Pd,Ag;(111). In contrast, on Pd,Ag,/Pd;Ag;(100), the (100)
surface of Pd Ag; with Pd dimer, the acetylene hydrogenation
barrier is the same as that on Pd;Ag;/Pd;Ag;(111), but the
ethene hydrogenation barrier is much lower (only 0.76 V). For
Pd/Pd,Ag;(111) and Pd;Ag,/Pd,Ag,(100), the two surfaces of
Pd,Ag), the hydrogenation barriers are comparable to those on
Pd/Pd,Ag;(111) and Pd;Ag,/Pd;Ag;(100).

From the data in Table 1, we can see that the hydrogenation of
acetylene and ethene are complexly influenced by the PdAg
bulk, the PdAg surface pattern, and the preadsorbed H, which
suggests the significance of the thermodynamics phase diagrams
for the PdAg bulk and surface (see Figures 1 and 2).
Nevertheless, some general rules can be summarized as follows.

(i) Pd;Ag;(111) has the lowest barrier (0.60 eV) for
acetylene hydrogenation, but the barrier on
Pd,Ag;(111) is not much higher (0.67 eV).

(i) (100) surfaces generally have poorer selectivity in
comparison to (111) surfaces, as reflected by their close
barriers for the hydrogenation of acetylene and ethene. In
particular, Pd;Ag,/Pd,Ag,(100) has the worst selectivity,
with the hydrogenation barrier of ethene being only
slightly higher (0.03 eV) than that of acetylene.

(ili) The activity is sensitive to the local PdAg patterns. For

Pd,Ag;, the Pd, and Pd line local patterns appear to be

more active with lower acetylene hydrogenation barriers

in comparison to the Pd; and Pd layer patterns.

We have performed electronic structure analysis on the PdAg
surfaces. No clear correlation between the electronic structure
and the reaction barrier can be obtained. For example, Figure S3
shows the Pd d states for Pd/Pd;Ag;(111) and Pd;Ag;/
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Pd,Ag,(100), which have quite close d band centers for the
surface Pd (—2.53 and —2.42 eV). However, their ethene
hydrogenation barriers are vastly different (1.38 and 0.81 eV).

It is of interest to compare our results with previous DFT
calculations. We note that most of the previous works typically
utilized models constructed by a manually configurated PdAg
layer on the Pd bulk due to the lack of global PES exploration
and the lack of the consideration of realistic H coverage under
the reaction conditions. It is therefore not surprising that their
reported energetics are quite different from the results in this
work."*>*” For example, Smith et al.** have calculated the
hydrogenation reactions on clean Pd;Ag,/Pd(111) with no
precovered H and obtained adsorption energies of —1.31 and
—0.73 eV for acetylene and ethene, respectively, which are much
higher than our results on Pd;Ag;/Pd Ag;(111), —0.73 and
—0.18 eV (—0.08 and 0.41 eV in free energy). In addition, their
results for the acetylene and ethene hydrogenation barriers are
0.69 and 0.63 eV,” respectively, where the ethene hydro-
genation barrier is significantly lower than our result (0.91 eV)
on Pd;Ag,/Pd;Ag;(111). A recent study by Xie et al.>* reported
that the ethene desorption barrier on Pd(111) at the low H
coverage and high C,H, coverage (corresponding to low
conversion rate) is 0.51 eV at 300 K. This reaction condition
as reflected by the surface coverage is different from the high
conversion condition (high H, pressure) here, where ethene
desorption is no longer a problem and the selectivity is mostly
determined by the hydrogenation barrier difference between
acetylene and ethene. With these comparisons, we again
emphasize the influence of PdAg bulk, PdAg surface pattern,
and the preadsorbed H on the hydrogenation kinetics.

