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ABSTRACT: Mo carbide nanoparticles supported on ZSM-5
zeolites are promising catalysts for methane dehydroaromati-
zation. For this and other applications, it is important to
identify the structure and anchoring sites of Mo carbide
nanoparticles. In this work, structures of Mo,C, (x =1, 2, 3, 4,
and 6) and Mo,C, (x = 2, 4, 6, and 8) nanoparticles are
identified using a genetic algorithm with density functional
theory (DFT) calculations. The ZSM-S anchoring sites are
determined by evaluating infrared vibrational spectra for

N

Mo,C, Mo,C,

x=1,2,3,4,6 x=2,4,6,8

surface OH groups before and after Mo deposition. The spectroscopic results demonstrate that initial Mo oxide species
preferentially anchors on framework Al sites and partially on Si sites on the external surface of the zeolite. In addition, Mo oxide
deposition causes some dealumination, and a small fraction of Mo oxide species anchor on extraframework Al sites. Anchoring
modes of Mo carbide nanoparticles are evaluated with DFT cluster calculations and with hybrid quantum mechanical and
molecular mechanical (QM/MM) periodic structure calculations. Calculation results suggest that binding through two Mo atoms
is energetically preferable for all Mo carbide nanoparticles on double Al-atom framework sites and external Si sites. On single Al-
atom framework sites, the preferential binding mode depends on the particle composition. The calculations also suggest that Mo
carbide nanoparticles with a C/Mo ratio greater than 1.5 are more stable on external Si sites and, thus, likely to migrate from
zeolite pores onto the external surface of the zeolite. Therefore, in order to minimize such migration, the C/Mo ratio for zeolite-
supported Mo carbide nanoparticles under hydrocarbon reaction conditions should be maintained below 1.5.

1. INTRODUCTION

Supported Mo carbide nanoparticles are studied in multiple and
diverse catalytic applications. For example, Mo carbide
nanoparticles supported on AlL,O; or MgO are active in
Fischer—Tropsch synthesis," > bio-oil upgrading,* and methane
conversion to synthesis gas with reforming or partial oxidation.®
Mo carbide nanoparticles supported on carbon nanotubes and
carbon black can serve as electrocatalysts for hydrogen
production,® and those supported on SiO, can catalyze ethane
and propane dehydrogenation to olefins.”® In addition,
unsupported Mo carbide nanoparticles can catalyze hydro-
carbon dehydrogenation with selectivity and activity compara-
ble to those of supported Pt catalysts.” The structure of Mo
carbide nanoparticles, however, is not well understood. Carbide
nanoparticles with 10—23 Mo atoms created by laser ablation
had a Mo,C,,; stoichiometry, while larger ones had a
stoichiometry closer to Mo,C,,,, indicative of near cubic
nanocrystallite structures.'® Nanoparticles with MogC;, and
Mo,,C,; compositions were found to be particularly stable.'*""
Cluster anions with a stoichiometry of Mo,C,, (x = 2—4)
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produced from Mo(CO); by laser radiation were found to be
unreactive with NH;, H,O, and O,, suggesting that Mo atoms
in these structures are unavailable for coordination.'” The
structure of a Mo,C, nanoparticle was identified with density
functional theory (DFT) calculations and used for modeling
catalytic conversion of CO, to CO in the presence of H,."
Mo carbide nanoparticles supported on zeolites, especially on
ZSM-S, are actively studied as catalysts for methane
dehydroaromatization with the main reaction of methane
conversion to benzene: 6CH, = CsHy + 9H,. Mo is usually
deposited on ZSM-S$ either by an aqueous impregnation or by
physically mixing MoO; and a zeolite support with subsequent
distribution of Mo species in the presence of gas-phase O, at
700—1000 K. Both preparation methods yield similar
catalysts."*™'® Our studies'” with ultraviolet—visible diffuse
reflectance spectroscopy (UV—vis DRS), operando Raman
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spectroscopy with simultaneous online mass spectrometry,
infrared (IR) spectroscopy, and DFT calculations determined
the identity of the initial Mo oxide structures as isolated
MoO,*" species anchored on double Al-atom framework sites,
2[AlO,]”, and MoO,0H" species anchored on single Al-atom
framework sites, [AlO,]”. During an induction period under
reaction conditions in methane flow, the initial Mo dioxo
species are converted to oxycarbide (MoO,C,) or carbide
(MoC,) nanoparticles, which then catalyze methane conversion
to benzene.'”"%¢ Moreover, Mo carbide nanoparticles, which
are specially prepared without residual oxygen, supported on
ZSM-$ are also active in methane dehydroaromatization.””

In addition to carburization, the initial atomically dispersed
Mo oxide species agglomerate under methane dehydroaroma-
tization reaction conditions. Images obtained with high-
resolution transmission electron microscopy (HRTEM) show
2—1S5 nm Mo carbide nanoparticles on the external surface and
particles with a size of less than 1 nm inside the ZSM-5
framework.>>*® X-ray absorption (XAS), X-ray absorption near-
edge structure (XANES), and extended X-ray absorption fine
structure (EXAFS) spectra indicate the presence of 0.6—1 nm
MoC, particles with ~10 Mo atoms.”>** Anchoring sites of Mo
species in ZSM-5 were previously evaluated using titration with
dimethyl ether'® and 'H magic angle spinnin% nuclear magnetic
resonance (‘H MAS NMR) measurements.'

