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ABSTRACT: Molybdenum carbide (MoC,) nanoclusters were encapsulated inside the Molybdenum

micropores of aluminosilicate FAU zeolites to generate highly active and selective  carbide . FAU zeolite
bifunctional catalyst for the hydrodeoxygenation of anisole. Interatomic correlations A
obtained with differential pair distribution function analysis confirmed the intraparticle
structure and the uniform size of the MoC, nanoclusters. The reactivity data showed the
preferential production of alkylated aromatics (such as toluene and xylene) over benzene

during the hydrodeoxygenation of anisole as well as the minimization of unwanted CH, j Z;g%; fgggzgg”s;%’;fﬁmy
formation. Control experiments demonstrated the importance of MoC,, encapsulation to v Rgduced CH, formatio)rlw
generate an efficient bifunctional catalyst with superior carbon utilization and on-stream

stability.
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B ifunctional catalysts have been reported to open up (usually ~1 wt %) and the small particle sizes prevent the
remarkable reaction routes to desired products at high use of conventional analytical techniques such as powder X-ray
yields in multistep reactions." Metal-supported zeolites are diffraction (PXRD).'* Similarly, while transmission electron
promising materials for acid/metal bifunctional catalysis, as microscopy (TEM) can provide information regarding the
exerznpliﬁed in the simultaneous Fischer—Tropsch/ hydr3ocracl<- particle size and morphology, other structural information is
ing,” as well as in the hydroisomerization of alkanes” using limited. Extended X-ray absorption fine structure (EXAFS)"
cobalt” and platinum® metals supported on zeolites, respec- and chemisorption16 are powerful tools in characterizing
tively. The efficient combination of zeolite pore confinement nanoclusters composed of single metallic element, providing
effects with nanoparticles having unconventional redox-active information regarding crystal structure and particle size, but the

sites, such as transition-metal carbides, will provide further
possibilities for developing new bifunctional catalysts. For some
reactions, early transition-metal carbides have shown similar
catalytic activity to that of group VIII noble metals,* and are
gaining more attention in applications such as electro-

catalysis,”® hydrodeoxygenation,”® and Fischer—Tropsch o
.. 910 . . . measurements may provide inaccurate results. The develop-
chemistry.”~ Indeed, various transition-metal carbides sup-

orted on ZSM.S zeolites are the preferred catalysts for ment of reliable characterization tools for carbide nanoclusters
E1 ethane dehydroaromatization 11—13 P Y is critical for the design and implementation of these materials

The efficient bifunctionality of these materials hinges on the
molecular proximity of the metallic sites of the nanoparticles
with the Bronsted acid sites of the zeolites.”'® Therefore, the
controlled synthesis and detailed characterization of the
encapsulated metallic species (usually <1 nm in diameter) is
of critical importance to direct targeted reaction pathways. A
major bottleneck for achieving these goals lies in the lack of

accurate interpretation of these measurements becomes more
challenging for heterometallic nanoparticles. For example, CO
chemisorption values on a carbide are highly dependent on
synthesis conditions and the nature of the surface (e.g,, mild
A 17,18 . .
passivation or presence of coke), and thereby, dispersion

in various catalytic processes.

In this work, we first encapsulated molybdenum carbide
(MoC,) nanoclusters within the pores of zeolites with the
faujasite (FAU) topology and then used pair distribution
function (PDF) analysis to conduct a detailed characterization
of their structures. While the formation of MoC, species inside

methodologies for understanding the structural nature of the Received: September 16, 2017
metallic nanoclusters, such as the particle size distribution and Revised:  October 16, 2017
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the zeolites pores has been demonstrated in prior studies,"' ™"

