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Nonoxidative dehydrogenation of light alkanes has ptGa/sio, PO PN
seen a renewed interest in recent years. While PtGa systems appear ~—7
among the most efficient catalyst for this reaction and are now
implemented in production plants, the origin of the high catalytic P~c—2 .

performance in terms of activity, selectivity, and stability in PtGa- ?Oj 00 0078
based catalysts is largely unknown. Here we use molecular t —
modeling at the DFT level on three different models: (i) periodic . _Sloz )

. . . . e . Multiscale Modelling (AIMD vs static DFT)
surfaces, (ii) clusters using static calculations, and (iii) realistic size g spectroscopic Characterization (XAS, TEM)
silica-supported nanoparticles (1 nm) using molecular dynamics
and metadynamics. The combination of the models with experimental data (XAS, TEM) allowed the refinement of the structure of
silica-supported PtGa nanoparticles synthesized via surface organometallic chemistry and provided a structure—activity relationship
at the molecular level. Using this approach, the key interaction between Pt and Ga was evidenced and analyzed: the presence of Ga
increases (i) the interaction between the oxide surface and the nanoparticles, which reduces sintering, (i) the Pt site isolation, and
(iii) the mobility of surface atoms which promotes the high activity, selectivity, and stability of this catalyst. Considering the
complete system for modeling that includes the silica support as well as the dynamics of the PtGa nanoparticle is essential to
understand the catalytic performances.

propane dehydrogenation, DFT calculations, Ab initio molecular dynamics, metadynamics, C—H activation

alloy. The mechanism of PDH on PtSn alloys has been
intensively studied both experimentally’**> and computation-
ally.’*~*" PDH is proposed to take place through two
consecutive oxidative additions of C—H bonds to Pt(0) while
further dehydrogenation and C—C bond cleavage were
proposed as a main pathway for coke formation (Figure
1).”*~* Regarding catalyst stability, both coking (Figure 1, path
c) and sintering of nanoparticles are proposed to explain
deactivation. Experimentally, both reduced or increased coke-

Nonoxidative dehydrogenation of light alkanes is a key
technology of the petrochemical industry that has seen a
renewed interest in the recent years due to the increasing
propene demand and to the simultaneous decommissioning of
naphtha-crackers." Indeed, the exploitation of shale gas has led
to both a decrease production of propene by cracking and a
surge of light alkanes such as propane (Figure 1, path a).'
However, propane dehydrogenation (PDH) is challenging

because the high endothermy of this reaction (AH = +124 kJ
mol™") requires the use of high operation temperatures (above
500 °C), that favor both poor selectivity and rapid deactivation
for both industrially used Cr- and Pt-based catalysts.” > In that
context, the overall PDH efficiency of Pt catalysts can be
improved with metal additives/promoters that include tran-
sition (e.g, Cu,"? Ir'%) or p-block metals (e.g, Sn,'' 7™
Ga, 7> In,zs_28 and Zn29_33). These additives allow an
increase of both selectivity and lifetime of light alkane
dehydrogenation catalysts,”> while increased”®'"'"'”** or
decreased’ activity has been reported.

Large research efforts on the PtSn systems, one of the first
commercial PDH catalysts (Olefex process), have demonstrated
that these effects are partly related to the formation of a PtSn
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formation have been reported on PtSn compared to supported
Pt,"***~*¢ while the addition of Sn also allows the reduction of
sintering.”® On the basis of periodic DFT calculations,”" the
adjunction of Sn is proposed to minimize large Pt ensembles,
thus disfavoring C—C cleavage (cracking, Figure 1, path b), and
to decrease the affinity of the metal surface for propylene, thus
limiting deep dehydrogenation.”**** While computational

May 14, 2021
July 28, 2021

https://doi.org/10.1021/jacsau.1c00212
JACS Au 2021, 1, 1445-1458


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="P.-A.+Payard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="L.+Rochlitz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+Searles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="L.+Foppa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="B.+Leuthold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="O.+V.+Safonova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Comas-Vives"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+Cope%CC%81ret"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+Cope%CC%81ret"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.1c00212&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00212?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00212?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00212?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00212?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00212?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/1/9?ref=pdf
https://pubs.acs.org/toc/jaaucr/1/9?ref=pdf
https://pubs.acs.org/toc/jaaucr/1/9?ref=pdf
https://pubs.acs.org/toc/jaaucr/1/9?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.1c00212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Structure

«—— Activity

clusters

o activity

(A) State of the Art — SOMC/TMP PtGalSiO, 1
. - 1
/ . high stability
@F‘/OS'(OB”% high selectivity e ! H;
\ 1
P~ea—9, Q 1 atm Hz /G Q 1N . /%
Of\:SI\O bO’SB'O O’Sido 600 °C, 10 h o—S o \OO i, .
[ BATT 3\ L\ [R RATT I
sio, | ’
_ PYSIO, : 2
\Pt/OSI(OtBu)3 low stability "
P o 1 atm H, low selectivity |
| o
?,SBO\ 600 °C, 10 h : / CH, coke
\
Sio, Sio, !
(B) This work — Multiscale Ab Initio Modelling & Experimental Evidence I
Step 1 Step 2 Step 3 I Step4
Bulk Alloy Interaction of PtGa Structure and Formation I Catalytic
Stability with Oxide Supports of Supported PtGa NPs 1 Activity
1
|
|
|
1
|
|
|
1
|
|

Periodic DFT

TEM/XAS Periodic DFT & AIMD/Metadynamics

Figure 1. (A, Left) State of the art: PDH on PtGa system supported on silica, synthetic strategy using SOMC/TMP and proposed structure, see ref 6d.
(Right) Products and byproducts. (B) General strategy of this paper: (1) structure of a Pt,Ga (311) and (111) surfaces; (2) interphase, interaction of
silica and Ga" single-sites with Pt” and Ga’; (3) structure of Pt and Pt,Ga nanoparticles supported on oxides (SiO, and Ga-doped SiO,); (4) activity of
Pt,Ga (311) and (111) surfaces compared to Pt (111) and comparison with activity of Pt and Pt,Ga supported nanoparticles.

studies trying to tackle the effect of added Sn on the structure
and stability of supported Pt nanoparticles are scarce, a joint
XAS/molecular dynamic study on small supported PtSn clusters
have evidenced the high mobility of the surface Pt/Sn
atoms.”™*> The high flexibility of such systems likely plays a
role in the overall observed catalytic efficiency.

More recently, PtGa systems have also been implemented in
production plants for propene production.'”*****” Despite
major advances in this field, the nature of the active site for PDH
in PtGa-based catalysts is not clear since Ga'' centers alone can
also efficiently catalyze PDH in contrast to Sn'".**~>' PDH on
Ga'! sites is thought to take place through C—H activation
leading to the formation of either Ga-hydride or Ga-alkyl
species.”” > In PtGa systems, the dramatically increased
performance compared to isolated Ga sites is sometime
discussed in terms of a Pt-promotional effect, suggesting that
the presence of Pt promotes the activity of Ga active sites.'” In
contrast to PtSn, the detailed understanding of the relation
between the structure and the catalytic performance, as well as
the role of Ga have not been proposed for these systems until
now, neither experimentally nor via computational ap-
proaches.”’