For evaluation of structure—activity relationships for
supported and unsupported Mo carbide nanoparticles in
diverse catalytic and other applications as a function of their
particle size and composition, structures of these nanoparticles
with a variable number of Mo atoms and C/Mo ratios need to
be determined. In this work, DFT calculations were used to
identify structures of Mo,C,, (x = 1, 2, 3, 4, and 6) and Mo,C,
(x = 2, 4, 6, and 8) nanoparticles. For mechanistic studies of
Mo/ZSM-5 catalysts in methane dehydroaromatization, it is
also important to determine ZSM-5 anchoring sites and modes
of binding of Mo carbide nanoparticles to these sites. In this
work, in situ IR spectroscopic measurements were used to
characterize ZSM-S anchoring sites by comparing spectra of
surface OH groups before and after Mo deposition for catalysts
with a variable Si/Al ratio at a constant Mo loading and at a
constant Si/Al ratio with a variable Mo loading. The IR results
show that Mo oxide species primarily anchor on framework Al
sites and partially on Si sites on the external surface of the
zeolite. Since previous studies™ demonstrated that the
anchoring sites remain substantially the same after conversion
of Mo oxide species into carbide nanoparticles, binding modes
of Mo,C, and Mo,C, nanoparticles were evaluated with DFT
calculations on three types of ZSM-$ anchoring sites: (1) single
and (2) double Al-atom framework sites and (3) Si sites on the
external surface. DFT calculations used a cluster model of a 10-
member ZSM-5 pore as well as the same cluster imbedded into
the full periodic structure of ZSM-5 using a hybrid method that
combines quantum mechanical and molecular mechanical
(QM/MM) calculations. The calculations compared the
binding of Mo,C, and Mo,C, nanoparticles through 1 and 2
Mo atoms on all three evaluated ZSM-S anchoring sites. In
addition, the calculations compared thermodynamic stability of
the Mo carbide nanoparticles on Al anchoring sites inside
zeolite channels and Si sites on the external surface.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

a. Catalyst Synthesis. Two sets of Mo/ZSM-5 catalysts
were prepared by incipient wetness impregnation using
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aqueous Mo heptamolybdate (NH,)sMo,0,,4H,0 (Alpha
Aesar, 99.9%) and ZSM-$S zeolites (Zeolyst International). In
the first catalyst set, the Mo loading was varied between 0.7 and
3.3 wt % using a ZSM-S support with the Si/Al atomic ratio of
15 (Si/Al = 15, Zeolyst CBV 3024E). In the second catalyst set,
the Mo loading was kept constant at 1.3 wt % for ZSM-S
supports with different Si/Al ratios: 15 (Zeolyst CBV 3024E),
25 (Zeolyst CBV 5524G), 40 (Zeolyst CBV 8014), and 140
(Zeolyst CBV 28014). After impregnation, the catalysts were
dried at room temperature in air overnight and then by
ramping to 393 K at 1 K/min and holding at this temperature
for S h. After drying, the samples were calcined in flowing air
(Airgas, Inc., ultrahigh purity) by ramping to 773 K at 1 K/min
and holding at this temperature for 2 h.

b. In Situ Infrared Spectroscopy. IR measurements were
performed with a Thermo Scientific Nicolet 8700 Research
FTIR spectrometer equipped with a liquid nitrogen cooled
mercury—cadmium telluride (MCT) detector, a Harrick
Praying Mantis accessory (model DRA-2), and a Harrick
reaction chamber HT-100. Catalyst samples were initially
dehydrated in the Harrick cell under flowing 10 mol % O,/Ar
(Airgas, Inc., 10.00% Certified Mixture) at 723 K for 60 min
and then cooled down to 383 K also under flowing 10 mol %
0O,/Ar.

c. Computational Methods. Gradient-corrected spin-
polarized periodic density functional theory (DFT) calculations
were performed with the DMol® code in Materials Studio 6.1
program by Accelrys Software, Inc. The calculations used the
DNP basis set (version 3.5) and the GGA RPBE functional.
Tightly bound core electrons of Mo atoms were represented
with semicore pseudopotentials. Reciprocal-space integration
over the Brillouin zone was approximated through I'-point
sampling (1 X 1 X 1 Monkhorst—Pack grid). The density
mixing fraction of 0.2 with direct inversion in the iterative
subspace (DIIS, size 6) and orbital occupancy with smearing of
0.005 Ha were used. The orbital cutoff distance was set at 0.44
nm for all atoms.

