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Abstract

Zeolites with encapsulated transition metal species are extensively applied in the
chemical industry as heterogenous catalysts for favorable kinetic pathways. To eluci-
date the energetic insights into formation of subnano-sized molybdenum trioxide
(MoO3) encapsulated/confined in zeolite Y (FAU) from constituent oxides, we per-
formed a systematic experimental thermodynamic study using high-temperature
oxide melt solution calorimetry as the major tool. Specifically, the formation enthalpy
of each MoO3/FAU is less endothermic than corresponding zeolite Y, suggesting
enhanced thermodynamic stability. As Si/Al ratio increases, the enthalpies of forma-
tion of MoO3/FAU with identical loading (5 Mo-wt%) tend to be less endothermic,
ranging from 61.1 + 1.8 (Si/Al = 2.9) to 32.8 + 1.4 kJ/mol TO, (Si/Al = 45.6).
Coupled with spectroscopic, structural and morphological characterizations, we
revealed intricate energetics of MoOs-zeolite Y guest-host interactions determined
by the Si/Al ratio and the subtle redox and/or local structural evolutions of encapsu-
lated MoOs.
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1 | INTRODUCTION

For the foreseeable future, carbon-based fuels, such as natural gas,
petroleum, coal, and biomass, will continue to be a significant part of
our energy infrastructure, and interfacially engineered heterogeneous
catalytic materials relying on transition metal (TM) species will con-
tinue to play a critical role in meeting our daily energy needs.™ It has
been demonstrated that supported or confined TMs, their oxide
(TMO), carbide (TMC), and nitride (TMN) particles exhibit promising
performance with high activity and selectivity in selective conversion

5-8 9,10

of methane, low-temperature CO conversion, selective

11-14

hydrogenation/dehydrogenation, bio-oil  conversion and

15718 and water-gas shift reaction.?”2° Existing literature

upgrading,
on heterogeneous catalytic materials primarily emphasize their out-
standing performance and complexity in kinetics and reaction mecha-
nisms. Meanwhile, the rapid development of catalyst synthesis has
outran the existing thermodynamic database of materials that mainly
documents the thermochemical properties of homogeneous systems,
such as solid solutions.?* There are currently no systematic experi-
mental thermodynamic data on the formation energetics of
interfacially supported and spatially confined/encapsulated TM spe-
cies that feature solid-solid interfaces and grain boundaries.?* More-
over, the energetics of such particle-support or guest-host interfacial
interactions, put simply, “the energetic cost of being small”, is
unknown.?! The long-term goal of our group is to narrow such widen-
ing knowledge gap by carrying out thermodynamic studies on mate-
rials with interfacially stabilized subnano clusters and nanoparticles
using calorimetry as the fundamental tool. We expect that such exper-
imentally determined energetic insights will enable enhanced under-
standing for further development of inexpensive and more
sustainable energy harvesting and conversion materials, nanostruc-
tured catalysts and sorbents using earth-abundant elements.

The current focus of our group is on thermodynamics of zeo-
lites with encapsulated TM-based particles/clusters. Zeolites are
framework aluminosilicates with open microporosity constructed by
corner-sharing tetrahedron units, in which the T atom is silicon
(Si) or aluminum (Al). Substitution of Si** by AIP* enables nega-
tively charged framework structures with Brgnsted and Lewis acid-
ity. Owing to their crystalline open framework topologies and
tunable surface sites, zeolites offer ideal platforms to support TM
species for heterogeneous catalysis with high activity and shape
selectivity.???® Employing a suite of highly customized calorimeters,
in collaboration with Drs. Davis and Zones, the Navrotsky Group
pioneered research on thermodynamics of pure zeolites since
1990s, in which the cation-water-zeolite interplays of alkali and
alkaline earth ion-exchanged zeolites, organic structural directing
agent (OSDA)-framework interactions, formation mechanisms under
hydrothermal/solvothermal synthesis, and adsorption energetics of
small molecules, such as water, CO,, and organics, were systemati-
cally investigated.2**! The general conclusions are as follows:
(i) dehydrated zeolites are moderately metastable compared with
their dense phase assemblages by less than 15 kJ/mol per TO,

unit, and as the framework molar volume increases, such energetic

difference tends to be more significant. The energetic stability of
dehydrated alkali and alkaline earth ion-exchanged aluminosilicate
zeolites is a complex function of Si/Al ratio and charge-balancing
cations. (ii) Generally, hydration or adsorption of small organics is
exothermic and tends to be less negative as the adsorbate loading
increases. (i) Similarly, the energetics of OSDA—framework interac-
tions and zeolite formation energetics under hydrothermal condi-
tion suggest moderately exothermic bonding, a product of subtly
balanced enthalpy and entropy factors.2*~*! These studies have laid
a solid foundation for zeolite thermodynamics by enabling reliable
thermochemical data on natural zeolites of geochemical importance
and synthetic pure zeolites applied in the petrochemical industry as
sorbents, ion-exchange media, and catalysts. Nevertheless, thermo-
dynamics of zeolites with encapsulated heterocore TM species,
such as TMO, TMC, and/or TMN clusters, has not been systemati-
cally investigated and documented. Determination of the macro-
scopic thermodynamic parameters that govern the formation,
stability, and microscopic local structures of heterocore TM species
under zeolite encapsulation will lead to enhanced understanding of
the design, synthesis, and applications TM-based zeolite catalysts in
chemical engineering processes.

