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ABSTRACT

Activity of 111 surface of PtGa alloy in which three atom Pt centers are covered by In atoms is investigated as single atom Pt
catalyst of propane dehydrogenation (PDH) by using quantum mechanical (QM) calculations. Periodic density functional theory
(DFT) is applied in these calculations, utilizing PBE exchange-correlation functional with plane wave basis set of 680eV kinetic
energy cut off. Calculated results give adsorption and conversion energies of propane to propylene including adsorption energies
of intermediate states. Adsorption energies span is from -6 kJ/mole for propane up to -500 kJ/mole for CH3CH2CH: radical.
Catalyzed propane to propylene’s conversion energy is about -135 kJ/mole in comparison to about 150 kJ/mole of gas phase.
Moderate adsorption energy value of about -120 kJ/mole for propylene and its higher conversion energy value of about 160 kJ/mole
to CHsCH*CH: intermediate guarantee propylene slectivity and break of conversion chain after its formation. Lower activation
energy values of first and second C—H breaks show that PDH reaction on this prposed catalyst is much faster than previously

reported one in which three atom Pt centers were covered by toxic Pb atoms.

Keyword: PDH; Single atom Catalyst; PtGa/ln; QM; plane Wave.

INTRODUCTION

As the second important produced feedstock of petrochemical industries next to ethylene, propylene is the
main precursor in production of many of chemical materials that are used in industrial and domestic units.
Importance of its production is so high that despite economic emergence due to coronavirus pandemic in
2020, its production rate passed 116 million tons. As its industrial production was started from 70 years
ago, this high level of production rate is due to its different consumption types for many years. Bell et al.
report its weigh percent production rate from different methods in 2016 and predicted demand up to 2021
(Supporting Figures 1 and 2, respectively) [1]. These figures show that an increasing gap was formed
between its demand and supply values from 2007 [1]. They also show that about 80 percent of consumed

propylene in around the world is byproduct of catalysis and steam cracking industrial units which are



designated for ethylene production [1]. Because rising rate of its demand is more than that of ethylene, use
of other propylene production methods is inevitable. According to these figures, two most selective methods
for propane production by more than 50% selectivity towards propylene are propane dehydrogenation
(PDH) and advance methane to olefin (MTO) processes [1].

Selectivity of PDH towards propylene exceeds 85% that makes it the highest weight percent yield
method of propylene production [1]. This reaction is possible via oxidative and non-oxidative processes
[2]. Non-oxidative process which employs heterogeneous catalysts is exploited more than oxidative process
because oxidative process suffers from less selectivity toward propylene production. Selectivity and
stability of catalysts of non-oxidative process are determined via balancing between desorption of produced
propylene and its involvement in undesirable side reactions such as cracking of next C—H(C) bonds and
following coke production. In the Pt based catalysts, the Pt-Pt ensambles are known as active sites for
undesirable dehydrogenation of propylene and its hydrogencraft. Thus, isolation of Pt atoms from each
other on the catalyst’s surface is an efficient method for inhibition from these undesirable side reactions.
To this end, some novel studies report use of single atom like Pt catalysts for PDH in which Pt-Pt ensambles
are absent [3-17]. Concurrently, many other single atom catalysts have been reported for this reaction [17-
27].

Nakaya et al. tried to improve selectivity of PtGa alloy catalyst by covering its undesirable multi
platinium centers via deposition of some mettalic atoms [14]. They isolated the Pt atoms of silica-supported
PtGa catalyst from each other by Pb deposition. By using different Pt/Pb weight ratios, they produced a
catalyst including isolated single Pt atoms which was nominated as single atom Pt catalyst [14]. It was
stable for at least 96 hours in 600<C with 96.6% of selectivity towards propylene and 30% of propane
conversion. By using just one Pt/In weight ratio, they stated that use of indium instead of lead did not lead
to more favorable results [14]. They state this conclusion in circumstances that despite extensive studies on
different Pb covered catalysts, they reported just one study on In covered catalyst with Pt to In weight ratio
of 2 and without any computational effort [14]. Intrestingly and according to Peer Review File of that
article, reviewers didnot ask for any more explanation about In covered catalyst [14]. These evidences show
that use of other Pt/In weight ratios may result in more favorable In covered PtGa catalyst than those of Pb

covered one.