Optimized structures of Mo carbide nanoparticles shown in
Figure 1 were obtained with a genetic algorithm using DFT
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Figure 1. Structures of Mo,C, and Mo,C, nanoparticles identified
with a genetic algorithm using DFT geometry optimization
calculations.

geometry optimization calculations. The ZSM-5 structure was
modeled with two approaches. In the first approach, a 10-T
cluster (10 Si and 30 O atoms) was used with DFT
calculations. In the second approach, the same 10-T cluster
embedded into the full periodic MFI structure was used with
QM/MM calculations. Both models are shown in Figure 2. The
cluster was generated from a 10-T ring of the sinusoidal
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Figure 2. ZSM-S computational models: (a) front and (b) side views
of the periodic structure model constructed as a supercell from 2 MFI
unit cells and used in QM/MM calculations. The 10-T region (shown
as a ball and stick) was evaluated with QM and the rest of the structure
(shown as a wire frame) with MM. (c) The same 10-T region as a
cluster model for DFT calculations.

channel of an MFI unit cell (96 Si and 192 O atoms) with the
experimental lattice constants of a = 2.0022, b = 1.9899, and ¢ =
1.3383 nm. The dangling bonds of the boundary O atoms in
the cluster were saturated by H atoms, as shown in Figure 2c.
In order to minimize cluster boundary effects and better
simulate the overall zeolite structure, the coordinates of these
terminal OH groups were constrained. The terminal O atoms
were constrained at their original positions in the MFI unit cell.
The terminal H atoms were constrained at the positions
obtained with the following two-step procedure. First, the
bonding Si atoms from the part of the zeolite framework that
was cut out from the cluster were changed into H atoms.
Second, the distance between the bonding O atoms in the
cluster and the terminal H atoms was adjusted to 0.095 nm.
Except for the terminal OH groups, the positions of all other
cluster atoms and all atoms in an anchored Mo carbide particle
were optimized with DFT calculations.

In the second approach, the same 10-T cluster was selected
in the middle of two full MFI unit cells (96 X 2 = 192 Si and
192 X 2 = 384 O atoms) shown in Figures 2a,b, which were
combined into a periodic supercell. The 10-T cluster and the
boundary O atoms, which are shown in Figures 2a,b with a ball
and stick representation, were treated as the DFT (QM)
region, and the rest of the MFI supercell, which is shown in
Figures 2a,b with a wire frame representation, was treated as the
MM region. The QM region was embedded using mechanical
embedding, with the total energy being calculated with a
subtractive scheme. The QM/MM calculations used the same
DFT settings as those employed in cluster calculations
performed with DFT only. The MM calculations were
performed with the GULP program using the Broyden—
Fletcher—Goldfarb—Shanno (BFGS) optimization method and
the universal force field (UFF).

A single Al-atom framework anchoring site was modeled by
placing an Al atom into the T-9 framework position in the 10-T
ring. This site is shown with an anchored Mo,C; particle in
Figures 3a,b. A single Al atom in a zeolite framework has a
counterion, for example H', that balances the charge of the
corresponding [AlO,]™ group. Therefore, although an Al atom
has an odd number of electrons, the [AlO,] "H" group has an
even number of electrons. In order to maintain an even number
of electrons in the DFT cluster with the single Al-atom site, an
H atom was added to the models with this anchoring site. For
anchored Mo carbides, the additional H atom was found to
preferentially bind to a C atom. The position of the bonding C
atom for each Mo carbide particle is labeled as C(1) in Figure
S1. A double Al-atom framework anchoring site was modeled
by placing one Al atom into the T-5 framework position and

4672

e
I

/I

(l 'Q.}. o
\%\’(/‘\,‘5

Figure 3. Anchoring modes for the Mo,C; nanoparticle on ZSM-5
framework Al sites: (a) single Al-atom site with binding through 1 Mo
atom, (b) single Al-atom site with binding through 2 Mo atoms, (c)
double Al-atom site with binding through 1 Mo atom, and (d) double
Al-atom site with binding through 2 Mo atoms.

another Al atom into the T-9 position in the 10-T ring. This
site is shown with an anchored Mo,C; particle in Figures 3c,d.
For comparison of double Al-atom framework sites and
external Si sites, terminal H atoms from two neighboring Si
sites in the T-1 and T-10 framework positions were moved to
the T-5 and T-9 Al framework sites in the 10-T ring. The
positions of these 2 H atoms were optimized as H" Bronsted
acids on the two [AlO,] sites, as shown in Figures 6 and 8.
The positions of the boundary O atoms on the T-1 and T-10 Si
sites without terminal H atoms were relaxed and optimized
with Mo carbide particles, simulating Si anchoring sites on the
external surface of the zeolite. Since the stoichiometry of the
10-T cluster remained the same after the transfer of the 2 H
atoms from the Si to Al sites, the energies of Mo carbides
anchored on these two sites could be directly compared.

3. RESULTS

a. Structure of Mo,C, and Mo,C, Nanoparticles.
Optimized geometries of Mo,C, (x = 1, 2, 3, 4, and 6) and
Mo,C, (x =2, 4, 6, and 8) nanoparticles are shown in Figure 1.
Geometry details (bond distances and angles) are provided in
Tables S1—S9, and the atom numbering used in the geometry
description is provided in Figure S1. Because of a large number
of possible structures, minimum-energy structures were
identified with a %enetic algorithm based on the approach of
Deaven and Ho.” For a given Mo carbide composition,
multiple structures were generated and analyzed in order to
identify the one with the lowest energy. The evaluation
methodology was based on an adaptation of the principle of
Darwinian evolution, in which the more fit individuals are more
likely to pass their characteristics to future generations.” First,
a population of 32 candidate structures was generated for a
fixed Mo carbide composition and evaluated with DFT
geometry optimization calculations. Then, a new generation
of 32 “child” structures was created by combining portions of
the initial “parent” population. The “parent” structures were
selected on the basis of their fitness, which in this case was their
total DFT energy. As a result, lower-energy structures were
more likely to be selected to pass their characteristics to future
generations. New “child” population structures were created
with two methods: mutation and mating (also known as
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Figure 6. Anchoring modes for Mo,C, nanoparticles on Si sites on the external surface of ZSM-S: (a) binding through 1 Mo atom; (b) binding

through 2 Mo atoms.