their particle size distribution and intraparticle atomic arrange-
ment have remained ambiguous.'” PDF represents the
probability of finding an interatomic distance inside an unit
volume, and has conventionally been used to describe
disordered structures that are not amenable to conventional
diffraction techniques (e.g,, amorphous vitreous glasses).”’ The
availability of this method for describing structural arrange-
ments at distances beyond those reliably quantifiable by EXAFS
(>5 A) has allowed the acquisition of information on other
crystalline nanostructures including heterometallic nanopar-
ticles”"*” and even disorders in bulk crystals.”” We investigated
the encapsulated MoC, nanoclusters as catalysts for the vapor
phase hydrodeoxygenation (HDO) of anisole, a biomass-based
model compound with methoxybenzene motif prevalent in
lignin’s structure.””** The use of pristine molybdenum carbide
(Mo,C) catalysts for these reactions has been shown to
produce benzene and methane as the main products with high
selectivity and minimal formation of ring-saturated by-
products.”® Zeolites are known to be effective deoxygenation
agents for pyrolysis oil, at the expense of producing large
amounts of coke.”® We show that the bifunctional MoC,/FAU
catalyst displayed stable (trans)alkylation and hydrodeoxyge-
nation activity, generating a high proportion of alkylated
aromatics (alkylated aromatics/benzene ratio ~2.9 C-mol %),
while minimizing the formation of undesirable products,
namely methane, due to close interaction between strong
zeolitic Brensted acid sites and carbidic metallic sites (Figure
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Figure 1. Bifunctional anisole conversion by MoC, encapsulated FAU
zeolite catalyst for producing alkylated aromatics and C,~C; light gas
elements by the combination of zeolitic Bronsted acid sites and MoC,
deoxygenation sites.

The MoC,/FAU catalysts were synthesized by solid state ion
exchange of Mo® with (NH,)¢Mo,0,,-4H,0 followed by a
carburization treatment under CH, and H, flow at 973 K. The
Si/Al ratio of the zeolite was 15, and the Mo/Al ratio was fixed
to 0.5, resulting in a Mo loading of 5 wt %. Pristine Mo,C was
prepared by carburization of (NH,)¢Mo,0,,-4H,0 at 923 K
for 3 h. Detailed catalyst preparation procedures are
summarized in the Supporting Information.

As expected, conventional PXRD patterns associated with
Mo,C were not detected in the MoC,/FAU samples (Figure
S1). Therefore, structural characterization of MoC, species was
performed using differential pair distribution function (d-
PDF),”>*” an applied form of PDF analysis useful for
determining specific phases in binary mixtures. This technique
involves taking the difference between the pair distribution
functions, G(r), of the mixture and the admixed secondary
phase as shown in eqs 1 and 1" below:
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Gayn(r) 2 2,Gy(r) + xpGp(r)- (1)

x,Gy (1) = Gyop(r) — w5Gy(r)- (1)

where A and B represent specific phases (in this case A
represents the MoC,, phase and B represents the FAU zeolite
phase, A + B represents the mixture of the two phases, and x,
and xjp, are coefficients). The calculated d-PDF result for MoC,/
FAU is shown in Figure 2A, and that for the physical mixture of

A) MoC,/FAU
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Figure 2. (A) Pair distribution function, G(r), of MoC,/FAU, parent
FAU and calculated d-PDF of occluded MoC, element, (B) Pair
distribution function, G(r), of a physical mixture of Mo,C and FAU ($§
wt % Mo), parent FAU and calculated d-PDF of Mo,C element, (C)
Comparison of d-PDF results with the simulated pair distribution
function, G(r), of Mo,C (hcp phase) using PDFgui software,”® and
(D) Typical TEM image of MoC,/FAU. Correlations corresponding
to Mo,C are shown with dotted lines, and the correlations assigned to
MoO, species are marked with an asterisk(*).

Mo,C and FAU zeolite with equivalent Mo weight loading is
shown in Figure 2B. To account for the correlation peaks, the
theoretical G(r) of Mo,C (hcp phase) was calculated using
PDFgui software”® and is shown in Figure 2C for comparison.
Ziman—Faber total structure factors, S(Q), used for the
calculation of the PDFs are summarized in Figure S2.
Correlations corresponding to the Mo,C phase were observed
up to r ~ 7 A for MoC,/FAU (shown with black dotted lines),
but were not observed at longer distances (shown with red
dotted lines) showing that the nanoclusters only possess
structural ordering up to around 7 A, corresponding to no
larger than three unit cells. On the contrary, the d-PDF of the
physical mixture possessed correlations ranging beyond this
distance, confirming that if a bulk structure had formed, all the
theoretical correlations in this distance range should be
apparent. Thus, these data are in agreement with the presence
of ~10 A sized nanoclusters as observed in the TEM images
shown in Figure 2D. Assignment of the correlation peaks in
Mo,C were made using the PDFgui software,”® and most
visible correlations were found to originate from either the
Mo—C (at 2.0 A) or the Mo—Mo correlations (other
correlations shown with dotted lines) due to the relatively
large X-ray scattering factor by Mo compared to C (Figure S3).
Further, correlations corresponding to the hcp Mo,C phase
were confirmed in the d-PDF of the physical mixture wherein
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standalone bulk Mo,C species are present outside of the zeolite
crystal.