Recently, we reported an adsorption calorimetry study elucidat-
ing the real-time formation energetics in regeneration and thermal
stability of the copper oxo clusters (CuQ,) confined within copper-
mordenite (Cu-MOR), a promising low-temperature methane (CH,)
conversion catalyst, in which a rich energetic landscape is projected
for zeolites with different heterocore TM species encapsulated.*?
The results also suggest that, unlike the extra-framework cations in
alkali and alkaline earth ion-exchanged zeolites, once encapsulated,
TMO species, such as CuO,, may alter the oxidation state of metal,
stoichiometry, and/or local structure/assemblage to achieve energet-
ically favorable final states. The objective of this study is to deter-
mine the formation energetics and guest-host interactions and to
identify the relationships among structure, distribution, and energet-
ics of the unique molybdenum trioxide (MoOs3)-zeolite Y (faujasite
or FAU) guest-host systems, in which a TMO, MoQg, is encapsu-
lated within the microporosity of zeolite Y with faujasite topology
(FAU). Zeolite Y is selected for its compositional tunability, high
crystallinity, and open supercage, which enables nanoscale internal
space to host MoOj clusters/particles. Taking advantage of a full
spectrum of calorimetric capabilities in the Alexandra Navrotsky
Institute  for (AlexInstitute) at
Washington State University (WSU), we probed the enthalpies of

formation and energetics of guest-host interactions for the MoO3-

Experimental Thermodynamics

zeolite Y system employing high-temperature oxide melt solution
calorimetry as the major experimental tool. Coupled with inductively
coupled plasma mass spectrometry (ICP-MS), ex situ X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), ex situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS),
Raman spectroscopy, and thermal analysis using an integrated
thermogravimetry-differential scanning calorimetry-mass spec-
trometry system (TG-DSC-MS), we elucidated the thermodynam-
ics complexity of MoO3; formation under zeolite Y confinement
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as a function of Si/Al ratio with complimentary compositional,
morphological, structural, and spectroscopic insights. Further-
more, the relations among closely balanced compositional, struc-

tural, and thermodynamic factors were discussed.

2 | EXPERIMENTAL METHODS

21 | Material synthesis

Commercial zeolite NH,Y samples (Alfa Aesar) with different Si/Al ratios
were used as the starting framework materials, which were calcined at
500°C for 4 h to obtain zeolite HY. Ammonium molybdate tetrahydrate
(Sigma-Aldrich, 99%), the Mo precursor, was introduced into zeolite Y
samples by incipient wetness impregnation (IWI). We intentionally kept
the MoOj loading relatively low to minimize crystal growth on the exter-
nal surface of FAU. Specifically, the zeolites were pretreated in a vacuum
oven at 80°C for 4 h. Subsequently, 1.5 ml of ammonium molybdate
aqueous solution (0.05 mol/L) was dripped onto 1 g of pretreated sam-
ples, followed by 1-h sonication at room temperature. After oven-drying
at 120°C overnight and calcination in a tube furnace at 600°C in air for
10 h, the MoO3/FAU samples were obtained. According to the Si/Al ratio
(n) and MoO3 encapsulation, the samples were labeled as nFAU and
MoO3/nFAU (see Table 1). For example, the MoOs-containing zeolite Y
sample with Si/Al = 3.0 was named as MoQO3/3.0FAU.

2.2 | Phase and morphology identification

Room temperature ex situ powder XRD was employed for phase iden-
tification using a Rigaku Miniflex 600 diffractometer operated at
40 kV and 15 mA with Cu Ka radiation (A = 1.5406 A). The XRD pat-
terns were recorded from 5° to 60° at a step of 2°/min. The sample
morphology was evaluated with TEM (FEI Tecnai T20, LaB, cathode,
200 kV) in the Franceschi Microscopy and Imaging Center at WSU. In
each TEM experiment, a small amount of specimen was dispersed in
ethanol under ultrasonication. This suspension was dropped on a
carbon-coated nickel grid (200 mesh), which was further dried using

infrared lamp for 20 min.

ACBG RALL 2o
2.3 | N, adsorption-desorption full isotherm
analysis

Brunauer-Emmett-Teller (BET) surface area and Brunauer-Joyner-Hal-
enda (BJH) pore dimension analyses were performed via N, adsorption-
desorption full isotherm analysis at liquid nitrogen temperature (77 K
or — 196 °C) using a commercial gas adsorption analyzer (Micromeritics
3Flex). Each sample was degassed at 300°C at the analysis port of 3Flex
for at least 5 h before isotherm measurement.

24 | Compositional and thermal analyses

The sample compositions were determined with ICP-MS (Agilent 770)
and an integrated TG-DSC-MS system (Netzsch STA 449 F5 Jupiter
coupled with QMS 403 D Aéolos). In the thermal analysis, the sample
was placed in a platinum (Pt) crucible for TG-DSC measurement from
30 to 1000°C at 10°C/min under N, flow of 50 ml/min. The gas
phase species evolved from TG-DSC were introduced to the MS via a
heated capillary tube accurately controlled at 200°C for compositional
identification. We also calculated the enthalpy of dehydration of each
sample based on its TG-DSC-MS data. Dehydration and potential
phase transition were mirrored on the TG-DSC-MS curves (see
Table S1).

2.5 | Exsitu DRIFTS

Ex situ DRIFTS experiments were performed on a Nicolet iS50 FT-IR
instrument from Thermo Scientific. All samples were pretreated in a
120°C oven for 4 h to remove physisorbed water before DRIFTS
experiments, which were performed at room temperature with data
recorded from 4000 to 650 cm™2.

2.6 | Raman spectroscopy

Raman spectra of all samples were collected on a Horiba LabRAM HR

Raman spectrometer with Ventus LP 532-nm laser. In each

Chemical composition, molecular weight, and lattice parameter of each FAU or MoO3/FAU sample studied on TO, basis

TABLE 1
Sample Chemical composition on TO, basis
2.9FAU (Si02)0.742 (Al03)0.13-0.916H,0
16.1FAU (SiO2)0.942 (Al203)0,03:0.196H,0
29.3FAU (SiO2)0.967 (Al203)0,017:0.136H,0
45.6FAU (Si02)0.979 (Al,03)0,011-0.078H,0
MoO3/2.9FAU (M00O3)0.025 (Si02)0.742 (Al203)0.13-0.727H,0
MoO3/16.1FAU (M0O3)o,031 (Si02)0.942 (Al203)003:0.177H,0
Mo0O3/29.3FAU (M0Og)0,027 (Si02)0.967 (Al203)0.017-0.138H,0
MoO3/45.6FAU (M003)0.027 (SiO2)0.979 (Al203)0.011:0.120H,0

BET surface Specific Pore
MW a(A) area (m%g) volume (m®/g) size (nm)
74.23 8.2906 1067.4 0.65 0.72
63.07 8.0297 1176.4 0.79 0.77
62.23 8.0424 1203.9 0.72 0.78
61.28 8.145 911.1 0.58 0.78
74.37 8.1581 703.1 0.44 0.72
67.24 7.9671 631.6 0.46 0.76
66.15 8.0297 1057.2 0.65 0.77
65.91 8.0424 631.6 0.43 0.77

Abbreviations: BET, Brunauer-Emmett-Teller; FAU, zeolite Y (faujasite); MoQO3, molybdenum trioxide; MW, molecular weight.
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measurement, ~15 mg sample was loaded into a Linkam CCR cell, and

the spectra were directly recorded at room temperature.