crossover). In the mutation method, Cartesian coordinates of
an atom (x, y, and z) were modified randomly with a preset
probability of 10%. In the mating method, two “parent”
structures were selected to create two new “child” structures. A
random plane passing through the center of mass of each
“parent” structure was generated, and “child” structures were
generated by selecting the atoms above the plane in one of the
“parents” and below the plane in the other. In addition, a half of
each “child” cluster was rotated through a random angle.
Furthermore, seven variant crossover operations31 were used to
generate additional “child” population structures. For each pair
of parents, a crossover operator was chosen randomly, ensuring
a diverse population. Moreover, a “taboo” algorithm was
employed that prevented generation of the same “child”
structures in two consecutive generations, which further
ensured the diversity of the population.

After generation of a complete set of 32 “child” structures,
the fitness of each new structure was computed, and a
subsequent population of 32 “child” structures was created. The
process continued until convergence was achieved. Evaluation
of populations larger than 32 structures for several Mo carbide
compositions showed no significant improvements in con-
vergence. The probability of selecting a “parent” structure was
proportional to its relative energy. During the first few
generations, however, high-energy clusters were assigned a
higher probability than would be determined by their energy.
This prevented the algorithm from converging to a local
minimum. The likelihood of premature convergence was
further minimized by employing a sliding scale factor for
crossover probabilities.>> The convergence criterion was set as
an energy change of less than 10™* Ha (0.26255 kJ/mol) for 25
consecutive generations. We note that although it is possible to
optimize structures with a genetic algorithm using single-point
energy rather than geometry optimization calculations, the
former method is typically slower.>®

A histogram for the number of Mo,Cq4 structures in a
population as a function of their stability relative to the most
stable structure for the Mo,C stoichiometry is shown in Figure
S2. The Mo,Cy structure that has the second best geometry
(shown as structure 2 in Figure S3) is substantially, by 70 kJ/
mol, less stable than the most stable structure (shown in Figure
1 and also shown for comparison in Figure S3 as structure 1). A
total of 3 structures are less stable relative to the most stable
structure by 70—99 kJ/mol. The next 10 structures are
relatively less stable by 100—199 kJ/mol (group 2), the next
12 structures are less stable by 200—299 kJ/mol (group 3), the
next 11 structures are less stable by 300—499 kJ/mol (group 4),
and, finally, the least stable 7 structures are less stable by 500—
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1000 kJ/mol. Such a histogram is typical for the evaluated Mo
carbide particles.

All optimized (lowest-energy) structures of Mo,C, particles,
which are shown in Figure 1, maintain a Mo—Mo bond. The
Mo—Mo bond distance increases from 0.21 nm in Mo,C to
0.25—0.27 nm in the particles with a larger number of C atoms.
All optimized structures of Mo,C, particles, which are also
shown in Figure 1, maintain bonds among all 4 Mo atoms with
similar bond distances of 0.23—0.29 nm. Distances for Mo—C
bonds for both Mo,C, and Mo,C, particles are 0.19—0.23 nm.
C atoms are located in bridging positions between Mo atoms.
With the increasing number of C atoms, chains of C atoms that
bridge 2 Mo atoms are formed. Initially, these bridging chains
have 2 C atoms, as in Mo,Cy, Mo,C¢, and Mo,Cg. At a higher
C/Mo ratio of 3 in the Mo,C¢ particle, the chain length
increases to 4 C atoms. All C—C bond distances are 0.13—0.14
nm and consistent with the C=C double bond distance of
0.133 nm in gas-phase ethylene.

b. Identification of Initial Mo Anchoring Sites with in
Situ Infrared Spectroscopy. Initial Mo oxide species anchor
on the zeolite surface by replacing H atoms of surface OH
groups. The IR spectra in Figure 4 with characteristic peaks for
vibrations of surface OH groups provide information on
anchoring sites based on changes in the intensities of these
peaks after Mo oxide deposition. Importantly, previous
studies™ demonstrated that the anchoring sites for Mo oxide
species are not fully recovered after the conversion of the initial
oxide phase into Mo carbide nanoparticles. Therefore, the
anchoring sites for Mo oxide species also serve as anchoring
sites for Mo carbide nanoparticles.

Figure 4a shows an evolution of spectra in the OH
vibrational region with the increasing Mo loading for the
ZSM-5 support with the Si/Al ratio of 15. Figure 4b shows
pairs of spectra before and after 1.3 wt % Mo deposition for
ZSM-S supports with the Si/Al ratios from 15 to 140 in the
same OH vibrational region. The spectra for blank H-ZSM-§
(Si/Al = 15) and 1.3 wt % Mo on the same zeolite are shown in
both sets for comparison. Most spectra exhibit four OH
vibrational peaks at 3783, 3741, 3660, and 3608 cm™!
assigned**** respectively to type I extra-framework Al sites
(ex-AlOH 1), Si sites on the external zeolite surface (Si—OH),
type I extra-framework Al sites (ex-AlIOH II), and framework
Al sites (Al-(OH)-Si).

