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ABSTRACT: Catalytic hydrogenation is the key measure to remove traces of acetylene in ethylene in the petroleum industry.
Herein we report a highly selective and stable nanocatalyst, Pd,Ag; supported on rutile-TiO, (r-TiO,) annealed at unusually high
temperatures (>750 °C), which can purify ethylene mixed with 1% of acetylene at 97.2% selectivity and 100% acetylene conversion
below 100 °C. The selectivity is more than 10% higher than that in our previous work. This advance is achieved by a rational catalyst
search featuring machine learning to correlate catalyst synthesis conditions with the catalyst performance and a large-scale machine-
learning atomic simulation for disclosing composite atomic structures at high temperatures. We show that Pd;Ag; alloy crystal
nanoparticles form until 727 °C and the alloy nanoparticles grow epitaxially on r-TiO,(110) via its {111} facets. The maximum
exposure of the alloy {111} surface is the key to the highest selectivity among the different supports tested, as confirmed by high-
resolution characterization experiments and microkinetics simulations. Our results demonstrate the power of multiscale machine-
learning tools in guiding the catalyst design and clarifying the atomic nature in complex heterogeneous catalysis.

KEYWORDS: acetylene hydrogenation, PdAg;, r-TiO,, machine learning simulation, random forest, SSW-NN

1. INTRODUCTION

The selective hydrogenation of acetylene to ethylene (semi-
hydrogenation) in an excess of ethylene is one of the most
important petrochemical processes used for purifying ethylene,
a platform molecule with massive production.'”” The
industrial PdAg alloy catalyst, although utilized for years,
does not have satisfactory activity and selectivity, typically
obtaining ~55% selectivity at 90% acetylene conversion.®”""*
How to effectively remove acetylene while avoiding undesired
ethylene hydrogenation and oligomerization has been an
intriguing but challenging problem in the industry for
decades.”™"” Tremendous efforts have been devoted to
searching for better catalysts, typically by replacing Pd or Ag
with other elements, but little progress has been made in the
performance under industrial conditions (low temperature, low
acetylene:ethylene composition ratio).*”°™>' Herein with
machine-learning (ML)-guided catalysis experiments we reveal
a high-temperature annealed Pd;Ag; alloy crystal catalyst
supported on r-TiO,, which achieves 97.2% selectivity at 100%
acetylene conversion below 100 °C with an acetylene:ethylene
ratio of 1:100.
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The utilization of PdAg alloy as the industrial catalyst was
long attributed to the essentiality of Pd for low-temperature
hydrogenation and Ag alloying to block the low-selectivity
sites.'”"” For pure Pd metal, despite its high activity as a
hydrogenation catalyst, it transforms readily to PdH, hydride
phases under hydrogenation conditions, which promotes
ethylene hydrogenation and thus reduces the selectiv-
ity.'“**7** While the addition of Ag does prevent the
formation of hydride phases, the active structure of the PdAg
alloy during catalysis is largely elusive, since a face-centered-
cubic (fcc) solid solution (random Pd—Ag distribution) was
found when annealing below ~900 °C.»® Fundamentally, this
is due to the fact that the ordered PdAg alloy crystal is not
strongly preferred thermodynamically compared to Pd and Ag
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metals: as confirmed by density functional theory (DFT)
calculations,*® Pd;Ag,, being the most stable alloy crystal
phase, is only 0.06 eV/atom more stable than individual pure
metals. Indeed, experiments have observed a dynamic Pd—Ag
exchange on the surface of PdAg alloy above 447 °C, which
suggests complex and heterogeneous surface structures for
PdAg catalysts.””**

To correlate the catalytic selectivity with the catalyst active
sites, we recently explored the acetylene hydrogenation
pathways on a series of thermodynamically stable PdAg
surface sites by using ML atomic simulations.”® It was found
that the Pd sites exposed on the {100} facets have the poorest
selectivity and if {100} facet is blocked, for example, at Pd:Ag
< 1:3 where the {100} facet is terminated by a full monolayer
of Ag atoms under the reaction conditions, the selectivity can
be boosted. These atomic-level understandings led to the
finding of a r-TiO,-supported Pd;Ag; catalyst that can achieve
~85% selectivity at >96% acetylene conversion below 100 °C,
after screening the Pd;Ag; catalyst on a series of support
materials.’® Although the experimental results confirm the
importance of the Pd:Ag ratio, the type of support material
emerges as a new variable to influence the catalyst perform-
ance, which raises naturally the query on important variables
possibly overlooked in the experiment for further improving
the selectivity.