Meanwhile, these atoms’ isolations in laboratory and experimental conditions are so hard jobs that limit
more surveys about these situations and improvement of their precisions. To this end, reported experimental
data are very limited in these cases and one do not have so much experimental data for comparison.
Computational methods of chemistry have been employed in many PDH studies, specially from 2020,

because of ommition of many high price and time consuming experimental asessments of proposed
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catalysts [14-16, 18, 28-52]. Because these methods can easily model the isolated single atom catalysts,
most of new PDH surveys benefit from computational methods alongside their experimental analyses to
investigate and improve activity of catalysts [7-21, 51-58].

By considering mentioned drawbacks of Nakaya et al.’s study about In covered PtGa catalyst and
efficiencies of computational chemistry methods, it encourages to investigate computationally this catalyst
[14]. High value findings of this study will remove problems of the use of Pb and introduce a less hazardous
catalyst [14]. Approval of this catalyst by computational method are followd by the search of PDH reaction
mechanisem on it by comparing obtained reaction variables with that of four most accepted Langmuire-

Hinshelwood mechanisms [49].

EXPERIMENTAL
Computational Details

It was tried to follow Nakaya et al.’s computational strategy in this study because the aim of this research
was the survey of PDH on single atom PtGa/In catalyst by comparison of its charactristics and activity with
that of PtGa/Pb [14]. To this end, the 111 surface of a cluster of PtGa crystal, covered with In atoms, was
primarily used as input structure which includes 100 atoms (Figure 1) [59]. Crystal space group is first
structural parameter that should be set in the beginig of a periodic quantum mechanical calculations. In
spite of PtGa alloy that has given cubic P2;3 space group, addition of In atoms on its 111 surface changes
its space group to triclinic P1 [59]. Dimentions of central unit cell in periodic quantum mechanical
calculations with this space group in the x and y directios were set to 12.18A and 7.03A, respectively.
Dimention of z direction was set to 30A in order to avoid interaction between adsorption slabs in this
direction. All of three a,  and y angles were set to 90 according to triclinic P1 space group. The three atom
Pt centers in the z direction were inhibited from catalysis by covering each of them by an In atom. The
single atom Pt centers were held uncovered in the z direction as adsorption and reaction centers that only
one of them was used as adsorption and reaction center in iput file. Considering hexagonal structure of Pt
centers on 111 surface of PtGa alloy, this arrangement inhibits interaction among adsorbed species with
each other because remaining three single atom Pt centers of this central unit cell and their three images in
neighboring unit cells surround this reaction center. They also can assist it, if adsorbates either move on the

surface during geometry optimization or break to several parts that need extra adsorption centers.



Figure 1. The 111 surface of PtGa crystal as single atom Pt catalyst in which three atom Pt centers are coverd by In
atoms [59]. The blue, green and brown colors refer to Pt, Ga and In atoms, respectively.

The PBE exchange-correlation functional with plane wave basis set of 680eV kinetic energy cut off were
applied as computational level of theory. Fermi dispersion index and convergence indexes of energy
fluctuations, single electron orbital and ion position were set to 0.1eV, 1.0%10, 1.0*10® and 1.0*10%,
respectively. The cut off radius for interaction calculation by Ewald algorithm was set to 3A. Because of
hardware limitations and use of NWCHEM instead of Nakaya et al.’s use of CASTEP, it was not possible
to set all the computational parameters as similar as each other [60, 61]. In order to apply Van der Waals
interactions in NWCHEM, the vdwa3 correction was applied.