The difficulty in developing a molecular-level understanding
of these systems partially arises from the lack of reported
experimental data. PtGa materials are complex catalysts, making
modeling and in-depth characterization as well as understanding
of their reactivity very challenging. This complexity is often
inherited from the synthetic method, which leads to a mixture of
surface species. We recently prepared a silica-supported PtGa-
catalyst for PDH (PtGa/SiO,, Figure 1)*® using surface
organometallic chemistry (SOMC).**"®" This synthetic ap-
proach allows for a more controlled introduction of each
component (Ga and Pt) through sequential grafting and post-
treatment steps.’”~%” Furthermore, this approach also facilitates
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characterization as all of the potentially active phase is located on
the support surface and can be selectively probed by
spectroscopic techniques. In short, with SOMC, small and
narrowly distributed PtGa, (0.5 < x < 0.9, size = ca. 1 nm)
alloyed nanoparticles with a fraction of the Ga™ (1 — «x)
remaining as single-sites on the support surface were generated
on silica (Figure 1). Such material displays outstanding
productivity, selectivity, and stability in PDH'® compared to a
Ga'" single-site material prepared via the same approach®" and
conventionally synthesized PtGa systems. However, the exact
nature of the surface sites, the mechanism of the nanoparticle
formation from single sites and the origin of the reactivity of this
model system remain to be understood at the molecular level.
For instance, the exact location of Ga within the nanoparticle
could not be fully resolved: no Ga—Ga neighbors could be
detected within this PtGa alloy nanoparticles by extended X-ray
absorption fine structure (EXAFS) spectroscopy, while the
number of Ga—O neighbors seemed too large with respect to the
amount of Ga’. Furthermore, besides an increase in selectivity
and stability compared to Pt nanoparticles or Ga''-single sites
supported on silica, the activity of this material is ca. 2 orders of
magnitude higher than that of Ga'-single sites alone, raising
questions about the nature of the active sites and the origin of
the improved catalytic performances.

The recent advances in computational chemistry methods,
allowing the study of large scale systems by quantum
approaches—in combination with carefully designed experi-
ments and state of the art characterization techniques—allow for
greater understanding where experimental data alone cannot
provide sufficient answers due to the complexity of the
investigated systems. In the present work, we therefore use
this approach to refine the structural characterization of this
PtGa system and to develop a structure—activity relationship.

We aim at answering the following questions (Figure 1):
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i. What determines the structure of the PtGa alloy, how is it
formed and what is the nature of the interaction between
the nanoparticle and the support?

ii. What is the role of Ga in driving the PDH performance of
the PtGa system by comparison to pure Pt and Ga isolated
sites?

iii. How do residual Ga™ sites remaining on silica affect the

structure and the reactivity of the PtGa nanoparticles?

Initially, we examined the structure of a PtGa nanoparticle
supported on Ga-doped silica by comparing possible PtGa bulk
structures by means of periodic Density Functional Theory
(DFT) calculations. However, this simple periodic model
cannot help unravelling the role of the oxide support as well as
the cluster/nanoparticle size effects that experimentally proved
to strongly impact the shape and reactivity of these systems.****
Next, we thus investigated the role of the interface on the
structure of supported 1 nm Pt and PtGa nanoparticles on model
silica and Ga-doped silica surfaces by using ab initio molecular
dynamics (AIMD)®>*® at high temperature (875 K) to allow a
more extensive exploration of the relevant configurational space
and to refine the structure of the supported nanoparticles by
integrating X-ray absorption spectroscopy (XAS) data. The
PDH mechanism on the supported NPs was then evaluated
using metadynamics simulations,””~ in order to rationalize the
high performance and stability of the PtGa system compared to
the Pt one. The results from metadynamics were contrasted with
static calculations on crystalline surfaces to get more insight into
the different operating effects and to identify the factors that
dominate the catalytic properties of the system.

The Vienna ab initio Simulation Package (VASP) code”'~"* was
used to optimize Pt,Ga bulks and surfaces described in the first
section of this paper. The PBE”>~"* functional in combination
with plane-wave basis-set with pseudopotentials (PAW
method)””™ with a cutoff energy of 400 eV was selected to
calculate bulk properties of the metallic systems. The bulk was
relaxed with a convergence criterion of 0.01 eV A™" and a 12 12
12 Monkhorst—Pack grid was used to sample the Brillouin-zone
with a first-order Methfessel—Paxton smearing of 0.2 eV.

In principle, one can treat the metal component with the
lowest abundance as an impurity in the lattice of the metal with
the higher abundance. This is carried out by substituting
platinum atoms of the bulk by the corresponding element and
then evaluating the geometry of the obtained unit cell. To
construct the alloy material a 3 X 1 X 1 supercell of the platinum
fcc unit cell was taken and four Pt atoms were exchanged by Ga,
obtaining a Pt/Ga ratio equal to 2:1.

Surfaces were constructed by cleavage of the most stable bulk
structure following the lattice planes using six rows of atoms and
a vacuum spacing in the direction perpendicular to the surface
(14 A). Each surface was optimized at the same level of theory
used for bulk (see above), and the uppermost three layers of the
metallic surface were relaxed with a convergence criterion of
0.01 eV A™'; the other layers were kept fixed in the bulk
geometry.

The silica-supported PtGa nanoparticles that show high
catalytic performance in PDH have a Pt/Ga stoichiometry
comprised between 1:1 and a 2:1.°¢ To obtain a first evaluation
of the factors governing the stability of Pt,Ga alloys, 14 different
bulk structures (Figure S1 for structure and Table S1 for energy)
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with the stoichiometry Pt,Ga were generated by exchanging Pt
with Ga atom(s) starting from face centered cubic (fcc) Pt (see
this section).

The Vienna ab initio Simulation Package (VASP) code”' ™" was
also selected for the first parts of this work, the opt-PBE”>~"*
functional—including van der Waals corrections (opt-PBE-
vdW)—in combination with a plane-wave basis-set with
pseudopotentials (PAW method)””* with a cutoff energy of
400 eV was used. The use of van der Waals correction is required
to estimate the interaction of propane with Pt and PtM
surfaces.®’ Both Pt (111) (reference) and Pt,Ga (111) surfaces
were modeled by a supercell (9AX7AX26Aand 1SAX 11 A
X 26 A, respectively) including six rows of atoms and vacuum
spacing in the direction perpendicular to the surface (14 A). A2
2 1 Monkhorst—Pack grid was used to sample the Brillouin-zone
together with a first-order Methfessel—Paxton smearing of 0.2
eV. A dipole correction was used for adsorbed molecules.** All
the molecules and the uppermost three layers of the metallic
surface were relaxed with a convergence criterion of 0.01 eV AL
the other layers were kept fixed in the bulk geometry. This level
of theory was demonstrated to be accurate for estimation of
adsorption energy.*®

Frequency calculations were performed only for the
absorbates (in gas phase and adsorbed) at the same level of
theory except that a Fermi smearing of 0.1 eV was used. Using
these frequencies, the zero-point corrected enthalpy (H) and
free energy (G) were calculated using the usual thermochem-
istry and statistical mechanics approximation.