Here we utilize a multiscale ML-guided catalyst design
approach to search the synthetic space to maximize the catalyst
performance. As shown in Figure 1, a phenomenological-level
ML* is first utilized to rank the importance of synthetic
conditions from the experimental data set with a large variable
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Figure 1. Scheme of a multiscale ML-guided catalyst search where
catalyst synthesis procedures via three possible routes are outlined.
(a) Relationship between multiscale ML, data set construction and
catalysis experiments in our catalyst search. (b) Catalyst synthesis
procedures, where the text in red indicates the key variables as the
input for the phenomenological-level ML.

space, large-scale atomic simulations using global neural
network potential*® are then performed to reveal the catalyst
structure evolution, and finally the designed catalysis experi-
ments on key variables are carried out to validate the catalytic
performance. By carefully tuning the annealing temperature
and the supporting material (the factors ranked high by the
ML model) in catalyst synthesis, using atomic simulations to
observe PdAg growth dynamics, and performing detailed
catalyst characterizations, we now manage to improve the
acetylene semihydrogenation conversion and selectivity to
100% and 97.2% for the acetylene semihydrogenation. We
show that this combinatorial approach effectively identifies the
key parameters in synthesis and leads to a composite catalyst
with high activity and selectivity for acetylene hydrogenation.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Rutile-TiO,. r-TiO, nanorods were
synthesized using the procedure reported in the literature.*!
Briefly, 6.6 mL of TiCl, was dissolved in 13.4 mL of distilled
water within an ice—water bath to obtain a 3 M TiCl, solution.
Then, 35 mL of concentrated nitric acid (68%, HNO;) was
refluxed at 140 °C, and then 20 mL of the 3 M TiCl, solution
was quickly injected into vigorously stirred nitric acid solution.
After 24 h of reaction, the final products were filtered, washed
with distilled water, and then freeze-dried under vacuum.

2.2. Synthesis of PdAg/r-TiO,. The PdAg catalysts were
typically synthesized by a coimpregnation method and
supported on r-TiO,. Briefly, the r-TiO, was dispersed in an
appropriate amount 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 and
stirring was continued for 12 h. Thereafter, the samples were
freeze-dried under vacuum. Finally, after calcination in several
gases (5% H,/Ar, 100% H,, N, air, and vacuum) at different
annealing temperatures (150, 300, 450, 600, 750, and 900 °C)
for a period, the PdAg/r-TiO, catalysts were obtained (see
Figure 1b). For comparison, some samples were not calcined
but reduced in solvent using chemical reagents (NaBH,,
DMAB, LiAlH,, CO, etc.). Then, the products were collected
and freeze-dried under vacuum. More details can be found in
Section 1 in the Supporting Information.

2.3. Synthesis of PdAg with Other Supports. A range
of different commercially available supports (anatase-TiO, (a-
TiO,), P2S, ZSM-S, y-AL, 05, a-Al,0; CeO,, ZrO,, SiO,,
Sn0O,, Y,0;, HT, CaCO;, GO, C, MCM-41, AI-MCM-41, Ti-
MWW, Ti-MOR, SAPO-34) were also examined as the PdAg
catalyst supports. They were generally synthesized by a
coimpregnation method, similar to the Pd;Ag;/r-TiO,
catalysts. More details are summarized in Table S1.

2.4. Catalytic Hydrogenation Reactions. All catalytic
reactions were performed in a continuous-flow fixed-bed
microreactor. For comparison, all samples contain 0.25 mg
of Pd, mixed with 20 g of green silicon carbide. The gas
consists 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) equipped with two thermal conductivity
detectors (TCDs) and a flame ionization detector (FID).
The activity and selectivity of the catalysts were taken from the
steady data after 6 h in the stream. The acetylene conversion,
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Figure 2. Random forest (RF) ML and large-scale ML atomic simulations for analyzing experimental data and guiding the catalyst search. (a)
Feature—importance scores of catalyst descriptors from the RF ML prediction. The more important the feature is, the higher the yield of acetylene
semihydrogenation will be. (b) Variations of the yield of acetylene semihydrogenation against the annealing temperature, where the points of the
training set (257 samples, blue), the top performance data points at each temperature from a 10000 predicted set (gray), and the ML-guided
experiments (106 samples, red) are shown. (c) Potential energy variation of Pd,s-Ag,og supported on r-TiO,(110) at 327, 527, and 727 °C during
the 2.2 ns MD simulations. (d) Final snapshots from the MD simulations in (c) at three temperatures (top) and the Pd site distribution (bottom
pie plots) from the local optimized structure of the MD final snapshots, where that at 727 °C is exemplified. (e, f) Global minimum structures in
the absence (e) and presence (f) of H atoms (full coverage) determined by SSW for a Pd,Ag; nanoparticle (Pd;,Ag, o) on r-TiO,, highlighting the
crystalline facets of the alloy. The presence of H will lead to the resurfacing of Pd on the (111) facet, but not on the (100) facet.