Crystal symmetry of geometry optimized structures were distorted and different from input structures
when dimentions of central unit cell were optimized in accordance with Nakaya et al.’s article. This is due
to implementation of lowest level of symmetry for crystal structure that states a higher level of crystal
symmetry should be inforced if it is possible. In order to apply a higher level of symmetry on crystal
astructure, the applicable hexagonal P6s or P6s/mmc space groups were employed by special choice of
atoms in the x and y directions. These space groups were selected because they are consistent with
hexagonal structure of Pt centers. On the other hand, one can produce several similar slabs with large
distances in z direction by setting its dimention to a large value and survey PDH reaction by seating propane
on these layers. Dimentions of central unit cell in the x, y and z directions were set to 7.03, 7.03 and 1004,
respectively. The y angle was set to 120> Because these space groups consider several layers in calculations
instead of one layer of P1 space group, computational time were increased so much that cause to
calculations’ corruption due to hrdware resource limitations. Thus, number of atomic layers of structure of

Figure 1 were halved and number of atoms were decreased to 50 atoms from previous 100 atoms.



RESULTS AND DISCUSSION

Two main steps of a periodic quantum mechanical calculation are adjustment of k-point meshes and energy
cut off values for accurate sampling of brilloin zone and precise determining of plane waves’ energies,
respectively. To this end, catalyst structure without adsorbed species was subject to geometry optimization
with different k-point meshes and energy cut off values. Summarized results of these calculations in Table
1 show that due to use of big number of atoms in central unit cell, their changes have no significant effect
on the energy of catalyst. Thus, 1x1x1 k-point mesh with 70Ry energy cut off values are obtained as
optimized variables that may be used in subsequent calculations. Meanwhile, due to better proficiency
reported for 3x3x3 k-point mesh in literatures, it was employed in subsequent calculations. As energy of
catalyst was dectreased by increasing the energy cut off from 20 to 70Ry, it was concluded that cut off
values larger than 70Ry are necessary to have convergence. Meanwhile, according to literatures, energy cut
off values larger than 700eV cause to drastic errors in computational results and they are not recomended.
On the other hand, due to very small difference between catalyst energies of calculations with 50 and 70Ry
cut off values and considering very different spent computer time for these calculations, the 50Ry or 680eV

was selected as optimized cut off value in subsequent calculations.

Table 1. Energies of optimized geometries of adsorbate free PtGa/ln catalyst with different k-point mesh and energy

cut off values.

Energy Cut Off (Ry) k-point mesh Energy of optimized geometry (Hartree)
20 1x1x1 -785.858256
20 3x3x3 -785.968263
30 3x3x3 -786.051143
40 3x3x3 -786.113021
45 3x3x3 -786.164236
50 3x3x3 -786.206193
55 3x3x3 -786.216573
60 3x3x%x3 -786.219742
70 3x3x3 -786.221856




By reaching to optimized values for k-point mesh and cut off value, propane, propylene and
corresponding radicals and intermediates were deposited over catalyst to run subsequent quantum
mechanical calculations by using these complexes of adsorbates and adsorbents. Most probable orientations
of propane, propylene and their related counterparts, such as radicals and intermediate states, on the 111
surface of GaPt catalyst in which three Pt atom catalyst centers were covered by In atoms were constructed
as input structures of geometry optimization calculations. Up and side views of these input structures are
summarized in Figure 2. Out put geometries of these optimizations determine the resulting transition states’
and products’ structures, reaction rate and its mechanism. In order to obtain real optimized geometries that
are free from any applied constraints on angles and bond lengths of adsorbed species, geometries of
adsorbate-adsorbent complexes were optimized by fixing just two inferior Pt and two inferior Ga layers of
catalyst. For example, in the activated CH3;CH,CH,H* and CH3;CH*HCH structures, in which C—H bonds
of * recognized hydrogen atoms were elongated in input structure, were optimized without any constraint
on activated bonds. Similar to optimized structures of adsorbate free catalyst, In atoms of geometry
optimized structures of these complexes remain in their initial positions that supports catalyst persistence
against distortion during geometry optimization. Figure 2 includes up and side views of resulting structures
of geometry optimization calculations beside those of input structures. In the optimized structures of all
species including CH;CHCH; and CH3;CH,CHs3; molecules, CH;CH,CH;H*, CH3;CHH*CH. and
CH3CH*CHy> intermediates and CH3CH2CH radical on the single atom Pt catalytic center, they remain