While there are several reports regarding the interaction of
clusters with surface,®*™%* modeling the interaction between
nanoparticles (at least one nanometer large) and a surface,
especially if the latter is an amorphous surface such as silica is a
real modeling challenge. Born—Oppenheimer (BO) Ab Initio
Molecular Dynamic (AIMD) with annealing at high temper-
atures (vide infra) was used to explore the conformational space
of Pt and PtGa nanoparticles (37 atoms, 1 nm diameter) on
silica surfaces, starting from the vacuum optimized nanoparticles
deposited on silica or Ga-doped silica surface. To do the AIMD
simulations we used CP2K”*”* with the rev-PBE functional >~
completed with additional D3-BJ dispersion corrections,” the
single-{ GPW basis set for the support (SiO, and D of the
support), and the double-{ GPW basis set on Pt, Ga, and the C
and D atoms of propane together with their respective
associated GTH pseudopotentials.”>™® The system was first
equilibrated using the NVT ensemble for 3 ps with a 1.0 fs step,
using a 875 K velocity-scaling thermostat which corresponds to
the working temperature to synthesize these catalysts. To access
larger time steps, all H atoms were replace by D atoms. Then the
most stable structures generated during annealing were slowly
cooled over 2 ps using a velocity rescaling factor of 0.999 (see the
SI for temperature and energy evaluation with time).

The following energy-based indicators were used to described
the interaction of the nanoparticle with the surface (i)
interaction energy of the nanoparticle with the surface

Etot = ENP—on—surface - (ENP-in»vacuum + Esurface)

(ii) deformation energy between nanoparticle in vacuum and
nanoparticle on surface;

Edef = Edistorded—NP - ENP-in—vacuum

https://doi.org/10.1021/jacsau.1c00212
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(iii) interaction energy between the distorted nanoparticle and
surface:

Eint = Etot - Edef

Number of closest neighbors or number of bonds used in this
study are defined assuming that there is a bond if and only if is
the distance between the two atoms is less or equal to the half
sum of the atomic distances of the two atoms.

The AIMD parameters were similar to the ones used in the
previous part (see above). The free energy surface (FES) was
explored by means of metadynamics,””~ " using a history
dependent potential applied along selected collective variables
(CVs) to describe the dehydrogenation mechanism. This
potential takes the following form:

V(t, (1) = w ) e WO =s010) /057

n

with w = 0.001 a.u. and d; = 0.2, respectively, being the height
and width of the Gaussian and f; = 10 fs being the time interval
between two consecutive Gaussian hills.

CVs must be selected in order to distinguish between reactant
and product state while including slow relaxation modes. For
PDH C to D and C to Pt coordination numbers (CN) were
considered, and C—C distance was included in the case of
coking. CNs are defined as follows:

1 _ (rx_A)rlﬂ
RO
CNAB = Z - nd
()
0

where nn = 6, nd = 12, and R, corresponds to the AB bond
distance, and takes 1.6 A for the C—D bonds and 2.3 A for the
C—Pt ones. These R, values are based on the respective
optimized bond lengths in the related transition state structures
obtained from static DFT.

The molecular complexes [Ga(OSi(OtBu););(THF)]*" and [Pt(OSi-
(OtBu)3)2(COD):|99 were prepared according to a literature
procedure. The material Pt(OSi(OtBu);)(COD)_Ga/SiO, and
PtGa/SiO, were likewise prepared according to a reported procedure.'®

Pt(0Si(OtBu);)(COD)_Ga/SiO, was added to a tubular quartz flow-
reactor supported with a porous quartz frit. The reactor was heated to
100 °C (ramp of 5 °C/min) and kept at that temperature for 1 hundera
steady flow of H,. The reactor was subsequently evacuated under high
vacuum (107 mbar) while cooling to room temperature (rt). A dark
material was obtained which was transferred to an argon filled glovebox.
Half of the material was reheated to 100 °C (ramp of S °C/min) and
kept at that temperature for 10 h. Evacuation was done under the same
conditions as mentioned before to obtain PtGa/SiO,_ 100 as a black
material.

XAS measurements were carried out at the Ga K-edge and Pt L;-edge at
the SuperXAS beamline at SLS (PSI, Villigen, Switzerland). The
storage ring was operated at 2.4 GeV in top-up mode with a ring current
of around 400 mA. The incident photon beam provided by a 2.9 T
superbend magnet was selected by a water-cooled Si(111) quick-
EXAFS monochromator, and the rejection of higher harmonics and
focusing were achieved by a rhodium-coated collimating mirror at 2.5
mrad and a rhodium-coated toroidal mirror at 2.5 mrad. The beamsize
on the sample was 1200 ym X 200 gm. During measurements, the
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monochromator was rotating with 1 Hz frequency in 2 deg angular
range, and X-ray absorption spectra were collected in transmission
mode using ionization chambers sgecially developed for quick data
collection with 1 MHz frequency.'” The spectra were collected for $
min and averaged. The beamline energy was calibrated with a Pt
reference foil to the Pt L;-edge position at 11564 eV. To avoid contact
with air, all samples were sealed in a glovebox. For ex situ samples,
pressed pellets (with optimized thickness for transmission detection)
were placed in two aluminized plastic bags (Polyaniline (1S ym),
polyethylene (15 ym), Al (12 ym), polyethylene (75 ym) from Gruber-
Folien GmbH & Co. KG, Straubing, Germany) using an impulse sealer
inside a glovebox; one sealing layer was removed immediately before
the measurements. Data processing was done by standard procedures
using the ProXASGui software package developed at the SuperXAS
beamline, PSI, Villigen. The program package Demeter was used for
data analysis.'”" S0? values for the Ga K edge were obtained by fitting
Ga(acac); with fixed coordination numbers according to crystal
structure data.

4.1.1. Interaction of Pt Nanoparticle with SiO, and Ga-
Doped SiO, Surfaces. The AIMD annealing sequence and the
subsequent gradient optimization (see the Computational
Section) were used to optimize a set of realistic-size'® Pt-
based nanoparticles to probe the effect and the role of the oxide
support on the structure and the shape of Pt-based nanoparticles
(Figure 1). We considered nanoparticles (1 nm, 38 atoms)
interacting with three model amorphous surfaces (Figure 2 and
Figure $3): two amorphous silica models'?* developed earlier to
mimic dehydroxylated silica (“SiO,.,,”, 1.1 OH nm™) and
hydroxylated silica (“SiO,”, 7.2 OH nm™?) and a model of Ga™-
doped dehydroxylated silica (“Ga/Si0,.,”, 1 Ga nm™%; 1 OH
nm~2).'” To evaluate the impact of the initial configuration on
the optimized structure and associated energy, two different
starting points were optimized in the case of SiO, o, (Figure
S4). Both the initial structures and the chosen oxide surfaces
have an impact on the obtained global energy. Thus, only trends
between different surfaces are considered while absolute
interaction energies between the nanoparticle and the oxide
support are not discussed. A summary of these results is depicted
in Figure 2 (see Figures S4—S6 for the complete set of optimized
structures); in each case, the average deformation energy (Eq.)
of the nanoparticle, the interaction energy (E;,), and total
stabilization energy (E,) are reported based on six structures
(see the Computational Section for a definition of these
indicators).

