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ABSTRACT: Once confined in zeolites, carbides of inexpensive transition metals, such 90

as molybdenum (Mo) and tungsten (W), exhibit similar catalytic activity as platinum 80 4H.;
group noble metals. Thus far, the intrinsic thermodynamic properties and their relations Zg 3 E 2L E
with the local interfacial phenomena of such carbide—zeolite heterogeneous catalytic > 50: H 3
materials have rarely been explored. Here, employing high temperature oxide melt F L, # i N
solution calorimetry, for the first time, we determined the energetics of molybdenum 2 3pf % L [
carbide (Mo,C) formation under confinement in zeolite Y (Mo,C/FAU) as a function 3 20 * MoO_/FAU }
of Si/Al ratio experimentally. As Si/Al ratio increases, the formation enthalpies of T 10f E
Mo,C/FAU from constituent oxides and carbides become less endothermic, spanning ~ O E
within a narrow range, between ~0 and 10 kJ/mol TO, (tetrahedron unit). A0 . E
Confinement of refractory Mo,C in zeolite Y is energetically more favorable than 200 20 30 4050 60
encapsulation of MoO; in the same host, by more than ~30 kJ/mol TO,. Such Si/Al Ratio

significant energetic differences between Mo,C/FAU and MoO;/FAU in formation

enthalpies and the highly exothermic Mo,C—FAU guest—host interaction energies, highlight robust bonding at the carbide—zeolite
interfaces that harnesses the refractory nature of Mo,C guest species, and compensate the energetic deficiency for achieving
subnano-sized Mo,C particles.

B INTRODUCTION

Zeolite-based heterogeneous catalytic materials play critical
roles in multiple fields of modern chemical industry. Examples
include selective conversion of fossil fuels,"”> biomass
conversion, and biorefinery.”™ In these applications, noble

formation energetics of TMC/zeolite systems, which governs
the bonding specifics of guest—host interfaces and stabilizes
the highly metastable subnano-sized TMC particles/clusters.
Such quantitative energetic insights will enable benchmarking
data for machine learning and simulation for predictive design,

metal nano- or subnano-particles encapsulated in zeolites show
high performance, yet development of stable alternative
catalytic materials using earth-abundant elements is necessary
for a more sustainable future. It has been reported that once
properly supported, refractory carbides of inexpensive major
industrial metals, such as molybdenum (Mo) and tungsten
(W), present comparable activity as platinum (Pt) group noble
metals.®” For instance, encapsulation of Mo and W carbides in
zeolites, such as ZSM-S and zeolite Y, leads to catalysts with
high stability and comparable performance as the noble metal—
zeolite systems in biomass®” and crude oil'”"" upgrading, and
methane dehydroaromatization.'>'® Encapsulation in zeolite
frameworks enables “sinter-proof”, dispersed transition metal
carbide (TMC) particles with uniform size, and high catalytic
activity, selectivity, and stability. Moreover, the crystalline
zeolite framework with well-defined porosity can tolerate the
tough carbide synthesis conditions. Current research focusing
on TMC/zeolite catalysts is rich in reaction kinetics and
pathway design, and activity/selectivity boost.'*'® Several
computational thermodynamic predictions have been docu-
mented.'®'” However, there is few experimental study on the
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synthesis, and process of TMC—zeolite catalytic materials.
The thermochemistry of zeolites has been pioneered by
Prof. Alexandra Navrotsky and collaborators over the past a
few decades, in which formation of zeolite pure phases,'®™>°
and small molecule—zeolite binding (water, CO,, and small
organics)”’ "' have been systematically studied. A compre-
hensive review can be found in the references.”® However, as
mentioned earlier, we realize that the potentially rich energetic
landscape, and guest—host interactions for zeolite-encapsula-
tion of TM-based solid-state materials with much higher
melting points, such as oxides (TMOs), carbides (TMCs) and
nitrides (TMNs), have not been systematically explored. Our
recent research on confinement/encapsulation of heterocore
particles is primarily on the TMO-—aluminosilicate zeolite
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systems.””** Owing to their negatively charged microporous