3.4. Catalytic Hydrogenation Experiment. Since theory
discovers many likely PdAg patterns on PdAg alloy surfaces,
which have different hydrogenation kinetics, it is intriguing to
ask whether these patterns exist in real catalysts and how they
affect the catalytic performance. To this end, we have first
synthesized a series of HT (MgAl hydrotalcite)-supported PdAg
nanoparticles with different Pd/Ag ratios, including Pd, Pd,Ag;,
Pd,Ag,, Pd,Ag;, Pd;Ag,, and Pd;Ag;, to examine their catalytic
performance. These catalysts have been characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM),
and energy dispersive X-ray spectroscopy elemental mapping
(EDS mapping), as detailed in Figures S4—S6 in the Supporting
Information. Figure 4a shows a representative TEM picture for
the synthesized Pd;Ag;/HT catalyst, where the PdAg nano-
particles are uniformly dispersed on the HT support with an
average particle size of 6.4 nm. The distance between the close-
packed (111) planes is 0.227 nm for the nanoparticles, which is
between that of fcc Pd (0.224 nm) and fcc Ag (0.236 nm)® and
is consistent with the theoretically predicted values (0.236,
0.228, and 0.240 nm for Pd;Ag;, Pd, and Ag from DFT
calculations with the PBE functional). The EDS mapping in
Figure 4b confirms the formation of PdAg alloy with nice spatial
overlap between Pd and Ag. In line with the theoretical convex
hull diagram (see Figure la), our XRD data (as provided in
Figure S4 in the Supporting Information) confirms the
formation of new PdAg crystal phases at Pd;Ag, and Pd,Ag;,
which show new peaks at 39.6 and 39.1°, respectively, in
comparison with the peaks at 40.0° for Pd and 38.1° for Ag. No
new peaks have been identified for the samples Pd;Ag,, Pd;Ag,,
and Pd;Ag;.

Our acetylene hydrogenation experiments were then carried
out in a continuous-flow fixed-bed microreactor with the feed
gas consisting of 0.5% C,H,, 50.0% C,H,, 5.0% H,, 4.0% He,
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and 40.5% N, at a space velocity of 96000 mL/(g h). The
catalytic data were typically collected at the steady state: i.e.,
after 1 h in stream. We found that all of the PdAg catalysts can
efficiently convert acetylene to ethene or ethane at low
temperatures (below 100 °C). To compare their selectivity,
we kept the 100% acetylene conversion by varying the reaction
temperature, and the results for all the catalysts are shown in
Figure 4c. It is clear that Pd;Ag; achieves the highest selectivity
of 79.1%, while Pd;Ag, has the lowest performance (51.5%).
From Pd,;Ag, to Pd Ag;, with an increase in Ag content, the
selectivity increases from 51.5% to 79.1%, and then from Pd,Ag;
to Pd,Ag;, the selectivity drops gradually to 59.2%. These results
demonstrate that the Ag content is critical to the selectivity.

Figure 4d shows the temperature dependence for the activity
and selectivity of Pd;Ag;. The acetylene conversion increases
from 10% to 100% with reaction temperatures from 20 to 60 °C,
while the selectivity maintains quite steady at around 80%. This
implies that there are a set of different active sites on the Pd,Ag;
catalyst: i.e., both the sites with good selectivity and those with
poor selectivity, and the concentration of the sites do not change
significantly in a short amount of time with respect to the
reaction temperature.

In order to reveal whether the catalyst does undergo structural
evolution during the hydrogenation, we have performed a long-
term catalyst test. Figure 4e shows the selectivity and reaction
temperature for Pd;Ag;/HT over a 200 h reaction at a high
acetylene conversion of >96%, which was maintained by
monitoring and modulating the temperature. We found that
the selectivity can be maintained above 80% throughout the 200
h reaction time and the reaction temperature increases gradually
from 58 to 72 °C. After the 200 h test, the catalyst was analyzed
by HR-TEM (Figure S7 in the Supporting Information) and the
EDS pattern (Figure 4f), which show nearly no change in the
particle size and no detectable deposition of carbon on the
catalyst. The sintering of the nanoparticles and the formation of
high-carbon-weight overlayers that block the catalyst sites can
thus be ruled out. Instead, the increase in reaction temperature
to maintain high conversion is a solid indication of the internal
structural evolution of PdAg nanoparticles, where the newly
emerging sites have lower activity but keep a similar selectivity.