Starting from a vacuum optimized Pt nanoparticle deposited
on silica, the average number of Pt—O bonds increased to an
average value of 9.0 for a highly dehydroxylated silica SiO,_;yo
and of 2.5 for hydroxylated SiO, (see Figure S7), due to the
insertion of Pt atoms into elongated Si—O bonds. The contrast
between Pt supported on SiO, and SiO,_;, is striking: the low
affinity of Pt for SiO, (E;,, = —122 kcal mol™") leads to a quasi-
spherical nanoparticle structure (Figure 2, Eg.¢= +40 kcal mol™")
while on SiO,_;y, the flattening is significant (Figure 2, E4 =
+147 kecal mol™') due to the strong interaction with the
dehydroxylated support (E;, = —156 kcal mol™'). The
interaction of a Pt nanoparticle with a Ga-doped silica surface
was also investigated. Similar to SiO, 5o, the Pt nanoparticle is
significantly flattened compared to gas phase optimization
(Figure 2, Eg = +107 kcal mol™"), but having a much more
favored interaction with the surface and nearly doubled E,; (E,
—265 kcal mol™).

https://doi.org/10.1021/jacsau.1c00212
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E o = +40 +/- 15 +147 +/- 34 +107 +- 16

E, =-163 +-28

" GalSiO,.1

Figure 2. Interaction of SiO,, SiO, o, and Ga-doped SiO, 5, surfaces
with Pt 38-atoms (1 nm) nanoparticles. The most stable structure
obtained for each case is depicted (see the SI for the complete set of
structures, Figures S4—S6). Average values on all optimized structures
of interaction energy of the nanoparticle with the surface (E);
deformation energy between nanoparticle in vacuum and nanoparticle
on surface (E4.); interaction energy between the distorted nanoparticle
and surface (E,,), the variability (indicated by =+, see the Computa-
tional Section for a complete definition of these values) was estimated
by reporting the standard deviation, all values are in kcal mol™".
Conventions: Si (blue), O (red), H (white), Pt (gray), Ga (green).

To facilitate the molecular understanding on the interaction
between Pt and the support, the interaction of a single Pt atom
with SiO, ;o0 and Ga/SiO, o, surface sites was also considered
(see the Supporting Information for details, section 3). Pt’
atoms can insert into distorted Si—O bonds and the interaction
energy follows the bond elongation (—19.9 kcal mol™" for a
nondistorted bond up to —93.4 kcal ™' for the most elongated
one, averaged energy —20.7 kcal mol™'; Figures S8—S9). This
trend allows an explanation of the difference of behavior
modeled between a hydroxylated and a dehydroxylated silica
surface: SiO, 5 is distorted and displays a high number of
reactive elongated Si—O bonds compared to SiO,.'"*

Pt’ atoms interact strongly with Ga' sites with an average
interaction energy (—60.6 kcal mol ™', Figure S11) that is much
higher than in the case of pure silica. This interaction leading to
the partial breaking of the Ga—O bond is due to the donation of
the Pt” to the vacant p orbital of Ga™ and back-donation of the O
lone pair (Figure S8). Evidence for the interaction between Pt
and Ga" centers is in fact experimentally evidenced (vide infra).
As expected, the trend obtained on single atoms interaction with
model sites mimics the one obtained with real size nanoparticles
interacting with surfaces. These results are also in agreement
with the experimental finding that the average size of SOMC-
generated Pt-nanolparticles is lower on highly dehydroxylated
silica (SiO,.790ce)'** than on partially dehydroxylated one
(SiO,500ce) and even more in the presence of Ga'™ sites,'® and
explain the high stability of this system toward sintering.
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4.1.2. Structure Refinement and Formation Mecha-
nism of PtGa Nanoparticles Supported on Ga-Ddoped
Si0,_700- As already alluded to in the Introduction, it has so far
been difficult to obtain a molecular-level understanding of the
structure of the PtGa nanoparticles. Another unsolved issue is
the mechanism of formation of such alloyed nanoparticles.
Previously obtained XPS and EXAFS data for these supported
PtGa nanoparticles seem to contradict each other: while XPS
indicates that a large proportion (up to 90%) of Ga behaves as
Ga® EXAFS data suggest a Ga—O coordination number of 1.4,
which would correspond to 50% of Ga remaining at the
support surface, assuming three Ga—O bonds per Ga'™."® This
surprising result prompted us to study the structure of Pt,Ga
nanoparticles in more detail using AIMD. Before optimization,
the initially guessed geometry, spherical 1 nm Pt,Ga nano-
particles (1 nm, 12 Ga, and 26 Pt) deposited on a Ga-doped
SiO, surface (1 Ga per nm?), agreed with XPS data (roughly 10%
of Ga™ acid sites and 90% of Ga’ incorporated in the
nanoparticle), but lay far from the EXAFS analysis (0.2 Ga—O
bonds per Ga). The optimized structure reveals the movement
of Ga’ toward the surface of the nanoparticle and the
corresponding interaction of the surface Ga’ with the silica
support, strongly interacting with the Si—O bonds, similarly to
what we described earlier for the case of Pt atoms (Figure 3 and

Figure 3. Interaction of Ga-doped SiO, o, surfaces with Pt,Ga 38-
atoms (1 nm) nanoparticles. The most stable structure obtained for
each case is depicted (see the SI for the complete set of structures,
Figure $12). Conventions: Si (blue), O (red), H (white), Pt (gray), Ga
(green).

Figure S12). Thus, as a result, Ga atoms strongly interact with
the oxide surface leading to an average number of Ga—O bonds
increased by a factor of 10 to an average value of 2.1 Ga—O per
Ga atom (Figure S13). As such, the obtained optimized
structure is consistent with both EXAFS (high number of
Ga—0 bonds) and XPS data (oxidation state of Ga).

We then further explored the formation process of the PtGa
alloy using ex situ and in situ XAS spectroscopy by monitoring
the reaction of Pt(OSi(OtBu),)(COD) Ga/SiO, under a flow
(1 bar) of H, (from ambient temperature to 550 °C, Figures
S14—S15).