2.7 | Hydrogen temperature-programmed
reduction

Hydrogen temperature-programmed reduction (H, TPR) experiments
were carried out on a Diablo 5000A real-time gas analyzer with an
Agilent 5975C MSD as the detector. Prior to the H, TPR analysis, each
sample was pretreated in situ by heating to 600°C (10°C/min) in argon
(Ar) flow (50 ml/min). The sample was kept at 600°C for half an hour to
remove any preadsorbed species. Upon cooling to 50°C, H, flow (25 ml/
min) was introduced, meanwhile, the Ar flowrate is adjusted to 25 ml/
min. Subsequently, the sample analyzed was heated from 50 to 850°C in
80 min in the 1:1 mixture of H, and Ar (25 ml/25 ml). The water signal
was recorded for further interpretation.

2.8 | High-temperature oxide melt drop solution
calorimetry

A Tian-Calvet twin microcalorimeter (Setaram Alexsys-1000) at WSU
was employed for high-temperature oxide melt drop solution calorim-
etry. The details of this methodology have been introduced earlier
elsewhere by Navrotsky et al.** To measure the enthalpy of dissolu-
tion of each sample, a sample pellet (~5 mg) was directly dropped into
Alexsys-1000, which contains the solvent, lead borate (2PbO-B,053)
molten salt at 700 °C under flowing compressed air at a rate of
120 ml/min. Such calorimetric measurement on each sample was
repeated for at least six times. The calorimeter calibration was carried
out by measuring the heat content of corundum (Al,O3). The
enthalpies of formation and MoOs-zeolite Y guest-host interactions
of all samples were derived using the thermodynamic cycle listed in
Table 2. The errors were calculated as two standard deviations (SDs)
of the mean.

3 | RESULTS AND DISCUSSION

The compositions determined by coupled ICP-MS and TG-DSC-MS,
including the formula and molecular weight of each sample on TO,
(tetrahedron unit) basis, are summarized in Table 1. The compositional
results of MoO3/FAU suggest successful inclusion of MoOs, and
decreased water contents and molecular weight as Si/Al increases
(see Table 1). The Mo/Al ratio of 2.9FAU, sample with the highest Al
content, is about 0.1, and the Mo/Al ratio of 45.6FAU, sample with
the lowest Al content, is ~1.2. The ex situ XRD patterns of all FAU and
MoO3/FAU samples collected at room temperature are shown in
Figure 1A,B. The XRD results confirm that all FAU samples have cubic
faujasite structure belonging to the Fd3m space group, and MoO3;
encapsulation does not lead to significant disturbance of the long-

range order of the frameworks.***> The lattice parameter of each

TABLE 2 Thermochemical cycle to calculate the enthalpies of
formation (per TO,) at 25°C of FAU and MoQO3/FAU samples from
their constituent oxides and elements

(M0O3),(SiO5),-(Al,03),-nH20(s 25:)
= XM0O350in.700°c) + YSiO2(s0ln,700°C)

+ zA1,03 (soin.700°c) + NH20 (g700°c) AH; = AHy
MoOss 25:c) 2 M0Os(soin., 700°C) AH,
SiO2(s,25°c) = SiOz(s0in. 700°0) AHg
AlO3(5 25°c) > Al2O3(s0in,700°) AHy
H20¢,25:c) > H20g700°c) AHs
Mo 25:¢) + 3/202(g,25:c) 2 M0Og(s 250 AHe
Si(s25°c) + O2(g25°c) 2 SiOzs25°0) AH;
2Als25:c) + 3/202(g,25:¢) > Al203(s,25:¢) AHg
(M0O3),(SiO5),(Al,03),:-nNH20s 25: ) AHy

>(M003),(SiO2),(Al203)s5.25°)

+ nH2O0q25:)

(M0O3),(SiO2)y-(Al;03)xs,25:¢) >
XxMoOssoin. 700°) + ¥SiO2

AHlO = AHds,correct

(soln.700°C) + ZAl203(s01n.700°C)
AHds,correct = AHlO = AHl - nAH5 - AH?

XMoO3s 25:¢) + YSiOx(s 25°¢) + ZA1r03(5.25°¢) AH1q = AHgox
> (M0Og),(Si02),(Al;03)y(s,25:¢)

AHf,ox = AHll =
XAHy + yAH3 + zAH4 — AHqo

XMO(Syzsﬂc) + Ysi(syzs'rc) + 22A|(5'25°c) + (3x+2y AH12 = Anye|

+32)/209g 25:c)> (M0O3),(SiO2),-(Al;03),
(5,25°C)

Avae| = AH12 = XAH{, aF YAH7
+ ZAHg —+ AH11

XMoO3s 25:¢) + (SI02),(Al203) (s 25°¢) >
(M00O3),(Si02),-(Al;03)4s,25:¢)

AH:l3 = AHinter

AHinter = AH13 = AH12M00, /FAU —
AH1pau - XAHg

Abbreviations: BET, Brunauer-Emmett-Teller; FAU, zeolite Y (faujasite);
MoO3, molybdenum trioxide; MW, molecular weight.

sample is calculated and listed in Table 1 (also see Figure 1C). For both
FAU and MoO3/FAU, as the Si/Al ratio increases, the parameter tends
to decrease until reaching a plateau at about 8 A. Meanwhile, MoO4
loading results in slightly decreased a parameter by ~1% (Figure 1C).
This set of structural evidence suggests that encapsulation of MoO3;
clusters does not result in significant modification or interruption on
the framework structure of zeolite Y over a wide Si/Al range. In addi-
tion, our results also indicate that standard XRD cannot detect the
encapsulated MoOs clusters, evidenced by the absence of any detect-
able diffraction patterns of MoOs.