ethane selectivity, and yield were calculated by using eqs 1-3,
respectively

C,H in) — C,H ou
Cacetylene = 2 2 2 2o X 100%
CyHin) (1)
C,H out) C,H in
S, = |1 - =) 22 Sy 909
CoHa gy = CoHy o (2)
yleld - acetylene X S ethylene X 100% (3)

where in/out subscripts refer to the concentrations measured
in the inlet/outlet ports. Positive values for C,H, selectivity
and vyield refer to the net gains of ethylene during the
hydrogenation process, whereas negative values represent the
C,H, loss.

2.5. Random Forest ML. The scikit-learn package (scikit-
learn.org) in Python was utilized to build the random forest
regression model, which has ten trees with the whole data set
to train each tree. The default values were used for common
model parameters (e.g., the maximum depth of each tree, the
minimum number of samples required to be at a leaf node,
etc.). We selected seven different parameters as the input,
including the Pd loading (0.01-20%), Ag loading (0.01—
30%), the support types assigned to different numbers (1, r-
TiOy; 2, y-ALOy; 3, ZSM-5; 4, AI-MCM-41; 5, CeO,; 6, Ti-
MOR; 7, a-Al,O3; 8, anatase-TiO,; 9, C; 10, graphene oxide;
11, SAPO-34; 12, Y,05; 13, MCM-41; 14, HT; 15, Ti; 16, Ti-
MWW; 17, SiO,; 18, CaCOs; 19, P2S; 20, ZrOs; 21, SnO,; 22,

14874

SiC), the preoxidation condition represented by 1 and 2
(whether calcined in air at 450 °C for 4 h; 1 no and 2 yes), the
reductants represented by different numbers (0, no reductant;
1, gaseous 5% H,; 2, 100% N,; 3, under vacuum; 4, NaBH,; S,
dimethylamine; 6, calcination in air; 7, LiAlH,; 8, 100% CO; 9,
100% H,), the annealing temperature (150—650 °C), and the
annealing time (1—10 h) and the yield of ethylene as the
output.

2.6. ML Atomic Simulations. All atomic simulations for
Pd—Ag nanoparticles on TiO,(110) were carried out using the
G-NN** potential obtained via SSW global PES explora-
tion"* as implemented in the large-scale atomic simulation with
neural network potential (LASP) package® (www.lasphub.
com). The Pd—Ag—Ti—O—H five-element G-NN potential
was established by iterative self-learning from the global PES
data set, as inherited from the previous first-principles DFT
data set of Pd—Ag—H"® and complemented with the new data
set for the Pd—Ag—H/TiO, composite. The final data set
contains 145121 structural configurations covering different
Pd—Ag—Ti—O—H compositions that were calculated by DFT
(the data set is openly available on the LASP Web site).

To pursue a high accuracy for the PES and speed up the NN
training in multielement systems, we adopted a double-net
framework as proposed recently,45 where Ti, O, and H utilize
two neural networks and Pd and Ag utilize a single net. A large
set of power-type structure descriptors (PTSD) were utilized
to describe the chemical environment for each element. For
example, in Pd NN there are 140 two-body, 270 three-body,
and 8 four-body PTSDs. Compatibly, a large neural network
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with two to three hidden layers (e.g, 418—50—50—1 for Pd/
Ag and the first net of Ti/O/H and 229—80—50—50—1 for the
second net of Ti/O/H) was generated, involving 192908
network parameters in total. Hyperbolic tangent activation
functions were utilized for the hidden layers, while a linear
transformation was applied to the output layer of all networks.
The final accuracy of the G-NN potential has the energy and
force in the root-mean-square errors (RMSE) of 6.146 meV/
atom and 0.153 eV/A respectively, with respect to DFT results.