The in situ data support the sequential reduction of Pt and Ga
according to at the Pt L3-edge and Ga K-edge, respectively.
Linear combination fitting (LCF) analysis was used to evaluate
the proportion of remaining Pt" and Ga™": while Pt" is reduced
very quickly and almost fully, even at room temperature, the
reduction of Ga™ only takes place at ca. 200 °C (Figure S15).
This sequential reduction should allow for the isolation and
characterization of intermediate states of the system. As a
transient state, almost all Pt is reduced while the large majority of
Ga remains as isolated Ga'' sites, paralleling what has been
reported for similar materials, for example, Pt/Ga modified
zeolites.'”>'%° We concluded that a more detailed character-
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ization of such intermediate states via ex situ XANES and EXAFS
would provide complementary information and a more detailed
understanding of the formation mechanism. Thus, a sample was
prepared by H, treatment of Pt(OSi(OtBu),)(COD)_Ga/SiO,
at low temperature (PtGa/SiO, 100, 100 °C, 10 h, see the
Experimental Section) and evaluated ex situ in order to obtain
higher quality EXAFS data for a detailed analysis. Under these
conditions, EXAFS analysis at the Ga K edge shows that the
number of Ga—O nearest neighbors is comparable to the one in
the initial state of the material Pt(OSi(OtBu);)(COD) Ga/
SiO, (Figure 4, Tables S6—S8), while the LCF of the Ga K-edge

Il H
17k Pt'_Ga/Sio,
. no reduction
2 Ga-O 4.2+-0.4
3
R
1 n 1 n 1 n 1 n 1
1,5 F
PtGalSiO, 100
I 1ol 100 °C, 10 h
= Ga-0 3.6+-05
x Ga-Pt 0.5+-1.1
R 05
0,0
4’0 E n 1 n 1 n 1 n 1 n 1
- PtGa/SiO,
| H,, 600 °C, 10 h
= L0 Ga-O 0.8+-04
x - Ga-Pt 24+/-06
=
1,0
0,0
0 1 2 3 4 5
R(A)

Figure 4. EXAFS data (black) and fits (red) in R-space in Ga K-edge of
(top) Pt(OSi(OtBu);)(COD)_Ga/SiO, (=Pt"~Ga/SiO,) (middle)
PtGa/SiO,_ 100 and (bottom) PtGa/SiO, (see Tables S6—S8 for
optimized parameters).

XANES spectrum of this material indicates that around 10% of
Ga'' was reduced at this stage (Figure S16). Attempts to fit a
Ga—Pt pathway leads to small coordination numbers with large
error (Ga—Pt CN = 0.5 + 1.1), which might suggest a low
amount of Ga—Pt interaction with either alloyed Ga° or Ga™
surface sites. (see SI for more detail).

We then investigated the material at the Pt L; edge. Both LCF
of the XANES spectrum and fitting of the EXAFS region
confirmed the almost complete reduction of Pt at 100 °C
(Figure S17 and Table S3). Fitting of the Pt—Pt path indicates
an average low-number of neighbors (5.5 + 0.7) that is
consistent with the formation of Pt clusters or very small Pt
nanoparticles. This observation agrees with the transmission
electron microscopy (TEM) images of the sample indicating
clusters or particles below 1 nm (Figure S18). Inclusion of other
pathways such as Pt—O or Pt—Ga did not improve the fit.
Considering the above data for PtGa/SiO,_100, the inter-
mediate state in the formation of the final material likely
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corresponds to small Pt nanoparticles/clusters, interacting with
a small amount of incorporated Ga® and surface Ga'sites.
Further increasing the temperature during thermal treatment led
to the reduction and increased incorporation of Ga™ from the
interface into the Pt nanoparticle, leading to a more Ga enriched
PtGa nanoparticle as described before."

4.1.3. Dynamic Structure and Property of the
Supported Nanoparticles of Pt vs Pt,Ga. The previously
optimized Pt and Pt,Ga nanoparticles were equilibrated for 1 ps
at 875 K. Pt and Pt,Ga nanoparticles behave very differently:
while the pure Pt particle displays low atomic motion, the Pt,Ga
nanoparticle displays high mobility and disorder, behaving like a
melted droplet. This can be easily pictured by looking at the
overlapped positions of the atoms along the simulation time
(Figure 5) or alternatively by looking at the histogram of Pt—Pt

Figure 5. Time evolution (1 ps, superimposed pictures) of the structure
of Pt (left) and Pt,Ga (right) silica supported nanoparticles obtained by
AIMD. Conventions: Si (blue), O (red), H (white), Pt (gray), Ga
(green).

distances in both cases (Figure S19). In the case of pure Pt
nanoparticle (Figure S, left), one can still see the characteristic
hexagonal pattern associated with the (111) facet while a less
clear pattern is visible in the case of Pt,Ga (Figure S, right).
Looking at the bond histogram (Figure S19), the shortest Pt—Pt
distance is elongated in Pt,Ga compared to the case of pure Pt
(2.71 vs 2.66 A, respectively) and the long-range organization
(corresponding to the second coordination sphere) is very
broad in Pt,Ga compared to Pt.

We were curious to understand how such subtle changes in the
nanoscale structure of the catalyst could influence the activity
and to decipher the effect of the NP /surface interface on activity.
Efficient exploration of the free energy surface (FES) for such
large systems can be performed using metadynamics to
accelerate the sampling process (see computational details).
The results obtained from MTD (section 2.1) are then
compared in a subsequent section (section 2.2) with static
calculations of periodic surfaces to obtain more insights into the
various effects influencing the activity.

4.2.1. Metadynamics Simulations of PDH on SiO,-
Supported Pt and Pt,Ga Nanoparticles. The reactivity of
PtGa, and Pt nanoparticles supported on SiO, and Ga-doped
SiO,_79o was studied by metadynamics simulations. Here follows
the list of collective variables (CVs) that were used to study
PDH (Figure 6A,D): C1 (terminal carbon) to H coordination
numbers (CV1), C2 (central carbon) to H coordination number
(CV2), C1 to all Pt coordination number (CV3), and C2 to all
Pt coordination number (CV4). Evolution of the CVs in the case
of PDH on a SiO, 5y, supported Pt nanoparticle is displayed in
Figure 6A. C—H activation of the terminal C—H bond is taking
place at ca. 1100 fs (Figure 6A) as indicated by the sharp
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Figure 6. (A) Evolution of CVs as a function of time (CV1 blue line, CV2 red line, CV3 blue dots, CV4 red dots) during PDH metadynamics
simulation on SiO,_;y, supported Pt nanoparticle. (B) Snapshot of the movie of PDH metadynamics simulation on SiO, 5, supported Pt nanoparticle
(see Figure S25 for snapshot of the complete system). (C) FES of PDH on SiO,_, supported Pt nanoparticles as a function of CV1 and CV2 as
reconstructed from the metadynamics run (see Figures S27 for FES as a function of CV1—CV3 and CV2—CV4). (D) Evolution of CVs as a function of
time (CV1 blue line, CV2 red line, CV3 blue dots, CV4 red dots) during PDH metadynamics simulation on Ga-doped SiO, 54, supported Pt,Ga
nanoparticle. (E) Snapshot of the metadynamics movie (see Figure $29 for snapshot of the complete system). (F) Helmholtz free energy (AF, kcal
mol™") at 875 K pathways for PDH on SiO,_,q, supported Pt and Pt,Ga and Pt nanoparticles obtained from metadynamics run (see Figure S28 for FES
for the PdGa system as a function of CV1 and CV2). (1) adsorbed propane; TS-1 first C—H activation; (2) Pt-alkyl intermediate TS-2 s C—H
activation; (3) adsorbed propene. Movies of the simulations are available in the SI.

decrease of H coordination number on C2 (CV2) from 3.0 to
2.0. This step occurs in a concerted way, as evidenced by the
concerted increase of CV4 (Pt coordination number to C2)
from 0.0 to 1.0. Thus, overall, this is consistent with the
concerted breaking of one C—H bond and formation of a new
C—Pt bond (Figure 6B). This step is taking place on an
heptacoordinated Pt atom located in the center of a distorted Pt
hexagon similar to the one observed on Pt the (111) facet
(Figure 6B, 1120 fs). The formed Pt-hydride is quickly migrating
away from the Pt-alkyl moiety (Figure 6B, 1220 fs). The
formation of Pt-alkyl induces a distortion of the Pt surface
(Figure 6B, 170S fs), with the Pt bonded to C located
significantly out of the plane of the surface. The second C—H
activation is taking place on the same Pt atom around 2100 fs as
indicated by the variation of CV1 from 2 to 1 and yields a 7-
coordinated propene (as indicated by CV3 and CV4 converging
to an average value of 0.5) while the second hydride quickly
diffuses away (Figure 6B 2115 and 2325 fs).