3.5. Microkinetic Simulation. To better understand the
catalytic selectivity and surface structural evolution for the
PdAg/HT catalysts, we have performed microkinetic simu-
lations on three situations according to our surface thermody-
namics phase diagrams (see Figure 2): the first is the Pd line
ensemble on (111) (Pd,Ag;/Pd;Ag;(111) surface) and the pure
Ag covering (100), which corresponds to the thermodynami-
cally favored configuration right after catalyst preparation, the
second is the Pd layer on (111) (Pd/Pd,Ag;(111) surface) and
also the Pd dimer on (100) (Pd;Ag;/Pd;Ag;(100) surface) at
(111):(100) = 60:1, which mimics the likely more Pd exposed
situation after the long-term catalytic reaction, and the third is
based on the Pd;Ag; catalyst, including the Pd layer on (111)
(Pd/Pd,Ag,(111) surface) and Pd; ensemble on (100)
(Pd;Ag,/Pd Ag,(100) surface) at (111):(100) = 10:1, which
corresponds to the favored Pd;Ag, surfaces.

A continuously stirred tank model was built up to simulate the
reactions in the fixed bed reactor: i.e., the feed gas inflows a tank
while the reacted gas outflows in every time interval. According
to our experimental conditions, the simulations have the
following setup: the feed gas consists of H,, C,H,, and C,H,
in the ratio of 5:0.5:50, the contact time is set to be 0.01 s, i.e. in
every 107° s, we add 0.01% feed gas into the tank and remove
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0.01% reacted gas, and the reactions take place at 60 °C. The
kinetic parameters based on the hydrogenation energetics (see
Figure 3 and Table 1) are summarized in Table S3 in the
Supporting Information.

Figure 5 shows the time-resolved contents of acetylene,
increased ethene, and ethane from the simulations. For the
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Figure S. Time-resolved reaction curve from microkinetic simulations
at 60 °C and p(H,):p(C,H,):p(C,H,) = 5:0.5:50 for (a) Pd;Agy/
Pd,Ag,(111), (b) Pd/Pd,Ag;(111):Pd,Ag,/Pd,Ag;(100) = 60:1, and
(c) Pd/Pd,Ag,(111):Pd;Ag,/Pd,Ag,;(100) = 10:1.

reaction on Pd,Ag,;/Pd;Ag;(111) (see Figure Sa), the acetylene
content is quickly consumed from 1 to 0.04 within 1.5 X 107> s
due to the adsorption and hydrogenation on the surface and
then remains nearly constant, leading to a conversion of 96.3%.
Meanwhile, ethene is generated from the hydrogenation of
acetylene and reaches a maximum content of 0.935 at 2.5 X 107>
s, which then slightly drops to 0.87 at 2 X 107 s due to the
further hydrogenation to ethane. Of interest, the times for
acetylene adsorption (1.5 X 107* s) and hydrogenation (2.5 X
107 s) are comparable, resulting from their similar barriers
(0.69 and 0.67 V). The final selectivity to ethene is 90.5%.

In contrast, for the reaction on Pd/Pd;Ag;(111) and Pd,Ag,/
Pd,Ag;(100) with the catalytic sites at a ratio of 60:1 (see Figure
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5b), the time for acetylene adsorption (2.5 X 1072 s) is
comparable to that on Pd;Ag;/Pd;Ag;(111) (1.5 X 107 s), but
the acetylene hydrogenation to ethene becomes much slower (2
X 1072 s), which is the result of the increased hydrogenation
barrier (0.74 eV). This reduces the acetylene conversion to
94.6%. Importantly, since there is a minor presence of Pd dimer
sites exposed on (100), which provide a relatively low energy
pathway for the deep hydrogenation (0.76 eV), ethane is
generated at 5 X 107> s, leading to a small turning point for the
increase in ethene product. The final selectivity is 92.1%,
benefitting from the high ethene hydrogenation barrier (1.38
eV) on Pd/Pd;Ag;(111).