3. RESULTS AND DISCUSSION

In this work, 257 PdAg catalyst samples were first synthesized
to explore the variable space in the experiment. As shown
schematically in Figure 1b, a number of experimental
conditions that might influence the catalyst performance
were modulated in a wide range, including the Pd loading
(0.01—20%), Ag loading (0.01—30%), the support (r-TiO,, C,
ZSM-S, 7-AL O3, a-TiO,, CeO,, GO, ZrO,, P25, SiO,, CaCOs;,
Al-MCM-41, Ti-MOR, SAPO-34, Y,0,;, HT, MCM-41, and
Ti-MWW), the preoxidation condition (whether calcined in air
at 450 °C for 4 h prior to reduction), the reductants (including
gaseous 5% H,, 100% H,, CO, N,, and air with calcination and
NaBH,, LiAlH,, and dimethylamine—borane in aqueous
solution), the annealing temperature (150—650 °C with an
interval of 50 °C), and the annealing time (from 1 to 10 h). All
details for the experiments, including the synthetic method and
conditions, can be found in Table S1. The catalyst evaluations
were carried out in a continuous-flow fixed-bed microreactor in
a feed gas consisting of 0.5% C,H,, 50.0% C,H,, 5.0% H,, 4.0%
He, and 40.5% N, at a space velocity of 96,000 mL g_1 h™, the
typical industrial condition. The performances of the catalysts
were evaluated using the ethylene yield (the activity multiplies
bt the selectivity; see eqs 1—3) at the highest acetylene
conversion by controlling the reaction temperature.

With these experimental data, a phenomenological-level ML
using the random forest (RF) model was utilized to find the
correlation between synthesis conditions and catalyst perform-
ance. A series of descriptors were designed to distinguish
different catalysts, including the chemical compositions of the
catalysts (Pd:Ag ratio, supporter type, and Pd loading) and
those related to the synthetic conditions (annealing temper-
ature, annealing time, preoxidation, and reductant), which
were confirmed to be linearly independent by a Pearson
correlation analysis (with the absolute value of correlation
coefficients <0.4, see Figure S1). The RF model was trained
using these catalyst descriptors as input and the selectivity of
acetylene hydrogenation as output, based on 90% of the
experimental data: i.e., 231 samples. As shown in Figure S2, the
data fit well by the RF model with the R* being 0.91 and 0.87
on the training data and the test data (the remaining 10% of
the samples), respectively.

Figure 2a shows the importance ranking for the catalyst
descriptors discovered by the RF model, where the Pd:Ag ratio
is, not surprisingly, the most important descriptor for ethylene
yield, followed by the annealing temperature and the supporter
type. While the significance of Pd:Ag ratio (weight 51.6%) was
rationalized by our previous work,*® the great influence of the
annealing temperature was unexpected, which together with
the support material and the weight of 36.4% in total for the
catalyst performance, thus points to new directions for catalyst
design.

To quantify the catalyst design, we generated randomly
10000 hypothetical experimental conditions and utilized the

RF model to predict their catalyst performance, as shown in
Figure 2b, where the variation of ethylene yield is plotted
against the annealing temperature, for both the training data
set (blue points) and the predicted hypothetical experiments
(gray points for only the highest yield at each annealing
temperature). It predicts that when the annealing temperature
is below 600 °C, the higher the annealing temperature, the
higher the selectivity, and the selectivity reaches a plateau of
89.7% above 600 °C, which corresponds to a Pd;Ag; catalyst
supported on r-TiO, with 1% Pd loading, annealed at 650 °C
for 4 h. This prediction steered us to focus on the high
annealing temperature and the type of support, which should
determine collectively the catalyst morphology and surface
structure. The ML atomic simulations of the PdAg/TiO,
composite and ML-guided catalysis experiments were thus
performed to reveal the metal—support interaction and validate
theoretical predictions.

