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Catalytic Properties and Their Relation with Adsorption Energies Calculated by

Density Functional Theory in Pd-Containing 1/1 Approximant Crystals
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Quasicrystals and approximant crystals (ACs) have a unique complex structure with many crystallographically non-equivalent sites. In
order to apply this characteristic potential to catalysts, we investigated catalytic properties of Pd-containing Tsai-type 1/1 ACs, i.e., Al-Pd—Sc
and Ga—Pd-Sc, in the acetylene hydrogenation reaction and also performed density functional theory calculations of adsorption energies of
reactants and products. The catalytic properties are found to significantly depend on the kind of the semimetal element such as Al and Ga, where
the AI-Pd-Sc 1/1 AC shows higher catalytic activity and selectivity. The adsorption energy of reactant acetylene is smaller in the Al-Pd—Sc
1/1 AC whereas the amount of product ethylene are comparable for both ACs. Therefore, the adsorption rate of reactants is increased while
the desorption rate of products remains almost the same in the Al-Pd—Sc 1/1 AC. Furthermore, the adsorption energies are found to differ
significantly from site to site, implying a superior potential of ACs for designation of active sites using many non-equivalent crystallographic
sites for high catalytic performance. [doi:10.2320/matertrans. MT-MH2022006]
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1. Introduction

The ligand and ensemble effects are of significant
importance for the improvement of the catalytic properties
of metal catalysts." These effects are related to the local
structure of the surface and therefore are considered to be
controllable by the atomic arrangement. However, it is highly
challenging to design catalysts by manipulating the local
structure at the atomic level even today. In this study, we
attempt to design the local structure by using metallic
compounds that have many crystallographically non-equiv-
alent sites that can be substituted with other elements.

Typical examples of such materials are quasicrystals and
approximant crystals (ACs), which are a group of materials
composed of an icosahedral cluster made of concentric
polyhedral atomic shells.>® In quasicrystals, the icosahedral
clusters are quasiperiodically arranged whereas they are
periodically arranged in ACs. For example, in 1/1 ACs, the
icosahedral clusters are arranged in a body centered cubic
lattice. Due to the unique complex cluster structure, these
materials have many non-equivalent crystallographic sites.
Several studies on the catalytic properties of quasicrystals
and related materials have been performed so far, and much
attention has been paid to new catalysts originating from
their unique structures.”'® In this work, materials composed
of the Tsai-type cluster are chosen for the investigation of
catalytic properties: The Tsai-type cluster is a type of
icosahedral cluster where rare earth elements occupy the
vertices of the inner icosahedron shell among various
concentric shells, and many compounds composed of the
Tsai-type cluster have been discovered in recent years.'”

The objective of this study is to evaluate the catalytic
properties of Pd-containing AI-Pd-Sc and Ga-Pd-Sc
compounds, which are classified as Tsai-type 1/1 ACs.'®!?)
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and to investigate the relationship between the characteristic
structure and catalytic properties by calculating adsorption
energies using density functional theory (DFT). For this
purpose, the C,H, hydrogenation reaction (eq. (1)) was
chosen since the reaction can be performed at relatively
low temperatures even with bulk metal and hence sample
degradation during the reaction is suppressed due to the
absence of oxygen, and, furthermore, the mechanism of
ethylene hydrogenation as a side reaction is simple, making
it easy to evaluate the selectivity of the catalyst.?”

CoH, +H, — CoHy  AH = —173kJ/mol (298K) (1)

2. Experimental Procedure

2.1 Sample preparation

Ingots weighing approximately 0.7g of polycrystalline
1/1 ACs with nominal compositions of GassPd;;Sc;s and
AlssPd;oScis were prepared from highly pure elements using
arc-melting technique under Ar atmosphere. The alloy ingots
were crushed to powder with a particle size of 75 um or less
under argon atmosphere as catalysts sample. The amount of
power catalyst for reaction was approximately 0.1 g.

2.2 Sample characterization

For phase identification, X-Ray diffraction (XRD)
measurement was carried out using Rigaku SmartLab SE
and Rigaku MiniFlex600 diffractometers with Cu Ka.