The TEM images of all samples are assembled in Figure 1D-K. All
FAU samples feature octahedral configuration with sharp-edged crys-

4647 |t appears that the particle size of zeolite Y in

tal-like morphology.
our study spans from 400 to 600 nm. Owing to the high thermal sta-
bility of FAU, after impregnation with Mo precursor and calcination at
600°C for 10 h, there is no significant morphological degradation

detected on all MoO3/FAU samples. Interconnected nano-sized
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K

Mo05/45.6FAURE

Structural illustration and ex situ XRD patterns of (a) FAU and (b) MoO3/FAU, and (c) the a parameter of each sample as a function

of Si/Al ratio. All XRD patterns were collected at room temperature. The reference patterns of FAU are also included. (d-k) The TEM images of all

samples. The scale bar of each TEM image is 100 nm

channels are clearly observed within these FAU crystals, which remain
very well preserved after MoO5 encapsulation. We also noticed that
the samples with higher Si content than that of 2.9FAU tend to fea-
ture more interconnected nanochannels. Moreover, according to the
TEM images, there is no observable MoO5 particle on the external
surface of FAU containing MoOs. This is strong evidence suggesting
that the MoOj3 particles/clusters are dispersed within the FAU frame-
works. Thus, integrating the compositional, structural, and morpholog-
ical results, we conclude that the majority of the population of MoO3
clusters introduced are successfully encapsulated within the crystal-
line framework and nanoscale porosity of each FAU sample.

The N, adsorption-desorption isotherms of all samples are plot-
ted in Figure 2A,B. The BET specific surface areas are 1067.4, 1176.4,
1203.9, and 911.1 m?/g for 2.9FAU, 16.1FAU, 29.3FAU, and
45.6FAU, respectively. Generally, MoO5 encapsulation decreases the
surface of FAU, and the specific areas are determined to be
703.1 m?/g for MoO3/2.9FAU, 631.6 m?/g for MoOs/16.1FAU,

10572 m?/g for MoO3/29.3FAU, and 631.6 m?%/g for
MoO3/45.6FAU. The pore size distribution plots are presented in
Figure 2C,D. The common behavior is that the pore volume of each
FAU sample decreases upon the introduction of MoO3, and the pore
size ranges from 0.72 to 0.78 nm (see Table 1). As demonstrated in
the TEM images, there is nano-sized porosity/channel for each FAU
or MoO3/FAU sample. Inclusion of MoO3 does not lead to significant
channel blockage, and there is no detectable bulk MoO3 formation on
the external surface of zeolite Y or FAU (see Figures 1 and 2).

The interfacial chemistry and MoOz—zeolite Y bonding specifics
of all samples were studied by ex situ DRIFTS (see Figure 3A-D). Fun-
damentally, the low wavenumber absorbance of bonds within MoO3
appears to be weak. Si/Al ratio increase leads to decreased local
hydrophilicity within zeolite Y, evidenced by clearly observed intensity
decrease in peaks between 3700 and 3000 cm~Y, and at 1640 cm ™1,
corresponding to the stretching vibration of O—H groups and bending

vibration of H,O molecules, respectively.*>*4° More specifically, for
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sample names are labeled in each figure, and (e) Raman spectroscopy results of MoO3/FAU

2.9FAU, MoO3; encapsulation results in decreased intensity of peaks
at 3640 cm~? (shoulder) and 3545 cm~* (shoulder) both ascribed to
the stretching vibration of O—H bond of H,O adsorbed at the Brgn-
sted acid sites, and absorbance at 3440 (broad) cm ™! and 3210 cm ™!
(broad) which are assigned to hydroxyl groups of water clusters,

whereas the intensity of peak at 3740 cm™!

corresponding to
stretching vibration of isolated silanol (Si—OH) groups does not
change (Figure 3A).°%31 |n contrast, for the other FAU samples, the
isolated silanol peak at 3740 cm™! decreases upon MoOj introduc-
tion. In other words, the MoOj clusters on 2.9FAU are very likely
anchored at the Brgnsted acid sites near AI**. In contrast, for FAU
samples with higher Si contents equal or higher than Si/Al = 16.1,
MoO; tends to interact with a full spectrum of energetically distinc-

|3+

tive sites closed to Si atoms because of much lower A" concentra-

tion. Indeed, such selective binding of MoOg at or near AI*™ sites was
also reported for encapsulation of MoOj3 in zeolites with other topolo-
gies and Si/Al ratios, such as ZSM-5.5%1 Hence, evidence from
DRIFTS suggests the presence of well-dispersed MoOs particles
bonded near AI—OH in 2.9FAU, the sample with higher Al content
and crystallinity (see Figure 1A), while for high silica FAU samples it is
likely that there are multiple MoO3 species experiencing intricate local
chemistry with a spectrum of silanol groups and the pore structures.

More specifically, when the zeolite is Al rich, such as the sample

2.9FAU, Brgnsted acid sites dominate the binding, reflected by the
decrease of absorbance intensity at 3640 and 3545cm?,
corresponding to bridged hydroxyl groups (Brgnsted acid sites)
located at the supercage and sodalite cages, respectively.’>>3 On the
other hand, the distribution of MoO3; binding sites on Si-rich zeolites
is more complicated with much higher heterogeneity. For example,
Tsutsumi et al. employed energy-level function derived from experi-
mental heat function to investigate the surface heterogeneity of zeo-
lite NaY.>* Their study suggested that there were at least five types of
silanol sites on zeolite NaY.>* Parallely, Hattori et al. studied the
silanol groups on dealuminated high silica MFI zeolite, in which they
proposed four types of silanols: isolated silanol, terminal silanols,
including geminal and vicinal silanol, and silanol nest.”> Moreover,
Carlos et al. employed density functional theory (DFT) method to
understand the silanol chemistry of aluminum (Al)-substituted MFI
nanosheets.>® They proposed two additional types of silanols:
(i) silanols with silicon directly bonds aluminum through non-
protonated oxygen, and (ii) silanols whose silicon is connected to the
aluminum via protonated oxygen.>® Therefore, it is clear that the
bonding distribution of MoOs on high silica zeolites is much more
complex compared with its chemistry on zeolites rich in aluminum.
The Raman spectroscopy results are presented in Figure 3E,
which further confirm the conclusion based on DRIFTS data by
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presenting a set of peaks reflecting the degree of dispersion and sym-
metry for MoOj particles. The weak single Raman band at ~993 cm ™2,
seen on all MoO3;/FAU samples, is attributed to the Mo=0O
stretching.>” The presence of a broad shoulder band at about
950 cm™* for each MoO3/FAU suggests that there are well-dispersed
MoO; species at the vacancy defects of FAU framework.>” Interest-
ingly, for MoO3/16.1FAU, well-resolved bands at 815 and 666 cmt
were observed, which indicate the existence of nano-sized crystalline
particles in addition to well-dispersed a-M00O3.57%° Such particles
around 1 nm are commonly seen for zeolites with 12-member rings
and nanochannels, such as FAU, which features supercage and nano-
scale porosity.””¢° Since there is no observable large MoOj3 particles
residing on the external surface of all samples, majority of MoO3
nanoparticles are considered to be hosted in the internal space, crys-
talline framework, and/or nanochannels, of FAU. Meanwhile, we also
found evidence suggesting the presence of —Aly(MoQ,); clusters in
Mo0O3/2.9FAU, the sample with the highest Al content, according to a
weak band barely resolved at about 1045 cm~1.%7°%¢C However, such
—Alx(MoQy,); clusters or smaller particles were not detected on other
MoO3/FAU samples with higher Si content. This phenomenon high-
lights the strong MoO3-zeolite Y interactions with defined interfacial
bonding at the Al atoms of AlOQ, tetrahedra. In general, the Raman
spectroscopy results synchronize well with the DRIFTS data, both
suggesting dispersed MoOj particles encapsulated in the FAU frame-
works. The MoO3-FAU interfacial bonding specifics, degree of disper-
sion, and symmetry for encapsulated MoO3 particles depend on the
Si/Al ratio.