The large-scale atomic simulations of complex materials now
become feasible with the advent of global neural network (G-
NN) potential as practiced by us in recent years,**** which is
several orders of magnitude (>10*) faster than traditional DFT
calculations but with comparable accuracy. To simulate the
PdAg/TiO, composite, we generated a Pd—Ag—Ti—O—-H
five-element G-NN potential by inheriting the previous first-
principles data set for Pd—Ag—H and adding the new data set
for PdA—Ag—H’® nanoparticles on the TiO, material. The G-
NN potential was established by iteratively learning from the
global potential energy surface (PES) of different Pd—Ag—H
composition clusters on TiO, surfaces, as sampled by a
stochastic surface walking (SSW) exploration***” (The SSW-
NN method and the generation of G-NN potential are detailed
in Supporting Information, and the data set for G-NN training
is summarized in Table S2.) Based on the Pd—Ag—Ti—O—H
G-NN potential, we performed a series of long-term molecular
dynamics (MD) simulations using the isothermal Nose—
Hoover method from 27 to 827 °C at an interval of 100 °C
(simulation time >2.2 ns at each temperature) to follow the
structure evolution from low to high temperatures. All MD
simulations were carried out in a p(20 X 5) (59.4 A x 33.0 A)
r-TiO,(110) supercell, starting from the initial structure with
two separated nanoparticles, Pd,os (~2 nm) and Ag,ys (~2
nm) (2216 atoms in total). For comparison, similar
simulations from individual Pd and Ag particles were also
performed, from which the melting point of the nanoparticle
was determined. The main theoretical results are summarized
in Figure 2c—e, which are elaborated in the following.

Our MD results show that below 227 °C there is no
significant interaction between Pd and Ag nanoparticles (see
Figure S3), as they remain separated. At 327 °C, the Ag
nanoparticle first undergoes a dramatic morphology change,
where the local Ag—Ag bonds break with the Ag atoms starting
to flow to the nearby Pd nanoparticles and then climb over the
Pd surfaces, as shown in the first snapshot in Figure 2d. At this
temperature, the mixing of Ag and Pd is very slow with no sign
of forming a face-centered-cubic (fcc) PdAg alloy in the 2.2 ns
simulation time; the Pd nanoparticle continues to expose large
surface areas with both Pd triangles (31.3%, feature of the
{111} facet) and Pd squares (2.8%, feature of the {100} facet),
as summarized in the pie plot for Pd sites in Figure 2d. It
should be mentioned that 327 °C is already close to the
melting point of the Ag,ys nanoparticle (~377 °C from our
MD simulations; see Figure S4), which explains why an Ag
nanoparticle can break the Ag—Ag bonds and diffuse onto the
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surface of a Pd nanoparticle. We also note that both Pd and Ag
atoms tend to bond to the protruding bridge O (O,,) of r-
TiO,(110), instead of the atoms in the groove (see the
statistical data from the last 0.2 ns simulations in Table S3).
Despite the formed Pd—Oy, and Ag—O,, bonds, the r-
TiO,(110) surface is largely intact during the simulation at 327
°C.

As the temperature was elevated to 527 °C, the whole Ag
nanoparticle disappears with all Ag atoms migrating onto the
Pd nanoparticle within ~1 ns, accompanied by a continuous
drop in potential energy (see Figure 2c). The Pd atoms remain
largely immobile during 2.2 ns since the temperature is still far
below the melting point of Pd,p; (~777 °C from our MD
simulation; see Figure S5). While the surface Ag atoms have
difficulty in dissolving into the Pd bulk that requires breaking
the Pd—Pd bonds, a few Pd sites (4.4% monomer and 1.9%
dimer; see Figure 2d bottom pie plot) remain exposed on the
surface. When the temperature arrives at 727 °C, the surface
Ag atoms quickly dissolve into the Pd bulk within ~0.1 ns,
which yields finally a uniform but rather disordered PdAg alloy.
Compared to 527 °C, there are more Pd monomer (8.3%) and
dimer (7.6%) sites exposed, although the Ag atoms are still rich
on the surface due to their smaller surface energy. It is notable
that, during the alloy formation, the bottom layer of the PdAg
nanoparticle is gradually taken over by Ag atoms to interact
with TiO,(110) (see Table S3), indicating the higher affinity
between Ag and TiO,. Importantly, O, atoms now diffuse out
from the original (110) bridging row to the five-coordinated Ti
site (the terminal O) at 727 °C, which helps to stabilize the
PdAg nanoparticle by forming stronger metal-O bonds
(Figure S6).

To obtain the crystalline alloy structure quenched after
annealing, we then utilized an SSW global optimization to
search for the global minimum (GM) for differently sized
Pd,Ag; nanoparticles on r-TiO,(110). We found that the GMs
of small alloy nanoparticles (<1 nm) in general do not have an
fcc packing form, whereas large alloy nanoparticles adopt the
Pd,;Ag; fcc crystal. As a representative, the determined GM for
a Pd;,Ag,;, nanoparticle (~2 nm) is shown in Figure 2e. All
surfaces and the interface (the bottom layer) of the
nanoparticle are covered by Ag atoms, and importantly, the
interface Ag layer adopts the (111) facet, where the
reconstructed terminal O at the five-coordinated Ti site
helps to stabilize the particle edge via Ag—O bonds. This yields
an orientation relation between a Pd Ag; nanoparticle and r-
TiO, as PdAg(111)//TiO,(110), where PdAg[110] is roughly
in parallel with TiO,[001], suggesting the epitaxial growth of
Pd;Ag;(111) on r-TiO,(110) (see Figure 2e, inset). It should
be mentioned that we also performed an SSW structure search
for Pd;Ag; nanoparticles supported on a-TiO,(101), the most
stable surface of anatase, and did not find the special
crystallographic correspondence.