The full spectrum for H-ZSM-5 (Si/Al = 15) prior to Mo
deposition shown in Figure 4e exhibits a prominent peak at
1380 cm™ from Si—O—Si vibrations of the zeolite framework.
Since Si—O-—Si framework vibrations should be practically
unaffected by Mo deposition, the peak at 1380 cm™" can serve
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Figure 4. Comparison of IR spectra in the OH vibrational region for
ZSM-S before and after Mo deposition: (a) as a function of the Mo
loading; (b) pairs of spectra as a function of the Si/Al ratio.
Comparison of relative integral absorbance values for (c) spectra in
part a and (d) spectra in part b. (e) Full spectrum for H-ZSM-5 (Si/Al
= 15) before Mo deposition.

as a reference. Accordingly, the integral absorbance values for
the four OH vibrational peaks in Figures 4a,b were normalized
by dividing by the integral absorbance for the peak at 1380
cm™" in each spectrum, and the results are presented in Figures
4¢,d.

At low Mo loadings, the intensity of the band at 3608 cm™*
due to vibrations of hydroxyls on framework Al sites, Al-(OH)-
Si, is reduced, indicating that Mo oxide species preferentially
anchor on these sites. At higher Mo loadings, the intensity of
the band at 3741 cm™" for hydroxyls on external Si sites, Si—
OH, is reduced, indicating that external Si sites can serve as
additional anchoring sites. Finally, the bands at 3660 and 3783
cm™ for hydroxyls on extra-framework Al sites, ex-AIOH, are
perturbed, indicating that these Al sites can also serve as
anchoring sites for a small fraction of Mo species. A similar
trend is observed as a function of the Si/Al ratio. Additionally,
as the Si/Al ratio increases and fewer Al sites are available, a
higher fraction of external Si sites becomes occupied.
Furthermore, Mo deposition causes some dealumination that
is evidenced by changes in the peaks at 3660 and 3783 cm™". If
Mo species were only anchoring on existing extra-framework Al
sites, then the intensities of these peaks should always decrease
after Mo deposition. The slight increases in peak intensities
observed for several catalysts indicate that Mo deposition
causes the formation of additional extra-framework Al sites,
which is not offset by anchoring of Mo species. This
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dealumination effect caused by Mo deposition is consistent
with regorted *’Al MAS NMR and NH, titration measure-
ments.’

. Anchoring of Mo Carbide Nanoparticles. Anchoring
of Mo,C, and Mo,C, nanoparticles was evaluated computa-
tionally on three types of sites: (1) single and (2) double Al-
atom framework sites and (3) Si sites on the external surface.
On all sites, binding through 1 and 2 Mo atoms was compared.
The structures with framework Al sites were first calculated
using the 10-T cluster shown in Figure 2c and then recalculated
with the periodic model shown in Figures 2a,b.

Results for the Mo,C, particles anchored on the single Al-
atom site are presented in Table 1 and Figures Sab. Binding

Table 1. Relative Stability of Mo,C, Nanoparticles Binding
through 2 Mo Atoms vs 1 Mo Atom for the 10-T Cluster
Model (and Full Periodic ZSM-5 Structure), kJ/mol®

AE, single Al-atom framework site ~ AE, Si site on external surface

Mo,C 10 (3) 34
Mo,C, 26 (23) 52
Mo,C; —96 (—=79) 44
Mo,C, 11 (-23) 179
Mo,Cq -6 (-19) 204

“Positive numbers mean that binding through 2 Mo atoms is
energetically preferable. Corresponding geometries are shown in
Figures 5a,b and 6.

through 2 Mo atoms is energetically preferable for the Mo,C
and Mo,C, particles. For the Mo,C; particle, this trend is
reversed, and binding through 1 Mo atom (Figures 3a and Sa)
is preferable than through 2 Mo atoms (Figures 3b and Sb).
With increasing C/Mo ratio, binding through 1 Mo atom
remains favorable. The results of DFT cluster calculations and
periodic QM/MM calculations in Table 1 are in general
agreement, within 17 kJ/mol. An exception is the Mo,C,
particle with an energy difference of 34 kJ/mol. These
differences are due to a better description of relaxation effects
in the zeolite framework around the anchoring site by the QM/
MM periodic structure calculations compared to the DFT-only
calculations with the rigid cluster. Binding through 1 Mo atom
(Figure Sa) in general requires greater relaxation of the zeolite
framework than through 2 Mo atoms (Figure Sb). As a result,
periodic calculations in general predict greater stability for
binding through 1 Mo atom and, therefore, lower values for the
preferential binding through 2 Mo atoms in Table 1. An
exception for this trend is the Mo,C; particle, which is
particularly stable by binding through 1 Mo atom (Figure 3a).
This is also the only Mo carbide particle that is stable by
binding through 1 Mo atom on the double Al-atom site (Figure
3c). All other evaluated Mo carbide particles anchor on the
double Al-atom site by binding only through 2 Mo atoms
(Figure Sc). Even though the structure with binding through 1
Mo atom on the double Al-atom site is stable for the Mo,C;
particle (Figure 3c), it is still less preferable by 129 kJ/mol than
that with binding through 2 Mo atoms (Figure 3d).