adsorbed on the catalyst surface which reflect their efficient adsorption against addition of In atoms.
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Figure 2- continued- Side and top views of input and geoemtry optimized output geometries of adsorbates on PtGa/In catalyst. The
blue, dark blue, green and brown colors refer to Pt, single atom Pt center, Ga and In atoms, respectively.



In order to obtain energy changes in going from reactants to products, energy of catalyst of any complex
without corresponding adsorbate and energy of any adsorbate of that complex without corresponding
catalyst were calculated by using optimized geometries of corresponding adsorbates+catalyst complexes
(left column of Figure 2). These energies along with total energies of corresponding complexes are
summarized in Table 2 in Hartree/molecule because their conversion to kd/mole makes very big digits. Of
course, adsorption energies of adsorbates of corresponding complexes are summarized in this table in
kJ/mole. This table shows that molecular adsorption of propylene on the single atom Pt center has moderate
adsorption energy value of -118.06kJ/mole which is comparable with -108.3 kJ/mole of PtGa/Pb [14].
Significant difference between adsorption energies of molecular propane and propylene species reflects
metal-I7 interaction in the propylene which causes to higher adsorption energy value in this case. Very high
adsorption energy values of 7H species of CH;CH,CH: radical and CH;CH*HCH, intermediate reflect
existence of unpaired electron in these cases. This conclusion is certified by moderate adsorption energies
of 6H and 8H intermediates of CH;CH,CH,H* and CH3;CH*CH, in which there are coupling between

unpaired electrons of elongated H* atom and parental segment.

Table 2. Energies of catalyst of any structure without adsorbates and adsorbates of that structure without catalyst were
calculated by using optimized geometries of adsorbates+catalyst structures. All in Hartree/species except to Adsorption

of Output Structure values that are in kd/mole.

Structure Total Catalyst Output Structure Adsorption of Output Structure
CH3CHCH, -806.7797590 -786.175672 -20.64905496 -118.06
CH3CH,CH, -807.5839912 -786.177345 -21.21543835 -502.02
CH3CH,CH3 -808.0680869 -786.191253 -21.87461240 -5.83

CH3;CHH*CH, -807.5472561 -786.180426 -21.19424523 -453.12
CH3CH,CH,H* -808.0737856 -786.189852 -21.86253412 -56.18
CH3CH*CH, -806.6185625 -786.184182 -20.40864523 -67.57

Conversion energies of reactants to products in kJ/mole which are obtained by using data of Table 2 are
summarized in Table 3. These values that imply their energy differences over catalyst are obtained by
subtracting the adsorption energy of each species and corresponding bare catalyst’s energy from total
energy of their complex. This table also includes gas phase calculations data for comparison. Despite gas
phase calculation in which formation of propylene from propane is 147.6 kJ/mole endothermic, this reaction
is exothermic on the catalyst surface in CH3CH2CH,H* and CH3;CH>CHs adsorption states by -98.9 and -
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134.3 kJ/mole, respectively. Meanwhile, conversion of CH3CHH*CH, and CHs;CH,CH. species to
propylene on the catalyst are endothermic by 118.3 and 70.7 kJ/mole, respectively. On the other hand,
adsorption energies of seven hydrogen species with unpaired electron are so high that their conversion to
propylene by leaving an adsorbed radical H cannot compensate it.

Table 3. Conversion energies of reactants to products in kJ/mole.