The Brunauer—-Emmett-Teller (BET) specific surface
areas measurement of the crushed powder samples were
performed using specific-surface-area analyzer (Micromet-
rics, ASAP2020). Since the metal powder has a small surface
area, Kr was used as the adsorption gas.

2.3 Catalytic performance
The C,H, hydrogenation reaction test was conducted in
a fixed-bed flow reactor. The catalyst powder sample was
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(a) Al-Pd-Sc and Ga—Pd-Sc 1/1 ACs (100) slab structure model based on the results of HAADF-STEM structure analysis.?!?? (b)

Surface layer of the slab and adsorption points on the bridge site from 1 to 15.

loaded into quartz reaction tube with an inner diameter of
8 mm and thermocouple inserted just beneath the sample to
control sample temperature. Prior to the reaction, the sample
was reduced under hydrogen flow (30.0 mL/min) at 430°C
for 1h. The reaction gas was supplied from a mixture gas
(2.19vol% C,H,—N;) cylinder and a pure hydrogen gas
cylinder, the feed composition of C,H,, hydrogen, and N,,
were 0.5, 5.0, and 23.8 mL/min, respectively. The reaction
was performed by increasing the temperature from 120 to
200°C at 20°C intervals, and the incubation time for each
temperature was 30 minutes. The composition of the products
obtained during the reaction was analyzed several times at
each temperature using a online gas chromatography system
(GL Science, GC323, GL Science, GC-4000 Plus). A zeolite
adsorbent column (13X molecular sieve) was used to separate
H; and N,. A DVB-EVB-Ethyleneglycol dimethacrylate
column (Polapak N 80/100) was used to separate C,H,, C,Hy
and C,Hg. The total flow rate of the outlet gases was
measured using a flow meter (MesaLabs, Definer 220). C,H,
reaction rate and C,Hy selectivity was calculated using
eq. (2) and eq. (3).

C,H, reaction rate

_ FCszin - FCszout

(mol-min~!'-m~?)
surface area

@

FC2H40ut

C,Hy selectivity = x 100 (%) (3)

Cytin — FyHyout
Where Fe, myin, Fo,Hyour a0 Fe, i oue represent the CoH, flow
rates at the reactor entrance and C,H, and C,H, flow rates at
outlet, respectively.

To access activation energy, an additional reaction test
was carried out in a relatively low temperature range which
is suitable to obtain lower C,H, conversions (<20%) for
calculating the activation energy of the reaction from
Arrhenius plot.

2.4 DFT calculation

DFT calculations were performed using the first-principles
electronic structure calculation program PHASE/0.2" Self-
inconsistent iterations stopped when the convergence energy
was less than 2 x 107°eV. The geometry of the optimized
surface and adsorbate-substrate composite was determined by
static relaxation. In the structure optimization and transition
state calculations, the convergence criterion was set to 2 x
10~%eV for the total energy and 2 x 10~2eV/A for the force

acting on the atoms. In this study, a surface structure
containing many local environments is preferable since we
investigate the effect of non-equivalent sites on the catalytic
properties. In addition, the 1/1 ACs contains a very large
number of atoms (184 atoms in Al-Pd—Sc and Ga—Pd-Sc) in
the unit cell, resulting in large slab sizes and convergence
difficulties on high index surface. For this reason, we
prepared the slab models of a (100) surface which contains
7 non-equivalent sites for bulk symmetry as well as all three
constituent elements and is a low index surface based on
the result of the HAADF structure analysis of Al-Pd—Sc and
Ga—Pd-Sc reported by So et al.'®?? (Fig. 1(a)). The slab
containing 188 atoms and a vacuum layer of 16 A. Since the
bridge sites were reported to have a smaller C,H, adsorption
energy than the on-top sites in quasicrystals,'? the bridge
sites were selected as the starting state for adsorption in the
present study. Structural stabilization calculations were
performed by setting C,H, and C,H4 molecules at 2 A from
the surface on the bridge site between Al, Ga, and Pd on
the slab surface (Fig. 1(b)). Calculations were performed
by setting 2 x 2 x 1 k-points, and the adsorption energies
of CZHZ (EC2H2 adsorption) and C2H4 (EC2H4 adsorplion) were
evaluated using the equation eq. (4) and eq. (5),

4)
(5
where E,,, is the total energy of the slab with the absorbed
C,H, or C,H4 molecule, Eyy,, is the total energy of the bare
slab, and Ec,p, and Ec,p, represent the total energy of the
isolated C,H, and C,H,4 molecules, respectively.