frameworks constructed by corner-sharing tetrahedra (TO,, T
= Si* or AP**), aluminosilicate zeolites are friendly hosts
welcoming guest species with proper sizes, ranging from water
to small organics and cations. Such an open system with
tunable surfaces and compositions enables intricate local
chemistry within the pores which defines the nature of the
guest species, and determines the strength of guest—host
interactions. Recently, using adsorption calorimetry, we
determined the formation energetics of copper oxo clusters
(CuO,) under tight confinement of mordenite (MOR) with
water as the gentle oxidant in real-time.*> Meanwhile,
hydration thermodynamics of other TM-MOR samples,
including Co- and Fe-MOR, was investigated. Our results
highlighted the high thermal stability of CuO, in MOR, up to
915 °C in nitrogen flow, compared with other guest species
such as iron carbonates and/or bicarbonates detected in Fe-
MOR. Meanwhile, we elucidated the critical roles of small
molecular species, such as water and CO,, in minimizing the
overall energy of the TMO-—zeolite systems by effective
stabilization of ionic species.”* Very recently, we investigated
the thermodynamics of molybdenum trioxide (MoO;)
particles encapsulated in zeolite Y (faujasite or FAU) with
varied Si/Al ratio.*® Interestingly, we found that encapsulation
of MoOj only slightly neutralized the metastability of zeolite Y,
which has an endothermic formation enthalpy compared with
constituent oxides (SiO,, Al,0;, and H,0). Additionally, at the
same MoOj; loading, higher framework Si/Al ratio resulted in
less endothermic MoO;/FAU formation enthalpies, ranging
from 61.1 + 1.8 kJ/mol TO, at Si/Al = 2.9 to 32.8 + 1.4 kJ/
mol TO, at Si/Al = 45.6. These studies strongly suggest that
the encapsulation thermodynamics of TMOs in zeolites is
closely governed by the Si/Al ratio, and the chemical natures
of the TMO guest species. Moreover, we also noticed that
once present as the guests in zeolite frameworks, TMOs appear
to be “flexible” taking advantage of the confinement chemistry
and other guest species, such as water and CO, to alter their
chemical identity, phases, oxidation states and/or local
structures, seeking for the lowest possible energetic states
under encapsulation.

Here, we report the first experimental thermodynamic
(calorimetric) study on the confinement of molybdenum
carbide in zeolite Y (Mo,C/FAU) with a wide range of Si/Al
ratios, from 2.9 to 45.6. Zeolite Y is selected as the host
candidate to sustain the harsh synthesis conditions of
refractory TMCs involving a carburization process at temper-
atures about 700 °C. Employing the unique calorimetric
capabilities in the Alexandra Navrotsky Institute for Exper-
imental Thermodynamics (AlexInstitute) at Washington State
University (WSU) with supports from structural, morpho-
logical, in situ spectroscopic, and integrated thermal analyses,
we revealed the formation energy landscape of Mo,C/FAU as
Si/Al ratio varies, elucidated the energetically favorable
Mo,C—FAU guest—host interactions, and compared the
distinctively different thermodynamics of Mo,C encapsulation
with MoO; confinement in FAU.

B EXPERIMENTAL METHODS

Material Synthesis. Zeolite HY samples with different Si/
Al ratios, from 2.9 to 45.6, were obtained from Alfa Aesar.
These samples were also used in our earlier study on
thermodynamics of MoO; encapsulated in zeolite Y.*
Synthesis of materials with molybdate carbides confined in

zeolite HY (Mo,C/FAU) has three steps, including (1) Mo
precursor introduction via impregnation, (2) Mo oxide
formation in FAU (MoO;/FAU) by calcination in air, and
(3) carburization of MoOj to form Mo,C in FAU. Specifically,
by incipient wetness impregnation (IWI) of ammonium
molybdate tetrahydrate (AMT, Sigma-Aldrich, 99%), the
same amount of Mo precursor, was loaded into the void
space of each FAU to ensure all samples have the same Mo
content of 5 wt %. After pretreatment at 80 °C under vacuum
for at least 4 h, the FAU sample (1.0 g) was impregnated with
aqueous solution of AMT (1.5 mL, 0.05 mol/L). Sub-
sequently, the impregnated FAU was sonicated for 1 h in
ambient conditions followed by oven-drying at 120 °C for at
least 12 h before oxidative calcination at 600 °C in air for 10 h
in a furnace leading to the formation of MoO;/FAU.
Eventually, MoO3;/FAU was carburized under 15 vol %
CH,/H, flow (85 mL/min) for the final product, Mo,C/
FAU. More specifically, according to Iida et al,® under
continuous 15 vol % CH,/H, flow of 85 mL/min, the furnace
temperature was increased stepwise, to 300 °C at S °C/min
first, and to 700 °C at 1 °C/min followed by isothermal
treatment at 700 °C for at least 2 h for complete carburization.
The dominant molybdenum carbide phase in FAU is Mo,C
according to previous reports.”>*® The sample labeled as
Mo,C/2.9FAU represents Mo,C confined/encapsulated in
zeolite Y (FAU) with a Si/Al ratio of 2.9.

Sample Characterizations. The composition of each
sample was determined by coupling inductively coupled
plasma mass spectrometry (ICP-MS, Agilent 770) and thermal
analysis using an integrated thermogravimetry—differential
scanning calorimetry—mass spectrometry system (TG-DSC-
MS, Netzsch STA 449 FS Jupiter integrated QMS 403 D
Aé&olos). In a measurement, the sample powder was placed in a
platinum (Pt) crucible prior to analysis from 30 to 1000 °C
(10 °C/min) in N, flow (50 mL/min). The evolved species in
TG-DSC were simultaneously analyzed by a mass spectrom-
eter (MS) coupled with a heated (200 °C) capillary to identify
the chemical nature and amount of desorbed and/or
decomposed species. The dehydration enthalpies at 25 °C
were also calculated based on the TG-DSC-MS data.