To reveal the influence of Si/Al ratio on the oxygen donation
capability of encapsulated MoOj; species, MoO3; dispersion, and
MoOs-zeolite Y interactions, H, TPR experiments were carried out
on all MoO3/FAU samples, in which the signal of reduction product,
H,0, was simultaneously monitored as a function of temperature (see
Figure 4A). Generally, weak TPR signals were seen on all MoO3/FAU

samples. To validate that these broad peaks are due to reduction of

>
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the little amount of encapsulated MoOs species, we performed three
TPR control experiments with the same program on (i) pure 16.1FAU,
(ii) physical mixture of bulk MoO3; and 16.1FAU with 5 Mo-wt%, and
(i) physical mixture of bulk MoO3; and 16.1FAU with 50 Mo-wt%. In
Figure 4B, for each control sample, the water peak at about 100°C is
owing to low temperature dehydration of the FAU framework. The
well-resolved MS signals peaked at 470 and 640°C, not seen on pure
16.1FAU, are due to stepwise reduction of molybdenum trioxide, from
MoO; to metallic Mo.°27%% We also noticed that as the Mo content
decreases from 50 to 5 Mo-wt%, the intensities of these two peaks
significantly decrease. The peaks of the control sample with 5 Mo-wt%
have comparable intensities as those of MoO5/16.1FAU, and are much
stronger than those of pure 16.1FAU. The results of the TPR control
experiments are strong evidence confirming that the weak TPR signals
observed on MoO3/FAU samples in Figure 4A are not simply noise.
Specifically, there is a main reduction peak on all MoO3/FAU samples
studied spanning from 440 to 550°C. Typically, this H,O peak is con-
sidered to be the product of serial MoOj3 reduction in H, flow forming
MoO, and H,0.617%% In addition, the slight “baseline shift” observed at
temperatures higher than 525°C probably indicates gradual further
reduction of Mo species. We also noticed that as the Si/Al increases
the reduction temperature of MoO3 gently shifts to lower temperature.
For MoO3/2.9FAU, the reduction peak centers at ~520°C, while the
other MoO3z/FAU samples have peaks at lower temperatures, 504°C
for MoO3/16.1FAU, 502°C for Mo0O3/29.3FAU, and 500°C for
Mo0O3/45.6FAU. Besides, the water peaks appear to be widening as
Si/Al increases, implying broader MoOj particle distribution on high
silica FAU samples, which is consistent with the Raman spectroscopy
data. These phenomena indicate that as the framework Al content
increases, the MoOj clusters are energetically better stabilized by
the FAU framework, leading to higher reduction resistance and
evidenced by the increased onset reduction temperature. In other
words, the magnitudes of MoOs-zeolite Y interactions impact the

onset reduction temperature of MoOj species.®>*? The energetics of
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FIGURE 4 H, TPR results of (a) MoOs/FAU samples, and (b) control experiments on pure 16.1FAU, physical mixture of bulk MoO3 and

16.1FAU with Mo content of 5 and 50 Mo-wt%
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MoO3; encapsulation in all FAU frameworks is the topic we will discuss
in the final section of this paper. Indeed, similar phenomena were also
reported for MoOj3 supported on zeolites with other topologies and
Si/Al ratios.%® We hesitate to quantify the MoO3 loading using H, TPR
because of the low signal-to-noise ratio seen in Figure 4A.

The TG-DSC-MS thermal analysis results are plotted in Figure 5.
The DTG and DDSC data are presented in Figures 6 and 7. Each sam-
ple features a single-step dehydration followed by calorimetric events
that do not lead to observable weight loss. Specifically, the TG-DSC-
MS results of FAU are relatively straightforward (Figures 5A-C, and
6A,C). All FAU samples present a single-stage weight loss due to
dehydration centered at about 145°C, after which the TG-DSC-MS,
DTG, and DDSC profiles are nearly featureless. The total weight
losses for FAU samples range from 20.3% for 2.9FAU to 1.7% for
45.6FAU, decreasing as the Si/Al or hydrophobicity increases. Based
on the DSC peak area and corresponding weight loss of each sample,
the directly calculated dehydration energies from DSC are endother-
mic: 67.9 + 2.1 kJ/mol H,O for 2.9FAU, 97.0 = 0.8 kJ/mol H,O for
16.1FAU, 109.8 £ 3.9 kJ/mol H,O for 29.3FAU, and 176.1 + 4.0 for
45.6FAU. According to the XRD patterns in Figure 8A, all postanalysis
FAU samples maintain their framework structure with 2.9FAU
exhibiting noticeable partial degradation.