The complete FES parametrized by the chosen CVs can be
reconstructed from the sum of the Gaussian potentials (Figure
6C).°”7° The position of intermediates and TSs are indicated
on Figure 6C, featuring the FES as a function of (CV1,CV2):
propane corresponds to the position (2,3), the Pt-alkyl
intermediate corresponds to (2,2), and propene to (1,2);
transition states are located around (2,2.5) and (1.5,2)
respectively. Minimum energy pathways (MEPs) connecting
to minima can be obtained from the FES (Figure 6F, see Figure
S26 for comparison with results obtained from static calculations
on periodic surfaces).
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Evolution of the CVs in the case of PDH on a Ga-doped
SiO, 7o supported Pt,Ga nanoparticle is displayed in Figure 6D.
C—H activation of the central C—H bond takes place around
600 fs (Figure 6E) with the simultaneous formation of one C—Pt
and one H—Pt bond on the same unsaturated Pt atom (with four
Pt neighbors vs seven for the active site of supported Pt
nanoparticle) located on top of a distorted Pt square pyramid
(Figure 6E). Migration of the formed Pt-hydride is blocked by
the distortion of the surface and the presence of Ga atoms (as
formation of Ga hydride is highly disfavored). The second C—H
activation occurs around 1750 fs, on the same pseudoisolated Pt-
center, and yields 7-coordinated propene (Figure 6E). Both C—
H activation steps take place on a highly unsaturated Pt.

As already mentioned, the Pt,Ga nanoparticle features high
mobility and is thus strongly distorted. The average coordina-
tion number at 875 K is around 9, while it is around 10 for
supported Pt nanoparticles. This is in agreement with the static
calculation results, indicating that the adjunction of Ga favors
the formation of the corrugated (111) facet featuring
unsaturated Pt centers (see section 2.2).

In general, this combination of high mobility—allowing for the
stabilization of intermediates—and distortion—favoring the
existence of unsaturated active sites is expected to favor higher
activity. Indeed, comparison of the MEPs obtained by MTD for
Pt and Pt,Ga nanoparticles (Figure 6F) revealed that PDH is
predicted to have a lower free energy (Helmholtz energy) barrier
of activation on Pt,Ga than on Pt (Figure 6 and Figure S26,
energy span of 25.9 vs 29.6 kcal mol™"), suggesting higher
activity of PtGa based catalysts.'*”'%®
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4.2.2. Static Simulations of PDH on Model Surfaces.
We were curious to contrast these results from MTD with
modeling based on static calculation on periodic surfaces. The
comparison would allow us to discriminate between electronic
and surface effects and the ones related to nanoparticle disorder
and mobility. The surface energies corresponding to the most
stable bulk structure of the Pt,Ga alloy were calculated (Table
S2, Figure S2). The two most stable surfaces are the (111) and
the (311) facets (Figures 1 and 7A) with surface energies of 0.93
Jm™?and 0.99 ] m™?, respectively. Similar to what is observed in
the bulk, Ga’ s also very dispersed on these surfaces, and no Ga°
atoms are close to each other. While the (311) facet is a flat
surface that displays the stoichiometry of the alloy (Pt/Ga, 2:1),
the (111) facet is Pt enriched (3:1) and corrugated, featuring
out-of-plane unsaturated Pt atoms (Figure 7A). The activity of
the Pt,Ga (311) and (111) facets was first studied in detail and
the Pt (111) surface was also evaluated for comparison purpose
using static calculations (see computational details). The Pt,Ga
(311) facet was used as a reference surface where all possible
pathways were calculated, while only the more active out-plan
Pt-4 was considered on the Pt,Ga (111) facet (Figure 7A). For
comparison, the activity of the (012) Pt,Ga surface, the most
stable surface obtained from the experimentally reported Pt,Ga
XRD-structure,”* was also estimated and proven similar to the
one of the ab initio optimized (311) surface (see Table S21).

The calculated adsorption enthalpy of propane on the Pt,Ga
(311) surface comprises between —9.4 and —11.1 kcal mol™
(Table S9), close to the adsorption energies on the Pt (111)
facet (—11.7 kcal mol™'; experimentally, —10.2 kcal mol™").'"”
Two configurations are found for adsorbed propane (Figure
7B): (i) propane interacting with the surface only through
dispersion forces and (ii) a propane o-complex on a surface Pt-
atom; the latter being slightly more favored than the former
(—9.4 kcal mol™ vs —11.1 kcal mol™"). Adsorption on the Pt,Ga
(111) facet is significantly more favored (—15.4 kcal mol™") due
to the bonding with the unsaturated Pt-4 (Figure 7B).

For propene adsorption on the (311) Pt,Ga facet, several
conformations (Figure 7C, see Table S10—S11 for the complete
set of optimized structures) are possible and were optimized,
involving single (7-coordination, Pt-x with x = 1—4, AH 4, =
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—13.7 to —22.6 kcal mol™!, see Figure 7A for numbering of Pt
atoms) as well as di-o-coordination (Pt-x—Pt-y x = 1—4,y = 1—
4, AH 4, = —14.9 to —24.6 kcal mol ™). While s-coordination is
preferred at low temperature, it is entropically less favorable than
the m-coordination. Thus, the free energy difference between
both coordination modes decreases with temperature (Tables
$8—S9) and becomes negligible at 875 K. Coordination to the
Ga surface sites is never favorable; in fact, any attempt to
optimize adsorbed propane on Ga sites always leads to
coordination to Pt sites.

These energies have to be compared to what is obtained on
the pure Pt (111) surface. On this latter surface, propene
adsorption energy is significantly higher than on the Pt,Ga
system and dicoordination of propene is favored compared to
the monocoordination mode, AH, 4, = —24.5 kcal mol™, vs 7-
coordination, AH,4, = —32.7 kcal mol™, but this trend is
reversed at 875 K (AG,4, = —11.5 vs —6.7 kcal mol™) due to the
entropic contribution. Overall, the introduction of Ga decreases
the affinity of alkenes for Pt and as found in the case of Sn in PtSn
catalyst.”*~* Part of the lower affinity of propene for Pt,Ga is
due to geometric effects coming to the adjunction of Ga atoms
to the Pt, which increases the distance between Pt atoms thus
disfavoring the di-o adsorption mode on Pt and partially to
electronic effects (see the SI comments associated with Figures
$20-522).