Powder X-ray diffraction (XRD) was performed on each
sample at room temperature employing a Rigaku Miniflex 600
diffractometer (40 kV, 15 mA, Cu Ka, A = 1.5406 A). Data was
collected between 5 and 60° at 2°/min. N, adsorption—
desorption full isotherm analysis was carried out on each
sample at —196 °C using a Micromeritics 3Flex multiport
analyzer, in which the sample was outgassed at 300 °C under
vacuum for at least S h before each measurement. The
isotherm data collected were used to derive the Brunauer—
Emmett—Teller (BET) surface area and pore size distribution.
Transmission electron microscopy (TEM) was employed to
evaluate the sample morphology by using a FEI Tecnai T20
instrument with LaBg cathode at 200 kV. Specifically, a small
amount of specimen was suspended via ultrasonication in
ethanol. The obtained suspension was dropwise introduced on
a 200-mesh carbon-coated nickel grid followed by drying under
an infrared lamp for 20 min.

Ex situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS, Nicolet iS50, Thermo Scientific) was
conducted on each sample. Specifically, 25 mg of sample was
loaded in the DRIFTS cell, and spectra were collected at room
temperature between 4000 and 650 cm™'. In situ DRIFTS
experiments during CO adsorption—desorption were carried
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Table 1. Compositional, Structural and Surface Properties of All Samples Studied, Including the Parent FAU,>* Intermediate
Phase MoO;/FAU,” and the Final Carburization Product Mo,C/FAU. All Data on FAU and MoO;/FAU Were Referenced
from Our Earlier Report’”

BET surface area specific volume pore size
sample chemical composition on TO, Basis MW a (A) (m*/g) (m®/g) (nm)
2.9FAU (Si0,) 0742 (ALO3)0,3:0.916H,0% 74233 82906 1067.4% 0.65> 0.72%
16.1FAU (8i0,) 0942 (AL O;)g05-0.196H,0°* 63.07°  8.0297% 1176.4% 0.79% 0.77%
29.3FAU (Si0,) 0067 (ALO3)g017°0.136H,0™ 62237 8.0424% 1203.9% 0.72% 0.78%
45.6FAU (8i0,) 0979 (ALO;)g011-0.078H,0% 61.28%  8.145% 911.1% 0.58% 0.78%
Mo0Q,/2.9FAU (M00O3)0.025 (81020742 (ALO3)g,3:0.727H,0% 74377 8.1581% 703.1% 0.44% 0.72%
MoO;/161FAU  (M00O3)4031 (Si05)004r (ALO3)05:0.177H,0%°  67.24°  7.9671%° 631.6% 0.46> 0.76%
Mo0O;/29.3FAU  (MoO;)g0 (5i0,)0067 (ALO3)g01--0.138H,0%  66.15%°  8.0297* 1057.2% 0.65> 0.77%
Mo0;/45.6FAU  (M0O3)4027 (Si05)0979 (ALO3)0011°0.120H,0%* 6591 8.0424° 631.6% 0.43% 0.77%
Mo,C/2.9FAU (MoCo5)o02s (Si02)0742 (Al,03)g,130.540H,0 70.21 8.11 581.1 0.35 0.72
Mo,C/16.1FAU  (MoCqs)oos1 (Si02)00sr (Al,03)0050.137H,0 65.39 8.15 530.7 0.39 0.76
Mo,C/29.3FAU  (MoCqs)e0rr (SiO5)o06r (ALO3)00170.105H,O  64.57 8.12 715.1 0.45 0.78
Mo,C/45.6FAU  (MoCqys)o0rr (Si05)o0979 (ALO3)g01,-0.102H,0  64.64 8.11 7774 0.50 0.77
a T T T T T b 8.8 T T T T T T
ex situ XRD Mo,C/2.9FAU a parameter 2 ;Alé FAU
Mo,C/16.1FAU 8.6F 00 1
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Figure 1. (a) Room temperature ex situ XRD patterns of Mo,C/FAU with the schematic illustration of FAU included, and (b) lattice parameter, a,
of all Mo,C/FAU samples as Si/Al ratio increases from 2.9 to 45.6. The a parameters of FAU and MoO;/FAU we reported earlier are also included
3

for comparison.”

out on each sample in a high temperature cell (Spectra-Tech)
equipped with ZnSe windows. Before spectrum collection, the
sample was pretreated at 600 °C under H,/He flow (10 vol %,
45 mL/min) for half an hour to remove adsorbed species.
Subsequently, the cell was cooled down to 35 °C, and the gas
stream was switched to pure He with the same flow rate for
background spectrum recording. The gas flow was switched
from He to pure CO for real-time collection of adsorption
spectra every S min until CO adsorption saturation. In
desorption, the spectra were collected under pure He flow
every 5 min. If CO could not be completely removed at 35 °C
by He flow, the desorption temperature would be increased to
50 °C to ensure complete CO desorption.