For all MoO3/FAU samples, dehydration, concluded at tempera-
tures below 300°C, is responsible for major weight loss. The desorbed
water is 17.3% for MoO3/2.9FAU, 4.5% for MoO3/16.1FAU, 3.7% for
Mo003/29.3FAU, and 3.2% for MoO3/45.6FAU (see Figures 5D and
6B). According to the TG-DSC traces, the directly calculated energies

of dehydration from DSC are 75.6 + 3.8 kJ/mol H,O for MoQO3/
2.9FAU, 107.9 = 1.7 kJ/mol H,0O for MoO3/16.1FAU, 99.4 + 2.9 kJ/
mol H,0 for MoO3/29.3FAU, and 98.5 + 3.9 kJ/mol H,O for MoO3/
45.6FAU. Moreover, the dehydration energies here were directly cal-
culated by integrating the DSC curve of each sample, from zeolite-
adsorbed and confined water to water vapor at elevated temperature
in DSC. Such calculation introduces significantly more endothermic
heat effects to the dehydration energies. Thus, we applied a thermo-
chemical cycle (see Table S1) to correct the dehydration energies to
be “dehydration enthalpies” at 25°C. The corrected dehydration
enthalpies (AHgel)) range from 14.9 = 2.1 kJ/mol H,O for 2.9FAU to
88.9 + 4.0 kJ/mol H,0 for 45.6FAU, and from 19.3 + 3.9 kJ/mol H,O
for MoO3/45.6FAU to 38.9 + 1.7 kJ/mol H,O for MoO3/16.1FAU.
Moreover, in principle, the enthalpy of dehydration is the average of
all heat effects for water removal from a unit molar of sample with a
unit of “kJ/mol H,0.” The nanoscale porosity of Al-rich zeolites can
hold substantial amount of pore-confined water. These water mole-
cules are space-fillers that are liquid-like in zeolites with hydrophilic
frameworks, and do not directly bind the surface groups of zeolites. In
contrast, although the internal surfaces of Si-rich zeolites are mostly
hydrophobic, which adsorb much less amount of water. Most of these
water molecules directly bind the surface hydroxyls of zeolites. There-
fore, the dehydration enthalpies of FAU and MoO3/FAU with higher
Si/Al ratios appear to be more endothermic than those of Al-rich FAU,
which confine large water clusters filling the pores. In addition, it is
also such confinement-related “averaging effect” leads to comparable
dehydration enthalpies for FAU and MoO3/FAU with the same Si/Al
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FIGURE 5 The thermal analysis results of FAU (a) TG, (b) DSC, and (c) MS (m/z = 18); and MoO3/FAU (d) TG, (e) DSC, and (f) MS (m/z = 18)

with N flow at 50 ml/min from 30 to 1000°C
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FIGURE 7 The highlighted derivative DSC (DDSC) profiles of MoO3/FAU with N5 flow at 50 ml/min from 30 to 1000°C, (a) MoO3/2.9FAU,
(b) MoO3/16.1FAU, (c) Mo03/29.3FAU, and (d) MoO3/45.6FAU. [Corrections added on 23 October after online publication: The word

‘differential’ have been replaced with the word ‘derivative’.]

ratio. Indeed, similar phenomena of (de)hydration energetics have
been observed by Navrotsky et al. in multiple studies on zeolites, par-
ticularly, on ion-exchanged zeolites with multivalent cations, where
the (de)hydration enthalpy is not a clear function of Si/Al
ratio.2¢31:38:3943 They also figured out that (de)hydration enthalpy is
also governed by the degree of hydration and other guest species like

cations and small organics.231:38:39:43

Interestingly, although there is no significant weight loss on the
TG profiles from 300 to 900°C for all samples, a pair of broad
endothermic calorimetric peaks is observed centered at about
450 and 645°C on the DSC of Mo0O3/16.1FAU,
Mo003/29.3FAU, and Mo0O3/45.6FAU, nearly consistent with the
MoO; thermal reduction temperatures under H, TPR conditions
(Figures 4, 5E, and 6D). We noticed that although these two peaks

curves
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appear to be poorly resolved on the DSC curves of MoO3/45.6FAU,
the DDSC traces clearly reveal their trends (see Figures 6 and 7).
Nevertheless, without the presence of any detectable volatile ther-
mal reduction products evidenced by MS, such as water (m/z = 18)
or O, (m/z = 32), we hesitate to conclude that the pair of DSC sig-
nals originates from stagewise thermal reduction of MoO3 in non-
oxidative environments (see Figures 5 and 5$1).42%* In this case, we
argue that, from a thermodynamic perspective, other than redox
reactions, it is possible that the endothermic peak at ~450°C is due
to short-range structural transition of Mo species to reach the local
assemblages with the lowest energetic states.®>¢® On the other
hand, considering the melting point of bulk MoO; (802°C) and
“melting point depression”—a common phenomenon seen for con-
fined solid-state guest materials, we deduce, it is also possible that
the second endothermic DSC peak at about 645°C could be attrib-
uted to melting of encapsulated subnano MoO3.3>¢” We have docu-
mented similar decreased solid-liquid phase transition temperature
in an earlier study on confinement of organic solid in mesoporous
silicas with different pore dimensions.®> In addition, we also noticed
that the endothermic DSC peak at ~450°C appears to be absent for
Mo0O3/2.9FAU. We attribute that it is probably because the strong
MoOs-zeolite Y interactions on Al-rich 2.9FAU thermodynamically
hinder the unfavorable redox or local structural transition of encap-
sulated MoQOaj. Surprisingly, a sharp exothermic peak is observed on
the DSC curve of MoO3/16.1FAU at about 930°C, associated with
significant weight loss as much as ~4.0%. Based on the ex situ XRD
patterns in Figure 8b, suggesting completely amorphous phase for
Mo0O3/16.1FAU after this exothermic peak, we conclude that after
melting, the Mo species evaporate, and escape zeolite Y confine-
ment leading to eventual collapse of the framework structure,
which is highly exothermic. The coexistence of exothermic DSC
peak and significant weight loss reflecting vaporization of Mo spe-
cies indicates the strong MoOs-zeolite Y guest-host interactions.
For MoO3/2.9FAU, the slightly exothermic calorimetric peak at
about 875°C is indicative of partial phase degradation of
zeolite Y, confirmed by the XRD patterns of post DSC analysis
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Ex situ XRD patterns of (a) FAU and (b) MoQO3/FAU treated at 1000°C in N, flow at 50 ml/min. The reference patterns of FAU are

TABLE 3 Enthalpies of drop solution for constituent oxides and
water in molten lead borate at 700°C and their enthalpies of
formation from elements at 25°C

AHys AHg
Oxide (kJ/mol) (kJ/mol)
Corundum (Al,O3) 107.4 £ 0.2 —1675.7 +1.3"*
Molybdenum —17.8 + 0.4 (this work) —7452 + 0471
trioxide (MoOs)
Quartz (SiO,) 39.4 +0.4% —910.7 + 1.07*
Water (H,0) 68.9 +0.17* —285.8+0.17*

sample (see Figure 8b), suggesting MoO3/2.9FAU is partially
amorphized. Such intricate guest-host interactions between TMO
clusters and zeolites were also seen in our study on Cu oxo clus-
ter (CuO,) encapsulated in MOR, a low-temperature methane con-
version catalyst, in which thermal decomposition of CuO, were
recorded at about 915°C, liberating molecular oxygen, resulting in
a similar weak exothermic DSC peak, and leading to amorphized
MOR framework.*?