ECsz adsorption = Etotal - Eslah - ECsz

EC2H4 adsorption = Etotal - Es/ab - EC2H4

3. Results and Discussions

3.1 Characterization

Figure 2 presents powder XRD patterns of the
GassPd;pScis and AlssPd;pScis 1/1 ACs along with the
results of Le Bail fittings?® obtained by assuming the space
groups Im3 using the Jana 2006 software suite.?”) The red
and black lines in the figure represent measured (/o) and
calculated (/) peak intensities, respectively, while the
difference between the two and the expected Bragg peak
positions are shown by blue line and green vertical bars,
respectively. As shown, the experimental peak positions and
their intensities are consistent with the calculation confirming
high purity of the synthesized 1/1 ACs with the space groups
Im3.
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Fig. 2 Le Bail fitting of the powder x-ray diffraction (XRD) patterns of
(a) GassPd;pScys and (b) AlssPds;oScis 1/1 ACs. The measured (Zyps),
calculated (/) peak intensities, the difference between the two and the
expected Bragg peak positions are represented by red, black, blue, and
green lines, respectively.

The BET specific surface area was low level (0.09—
0.11 m?-g~") for both samples and the difference were small
(Table 1). The crushed surface does not have a high specific

Table 1 BET surface area of prepared catalysts sample. These samples
crushed to powder with a particle size of 75um or less under argon
atmosphere.
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surface area, and it can be assumed that a surface similar to
that of the bulk is formed macroscopically.

3.2 Catalytic performance

Figure 3 shows the C,H, reaction rate (Fig. 3(a)) and C,H,
selectivity (Fig. 3(b)) of the Al-Pd—Sc and Ga—Pd-Sc Tsai-
type 1/1 ACs for the C,H, hydrogenation reaction as a
function of the reaction temperature. The reaction rate of
Al-Pd—Sc sample increased significantly with over the entire
temperature range, whereas that of Ga-Pd-Sc sample
gradually increased with temperature. The values of reaction
rate of Al-Pd—Sc Sample were much higher than that of
Ga—Pd-Sc sample at all the test temperatures. The reaction
rate of Al-Pd-Sc sample was 1.63 x 1073 mol-min~—'-m~2
(50.9% in terms of conversion rate) at 200°C, which was
approximately 13 times of the corresponding value of Ga—
Pd-Sc (1.09 x 10~®mol-min~"). The selectivity was higher
than 80% at all temperatures for both samples and the
difference between Al-Pd—Sc and Ga-Pd-Sc was small.
These results suggest that the elemental substitution of Ga for
Al was effective to enhance the catalytic activity and retain a
relatively high selectivity even with increased activity.

Figure 4 shows the Arrhenius plot of C,H, reaction rate
and activation energy of Al-Pd—Sc and Ga—Pd—Sc samples.
The activation energy of Al-Pd—Sc sample is estimated as
53.9kJ/mol, which is lower than that of Ga—Pd-Sc (65.8
kJ/mol). For comparison, the activation energies of several
Pd-based catalysts for acetylene hydrogenation reported
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Fig. 4 Arrhenius plot of C;H, reaction rate and activation energy of Al-
Pd-Sc and Ga—Pd-Sc 1/1 ACs. Approximate straight lines are shown as
dotted lines, and activation energies were calculated from the slopes.
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Fig. 3 (a) C,H; reaction rate and (b) C,Hy selectivity of Al-Pd—Sc and Ga—Pd-Sc 1/1 ACs. The feed gas composition of C,H,, hydrogen,
and N,, were 0.5, 5.0, and 23.8 mL/min, respectively.
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Table 2 Calculated activation energies from Arrhenius plot of Al-Pd-Sc
and Ga—Pd—Sc 1/1ACs and the previously reported values of several Pd-
based catalysts.>?>20)