The PDF analysis of the MoC,/FAU material showed
correlations that did not belong to the Mo,C phase at r = 3.3
and 44 A (shown with asterisks(*)). A comparison with
various control materials including bcc Mo(0), MoO,, and
MoO; (Figure S4) confirmed that the observed peaks match
those of MoO,, species, which are likely located on the surface
of the carbide as a passivation layer. The absence of correlation
peaks at r = 2.7 and 3.2 A corresponding to Mo(0) (bcc)
denoted that any metallic molybdenum species present in the
sample were below the detection limit. These data are in
agreement with X-ray photoelectron spectroscopy (XPS) data
probing molybdenum oxidation states of surface passivated
MoC,/FAU at the Mo 3d band that showed similar amounts of
Mo?" species compared to those of a surface-passivated bulk
Mo,C sample (Figure SS). A PDF comparison with the
orthorhombic Mo,C and a-MoC,_, phases showed that
distinguishing the hcp phase from the orthorhombic Mo,C
phase is difficult through PDF analysis due to the high
similarity in the peak positions of the two phases (as is the case
with PXRD®), whereas the presence of a-MoC,_, phase can be
tentatively ruled out by comparing the number of peaks
between r = 5.8—6.2 A (Figure S6). Since it is difficult to
unambiguously assign the stoichiometry of the nanocluster and
since it is not possible to assign a crystal structure to a solid that
does not possess diffraction patterns, the term MoC, is used
herein to describe these moieties. The N, physisorption data
revealed a decrease in micropore volume from 0.24 (FAU) to
021 cc g' (MoC,/FAU), which is consistent with the
encapsulation of MoC, nanoclusters in the zeolite micropores
(Figure S7, and Table S3). Taken together, our data imply that
phase-pure MoC, nanoclusters of ~1 nm in size were
effectively encapsulated within the pores of FAU. Clearly, the
capability of PDF analyses to extract structural information up
to 10 A is essential for describing the architecture of the
encapsulated MoC, nanoclusters. To the best of our knowl-
edge, this work represents the first example of a pair
distribution function analysis applied for the structural
characterization of transition-metal carbide nanoclusters.

MoC,/FAU was used for the coupled HDO and alkylation of
anisole with the aim of obtaining a higher selectivity to
alkylated arenes (e.g, toluene and xylene) in place of the
benzene/methane mixture traditionally obtained with bulk
Mo,C catalysts. The reaction was performed at 523 K, with
Pro = 1.013 bar, P, ;. = 0.0079 bar and balance H,, under
the absence of external and internal diffusion limitations
(detailed experimental conditions are summarized in the SI).
The product distribution consisted of benzene, toluene,
alkylated aromatics Cg, (i.e., ethylbenzene, xylenes, and other
deoxygenated aromatics with more than eight carbons), phenol,
alkylated phenols (i.e., phenolic compounds with more than
seven carbon atoms), alkylated anisoles (e.g,, methyl anisole),
and light gas Cs (ie, aliphatic hydrocarbons with carbon
numbers between one and five such as methane and ethane).
To understand the role of carbide encapsulation and its synergy
with acid sites, control reactions were also performed using a
pristine Mo,C sample, a parent FAU zeolite, and a physical
mixture of Mo,C and FAU zeolite with identical metal and/or
Brensted acid site loadings (designated as Mo,C+FAU; site
count was performed by CO chemisorption and NH;-TPD,
respectively, and the results are summarized in Table S4). To
assess the effectiveness of MoC,/FAU catalysts on the

8149

formation of alkylated aromatics in comparison to benzene,
the alkylation ratio was defined as follows:

alkylation ratio
X produced alkylated aromatics [C — mol%]

produced benzene [C — mol%]

All the carbide catalysts used were carburized in situ at 973 K
under a CH,/H, atmosphere before the reaction to avoid the
formation of an oxide passivation layer prior to the introduction
of the feed.