High-temperature oxide melt drop solution calorimetry, which
can be used to measure the heat content of the sample plus its heat
of dissolution and/or any other reactions at the temperature of sol-
vent hosted in the calorimeter, is a powerful methodology to deter-
mine the formation enthalpies of solid-state materials at room
temperature.*38-7% More specifically, in this study, the sample pellet,
about 5 mg, was dropped from ambient condition at room tempera-
ture into the molten salt solvent (lead borate, 2PbO-B,03) kept in a
twin Calvet-type calorimeter (Setaram Alexsys-1000) at high tempera-
ture (700°C) under air flow (120 ml/min). The subtle difference in
temperature caused by dropping, sample temperature increase, and
phase transition, reaction and/or dissolution in the solvent is detected
by the thermopiles, monitored by the computer program, and
converted to real heat output reflecting heat of drop solution by a cal-
ibration factor predetermined.”® Using appropriate thermochemical
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TABLE 4  Enthalpies of drop solution (AHg4s) and formation enthalpies from oxides (AH;,,) and elements (AHg)) at 25°C (per TO,) of all
samples
AHgys AHtox AHgel AHgen, AHinter
Sample (kJ/mol TO,) (kJ/mol TO,) (kJ/mol TO,) (kJ/mol H,0) (kJ/mol MoO3)
2.9FAU 50.3+4.0 69.7+4.1 —-822.1+£20 149 +21 N/A
16.1FAU 19.0+0.3 40.8+0.3 —865.7+0.2 30.9 £0.8 N/A
29.3FAU 13.6 +0.8 40.8+0.8 —867.5+04 37.7+3.9 N/A
45.6FAU 147 +11 328+ 1.1 —871.9+0.8 88.9£4.0 N/A
MoQO3/2.9FAU 472+ 1.7 61.1+138 —-849.1+10 21.3+38 —334.3+£102.7
MoO3/16.1FAU 208+1.2 380+1.2 —891.8+ 0.6 389+17 —957+75
Mo0O3/29.3FAU 18.2+0.5 34.3+0.5 —-897.8+0.3 264+29 —2428 +48
MoQO3/45.6FAU 170+14 328+14 —896.3+0.7 19.3+ 3.9 —-159.8 £ 154

Note: The dehydration enthalpies of each sample relative to liquid water (AHqeh)) and enthalpies of interactions (AHinter) are also listed.
Abbreviations: FAU, zeolite Y (faujasite-type structure; MoQOs, molybdenum trioxide.

cycles, the differences in heats of drop solution are derived rep-
resenting the enthalpies of reaction or formation at room tempera-
ture.*3%8-70 For example, the enthalpies of formation for all FAU and
MoO3/FAU samples from constituent oxides (AHg oy in Table 2) and
elements (AH; in Table 2) at 25°C are determined from their heats
of drop solution, AHgys in Table 2, with the thermodynamic cycle
detailed in Table 2. The AHg4s and AHs ¢ of all constituent oxides are
referenced from previous reports (see Table 3).4%7?

The AHgs in molten lead borate at 700°C, and their enthalpies of
formation from oxides (AHs,,) and elements (AH;¢) at 25°C are listed in
Table 4. We corrected the energetic effects of dehydration to be at
25°C (AHgen)) using dehydration energies obtained from thermal ana-
lyses. AHs o is plotted as a function of Si/Al ratio in Figure 9. In general,
the measured heats of drop solution (AHgs) are all endothermic, spanning
from 50.3+4.0 kJ/mol TO, (2.9FAU) to 13.6+0.8 kJ/mol TO,
(29.3FAU) for FAU, and from 47.2 + 1.7 kJ/mol TO, (MoO3/2.9FAU) to
13.6 £ 0.8 kJ/mol TO, (MoO3/45.6FAU) for MoO3/FAU samples. The
common trend is that (i) increase in Si/Al ratio results in decreasing endo-
thermic AHg4s until reaching ~15 kJ/mol TOy; (ii) MoO3; encapsulation
does not significantly impacts the magnitude of AHgs. Overall, the AHs o
of pure FAU frameworks are endothermic, ranging from 69.7 + 4.1 kJ/
mol TO, for 2.9FAU to 32.8 + 1.1 kJ/mol TO, for 45.6FAU. Positive
AHg o« values suggest the FAU samples are energetically less stable com-
pared with their dense phase assemblages from constituent oxides,
Al;Og3, SiO,, and water. As the Si/Al ratio increases, AHg o, of FAU frame-
work becomes less endothermic, exhibiting an exponential trend which
gradually levels until reaching about 30 kJ/mol TO, (see Figure 9). This
trend is consistent with the formation thermodynamics of homogeneous
acid-base ternary oxide, as seen in earlier studies on various ion-
exchanged zeolites.?>?43137-3% Considering that the samples we used
are zeolite HY (FAU), the increased degree of metastability as Al content
increases is mainly because of AI** substitution, which results in forma-
tion of negatively charged AIO, tetrahedra and increased framework
charge density. In Figure 9, we also plotted the formation enthalpies
data of a family of ion-exchanged zeolite Y (FAU) with the same Si/Al
ratio (Si/Al ~2.8) reported by Yang and Navrotsky, in which they sys-
tematically evaluated the impacts of extra-framework cations on
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FIGURE 9 Enthalpies of formation from constituent oxides (SiO,,

Al,O3, and MoO3) at 25°C (per TO,) of all FAU and MoO3/FAU
samples. Enthalpies of formation data of ion-exchanged zeolite Y with
the same Si/Al ratio (Si/Al ~ 2.8) documented by Yang and Navrotsky
in 2000 are also presented (light blue squares).3!

formation enthalpies of zeolite Y.3! Therefore, it is clear that FAU
becomes energetically less stable from constituent oxides at 25°C as
the Al content or the average ionic potential increases.