For Pd,Ag, (Figure Sc), we found that the acetylene
consumption and the conversion (96.4%) are nearly the same
as that on Pd,Ag,/Pd,Ag;(111), which is limited by the
acetylene adsorption step (0.69 eV). However, due to the
appreciable presence of (111):(100) = 10:1 and the favorable Pd
exposure on (100), the catalyst can also hydrogenate ethene,
which leads to a final selectivity of only 70.7%, much lower than
that on Pd,Ag,/Pd Ag;(111).

On the basis of the results from microkinetic simulations, we
are now in a position to discuss the observed conversion and
selectivity of the PdAg catalysts in experiment. For Pd;Ag;, we
confirm in microkinetics that the Pd layer ensemble, with an
acetylene hydrogenation barrier of 0.74 eV, is indeed less active
than the Pd line ensemble (0.67 eV) and the reaction
temperature needs to increase to maintain the acetylene
conversion. This completes the reaction picture that Pd atoms
gradually accumulate onto the surface layer over the long-term
experiment accompanied by a decrease in activity. The
selectivity of the catalyst is well maintained due to the major
Ag coverage on the (100) surface: the population of Pd on (111)
improves the selectivity but has the reverse effect on (100),
which cancels each other in the overall effect. In contrast, for
Pd,Ag,, the selectivity is much lower due to the high exposure of
Pd atoms on (100).

4. CATALYST SCREENING AND DISCUSSION

The combination of theory and experiment allows us to provide
deeper insights into the PdAg catalyst. Pd;Ag; is the best Pd:Ag
ratio, where Pd atoms are maximally separated from each other
and (100) can be mostly terminated by Ag; there is a tendency
for Pd to aggregate onto the surface over a long reaction time,
which may dramatically reduce the selectivity if Pd;Ag, is locally
present. The (100) surface is generally undesirable, which is the
cause for the low selectivity. This key information has inspired us
to search for a better PdAg catalyst by controlling the Pd:Ag
ratio and search for a support to finely disperse PdAg and to
better terminate the (100) surface. The finely dispersed PdAg
will reduce the area of (111) and (100), which thus limits the
PdAg local surface patterns and decreases the possibility of the
inhomogeneous presence of Pd;Ag; in Pd;Ag;.

For this purpose, a series of common support materials,
including a-AlL, 03, y-AL O3, SiO,, Y,0;, CaCO;, rutile-TiO, (r-
Ti0,), anatase-TiO, (a-TiO,), P2S, and Ti-MWW, have been
tested for the synthesis of the Pd;Ag; catalyst. These catalysts
were then tested for the catalytic performance, and the results
are shown in Figure 6a, which compares the catalytic selectivity
at 100% acetylene conversion. We found that Pd;Ag;/rutile-
TiO, is the best catalyst, even overperforming Pd;Ag;/HT.
Interestingly, the change in TiO, phase from rutile to anatase
will significantly reduce the selectivity, and a mixture of rutile
and anatase phases, ie. the P25 material, also gives lower
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Figure 6. (a) Selectivity of Pd,Ag; catalysts on different supports at
100% acetylene conversion. (b) Selectivity of Pd;Ag,/rutile-TiO, over
100 h at a high conversion of acetylene (>96%) as modulated by the
reaction temperature.

selectivity in comparison to the pure rutile phase. Our HR-TEM
and XRD data (Figures S8 and S9 in the Supporting
Information) for Pd;Ag;/rutile-TiO, indicate that the rutile
support can finely disperse the Pd;Ag; nanoparticles with an
average size of below 4.9 nm, which is ~2 nm smaller than that
on Pd;Ag;/HT. In the sample, there is no obvious peak for an fcc
crystal from XRD, and the large PdAg crystalline particles are
also much more scarce in comparison to those on the HT
support, as shown by HR-TEM. Indeed, our ongoing SSW-NN
simulations found that small Pd;Ag; nanoparticles (N, < 50)
on rutile-TiO,(110) prefer to expose (111)-like facets with an
exposed Pd, local structure (see Figure S10 in the Supporting
Information), which could be the key to the high selectivity of
the catalyst.