Calorimetry. High temperature oxide melt drop solution
calorimetry experiments were carried out using a Tian-Calvet
twin calorimeter (Setaram Alexsys-1000) in the Nuclear
Science Center (NSC) at WSU. The detailed approach of
this methodology was described elsewhere by Navrotsky et
al.”” Typically, this calorimetric methodology is employed for
direct measurement of heat of reaction, including the sum of
heat content of the sample and its dissolution heat and/or any
other potential reactions at the solvent temperature. Using the
heats of reaction obtained, we are able to derive the enthalpies
of formation of materials at room temperature. More
specifically, in each measurement, about 5 mg of sample was
pelletized and directly dropped into the calorimeter that hosts
lead borate (2PbO-B,0;) molten salt at 700 °C as the solvent
under air flow of 120 mL/min. Calibration of the calorimeter
was performed by measuring the heat content of AlLO;
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(corundum). Measurements on the same sample were
repeated for at least four times to ensure reproducibility. The
directly quantified enthalpies of dissolution (AHy) were
applied to derive the formation enthalpies (AH) from
constituent oxides and Mo,C, and elements (AH;,), and to
estimate the guest—host interactions between Mo,C and
zeolite Y using a thermodynamic cycle. Errors were calculated
as two standard deviations of the mean.

B RESULTS AND DISCUSSION

According to the ICP-MS data, we determined the
compositions of all Mo,C/FAU samples (see Table 1). We
also listed the compositional data of FAU and MoO;/FAU for
comparison.”> The water content of each sample was
quantified based on the dehydration weight loss (%) from
TG and MS. As expected, the general trend is that as Si is
enriched, the degree of hydration of Mo,C/FAU sample
decreases.

Room temperature ex situ powder XRD patterns confirm
that the FAU frameworks of all Mo,C/FAU samples retain
cubic structures (Fd3m) after harsh carburization at 700 °C
(see Figure la). Notably, there is no observable XRD peak
corresponding to bulk A-Mo,C, which is a clear evidence
suggesting that the FAU-encapsulated Mo,C particles are well
dispersed within the internal void space of zeolite Y (see Figure
S1 for the XRD patterns of bulk $-Mo,C). The lattice
parameters a of FAU, MoO;/FAU, and Mo,C/FAU samples
are listed in Table 1, and plotted in Figure 1b. As Si/Al ratio

https://doi.org/10.1021/acs.iecr.1c02822
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Figure 2. (a) N, adsorption—desorption isotherms at —196 °C and (b) pore size distribution plots of all Mo,C/FAU samples.
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Figure 3. (a—d) TEM images, and (e—h) ex situ DRIFTS data of all Mo,C/FAU samples. Sample names are labeled in each figure. The spectra of

the parent FAU samples reported earlier are also plotted for comparison.
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increases, decreasing a parameters were seen on each group of
samples, FAU, MoO;/FAU, or Mo,C/FAU. Meanwhile, at the
same Si/Al ratio, the a parameter decreases following the rank
of FAU, MoO;/FAU, and Mo,C/FAU. In other words, high
temperature carburization of MoO;/FAU for Mo,C/FAU
results in decreased lattice dimension.

The specific area of each Mo,C/FAU sample was
determined by N, adsorption—desorption isotherm (—196
°C) data using the BET method (see Figure 2a). Carburization
leads to surface area decreases by roughly 20%. Specifically, the
surface areas are 581.1 mz/g for Mo,C/2.9FAU, 530.7 mz/g
for Mo,C/16.1FAU, 715.1 m’/g for Mo,C/29.3FAU, and
777.4 m*/g for Mo,C/4S5.6FAU. On the other hand, the pore
size distribution plots in Figure 2b suggest that all Mo,C/FAU
samples share uniform micropores of ~0.8 nm, approximately
the same as those of FAU and MoO,;/FAU (Table 1). This
phenomenon confirms the structural and thermal stability of
FAU as the host framework for synthesis particles/clusters of
refractory materials and high temperature ceramics. In
addition, the TEM images suggest that after carburization at
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700 °C each Mo,C/FAU retains its general morphology,
particle size (400—600 nm), and interconnected nanoscale
porosity (see Figure 3a—d). Under the current TEM
resolution, the encapsulated Mo,C particles are not easily
observed because they are too light to generate the contrast
under the electron beam, and the absence of detectable bulk
Mo,C chunks on the external surface of FAU indicates
dispersed Mo,C clusters under internal micropore confine-
ment.