On the other hand, encapsulation of MoO3 energetically stabilizes
FAU framework, supported by the less endothermic formation
enthalpy of each MoO3;/FAU compared with corresponding FAU,
ranging from 61.1 +1.8 kJ/mol TO, for MoO3/2.9FAU to 32.8
+ 1.4 kJ/mol TO, for MoO3/45.6FAU. Parallely, AH¢e mimics the
trend of AH; o (see Table 4). Notably, compared with the magnitudes
of OSDA-framework interactions, which are around 5.0 kJ/mol TO,,
confinement of MoOyj significantly stabilizes FAU.?? In other words,
energetically favorable MoOj particles-FAU framework interactions
through surface binding and confinement effects are expected, which
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pay for the “energetic cost of being small.” We estimated the
enthalpies of MoO3-zeolite Y interactions, AHinter, in kJ/mol MoO3,
to quantify the magnitudes of energetic effects of formation of
MoO3/FAU from bulk MoO3 and pure FAU (see Table 2). All AHjpter
values are exothermic between —95.7 + 7.5 kJ/mol MoO3 for MoO3/
16.1FAU and —334 £ 102.7 kJ/mol MoOs5 for MoO3/2.9FAU. Despite
wide error bar originated from the cumulative errors of our stepwise
calculations, the most exothermic AHj,.r was observed on
Mo0O3/2.9FAU, which indicates significant energetic cost to stabilize
the well-dispersed metastable amorphous MoOj; clusters, while the
energetically least favorable interactions were observed for
Mo0O3/16.1FAU, which has nanosized MoOg particles that probably
lower the total energies through exothermic crystallization process as
seen in our earlier study on confinement of organic nanocrystals.®®
Moreover, we would like to mention that the AH;te, is more exother-
mic than what was observed for confinement of rigid organic mole-
cules in mesoporous silicas.®>> This is owing to the (i) strong
confinement effects applied by the microporosity of zeolite Y, and the
(ii) defined MoOs—zeolite Y interfacial bonding, evidenced by the
DRIFTS and Raman results. Thus, integration of these two types of
strong interactions energetically stabilizes the dispersed MoO5 clus-
ters and is a prerequisite ensuring their activity, selectivity, and stabil-
ity as the catalytic sites in CH,4 carburization to synthesize C4Hg, as
demonstrated by Gao et al. and Zheng et al. in their kinetic, spectro-
scopic, and computational investigations.>%¢°

In sum, this integrated structural, spectroscopic, and calorimetric
study leads to the following conclusions and implications. Firstly, we
argue that hydration thermodynamics is more complex for zeolites
with encapsulated oxide particles, involving both compositional, inter-
facial (functional groups and defects), redox and structural factors.
Typically, classic cation-framework-water interplays govern the
hydration of alkali, alkaline earth and TM ion-exchanged zeolites, in
which extra-framework cations, such as Na* and Ca®*, determine the
trend of hydration energetics because they are extremely hydrophilic
and readily hydrated. Here, in contrast, after calcination in air at ele-
vated temperature, the negative charges of FAU are neutralized by
the strong MoOs—zeolite Y interfacial bonding, which also anchors
the MoOj3 particles. Hence, MoO3/FAU does not exhibit substantially
different
corresponding pure FAU sample, although the hydration thermody-

average hydration energetics compared with the
namics at near-zero water coverage may be distinctively different
between FAU and MoO3/FAU. Unveiling the interfacial heterogene-
ity, and potential redox evolutions in hydration of MoO3s/FAU is an
ongoing study in our group at WSU. Secondly, the nature of
MoOs;—zeolite Y interfacial binding significantly differs from the
cation-framework interactions in ion-exchanged zeolites, which are
ionic. Multiple evidences from DRIFTS and Raman spectroscopy sug-
gest when the FAU is Al-rich, MoOg3 is primarily anchored at or near
the Brgnsted acid sites, leading to energetically favorable bonds that
feature more polar or ionic characteristics and higher particle disper-
sion. For high silica FAU, a spectrum of silanol groups would direct
formation of MoQ; particles with broader size distributions via forma-
tion of intricate interfacial bonds with more covalent nature. Thus, at

a given MoOj loading, the Si/Al ratio of FAU plays a critical role

governing the interfacial bonding specifics, particle assemblage and
dispersion, and confinement energetics of the MoO3/FAU system.
Lastly, the thermal analysis and formation energetics results both sug-
gest that encapsulated TMO particles in zeolites could simultaneously
alter the oxidation states of metal, local subnano-assemblages, particle
sizes, and types of bonding in the synthesis and operation processes
to reach the lowest energy level, particularly, for MoOs;, an oxide
material with multiple phases, redox properties, and relatively low
melting point. Indeed, the redox transition flexibility of MoO5 was also
highlighted by Murugappan et al. in their operando NAP-XPS study on
hydrodeoxygenation (HDO) using MoO3 and Mo,C.”?

4 | CONCLUSIONS

In this study, the thermodynamics of MoO3; encapsulated in zeolite Y
with different Si/Al ratios was investigated using calorimetry inte-
grated with spectroscopic and structural methods, in which we eluci-
dated the energetic landscape of MoOs/FAU catalysts, potential
redox and/or local structural transitions of subnano MoOj3; clusters/
particles under zeolite Y confinement, and the thermodynamics-con-
finement-dispersion relationships. In summary, at a fixed MoOj; load-
ing, the redox and/or local structural transition and particle dispersion
of these MoO3/FAU catalytic materials are tightly related to the for-
mation energetics of MoO3/FAU and the magnitudes of MoO3-zeo-
lite Y interactions, which are functions of Si/Al ratio. Documentation
of systematic experimental thermodynamic data on zeolite-based het-
erogeneous catalysts with encapsulated metal, oxides and carbides
particles will aid chemical engineers and materials chemists for ratio-
nal development of advanced catalytic materials using earth-abundant
elements for a more sustainable future.
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