This model holds true for flat surfaces; however, the distorted
and unsaturated Pt,Ga (111) surface—lower in energy than the
(311)—is likely to have a different behavior. The particular
activity of step sites was underlined for Pt.”’ Structures and
energies of propene adsorbed on Pt,Ga (111) are provided in
Tables S8 and S9. Both ¢ (—23.9 to —26.8 kcal mol™') and -
coordination of propene (—20.4 to —31.4 kcal mol™) are
significantly more favored compared to adsorption of the flat
(311) surface and close to the one on Pt (111) (Tables S8 and
S9). At 875 K the entropic contribution dominates and the 7-
coordination is favored, as found for pure Pt. This agrees with
the results from AIMD showing a preferred z-coordination at
875 K (Figure 6D,E).

The mechanism of PDH on Pt (111) and Pt,Ga (311) was
subsequently investigated (Figure 7). Starting from propane,
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Figure 8. (A) Snapshots of the movie of the coking metadynamics simulation on Ga-doped SiO, _;, supported Pt,Ga nanoparticle (see Figure S31 for
snapshot of the complete system). (B) Gibbs Free energy (kcal mol™") pathway for propene deep dehydrogenation and coking on (311) Pt,Ga surface
(red) and on pure (111) Pt (blue) (see Figure S24 for enthalpy pathways, only the lowest energy path is represented, see Tables S16—S20 for other
paths). (C) Evolution of CVs as a function of time (CV1 blue line, CV2 red line, CV3 blue dots, CV4 red dots) during PDH metadynamics simulation
on Si0,_;qo supported Pt nanoparticle. (D) Evolution of CVs as a function of time (CV1, blue line; CV2, red line; Pt—Ga coordination number, orange
line; Pt—Pt coordination number, green) during PDH metadynamics simulation Ga-doped SiO, ;oo sup})orted Pt,Ga nanoparticle. Collective variables

were reconstructed after simulation using different parametrization (see SI) using plumed software'

C—H bond activation on surface Pt atoms yields the propyl
intermediate (Figure 7D). As for propene coordination, all
possible propyl intermediates on the Pt,Ga surfaces were
computed (Figure 7D, Table S12 for alternative structures and
energies). While the surface propyl-gallium intermediate could
be optimized, all structures lie relatively high in energy (Figure
7D, +6.1 to +8.3 kcal mol™! vs —11.0 to —5.1 kcal mol™ for
propyl-platinum intermediates), excluding the direct partic-
ipation of Ga in the C—H activation step. Propyl-platinum
intermediates can adopt two different conformations, with or
without supplementary Pt—H—C interaction (Figure 7D), the
second one being slightly favored (—3.2 kcal mol™'). As
expected, unsaturated Pt-4 on distorted Pt,Ga (111) allows
stabilizing (—10.9 kcal mol™") the propyl intermediate.
Compared to the same species adsorbed on the Pt (111)
surface all optimized intermediates are higher in energy on
Pt,Ga (—11.0 vs —15.3 kcal mol™" on Pt). This is in contrast
with what is obtained from AIMD, for which the reorganization
of the NP leads to a very stable propyl intermediate (Figure 6F).

The two C—H activation steps take place via the concerted
insertion of a Pt atom into the C—H bond and migration of a H
atom on another Pt site (Figure 7E); thus at least two adjacent Pt
sites would be required. Once again Ga sites cannot play an
active role in this process since the formation of Ga hydride is
not favored (see Table S13 for all possible hydride optimized
structures, any attempt to optimize Ga-hydride leads to the
migration of the hydride on one adjacent Pt). All possible
transition states for this insertion on the (311) surface were
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112 for the sake of visualization.

optimized (Figure 7E and Table S14). With stability ranging
between (+4.0 and +9.6 kcal mol™"), the activation energy for
this step is always higher on Pt,Ga than on Pt (+3 kcal-mol ™).
Remarkably, C—H activation taking place on the unsaturated Pt-
4 atom of the Pt,Ga (111) facet is highly favored (—1.7 keal
mol ™!, Figure 7E) with an activation enthalpy lower than the one
obtained on Pt (111) (+3.0 kcal mol™).

Similarly, several transition states were optimized for the
second C—H activation, yielding adsorbed propene (Figure 7E,
Table S15). The same trend was obtained for this step, the
transition state being always significantly higher in the case of
Pt,Ga (311) compared to Pt (111) (+4.8 vs —1.8 kcal mol™},
respectively, see Table S15). However, the Pt,Ga (111) surface
shows PDH activity comparable to the one of Pt (111) (—1.7
kcal mol™!, Figure 7). The dispersion of Pt and the low
coordination of the Pt-4 site favor the -H transfer step to form
directly 7-coordinated propene.

The various free energy pathways for PDH on Pt (111) and
Pt,Ga (311) and (111) are displayed in Figure 7F. The general
trend is that all adsorption energies are weaker on Pt,Ga
compared to Pt, resulting in both lower activation energies for
C—H activation and a higher propene desorption energy for Pt
compared to Pt,Ga. However, this is true only for flat surfaces
(311) where electronic effects predominate. On a distorted
(111) surface the presence of Ga favors the formation of
unsaturated highly active Pt single sites (Pt-4) featuring higher
or similar activity compared to Pt (111).
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Finally, AIMD simulations predict higher PDH activity for
Pt,Ga compared with Pt, while the trend is rather reversed
compared to static calculations with Pt,Ga showing similar or
lower activity compared to pure Pt (Figure 7F). However, due to
these two above-described opposite effects (electronic vs
geometric) it is hazardous to conclude on the activity trend
between Pt and Pt,Ga based only on static periodic DFT
calculations. Comparisons between free energy pathways
obtained from metadynamics and static DFT are display in
Figure S26. Compared to the static free energy pathway the
general profile does not change but free energies of activation
obtained by metadynamics are higher, likely due to under-
estimation of entropic effects in static calculations.

4.2.3. Coke Formation on SiO,-Supported Pt and
Pt,Ga Nanoparticles. The main pathway leading to the
deactivation of Pt based catalysts under PDH conditions is the
formation of coke.”®™*’ This reaction requires the cleavage of
C—C bonds, which is facilitated by deeper dehydrogenation of
the substrate, that is, formation of alkynes, which are in turn
more easily activated than a single C—C bond, as previously
demonstrated on related systems.’*™*" We thus also explored
the formation of propyne and its subsequent cracking as a simple
model for coke formation pathways (Figure 8).