Ex situ DRIFTS experiments were carried out to elucidate
the interfacial bonding evolutions of FAU upon Mo,C
encapsulation (Figure 3e—h). The full range DRIFTS data
are presented as Figure S2. As Si is enriched, the framework
hydrophobicity is enhanced, leading to decreased intensity for
the bending vibration of water at 1640 cm™' (Figure S2).
Similarly, encapsulation of Mo,C also results in decreased
hydroxyl concentration, seen for both silanols (Si—OH) and
aluminols (Al-OH), and adsorbed water. More specifically,
Mo,C confinement in 2.9FAU, the sample with the highest Al
content, decreases the intensities of (i) shoulder peaks at 3675

https://doi.org/10.1021/acs.iecr.1c02822
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Figure S. In situ DRIFTS data of all Mo,C/FAU samples in CO adsorption with the evolving peaks highlighted. (a) Mo,C/2.9FAU, (b) Mo,C/

16.1FAU, (c) Mo,C/29.3FAU, and (d) Mo,C/45.6FAU.

and 3590 cm ™' belonging to the stretching vibration of O—H
bond of Bronsted acid sites,"*>** and (ii) peaks at 1640 cm™
from bending vibration of H,O molecules (Figure S2a). For
FAU frameworks with higher Si content (Si/Al = 16.1, 29.3
and 45.6), Mo,C is primarily anchored at the silanols (Si—
OH),'”*>** resulting in decreased intensity at 3740 cm™
attributed to isolated silanols.*”*° In other words, the binding
locations of MoOQ; particles likely determine the anchoring
sites of Mo,C clusters. Thus, for the Al-rich FAU (2.9FAU),
MoO; and Mo,C selectively favor the Bronsted acid sites by
the Al atom. As the Si content increases, a full range of silanols
begin to play dominant roles serving as the major binding sites
for MoO; and Mo,C clusters in FAU. Moreover, this set of ex
situ DRIFTS data indicates that carburization of MoO; for
Mo,C formation under FAU confinement leads to recovery of
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silanols (3740 cm™). Indeed, formation of Mo,C under CH,/
H, flow is associated with (i) MoO;—FAU bond breaking, (ii)
formation of water, and/or (iii) restoration of framework
hydroxyl groups.'”*' These simultaneous reactions result in
sintered Mo,C clusters with size grow’ch.lz’“’43 According to
our ex situ DRIFTS results, hydroxyl restoration and Mo,C
sintering are particularly common for Mo,C/FAU when Si/Al
is higher than 16.1. This is perhaps due to the weaker MoO;/
Mo,C—FAU guest—host interactions at the silanols (Si—OH)
compared with the binding at the aluminols (Al-OH) or
Bronsted acid sites. We anticipate that such differences in
interfacial bonding strength as a function of Si/Al ratio will be
probed by calorimetry and reflected by the formation
enthalpies of Mo,C/FAU and the Mo,C—FAU interaction
energies.
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Figure 6. Thermal analysis results of Mo,C/FAU samples. (a) TG, (b) DSC, (c) MS (m/z = 18), and (d) DDSC with N, flow at 50 mL/min from

30 to 1000 °C.

The influence of framework Si/Al ratio on the electron
density and dispersion of Mo,C particles was probed by in situ
DRIFTS of CO adsorption (see Figure 4). Generally, two
types of direct information are obtained from in situ DRIFTS
of CO adsorption. Specifically, (i) the number of CO binding
sites, which reflects the degree of dispersion of electron
donating particles, is proportional to the intensity of adsorbed
CO; (ii) the strength of CO—surface site interactions is
reflected by the position (frequency) of the peak. In Figure 4,
for all Mo,C/FAU samples, there are three major peaks, at
2170, 2120, and 2020 cm™), that evolve consistently in the CO
adsorption process. The peaks at 2170 and 2120 cm ™" belong
to the vibration of gas phase CO, which we will not discuss
beyond this point. The peak at 2020 cm™ is attributed to
adsorbed CO, the intensity of which experiences significant
changes as a function of Si/Al ratio. Specifically, an abrupt
decrease in its intensity is observed, from 0.35 to 0.05, as the
Si/Al ratio of FAU increases from 2.9 to 16.1. Further Si
content increase leads to nearly negligible CO signal. In other
words, the number of well-dispersed Mo,C particles with CO-
accessible surfaces decreases as a function of Si/Al ratio.
Hence, considering all samples share the same Mo,C loading,
it is clear that the degree of Mo,C dispersion decreases with
increasing Si/Al ratio.