In contrast, under the hydrogenation conditions where H, is
rich, Pd atoms become energetically favorable to locate on the
surface due to the formation of surface Pd—H bonds. This
occurs only on (111) facets at Pd:Ag = 1:3 (see Figure 2f),
which then creates mainly two types of surface Pd patterns
(i.e, 90.9% Pd triangles on (111) and 9.1% Pd lines at the
edges), both being the active sites for acetylene semi-
hydrogenation. As also shown in our previous work,*® the
ethane formation via ethylene hydrogenation has a higher
barrier (>0.91 eV) at these (111) sites compared to that on the
surface Pd sites on (100) surfaces.

On the experiment side, with the guidance of RF prediction
(gray line Figure 2b) and the determination of the PdAg
alloying temperature (>727 °C) from atomic simulation, we
have further synthesized a series of Pd,Ag; catalysts (106
samples, see Table S4 and Figure S7 for details on the
experiments) on different supports annealed at relatively high
temperatures (600—1000 °C), as also plotted in Figure 2b (the
red points), and evaluated their catalytic performance.

Taking r-TiO,, the best support discovered, as an example,
Figure 3a highlights the variation of the selectivity with respect
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Figure 3. Catalytic performance for acetylene semihydrogenation on
Pd;Ag;/r-TiO, catalysts. (a) Selectivity and reaction temperature of
the Pd;Ag;/r-TiO, catalysts synthesized at different annealing
temperatures. The 750 °C annealed sample achieves a 97.2%
selectivity with 100% conversion at 98 °C. The inset compares the
yield to ethylene of Pd;Ag; on 11 different supports after annealing at
750 °C. (b) Long-term activity and selectivity of Pd;Ag;/r-TiO, and
Pd;Ag;/a-TiO, catalysts for acetylene semihydrogenation.

to the annealing temperatures. Pd;Ag;/r-TiO, exhibits a sharp
increase of selectivity from 42.1% to 97.2% with an increase in
annealing temperature from 150 to 750 °C, and a further
increase in temperature to 900 °C slightly reduces the
selectivity to 85.5%. The best sample thus corresponds to
that annealed at 750°C (T750 sample), which achieves 97.2%
selectivity at 98°C with 100% conversion. The high annealing
temperature required for the PdAg catalyst is consistent with
the start-up temperature (727 °C) of PdAg bulk alloy
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formation from our atomic simulations. It should be
mentioned that the annealing temperatures with an H,
atmosphere rePorted in the literature are generally around
150—600 °C,%"%%° which are not sufficient to create PdAg bulk
alloys. As shown in the inset of Figure 3a, the r-TiO, support
has a yield of acetylene hydrogenation 20% higher than that of
the CaCOj, support (77.6%). For catalysts on different support
materials with the same Pd;Ag; composition and the high
annealing temperature (>750 °C), the top 30 samples in
Figure 2b, their performances are generally good (>93.0%
selectivity), ranking in the top 10% among all 363 samples, and
higher than those of most of the reported catalysts in the
literature (see Table §5). 27361757

Next, the long-term stability and performance of the
Pd Ag;/r-TiO, and Pd Ag;/a-TiO, catalysts were evaluated
over a 120 h hydrogenation experiment by maintaining the
high conversion, as shown in Figure 3b. We found that the
selectivity is rather stable, above 95% (Pd;Ag,/r-TiO,) at the
high conversion (>98%), which is consistently higher than that
of Pd;Ag; on a-TiO, (88%), suggesting the special promoting
role of the crystal surface registry between r-TiO, and Pd;Ag;
nanoparticles, PdAg(111)//TiO,(110). The ethylene oligome-
rization products and the “green oil” droplets (mainly long-
chain hydrocarbons) are not found in the outlet products,
reflecting that the catalyst is not poisoned over the long-term
high-conversion test. Our TEM investigation also confirmed
that the surface morphology of metal nanoparticles maintains a
clear-cut surface edge after the long-term experiment (Figure
S8). The likely surface structure evolution (Pd—Ag exchange
and surface reconstruction) due to the adsorption of acetylene
and H species®™*® thus does not markedly affect the activity
and selectivity.