For all the catalysts, the conversion (Figure 3) and the
product selectivity values (Figure S8—S11) reached steady state
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Figure 3. Conversion time profile of anisole over MoC,/FAU, pristine
Mo,C, parent FAU, and Mo,C+FAU catalysts. All catalysts possess
same metal and/or Brensted acid site loadings. Reaction conditions:
Reaction temperature:523 K, Anisole feed: 150 yL/h, Catalyst loading:
750 mg for MoC,/FAU, 322 mg for Mo,C, 600 mg for parent FAU,
922 mg for Mo,C+FAU, Pry, = 1.013 bar, P . = 0.0079 bar, and
balance H,.

after ca. 1000 min on stream. Note that under identical reaction
conditions and similar number of active sites, the MoC,/FAU
catalyst maintained high conversions, typically above ~97%,
whereas the conversion of Mo,C+FAU settled around ~61%
after 1200 min of reaction after reaching steady state. These
results imply that the encapsulated catalyst features higher
apparent reactivity and stability.

The product distribution was significantly different across all
samples (Figure 4). For MoC,/FAU, a significant amount of
alkylated aromatics was observed, with an alkylation ratio of 2.9
based on a yield of 17 C-mol % for alkylated products vs 5.8 C-
mol % for benzene. This value was maintained throughout the
duration of the experiment. In contrast, the experiment using
the FAU zeolite generated exclusively phenols and alkylated
anisoles, both of which are products formed by (trans)-
alkylation reaction catalyzed by the Bronsted acid sites of the
zeolites, thus showing the lack of HDO reactivity by parent
zeolite catalyst. This observation confirms that MoC, species
are responsible for the HDO reactivity. Bifunctional catalysis by
different materials has been performed for anisole HDO
reactions,” > with maximum alkylation ratios only ~1.8
(Mo0Q,/Zr0,).” Evidently, the MoC,/FAU catalyst is a highly
effective bifunctional catalyst with enhanced HDO/alkylation
performance over current state of the art catalysts for anisole
upgrading. While the Mo,C+FAU mixture also formed
alkylated aromatics as products, the alkylation ratio only
reached a value of 0.47, which is on par with other bifunctional

DOI: 10.1021/acscatal.7b03175
ACS Catal. 2017, 7, 81478151


http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03175/suppl_file/cs7b03175_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03175/suppl_file/cs7b03175_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03175/suppl_file/cs7b03175_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03175/suppl_file/cs7b03175_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03175/suppl_file/cs7b03175_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03175/suppl_file/cs7b03175_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03175/suppl_file/cs7b03175_si_001.pdf
http://dx.doi.org/10.1021/acscatal.7b03175

ACS Catalysis

100 -
[ Light Gas Cs.
— 804 B Cycloalkanes
= I Alkylated Anisoles
o
£ 604 I Alkylated Phenols
S} B Phenol
2 Bl Aromatic Cs.
2 404 I Toluene
[$]
% Il Benzene
[72] 20 -
04

MoC,/FAU Mo,C FAU Mo,C+FAU

Figure 4. Reaction selectivity of MoC,/FAU, pristine Mo,C, parent
FAU, and Mo,C+FAU catalysts at the final point of reaction run (TOS
= 1200 min). The conversions of these catalysts were 97% (MoC,/
FAU), 49% (Mo,C), 31% (FAU), and 61% (Mo,C+FAU). Reaction
conditions are identical to those described in Figure 2. Aromatics Cg,
include ethylbenzene, xylenes, and the other deoxygenated aromatics
having more than eight carbons. Alkylated phenols include phenolic
compounds with more than seven carbon atoms such as cresols.
Alkylated anisoles include substituted anisoles with more than eight
carbon atoms such as methyl anisole. Light gas Cs. includes aliphatic
hydrocarbons with carbon numbers between one and five such as
methane and ethane.

catalysts.””>* The product selectivity to alkylated anisoles was
significantly higher for Mo,C+FAU (20 C-mol %) than for
MoC,/FAU (0.3 C-mol %). The formation of alkylated
aromatics can clearly be attributed to the transalkylation of
methoxy groups from one anisole molecule to another by the
Bronsted acid sites. The prompt deoxygenation of the alkylated
anisole species is enabled by the molybdenum carbide species
in close vicinity of the Bronsted acid sites for MoC,/FAU,
whereas this is not the case for Mo,C+FAU, which has a
significantly longer physical distance between the two sites,
allowing the desorption of these intermediate species before the
subsequent deoxygenation step. It should be noted that the
binding energy of C—O bond in anisole was reported to be
lower in comparison to that of C—O bond in phenol,”" and we
hypothesize that this difference is likely the key factor for the
selective deoxygenation of the (alkylated) anisole intermediate
species by MoC,/FAU compared to phenols.