On the other hand, the frequency of adsorbed CO also shifts
as the FAU Si/Al ratio increases. Particularly, CO adsorption
on Mo,C/2.9FAU results in a symmetric peak centered at
2020 cm™', which is also clearly observed during CO
desorption (see Figure 4e). For Mo,C/16.1FAU, Mo,C/
29.3FAU, and Mo,C/45.6FAU, CO adsorption generates a
pair of peaks at 2007 and 2020 cm™". According to a report on
Mo,C/ALO; by Wu et al,” the peak at 2020 cm™ is
attributed to the stretching vibration of CO adsorbed on Mo®*
(6 = 0—2). They considered that the peak at 2007 cm™" is
probably due to CO binding at partially reduced Mo.
Therefore, in situ DRIFTS of CO adsorption—desorption
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results suggest strong Mo,C—FAU interactions mainly at the
Al-OH sites which ensure the formation of well-dispersed
Mo,C particles under encapsulation of the Al-rich 2.9FAU.
This type of binding has high polarity because of the
significantly charged FAU framework. In contrast, as Si/Al
increases, the relatively weak Mo,C—FAU bindings primarily
at a series of Si—OH groups dominate, governing formation of
Mo, C particles with less uniform distribution with partial Mo
reduction. In the latter case, the Mo,C—FAU interactions
feature more covalent factors. We also expect such interfacial
binding variations would be mirrored by the thermochemically
derived enthalpies of Mo,C—FAU guest—host interactions.
The thermal analysis data, including TG, DSC, MS, and
DDSC (derivative differential scanning calorimetry) are
presented in Figure 6. We also plotted the DTG (derivative
thermogravimetry) traces in Figure S3. The TG traces are
fairly straightforward, in which each Mo,C/FAU presents a
single-step dehydration lasting from room temperature to
about 300 °C. Specifically, Mo,C/2.9FAU has the highest
degree of hydration of 15.5 wt %, while all the other samples
with higher Si contents have lower degree of hydration (Figure
6a). On the basis of the TG-DSC curves, we derived the
dehydration enthalpies (AHg,;) of all Mo,C/FAU samples
(see Table S2). Unlike the MoOj particles confined in FAU,
which exhibit complex phase and/or redox evolutions as we
reported in an earlier study,” the DSC and DDSC curves of
encapsulated Mo,C are nearly “featureless”, and do not show
any calorimetrically detectable events between 300 and 800
°C. In addition, the evolving DSC profiles between 800 and
1000 °C reflect framework amorphization to energetically
more stable high temperature amorphous phases, evidenced by
the post thermal analysis ex situ XRD data (see Figure S4).
Indeed, because of the intrinsic high melting point of Mo,C
(2687 °C), melting point depression of confined Mo,C guest
species was not observed within the range of our thermal
analysis. In contrast, the melting point of MoOj; is 795 °C,
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much lower compared with that of Mo,C, which may lead to
detectable heat effects corresponding to phase transition of
MoO; under FAU confinement at about 650 °C.

In Figure 7, we plotted the formation enthalpy of each
Mo,C/FAU from its constituent oxides and Mo,C (AHj) at 25
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Figure 7. Enthalpies of formation of all Mo,C/FAU samples from
constituent oxides and carbides (SiO,, Al,O;, Mo,C, and H,0) at 25
°C (per TO,). The formation enthalpies of previously reported
FAU*® and MoO;/FAU* samples by our group, and ion-exchanged
zeolite Y by Yang and Navrotsky in 2000, are also plotted (gray
squares) to elucidate the rich energetic landscape of guest—host
systems based on FAU.*

°C, derived from the directly measured drop solution
enthalpies (AHy,) in molten lead borate at 700 °C using the
thermodynamic cycle in Table 2. The drop solution enthalpies
(AH,,) for constituent oxides, Mo,C, and water in molten lead
borate at 700 °C and the formation enthalpies from elements
(AH;,) at 25 °C are listed in Table S1. The energetic
contributions of hydration are corrected to 25 °C using the

Table 2. Thermodynamic Cycle to Calculate the Enthalpies
of Formation (per TO,) at 25 °C of FAU and Mo,C/FAU
Samples from Their Constituent Oxides and Mo,C, and
Elements

(MOCOS) (Sloz) (A1203) "Hzo(szs c) ZxOZ (g700°C) > AH, =
*MOoOj3(s0ln,700°C) + ¥S10a(s0ln,700°c) + ZALO3(s0ln, 700°C) + AHy,
0.5xCO; (g700°c) + nHO g700°c)

MoCys(sas°c) + Zoz(g,7oo°c)—’ MoOs(s4in,700°c) + 0-5C02(g,700°c) AH,

SiOys25°c) = SiOx(s0mn,700°C) AH,
A1203(5,25°C) - Alzo3(soln.,700”c) AH,
Hy0q5°¢) = Hzo(g,700°c) AH;
Moy, s0c) + 1/2C(S,250C) — MoCyjs(s25°c) AHg
Sigasec) + Oz(g, 25 °c) = SiOy(a500) AH,
2A1(s,25°C) + 3/202(g,25°C) - A1203(s,25°C) AHg

(Moco.s)x'(Sioz)y'(Alzos)z'”Hzo(s,25°c) _’(Moco.s)x'(Sioz)y' AH,
203)z(s 2soc) + nHyO(p250¢)