A long-term catalyst test for Pd Ag;/rutile-TiO, was also
performed to examine the catalyst stability, and the results are
shown in Figure 6b. We found that the Pd Ag;/rutile-TiO,
catalyst can maintain a good selectivity above 85% at a
conversion of >96% over the 100 h catalyst test. Similarly, the
reaction temperature increases slightly from 70 to 80 °C during
the catalyst test at the constant high conversion rate.

Finally, we discuss the performance of Pd,Ag;/rutile-TiO, in
the context of previously reported catalysts (also see the detailed
catalyst summary for acetylene hydrogenation in Table S5 in the
Supporting Information). We note that the previous low-
temperature catalysts for acetylene selective hydrogenation
generally adopt the Pd element as the active component. This is
because the replacement of Pd by Ni or Fe elements will elevate
the reaction temperature up to 200 °C,*'*°°7% which is
undesirable in industry due to the need to heat up the feed
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gas.”~” Therefore, we mainly focus on the comparison within
Pd-based catalysts. Armbriister et al.>?%%97% have shown that,
in addition to PdAg, the PdGa alloy can also improve the
selectivity of pure Pd, and the Pd,Ga,/Al,O; catalyst achieves
the best selectivity of 75% at a high acetylene conversion
(>95%). The Pd-In alloy is also likely to be a good candidate:
Feng et al.** achieved a high selectivity of 92% on Pd,In,/
MgALO, catalyst, but Cao et al.”> obtained a much lower
selectivity of 77% on Pd,;In;/Al,O;. We thus conclude that the
Pd,Ag;/rutile-TiO, catalyst identified in this work is indeed
among the catalysts with a top-level performance (conversion
>96%, selectivity >85%).

5. CONCLUSIONS

By a combination of machine-learning atomic simulation and
experiment, this work revealed the catalytic role of Ag in PdAg-
catalyzed acetylene selective hydrogenation and identified a
rutile-supported Pd;Ag; catalyst with good performance at low
temperatures. The advent of global neural network potential
techniques allowed us to quickly assess millions of structure
candidates for complex catalyst structures, which led to the
resolution of the bulk and surface phase diagrams of Pd-Ag-H.
The combination of catalysis experiments and microkinetic
simulations based on low-energy pathway energetics provided a
consistent explanation of the dynamic catalyst evolution during
catalytic conversion. This combinatory approach opens the door
for the rational design of complex catalyst systems in the future.
The key findings of this work are further outlined below.

(i) The formation energies of PdAg alloys are generally small
(below —0.06 eV/atom), but the presence of Ag inhibits
the dissolution of H in the PdAg bulk. Two typical bulk
structures, Pd,Ag, (R3m) and Pd,Ag; (Pm3m) have been
identified. In Pd;Ag;, Pd atoms can be maximally
separated with Pd being in the second-neighbor shell of
Pd.
Ag tends to segregate on the surfaces of PdAg alloys, but
H adsorption can reverse the process, which can produce
arange of surface patterns, including the Pd line, Pd,, Pd;,
Pd;, and Pd layer ensembles on the surface. In particular,
Ag prefers to segregate on (100) and under typical
reaction conditions (i.e., 25 °C, p(H,) = 0.05 atm) Pd is
no longer favorably exposed on (100) when Pd/Ag < 1/3.
For acetylene hydrogenation, the (111) surfaces are
generally more selective than the (100) surfaces. Pd,Ag;,
with (100) being entirely covered by Ag, can achieve the
best catalytic performance (>90% selectivity in theory).
It is evident that Pd atoms slowly accumulate onto the
surface layer during catalytic conversion. This Pd surface
segregation reduces the activity due to the formation of
Pd; and Pd layer ensembles, which have higher ethene
hydrogenation barriers (0.80 and 0.74 V) in comparison
to the Pd line ensemble (0.67 eV). To keep the same
activity, the reaction temperature needs to be increased
slightly.
(v) Arutile-supported Pd;Ag; catalyst is identified to achieve
the best catalytic performance (conversion >96%,
selectivity >85%) over a long-term catalysis test.

(i)

(iii)

(iv)
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