Reactant Product Conversion Energy Gas Phase
CH3CH,CH3; -134.26 147.61
CH3CH,CH,H* -98.87

CH3CH,CH, CH3CHCH; 70.74

CH3CHH*CH, 118.29

CH3CH2CH3 CH3CHch2 79903

CH3CH,CH,H* 834.42

CH3CH,CH3; CH3CHH*CH, 653.69

CH3CH,CH,H* 689.08

CH3CH,CH3 CH3CH,CH,H* 76.98

CH3CHCH; CH3CH*CH; 118.15

Reaction coordinate of PDH is summarized in Figure 3. Due to higher activation energies of first and
second transition states in proposed In covered PtGa catalyst, it shows less activity relative to Pt single-
atom, Pt and PtsSn single-cluster catalysts, all supported on g-CsN4 [55]. Due to very high adsorption
energies of seven hydrogen species on this catalyst, their formation from eight hydrogen species are about
653-835 kJ/mole exothermic that release of their energies warranty supply of necessary energies for
activation and conversion of CH3zCH,CHz molecule to them and following cleavage of a hydrogen atom

and propylene formation. This conclusion is certified by 77 kJ/mole released energy for propane conversion
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to CHsCH,CH,H* intermediate. On the other hand, it gives much higher activity relative to Pt dopped
Cr203, PtGe, Pt/Cu, PtsCu, Pt(111), Sn;Pt, Pt1-S4/edge, Pt single atom of PtGa, PtsSn single-cluster
supported on Al,Oz and Pt3Sn(111) catalysts because of its very lower first and second transition states’

energy barriers [10-15, 57]. These results are summarized in Figure 3.

CHsCH*CH: + 2H
220
) (Propylene ); + 2H
o
£
~
~
~>1 120
*
%D CH3CH2CH:H CHsCHH*CH, + H
c
w
Propane
Propylene
CH3CH:CH: + H
20
Reaction Coordinate

Figure 3. Energy diagram of PDH reaction. Hydrogen atoms recognized by asterisk have elongated bond lengths. All
species are in adsorbed state except to recognized (Propylene )g.

As table 2 shows, the moderate adsorption energy of molecular propylene on In covered PtGa is due to
adsorption over single atom Pt center that shows lower tendency towards adsorption of molecular propylene
in comparison to three atom Pt center. This moderate tendency towards propylene adsorption causes to
higher selectivity of catalyst towards propylene via faster desorption of produced propylene in comparison
to more proceed of reaction by propylene cracking (Figure 3). Thus it gives higher selectivity towards
propylene relative to Pt single-atom, Pts and PtsSn single-cluster catalysts, all supported on g-CsNs, PtsCu
and Pt(111), due to faster desorption of propylene in comparison to its conversion to CsHs [15, 55]. Of
course, it gives lower selectivity towards propylene relative to Pt/Cu and Pt single atom of PtGa catalysts
due to their higher activation energy towards CsHs [14, 15].
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These findings show that use of other Pt/In weight ratios results in higher activity of this catalyst relative
to those of Pb which have not been reported by Nakaya et al. and corrects their data for precise In covered
catalyst [14].

Reaction mechanism of PDH on this catalyst can be guessed by comparing calculated kinetics data with
those of PtSns/K catalyst, calculated by Farjoo et al. for four most accepted Langmuire-Hinshelwood
mechanisms [49, 62]. Considering the -118 kJ/mole adsorption energy of propylene, the reaction
mechanism is more compatible with model 3 of PtSns/K catalyst in which this step is rate determining one
(Supporting scheme 1) [62]. On the other hand, conversion energy of propane to propylene is obtained
equal to -134 kJ/mole that is bigger than -71 kJ/mole of this model [62]. Thus, these calculations propose
model 3 with higher rate constant than that of PtSns/K catalyst [62].

CONCLUSION

Calculated results show that reaction rate of PDH over PtGa catalyst in the presence of In is much faster
than reported value in the presence of Pb [14]. These calclulations propose a single atom catalyst that beside
its benefit from high selectivity of these sort of catalysts, has faster reaction rate and is free of toxic Pb
element. Thus, it is recommended to repeat experiments in the presence of In in order to obtain more

accurate results and survey this proposition.
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