To provide a deeper understanding of the catalyst structure
evolution in synthesis and compare them with the atomic
simulation results, we prepared a series of Pd;Ag;/r-TiO,
catalysts by the coimpregnation of Pd(NO;), and AgNO,
(Pd:Ag = 1:3) on r-TiO, followed by annealing under a 5% H,
atmosphere at different temperatures from 150 to 900 °C
(T150 to T900 samples). Figure 4a shows the X-ray diffraction
(XRD) patterns for the samples: at low temperatures (e.g., 150
°C), only two peaks of r-TiO, are visible at 36.07 and 41.14°,
being the {101} and {111} planes of r-TiO,, respectively. At
750 °C two new peaks appear at 38.63 and 44.82°, which are
assigned to the {111} and {200} planes of Pd;Ag,, respectively,
based on theoretical values (38.65 and 44.90°) of the Pd,Ag,
crystal (Pm3m, a = 4.09 A),*® which indicates the formation of
a Pd;Ag; crystal. Our further in situ XRD shows that these new
peaks of PdAg alloy emerge above 650 °C on r-TiO, (see
Figure S9). It might be mentioned that the Pd;Ag; crystal
forms above 750 °C irrespective of the support material, as
shown in Figure S10a—q from the XRD patterns of catalysts
with different supports.

Figure 4b shows the temperature-programed desorption
(TPD) of CO on Pd,Ag,/r-TiO, samples from 30 to 500 °C,
which provides further information on the exposed Pd sites of
the catalyst (CO adsorption on Ag is too weak to detect in
TPD). For the low-temperature sample, e.g, T150, CO
desorption peaks are broadly divided into two peaks at 250 and
360 °C, which correspond to CO adsorption at the top site
and the hollow site, respectively.””®" With an increase in
annealing temperature, the surface Pd gradually disappears and
thus the CO desorption peak intensity drops significantly,
suggesting the agglomeration of Pd particles and then Ag
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Figure 4. Characterization of Pd;Ag;/r-TiO, catalysts synthesized at
annealing temperatures from 150 to 900 °C. (a) XRD pattern
together with the theoretically simulated pattern of a Pd;Ag; crystal.
(b) CO-TPD profiles, where the intensity is amplified by S—50 times
at elevated temperatures for clarity.

covering of Pd particles. For the high-temperature samples,
e.g, T750, only a small peak at ~390 °C is left, which
corresponds to CO at the hollow site of Pd, which can be
readily assigned to the CO adsorption at minority Pd-triangle
sites surrounded by Ag atoms that form via the Pd—Ag surface
exchange.

The TEM image of the T750 sample, shown in Figure Sa,
indicates that the metal nanoparticles are finely distributed.
The elemental mapping in Figure Sb demonstrates that Pd and
Ag are uniformly distributed in the nanoparticles. Energy
dispersive X-ray spectroscopy (EDX) determines the ratio of
Pd:Ag to be 25.2:74.8 (see the inset), close to the
stoichiometry 1:3. In fact, the actual metal loading for
Pd;Ag;/r-TiO, catalysts after different reduction temperatures
(T150, T450, T600, T750, T900) was also confirmed by
inductive coupled plasma (ICP) optical emission and their
Pd:Ag atomic ratios are all close to 1:3, which agrees well with
the designed ratio (see Table S6). Besides, the spatial
elemental distribution of the Pd;Ag; nanoparticle was
measured by high-angle annular dark-field scanning TEM
(HAADF-STEM) combined with EDX (Figure Sc). Along the
scanning line, the EDX spectrum of Ag is slightly wider than
that of Pd, which indicates that Ag is enriched on the surface of
the nanoparticle, especially on the side attaching to the r-TiO,
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(i.e.,, the right side in the image). This picture confirms the
dominance of Ag on the PdAg alloy surface and the
enrichment of Ag at the r-TiO, interface. The real-space
extended X-ray absorption fine structure (EXAFS) in Figure Sd
together with Figures S11—-S14 and Table S7 also confirm the
alloy Pd;Ag; crystal formation of the T750 sample: each Ag
atom has 8 Ag first neighbors (Ag—Ag distance 2.89 A) and 3.9
Pd first neighbors (Ag—Pd distance 2.85 A), whereas Pd atoms
are separated by Ag first neighbors (Pd—Ag distance 2.72 A).
EXAFS (Figure S13) also detects the presence of Pd—O
species, suggesting the oxidation of surface Pd in catalysts
during sample transfer and the necessity of the prereduction in
catalysis.