Activation energy

Catalyst Sample form E/k] - mol-! Reference
Al-Pd-Sc alloy powder 53.9 This study
Ga-Pd-Sc alloy powder 65.8 This study
Pd metallic foil 40.2 26
Pd/SiO, supported 42.3 25
CuPdg.09/SiO> supported 62.8 25
PdAg/K "B zeolite supported 59.8 2

previously were summarized in Table 2.22°29 The value of
activation energy of Al-Pd-Sc 1/1 AC catalyst prepared in
this study is smaller than the values of the CuPdy o9/SiO, and
PdAg/K*B~ zeolite catalysts. Compared with Pd/SiO, and
Pd foil catalysts which have been reported to exhibit
excellent activity, the activation energy of Al-Pd-Sc was
higher. However, these catalysts have poor selectivity,>>272%)
whereas Al-Pd-Sc 1/1 AC combines both activity and
selectivity to some extent.

H. Yoshikawa, F. Labib, Y. Xu and R. Tamura

3.3 DFT calculation

The C,H; and C,H, adsorption energies of each adsorption
sites are shown in Table 3. The C,H, adsorption energies of
Al-Pd—Sc were lower than that of Ga—Pd—Sc at each site.
These results reveal that the adsorption of the reactant
acetylene is more likely to occur on the (100) surface of Al-
Pd—Sc than on that of Ga—Pd—Sc, which is in good agreement
with the experimental results revealing a higher activity of
Al-Pd-Sc than that of Ga-Pd-Sc. In addition, the DFT
results show that the adsorption energies differed significantly
for each adsorption site even when the combination of
neighboring atoms was the same. Krajci and Hafner reported
that the area around the triangle composed of two atoms of
Al or Ga and one atom of Pd is most likely to adsorb C,H,
in B20 structure Al-Pd and Ga—Pd.'%!"-19) However, in this
study, there was no particular tendency for these sites near
this triangle to have small adsorption energies. For example,
the adsorption energies at sites 11 and 13 were not small even
in the Al-Pd-Sc system.

The structures of the four sites with particularly small
adsorption energies (No. 1, No. 5, No. 8, and No. 12) in the
final state are shown in Fig. 5 and Fig. 6. The adsorption
energies are in decreasing order as No. 8§ & No. 12 <

Table 3 Adsorption energies of C;H; and C,Hj at each site of (100) surface of Al-Pd-Sc and Ga—Pd-Sc.

Adsorption energy E/kJ-mol-!

Neighboring
Adsorption site atom C2H2 CoHg4
combination
Al-Pd-Sc Ga-Pd-Sc¢  Al-Pd-Sc Ga-Pd-S
1 Al-Pd, Ga-Pd -93.8 29.1 -61.1 -56.5
2 Al-Pd, Ga-Pd 68.7 67.5 -0.1 1.8
3 Al-Pd, Ga-Pd -12.3 68.6 19.5 1.5
4 Al-Pd, Ga-Pd -71.6 50.5 -61.5 -20.8
5 Al-Pd, Ga-Pd -85.2 -70.7 -24.4 -27.6
6 Al-Pd, Ga-Pd -46 -4.7 -56.2 -11.2
7 Al-Pd, Ga-Pd -50.5 -8.9 -17.2 -49
8 Al-Pd, Ga-Pd -97.4 8.7 -22 -55.7
9 Al-Al, Ga-Ga -81.3 67.5 -1.8 1.4
10 Pd-Pd 4.4 69.9 2.8 3.9
11 Al-Pd, Ga-Pd 35.3 -31.7 1.2 -0.5
12 Al-Pd, Ga-Pd -97.2 -66.4 -47.9 -58.4
13 Al-Pd, Ga-Pd 65.5 66.7 0.5 3.4
14 Al-Pd, Ga-Pd -48.9 -4.8 -57.17 -58.6
15 Al-Pd, Ga-Pd 89.1 60.4 3.5 -1.9
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Fig. 5 Top view of Al-Pd-Sc 1/1 AC (100) with adsorbed C,H, after
structural relaxation started from various initial adsorption sites (a) No. 1,
(b) No. 5, (¢) No. 8, (d) No. 12. C—C bond and C—H bond were marked
with green and blue lines, respectively.