External Si sites offer greater flexibility in the positions of
anchoring O atoms derived from surface OH groups compared
to framework O atoms of Al sites. Therefore, in contrast to the
double Al-atom framework site, configurations with binding
through 1 Mo atom are stable on 2 Si atoms on the external
surface (Figure 6a). Binding through 2 Mo atoms (Figure 6b),
however, remains preferable for all Mo,C, particles, with the

dx.doi.org/10.1021/jp4106053 | J. Phys. Chem. C 2014, 118, 4670—4679
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Figure S. Anchoring modes for Mo,C, nanoparticles on ZSM-S framework Al sites: (a) single Al-atom site with binding through 1 Mo atom, (b)
single Al-atom site with binding through 2 Mo atoms, and (c) double Al-atom site with binding through 2 Mo atoms.

relative stability increasing with the C/Mo ratio from 34 kJ/mol
for the Mo,C particle to 204 kJ/mol for the Mo,Cq particle
(Table 1). A notable exception in this trend of gradually
increasing relative stability values is, again, the Mo,C; particle
with a lower value compared to the trend.

The relative stability values for the Mo,C, particles binding
through 2 Mo atoms anchored on the double Al-atom
framework site (Figure Sc) and external Si site (Figure 6b)
are compared in Table 2. For Mo carbide particles with the C/

Table 2. Relative Stability of Mo,C, Nanoparticles Anchored
on Double Al-Atom Framework vs External Si Sites, kJ/mol®

AE AE
Mo,C 78 Mo,C, =50
Mo,C, 68 Mo,Cy =32
Mo,C;4 125

“Positive numbers mean that anchoring on the double Al-atom
framework site is energetically preferable. Corresponding geometries
are shown in Figures Sc and 6b.

Mo ratio of 1.5 or lower (Mo,C, Mo,C, and Mo,C;),
anchoring in a zeolite pore on the double Al-atom site is
preferable. However, for particles with the C/Mo ratio of 2 and
higher (Mo,C, and Mo,C), the relative stability is reversed
and anchoring on the external Si site becomes energetically
preferable. For the Mo,C; particle, an additional comparison is
available between the configurations with binding through 1
Mo atom on the double Al-atom framework site (Figure 3c)
and external Si site (Figure 6a). Anchoring on the double Al-
atom framework site is preferable by 40 kJ/mol, which is in line
with the preferential anchoring for this particle by binding
through 2 Mo atoms in Table 2.

In order to confirm that the identified unanchored optimized
Mo carbide structures in Figure 1 generate the most stable
structures when they are anchored, additional calculations were
performed to compare six different structures with the same
Mo,Cg stoichiometry when they are unanchored and anchored
on the different types of ZSM-S sites. In addition to the lowest-
energy unanchored Mo,Cy structure, which is shown in Figure
1 and as also in Figure S3 as structure 1, five more Mo,Cq
structures with the energies closest to best structure were
evaluated. These additional Mo,Cq structures are shown in
Figure S3 as structures 2—6, and their geometries are provided
in Tables S5.2—S5.6. The corresponding optimized structures
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anchored on single Al-atom, double Al-atom, and external Si
sites of the 10-T ZSM-S cluster are shown in Figure S4, and
their energies are summarized in Figure SS. Without anchoring,
the additional five Mo,C structures 2—6 are less stable than
the lowest-energy structure 1 by 70—126 kJ/mol. When
anchored on the ZSM-S sites, only Mo,Cq structure 2 on the
Si site generates an alternative geometry that is comparable in
energy to that obtained with the lowest-energy Mo,Cg structure
1. The Mo,Cq structure S optimizes to exactly the same
geometries as those obtained with the lowest-energy Mo,Cq
structure 1 on double Al-atom and Si sites (energy difference of
zero in Figure SS). All other anchored structures remain less
stable by 54—233 kJ/mol. Therefore, Mo carbide structures,
which are the most stable without anchoring, in general
generate the most stable anchored structures.

Results for the Mo,C, particles anchored on the single Al-
atom site are presented in Table 3 and Figures 7a,b. Preferential

Table 3. Relative Stability of Mo,C, Nanoparticles Binding
through 2 Mo Atoms vs 1 Mo Atom for the 10-T Cluster
Model (and Full Periodic ZSM-5 Structure), kJ/mol®

AE, single Al-atom framework site ~ AE, Si site on external surface

Mo,C, 13 (3) 162
Mo,C, —21 (n/a) 184
Mo,Cq —34 (-73) 148
Mo,Cq -6 (9) 150

“Positive numbers mean that binding through 2 Mo atoms is
energetically preferable. Corresponding geometries are shown in
Figures 7a,b and 8.

binding is through Mo atoms that have fewer bonded C atoms.
Based on the periodic structure calculations, binding through 2
Mo atoms is preferable for the Mo,C, and Mo,C; particles. In
contrast, binding through 1 Mo atoms is preferable for the
Mo,C, and Mo,Cy particles. For the Mo,C, particle, the
geometry with binding through 2 Mo atoms is not even stable
in the periodic structure as it optimizes to the geometry with
binding through 1 Mo atom (Figure 7a). Therefore, the
anchored Mo,C, particle with binding through 1 Mo atom is
shown in Figure 7b in the cluster model, not in the periodic
structure.

Similarly to the Mo,C, particles anchored on the external Si
site, binding through 2 Mo atoms (Figure 8b) is preferable by
148—184 kJ/mol compared to binding through 1 Mo atom
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Figure 7. Anchoring modes for Mo,C, nanoparticles on ZSM-S
framework Al sites: (a) single Al-atom site with binding through 1 Mo
atom, (b) single Al-atom site with binding through 2 Mo atoms, and
(c) double Al-atom site with binding through 2 Mo atoms.