(Mocos) (Sloz) (A1203)z(525 oy + 2005 (g700°c) > AH,, =

xMoOj(oln,700°c) + ¥SiO3(s0ln,700°C) + Af’os(soln 700°C) AHj correct
0.5x 2(g,700°C)

AHdecorrect = AH)y = AH, — nAH; — AH,

xMoC,, s(s2s°c) 3’5102(525 c) t ZAle%(szs c) (M0C0>)x AH,, =

(SiO, 'y ( zos)z(=zs °C) AH;
AH; = AH), = xAH, + yAH; +zAH, — AH,,
*Mosa5oc) + 1/2xC(5050¢) + ¥Si(sas0 C) +22Al5500) + (v + 32/ AHy, =
2)0, 2(g25°C) (M°C05 (Sloz)y( 2 3)z(>25 °C) AHgy
AHg, = AH,, = xAH4 + yAH, + zAHg + AH},
XMOCO,sss,zs"c) + (Sioz)y'(AIzos)z(s,25°c) - (MocoAs)x'(SiOz)y' AH; =
203 2(5,25°C) AHmter
AH,

inter

= AH;3 = AHIZ,MOCO,S/FAU - Ale,FAU — xAHg

dehydration enthalpies (AHg,,), see Table S2) derived using
TG-DSC-MS. As Si/Al ratio increases, the AH; of the Mo,C/
FAU tends to be slightly less endothermic, covering a narrow
range spanning from ~7.0 to ~2.0 kJ/mol per TO,. Here,
“TO,” denotes tetrahedron unit of framework silicon or
aluminum, specifically, either SiO, or AlO,”. Such low AH;
magnitudes comparable to 0.0 kJ/mol TO, strongly suggest
that the energetic states of Mo,C/FAU samples are
thermodynamically close to their corresponding dense phase
assemblage of constituent oxides and carbide, including Al, O3,
SiO, Mo,C, and H,O. Interestingly, it is noticed that at the
same Si/Al ratio and Mo loading, AH; of Mo,C/FAU is much
less endothermic than those of parent FAU and MoO;/FAU,
by more than ~30.0 kJ/mol TO, (see Figure 7 and Table 3).
In contrast, encapsulation of MoOj stabilizes the empty FAU,
but, much less, by only ~10.0 kJ/mol TO,. Such a significant
difference in AH; between MoO;/FAU and Mo,C/FAU is
because we used Mo,C as the reactant in the thermodynamic
cycle to derive AH; of Mo,C/FAU (Table 2), and Mo,C has a
very exothermic AHg, under the oxidative environment within
the calorimeter (see Table S1). Moreover, it is also possible
that thermal decomposition of the free carbon, a common
impurity on TMC/zeolites catalysts, may lead to more negative
AHy,. In general, AH;, of Mo,C/FAU samples share the same
trend as that of AHy and AHg, (Mo,C/FAU) is also more
exothermic than AH;, (MoO;/FAU) at the same Si/Al ratio
(see Table 3). Thus, the AH; results suggest that at the same
Mo loading, confinement of refractory Mo,C is energetically
more favorable than encapsulation of MoOj in the same zeolite
Y host.

Surprisingly, although energetically favorable interfacial
binding was expected, we were surprised to see that the
calculated Mo,C—FAU interaction enthalpy, AH,., (Mo,C/
FAU, kJ/mol TO,) is much more exothermic than AH,,
(MoO;/FAU) at the same Si/Al and Mo loading. Specifically,
we would like to highlight that the most exothermic AH,,,
(Mo,C/FAU), —76.5 + 2.4 kJ/mol TO,, is seen on Mo,C/
2.9FAU, which features the strongest Mo,C—FAU interfacial
bonding with high polarity, supported by the in situ DRIFS
data (see Figures 4 and 5). All the other AH,., of Mo,C/FAU
samples with higher Si content, are around —35 kJ/mol per
TO,. This moderately strong bonding is from a full spectrum
of silanols (Si—OH) on the internal surface of FAU, which
anchor the refractory Mo,C particles, likely through covalent
bonds. Although we have observed a similar trend on AH,,
(MoO;/FAU), the magnitudes are entirely different, nearly an
order of magnitude less exothermic. This is possible
considering the multiple phase and/or redox transition events
observed during thermal analysis of MoO;/FAU, in which the
subnano-MoOj particles, systematically and stepwise seek for
lower energetic states to pay the “loan” for encapsulation by
altering its local short- and/or long-range order details in the
thermal synthesis processes.*}’3 In other words, the low melting
point and flexible phase/redox transition behaviors of
encapsulated MoOj; reduce the total system energy leading
to less exothermic MoO;—FAU interfacial interactions. On the
other hand, after initial dehydration, the “featureless” thermal
analysis curves of Mo,C/FAU samples, determined by its high
melting point (2687 °C), strongly suggest that it is likely the
robust Mo,C—FAU interfacial bonding, not the phase or redox
transition of Mo,C guest species, governs the tight
encapsulation of Mo,C in zeolite Y, mirrored by the highly
exothermic AH,,,,, (Mo,C/FAU). Furthermore, it is possible
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Table 3. Enthalpies of Drop Solution (AH,) and Formation Enthalpies from Oxides and Carbides (AH;), and Elements
(AHg,) at 2§ °C (per TO,) of All Samples, Including FAU, MoO;/FAU, and Mo,C/FAU"