oH oc QA Ord @sc

Fig. 6 Side view of Al-Pd-Sc 1/1 AC (100) with adsorbed C,H, after
structural relaxation started from various initial adsorption sites (a) No. 1,
(b) No. 5, (¢) No. 8, (d) No. 12. C—C bond and C—H bond were marked
with green and blue lines, respectively.

No. 1 < No. 5. The initial sites of No. 8 and No. 12 are
almost identical in both adsorption energy and adsorption
structure and are considered to have converged to the same
final position. In all four initial structures, acetylene was
adsorbed on the hollow site in the relaxed structure.
Furthermore, three of the sites with the lowest adsorption
energies (No. 1, No. 8, and No. 12) adsorbed on the sites
adjacent to Sc, suggesting that the sites near Sc may adsorb
acetylene more easily. The distance of the C—C bond in the
final state was about 1.4 A for all sites as shown in Fig. 6.
This is closer to the double bond length of cthylene
(1.34A)* than the triple bond length of acetylene
(1.20 A).39 This result suggests that the reactivity differs
from site to site in the Tsai type 1/1 ACs as we originally
assumed. In both samples, there was a large difference in
adsorption energy for each site, but the local structure that
causes particularly strong adsorption in the 1/1 ACs is not
yet understood. Further calculations of the electron density
distribution and the electronic states of the electrons involved
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in binding are needed to utilize 1/1 AC structure for catalyst
design.

In contrast, the adsorption energy of C,Hy did not differ
significantly between Al-Pd—Sc and Ga—Pd-Sc. This result
suggests that the desorption rate of C,H4 on both Al-Pd—Sc
and Ga—Pd—Sc samples is close since the adsorption energy
of C,Hy corresponds to the desorption rate of C,Hy. In the
C,H; hydrogenation reaction, C,H4 adsorbed on the surface
after the reaction undergoes further hydrogenation reaction
to form C,Hs, which reduces the selectivity.?!) Al-Pd-Sc
exhibited high activity because it easily adsorbs C,H,,
whereas the adsorption energy of C,Hs did not change
obviously with element substitution of Ga by Al. Therefore,
C,H; was desorbed before the hydrogenation reaction
occurred in both Al-Pd-Sc and Ga—Pd-Sc, resulting in Al-
Pd—Sc showed high C,H,; reaction rate and C,H, selectivity.

4. Conclusion

The catalytic performance in acetylene hydrogenation was
investigated for two kinds of Pd-containing Tsai-type 1/1
ACs, Al-Pd-Sc and Ga—Pd-Sc. The Al-Pd-Sc 1/1 AC
was found to exhibit a high activity and selectivity in the
acetylene hydrogenation reaction. This catalyst shows even
higher activity compared to the previously reported Pd-based
bimetallic catalyst, suggesting that Tsai-type 1/1 ACs have
excellent potential for catalysts.

The DFT calculations of C,H, and C,H, adsorption energy
on (100) surface of Al-Pd—Sc and Ga—Pd-Sc revealed that
the Al-Pd—Sc 1/1 AC adsorbs reactant C,H, more strongly,
while the adsorption of product C,H, is comparable to that
of the Ga—Pd-Sc 1/1 AC, which is likely responsible for the
high activity and selectivity of the Al-Pd-Sc 1/1 AC. In both
ACs, large difference in adsorption energy is observed among
non-equivalent sites, which suggests superior potential to
design catalysts by controlling the local structure at the
atomic level using quasicrystals and ACs.
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