Remarkably, when using the bifunctional MoC,/FAU
materials, methane formation was severely hindered (0.2 C-
mol % in selectivity), while C,~Cs hydrocarbons (~2.6 C-mol
% selectivity in total) was confirmed inside the light gas Cj.
fraction (Figure SA). This result is in stark contrast to bulk
Mo, C catalysts, which showed selectivity values of 12 C-mol %
to methane.” The reaction pathway to generate C,~Cj light
gas elements was investigated by monitoring the aliphatic
carbon/benzene ring molar ratio throughout the reaction. We
note that since the aim of the calculation was to elucidate the
origin of C,~C; elements, cyclohexanes were lumped in into
the aromatics portion because they are produced by the
hydrogenation of the aromatic rings. As seen in Figure 5B, the
aliphatic carbon/benzene ring molar ratio was approximately 1
throughout the entire reaction, thereby suggesting that the
C,~C; light gas elements were not produced from hydro-
genation/hydrocracking. Instead, C,~Cjs light gases are likely
formed from C—C coupling reactions of anisole-derived
methanol intermediates via methanol-to-olefin pathways at
the zeolite acid sites.
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Figure S. (A) Final product selectivity (TOS = 1200 min) among the
light gas CS products (conversion = 97% for MoC,/FAU; conversion
= 49% for Mo,C). (B) Calculated results for aliphatic carbon/benzene
ring molar balance throughout the reaction run for MoC,/FAU.
Reaction conditions identical to those described in Figure 3.

The fate of methoxy groups during the reaction with MoC,/
FAU catalysts should result in two distinct reaction routes,
namely: (1) hydrodeoxygenation via benzene ring-oxygen bond
cleavage by MoC, nanoclusters followed by alkylation of the
aromatic ring by the intermediate methoxy group; and (2)
transalkylation of the methoxy group to the aromatic ring
followed by the deoxygenation of the phenolic hydroxy group.
To realize such tandem reaction pathways, the presence of both
the selective deoxygenation sites of molybdenum carbide
nanoclusters and the strong Bronsted acid sites of zeolites are
required.

Nanocluster agglomeration in MoC,/FAU during the
reaction was ruled out from post-reaction TEM images showing
similar particle sizes as those observed before reaction (Figure
S12). Also, the deactivaton of MoC,/FAU was investigated
with an experiment using a reduced catalyst loading (1/3 of the
original loading) to operate at conversion values under 100%
(Figure S13). At these conditions, the catalyst featured two
deactivation profiles: one during the transient period (TOS <
400 min), followed by a more gradual one thereafter. Notably,
the catalyst was fully regenerated by a hydrogen treatment at
773 K for 4 h, thus confirming that the observed deactivation
was reversible and also ruling out irreversible nanocluster
sintering. TGA measurements revealed the presence of 8.6 wt
% of carbon deposits relative to the catalyst mass, pointing at
coking as a possible deactivation mode. Although XPS did not
show bulk oxidation of the MoC, nanoclusters even after
exposure to air at room temperature, we cannot rule out the
formation of an oxycarbide layer during reaction.

In summary, d-PDF analyses confirmed that our MoC,/FAU
catalysts featured molybdenum carbide nanoclusters with
diameters of ~1 nm that were encapsulated within the pores
of FAU zeolite with high uniformity. This material effectively
generated alkylated aromatics (alkylation ratio: 2.9) from the
coupled HDO and alkylation of anisole, while simultaneously
preventing the formation of methane byproducts (0.2 C-mol
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%) in comparison to the pristine Mo,C catalyst (12 C-mol %).
From the control experiments, the close proximity of the
Bronsted acid sites around the metallic sites was found to be
the key factor for enabling such reaction selectivity values and
for increasing on-stream stability. The current findings not only
suggest the existence of important advantages from having
transition-metal carbide nanoclusters inside zeolite structure for
catalytic applications in HDO processes, but also open up new
avenues for other chemical reactions that require the
bifunctionality of metallic and acidic sites.
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