Mo,C,

Mo,C Mo,Cq

Figure 8. Anchoring modes for Mo,C, nanoparticles on Si sites on the
external surface of ZSM-S: (a) binding through 1 Mo atom; (b)
binding through 2 Mo atoms.

(Figure 8a) for all Mo,C, particles (Table 3). However, unlike
for the Mo,C, particles, no trend is observed with the
increasing C/Mo ratio.

The relative stability values for the Mo,C, particles binding
through 2 Mo atoms anchored on the double Al-atom
framework site (Figure 7c) and external Si site (Figure 8b)
are compared in Table 4. For this comparison, the trend with

Table 4. Relative Stability of Mo,C, Nanoparticles Anchored
on Double Al-Atom Framework vs External Si Sites, kJ/mol®

AE
Mo,C, 97
Mo,C, 77
Mo,Cq 77
Mo,Cy —-10

“Positive numbers mean that anchoring on the double Al-atom
framework site is energetically preferable. Corresponding geometries
are shown in Figures 7c and 8b.

the C/Mo ratio is the same as that for the Mo,C, particles: at
the C/Mo ratio of 1.5 or lower (Mo,C,, Mo,C,, and Mo,Cy),
anchoring in a zeolite pore on the double Al-atom site is
preferable. However, at the C/Mo ratio of 2 for the Mo,Cg
particle, the relative stability is reversed and anchoring on the
external Si site becomes energetically preferable.
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4. DISCUSSION

The structure of the Mo,C, particle in Figure 1 is consistent
with the geometry identified previously using DFT calculations
and used for modeling catalytic reduction of CO,." Structures
of other Mo carbide particles in Figure 1 are reported in this
study for the first time.

These structures are useful for modeling catalytic reaction
trends as a function of the particle size and composition
because such characteristics are difficult to determine
experimentally and because they are likely to change
dynamically under reaction conditions. Mo carbide materials
are usually prepared from an oxide phase by carburization,
which is a complex process that depends on the initial phase
and treatment conditions. For example, carburization of bulk
orthorhombic MoO; samples was monitored with X-ray
diffraction (XRD) measurements and found to proceed
through the formation of monoclinic MoO, and cubic (fcc)
MoO,C, structures before the conversion into a hexagonal
(hcp) B-MoC, phase.®” For zeolite supports, multiple
techniques show that the initial highly dispersed Mo oxide
phase agglomerates and carburizes under reaction conditions
with methane or another hydrocarbon. There is, however,
uncertainty with respect to the structure of formed Mo carbide
nanoparticles. For example, while XANES measurements for
Mo/ZSM-S after reaction with methane were interpreted in
favor of -MoC,,'® electron paramagnetic resonance (EPR)
spectra suggested that some particles remained partially
oxidized in the form of oxycarbides MoO,CCy.?‘O’21 In order to
avoid the presence of residual oxygen, Mo carbide nanoparticles
supported on ZSM-S were prepared by carburization of Mo,N
and decarbonylation of Mo(CO), and shown to be active in
methane dehydroaromatization.”” Moreover, for Mo/Al-FSM-
16, formation of a-Mo,C,_, and #-Mo;C, phases in addition to
B-Mo,C was identified by temperature-programmed desorption
(TPD) and XRD measurements.”® For unsupported Mo
carbides used in methane reforming, #-Mo;C, was determined
to be more catalytically active than both a-Mo,C,_, and -
Mo,C phases.*

The in situ IR results in Figure 4 show that the initial Mo
oxide species anchor preferentially by displacing H* on
framework [AlO,]” sites. This result is in line with earlier
measurements using dimethyl ether titration,”® 'H MAS
NMR,"” and temperature-programmed oxidation.”® Since H*
can serve as a counterion for only one framework [AlO,]” site,
all OH groups on Al framework sites are similar with a single IR
peak at 3608 cm™" in Figure 4. Similarly to H', cations with a
charge of 1+, such as MoO,0OH, can serve as a counterion for
one [AlO,]” framework site, ie., a single framework Al-atom
site.' In this case, each anchored Mo atom displaces 1
Bronsted acid site. However, in contrast to H", cations with a
charge of 2+, such as MoO,*, can serve as a counterion for 2
adjacent [AlO,]” sites, which become a double Al-atom
anchoring site."” In this case, each anchored Mo atom displaces
2 Bronsted acid sites. Although the exact distribution of Al
atoms among different framework sites in ZSM-$ is unknown,
it can reportedly’® be varied by adjusting the synthesis
procedure. For example, the number of Al atoms serving as
double Al-atom anchoring sites for hydrated Co cations can be
varied from 4 to 46% of all Al atoms in ZSM-5 (Si/Al = ~20).*
The fraction of Al atoms that can serve as double Al-atom
anchoring sites typically decreases more rapidly than the overall
number of Al atoms with increasing Si/Al ratio. Our in situ
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Raman spectroscopic results show that at 1.3 wt % Mo loading
MoO,** anchored on double Al-atom framework sites are the
dominant initial oxide species for ZSM-S with the Si/Al ratio of
15, and in contrast, MoO,OH" anchored on single Al-atom
framework sites become the dominant species at a higher Si/Al
ratio of 25." These results are consistent with titration
measurements that demonstrate that the number of H*
Bronsted acid sites displaced by each anchored Mo atom
decreases from 2 to 1 when the ZSM-5 Si/Al ratio changes
from 15 to 40.*' Since ZSM-S is a Si-rich zeolite, Lowenstein’s
rule applies, prohibiting Al atoms from being first neighbors in
the framework as AI-O—Al. An arrangement of AI-O—Si—O—
Al with two Al atoms as second neighbors was not found based
on Al NMR measurements and additional experimental
characterization of ZSM-5 samples with Si/Al > 8.*%** Our
computational evaluation of all framework T sites in a ZSM-5
unit cell shows that only special arrangements with 2 Al atoms
as third neighbors, Al-O—(Si—0),—Al, in T sites with a
separation distance of less than 0.7 nm can serve as double Al-
atom anchoring sites for MoO,*" species.'” Since Mo,C, and
Mo,C, particles are larger than the oxide species with a single
Mo atom, a larger fraction of all Al atoms should be available as
their double Al-atom anchoring sites.