AHg,, (kJ/mol H,0)

AHgye,; * (kJ/mol H,0)

AHinter (k.]/m(’l)

sample AHy, (kJ/mol) AH; (kJ/mol) AHg, (kJ/mol)
2.9FAU 50.3 + 4.0°° 69.7 + 4.1%° —-822.1 + 2.0%
16.1FAU 19.0 + 0.3% 40.8 + 0.3% —865.7 + 0.2
29.3FAU 13.6 + 0.8 40.8 + 0.8 —867.5 + 0.4
45.6FAU 147 + 1.1% 32.8 + 1.1%° —-871.9 + 0.8%
Mo0Q,/2.9FAU 472 + 177 61.1 + 1.87 —-849.1 + 1.0%
Mo0,/16.1IFAU 20.8 + 1.2°° 38.0 + 1.2°° -891.8 + 0.6
Mo0,/29.3FAU 182 + 0.5% 34.3 + 0.5 —-894.2 + 0.3%
Mo0,/45.6FAU 17.0 + 147 32.8 + 147 -896.3 + 0.7%°
Mo,C/2.9FAU 83.1 = 0.6 6.7 + 0.6 —899.2 + 1.3
Mo,C/16.1FAU 294 + 0.1 7.1+ 0.1 —900.2 + 0.6
Mo,C/29.3FAU 262 + 0.3 33+03 —905.7 + 0.5
Mo,C/45.6FAU 267 + 0.6 19+ 06 —908.0 + 0.7

67.9 + 2.1° 149 + 2.1% N/A
97.0 + 0.8% 309 + 0.8% N/A
109.8 + 3.9%° 37.7 + 3.9% N/A
176.1 + 4.0% 88.9 + 4.0 N/A
75.6 + 3.8% 21.3 + 3.8 —8.4 + 2.6
107.9 + 1.7°° 389 + 1.7%° —3.0 + 02%
99.4 + 2.9% 264 + 2.9% —6.6 + 0.1%°
98.5 + 3.9% 19.3 + 3.9% —43 + 047
86.9 + 1.4 325 + 1.4 —764 + 2.4
180.6 + 2.4 100.6 + 2.4 —33.7 + 0.6
1392 + 3.9 554 + 3.9 —37.5+ 06
130.8 + 2.8 483 + 2.8 —354 + 1.1

“The dehydration enthalpy of each sample relative to liquid water (AHg,y,;) at 25 °C and enthalpies of interactions (AH,y,) are also listed. Here,
the dehydration enthalpies were calculated based on the thermodynamic cycle in Table S2.

that the reduced FAU lattice size (see Figure 1b) and restored
surface hydroxyls in carburization (see Figure 3e—h), also
contribute to AH,,, (Mo,C/FAU) by applying enhanced
confinement effects and stronger surface binding, respectively.
Currently, we are working on identification of these intricate
interfacial bonding and the exact Mo,C local structures and
assemblages in FAU at the atomic level using the synchrotron
X-ray atomic pair distribution function (PDF). We will report
those separately in future publications.

Bl CONCLUSIONS

Here, we reported a systematic study on formation energetics
of Mo,C confinement in zeolite Y (Mo,C/FAU) with various
Si/Al ratios, in which high temperature oxide melt solution
calorimetry was coupled with in situ DRIFTS and other
fundamental structural, morphological, and thermal analyses.
The results suggest that (i) Mo,C/FAU formation from
constituent oxides and Mo,C (AH) is only slightly
endothermic, ranging from ~7.0 to ~2.0 kJ/mol TO,; (ii)
encapsulation of Mo,C is energetically more favorable
compared with MoO; confinement in FAU; (iii) the
physicochemical natures of the confined guest species also
play critical roles in reducing the total energy of the system,
and in governing the magnitudes of guest—host interfacial
interactions, evidenced by the differences in phase and/or
redox transitions of MoO; and Mo,C under confinement, and
reflected by AH; and AH,,.. From a thermodynamic
perspective, we anticipate that the fundamental knowledge
enabled in this study will potentially benefit the chemical
engineering society by providing quantitative benchmarking
data for machine learning and simulation that may lead to
predictive design, synthesis, and processing of supported
heterogeneous catalytic materials from refractory transition
metal carbides.
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