Two typical Pd—Ag nanoparticles in contact with r-TiO,
have been carefully analyzed using high-resolution trans-
mission electron microscopy (HRTEM), as shown in Figure
Sef. They are relatively large in size, and thus an atomic
resolution for the PdAg alloy (~0.231 nm spacing for the
close-packed {111} planes) and r-TiO, (0.328 nm spacing for
{110} planes) can be clearly achieved. Both nanoparticles
follow the same orientation relation where a PdAg nanoparticle
of a (111) plane parallel to r-TiO,(110) (Figure Se) and
perpendicular to the (1—10) plane of r-TiO, (Figure 5f). This
agrees perfectly with the theoretical results in Figure 2e.

The collective evidence from theory and experiment here
complements our previous work®® that focused on the activity
and selectivity of different crystal facets of PdAg alloy, and now
a full rationalization can finally be achieved to understand the
high performance of the high-temperature-annealed Pd,Ag;/r-
TiO, catalyst. A Pd;Ag; alloy crystal forms above 727 °C,

where all surfaces and the metal/TiO, interface are terminated
by Ag atoms. Because the interface Ag layer adopts the {111}
close-packed plane, the PdAg nanoparticles prefer to epitaxially
grow on r-Ti0,(110) to maximally expose the desired {111}
facets, where Pd atoms will resurface in the hydrogenation
reaction, as shown in Figure 2f and also our previous
thermodynamic diagram.’® Our microkinetics simulations
based on the DFT kinetics data reported previously indicate
that the high {111}:{100} ratio of the nanoparticle is the key
to achieving high selectivity: as the {111}:{100} ratio increases
from 60:1 to 160:1, the acetylene selectivity can increase from
82.56% to 97.19% (see Figure S15). The high annealing
temperature and the r-TiO, support are thus critical for
melting Pd nanoparticles to form Pd;Ag; alloy crystals, creating
an epitaxial growth mode of the alloy/oxide interface and thus
controlling the {111}:{100} ratio of alloy nanoparticles for the
catalytic selectivity.

It is worth comparing our catalyst with other state-of-the-art
Pd-based catalysts that have high activity and selectivity. In
particular, Zou et al.”’” recently reported a Pd, o/Bi,O;/TiO,
catalyst synthesized by a two-step photodeposition method,
which can achieve 91% selectivity to ethylene and 90%
conversion of acetylene below 50 °C. Under these reaction
conditions, 1 g of palladium can completely convert 45.8 mol
of acetylene to ethylene in 1 day, close to the amount in our
work (50.0 mol gpq™"). Besides, Liu et al.”” reported that with
Ga,0; coating using the ALD method, an Ag@Pd core—shell
bimetallic nanoparticle catalyst can achieve 95% selectivity, but
at a higher temperature of ~120 °C. Their mass-specific
activity is apparently the highest, being 61.1 mol gpy '
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Compared to these state-of-the-art catalysts, our catalyst has a
simpler topological structure and can work at a low (0.5%)
acetylene ratio in ethylene, showing the great potential for
large-scale applications in industry.

4. CONCLUSIONS

By combining experiment and multiscale ML techniques, this
work reaches a new record for low-temperature acetylene
semihydrogenation: namely, 97.2% selectivity below 100 °C at
100% conversion for 1% acetylene in ethene. Compared to our
previous work®® with ~85% selectivity, the appreciable
increase in selectivity is attributed first to the high annealing
temperature (>750 °C) that leads to the formation of a Pd;Ag,
alloy crystal, as revealed from RF predictions based on the
experimental database and ML atomic simulations for
nanoparticle structure evolution on the oxide surface. In
addition to Pd;Ag; alloy crystal formation, the presence of a
special crystallographic correspondence between a Pd;Ag;
alloy nanoparticle and r-TiO, is identified from both theory
and experiment as another important factor to boost the
selectivity, namely, with a PdAg(111)//TiO,(110) orientation
relationship, suggesting the preferentially exposed (111) via
the epitaxial growth mode. Our work not only leads to the
finding of a high-performance acetylene semihydrogenation
catalyst but also demonstrates the great promise for the
rational design of complex heterogeneous catalytic systems by
exploiting multiscale machine-learning techniques.
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