To model the coking pathway, the following CVs were
considered starting from adsorbed propene: hydrogen and
platinum coordination to central and middle carbons (CVs 1—4
as defined above) as well as the distance between central and
middle carbon (CVS, Figure 8D). This set of CVs is expected to
limit the bias added to the system, that is, no specific order
between possible C—H and C—C activation is imposed and
metadynamics should allow to localize the most favorable
pathway. Evolution of the CVs in the case of the SiO,.;y
supported Pt nanoparticle is displayed in Figure 8C (see SI
Figures S30 and S31, for snapshots). Starting from propene
(CV1 =1 and CV2 = 2), activation of the middle C—H group
takes place after 2000 fs (decrease of CV1 from 1.0 to 0.5),
simultaneously CV3 and CV4 increase revealing the formation
of a Pt tricoordinated intermediate, in agreement with the
structures optimized using static DFT (Figure 8C). Sequen-
tially, activation of the terminal C—H group occurred around
8500 fs (Figure 8C) with only weak variation of the coordination
to Pt numbers and formation of absorbed propyne. Another C—
H activation is observed at 25 ps (Figure 8C); however, no C—C
breaking could be identified in our modeling. It is likely that coke
formation involves a further reorganization mechanism between
C3 fragments rather than direct C—C cleavage.

Evolution of the CVs in the case of SiO,_;, supported Pt,Ga
nanoparticle is displayed in Figure 8D. The first C—H activation
occurred as fast as for Pt (2 ps) in agreement with similar free
energy of activation compared to pure Pt. However, due to the
high distortion of the surface (Figure 8A), the formed
intermediate is only monocoordinated to the Pt-surface and
the C—H activation process is reversed around 3 ps to yield back
propene (Figure 8D). Activation of the middle C—H group
occurred at 5000 fs and a more stable Pt dicoordinated
intermediate is produced. The system is then stuck for more
than 20 ps: during this time neither the subsequent C—H
activation leading to propyne nor C—C bond cleavage was
observed, in contrast to the above-described case of Pt
supported nanoparticles. The second activation finally takes
place around 25 ps, but requires a significant reorganization of
the nanoparticle to proceed (Figure 8A): during the 20 ps the
number of PtGa bonds decreases while the number of Pt—Pt
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bonds increases (Figure 8D). This reorganization allows a local
increase of the Pt-concentration to stabilize Pt-tricoordinated
propyne (Figure 8D). Such surface reorganization has also been
proposed in the context of supgorted catalytically active liquid
metal solutions (SCALMS).””"'® The estimation of the
activation energy for the second C—H activation of propene
on PtGa is around 45 kcal mol™ vs 15 kcal mol™ in the case of
Pt. This clearly indicates that coking is a highly disfavored
process on Pt,Ga compared to pure Pt in good agreement with
the results obtained by static DFT calculations (see below).

As for PDH, we contrasted these results with static
calculations on periodic surfaces (Figure 8B and Tables S16—
S$20). Starting from di-o adsorbed propene a third Pt atom is
required to promote the third C—H activation leading to the
propenyl-platinum intermediate. A subsequent C—H activation
step yields the most unsaturated intermediate, propyne,
coordinated to three Pt atoms. As for the previous case the
activation energy of each C—H activation step is directly related
to the stability of the intermediates, and thus the activity
difference between Pt and Pt,Ga is always increasing with the
dehydrogenation degree.

The last step is the scission of the C=C triple bond to yield
two surface alkylidyne Pt species moieties, Pt=C—R (R = H,
CH,). This step requires the migration of one of these two
fragments to a close-by Pt; cluster. While this is easy on Pt (111)
(AG* = +12.6 kcal mol™), it is extremely high in free energy
(+53.7 kcal mol™") on Pt,Ga (311) as the bis-ligated PtGa C-R
intermediate is necessarily involved (Figure 8B). However, in
contrast with the results from MTD calculations, subse%uent
C—H bond breaking (in the case R = H) is not favored.”*~*
This difference of reactivity is consistent with the significantly
higher selectivity and resulting higher coking resistance of Pt,Ga
compared to Pt.

Overall, based on both MTD and static DFT results, the
addition of Ga in Pt is expected to induce a strong decrease of
the coke formation due to a combination of electronic
(stabilization of the Pt d-orbitals, leading to a decrease of its
electron donating ability) and steric effects (distortion and
formation of isolated Pt; islands) of Ga. The two latter favor a
higher selectivity and stability of the PtGa catalyst compared to
Pt as experimentally observed.

In this study we used DFT calculations confronted with
experimental data to refine the structure of highly active silica-
supported PtGa nanoparticles for the PDH reaction. AIMD
optimization of supported nanoparticles shows that, within the
alloy, Pt atoms maximize their interaction with Ga, while Ga—
Ga bond formation is disfavored. At the interface between the
nanoparticle and the oxide support, both Pt° and Ga’ interact
with Si—O bonds; it is accompanied by additional Pt°
interaction with remaining Ga™ Lewis acid sites. These
nanoparticle—support interactions, described with molecular
level precision, lead to a flattening of the nanoparticles and most
likely play an important role for the stability of these PtGa PDH
catalysts by preventing sintering. Additionally, these modeled
structures explain and reconcile the earlier thought-to-be
contradicting XAS and XPS data. We think that this approach,
that confronts AIMD optimized structures with sets of
experimental data, is a powerful methodology to refine the
structure of complex systems, consisting of nanometric particles
dispersed on (amorphous) supports, the detailed structure of
which is not readily accessible via state-of-the-art spectroscopy/
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electron microscopy. Besides structural information, AIMD also
evidences the highly dynamic nature of the bimetallic nano-
particle surface compared to the monometallic Pt surface.

Regarding their formation, this study indicates that PtGa
nanoparticles, prepared via SOMC from grafted Pt sites on Ga-
doped silica treated under H,, are formed in a stepwise way, first
involving the fast formation of small Pt clusters/nanoparticles at
low temperature from readily reducible isolated Pt" sites as
evidenced by XANES/EXAFS analysis. These Pt nanoparticles
further react at higher temperatures with isolated Ga'™" sites to
generate the nanometric alloyed PtGa particles that interact with
the silica surface and the residual Ga" sites.

Finally, metadynamics simulations using realistic models for
silica-supported nanoparticles as well as static DFT calculations
on periodic surfaces also provide insight regarding the relation
between the structures/dynamics of supported PtGa nano-
particles and their high performance toward PDH. First, PtGa
alloying minimizes large Pt ensembles leading to Pt site isolation
at the surface of the nanoparticles and increases the mobility of
Pt atoms in the alloyed nanoparticles. This suggests transient
and recurring formation of unsaturated Pt isolated sites that are
highly active toward the first C—H activation steps. Second, site
isolation of Pt atoms in the alloy disfavors coking through a
combination of dilution, dynamic, and electronic effects. The
adjunction of Ga to Pt decreases the affinity of Pt toward
unsaturated hydrocarbon intermediates. Furthermore, since the
formation of tri-Pt-coordinated propyne intermediates, a
precursor for coke formation, would require an unfavorable
partial PtGa dealloying to provide larger Pt ensembles, coke
formation is prevented. The higher selectivity and stability of
PtGa-based catalysts toward PDH can thus be related to the high
energetic cost associated with such reorganization. Overall, this
work supports that site isolation of Pt in highly dynamic PtGa
alloyed nanoparticles and nanoparticle stabilization by a strong
interaction with the support surface are key factors that explain
the high catalytic performance in alkane dehydrogenation.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c00212.
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