The Si anchoring sites on the external surface of the zeolite
were modeled in this study as OH groups on 2 neighboring Si
atoms (Figures 6 and 8). This model accurately describes the
structure and anchoring of isolated MoO, species on such
sites,"” which are similar to those on the surface of amorphous
$i0,.** The MoO, species anchored on external surface Si sites
as (Si—0-),Mo(0O), were observed with in situ Raman
spectroscopy at 1.3 wt % Mo loading for ZSM-S (Si/Al =
140) when the Al/Mo ratio drops below unity and, therefore,
when there are not enough Al framework sites for anchoring all
Mo atoms."”

Previous studies with XRD, energy-dispersive X-ray spec-
troscopy (EDX), and differential thermal analysis (DTA)
measurements showed that the C/Mo ratio gradually increases
for Mo carbide nanoparticles supported on ZSM-5 under
methane dehydroaromatization reaction conditions with time
on stream and that the Mo carbide particles become eventually
covered with graphite layers.”® The relative stability values in
Tables 2 and 4 show that it is energetically preferable for the
Mo carbide particles with the C/Mo ratio of 1.5 or below to
anchors on double Al-atom sites in zeolite pores rather than on
Si sites on the external surface of the zeolite. In contrast, at
higher C/Mo ratios, external Si sites become more preferable.
Since zeolite-supported Mo species are known to agglomerate
and, therefore, to be mobile under hydrocarbon reaction
conditions, these results suggest that Mo carbide nanoparticles
with the C/Mo ratio larger than 1.5 are likely to migrate out of
zeolite pores onto the external surface of the zeolite.
Consequently, such migration can potentially be minimized
under reaction conditions by controlling the C/Mo ratio at
values below 1.5 with, for example, gas-phase O, or H,
treatments.

5. CONCLUSIONS

Structures of Mo,C, (x = 1,2, 3,4, and 6) and Mo,C, (x =2, 4,
6, and 8) nanoparticles were identified using a genetic
algorithm with DFT geometry optimization calculations. In
all particles, Mo—Mo bonds are preserved with the increasing
C/Mo ratio. The C atoms are initially incorporated as single
atoms in bridging positions between 2 Mo atoms. Additional C
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atoms are incorporated by forming bridging chains with 2 C
atoms connected by double bonds that are similar to the C=C
bond in ethylene. At a higher C/Mo ratio of 3 in the Mo,Cq
particle, the bridging chain length increases to 4 C atoms.

The ZSM-S anchoring sites for Mo oxide species, which are
also expected to be the anchoring sites for Mo carbide
nanoparticles, were determined by evaluating changes in the
vibrational peaks for surface OH groups after Mo oxide
deposition with in situ IR spectroscopy as a function of the Mo
loading at a constant Si/Al ratio and as a function of the Si/Al
ratio at a constant Mo loading. The IR results demonstrate that
Mo oxide species preferentially anchor on framework Al sites
and partially on Si sites on the external surface of the zeolite. In
addition, Mo deposition causes some dealumination of the
zeolite framework, and a small fraction of Mo oxide species
anchor on extraframework Al sites.

Anchoring of the Mo carbide nanoparticles on double and
single Al-atom framework sites and on Si sites on the external
surface of the zeolite was evaluated with DFT cluster
calculations and QM/MM periodic structure calculations.
Binding to the zeolite anchoring sites through Mo atoms
with a fewer number of bonded C atoms is energetically
preferable. Binding through 2 Mo atoms is energetically
preferable for all Mo carbide particles on double Al-atom
framework sites and external Si sites. On single Al-atom
framework sites, the preferential binding mode depends on the
particle composition. It is energetically preferable for the Mo
carbide particles with the C/Mo ratio of 1.5 or below to anchor
on double Al-atom sites in zeolite pores than on Si sites on the
external surface of the zeolite. The Mo carbide particles with
the C/Mo ratios greater that 1.5 preferentially anchor on
external Si sites, which suggests that these particles would tend
to migrate from zeolite pores onto the external surface of the
zeolite. Therefore, in order to minimize such migration, the C/
Mo ratio under hydrocarbon reaction conditions should be
maintained below 1.5 with, for example, gas-phase O, or H,
treatments.
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