ABSTRACT

NOVOTNY, PETR. Molybdenum Oxide Supported on Hematite and Alumina as Redox
Catalysts for Chemical Looping Oxidative Dehydrogenation of Ethane. (Under the direction of
Dr. H. Henry Lamb).

Today, ethylene is produced industrially via steam (thermal) cracking of ethane and
petroleum naphtha, and abundant natural (shale) gas resources in the United States make the
former more economical. Oxidative dehydrogenation (ODH) of ethane offers large potential
reductions in energy consumption and associated greenhouse gas emissions when compared to
steam cracking. Unlike thermal cracking, ethane ODH is exothermic because of in situ H;
combustion. ODH typically involves co-feeding ethane and O to a fixed bed reactor containing
molybdenum and/or vanadium oxide catalysts operating at 400-600°C. Alternatively, redox
catalysts can be operated in a chemical looping (CL) mode where ODH and catalyst re-oxidation
steps are separated. The cyclic redox mode has several benefits including preventing direct
contact of Oz and ethane, employing air instead of costly O, and potentially achieving higher
ethylene selectivity. This investigation focuses on MoOgz supported on a-Fe2O3 and y-Al203 as
CL-ODH catalysts and on the preparation of model planar catalysts comprised of MoOy thin

films on c-plane sapphire (a-Al203).

MoOs/Fe203 catalysts with a core-shell structure were prepared and characterized by x-
ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS) and infrared spectroscopy. The
shell, consisting mainly of Fex(M00Qas)s, inhibits Fe>Os reduction and decreases ethane
combustion. Completely covering Fe2O3 core with Fe2(Mo0Oa4)3 and a thin MoOs layer increases
ODH activity and ethylene selectivity. In CL-ODH at 600°C, ethylene selectivity was 57-62 %

for catalysts with 3—-6 monolayer (ML) equivalents of MoOs.



Impregnation of y-Al.O3 with <IML of MoOs results in the formation of surface-bound
polymolybdate species as evidenced by Raman spectroscopy; at >1ML coverage a-MoO3 and
Al>2(Mo04)s crystallites are formed after calcination at 500 and 600°C, respectively, as evidenced
by Raman and XRD. Using a boehmite [y-AlIO(OH)] precursor for impregnation significantly
enhances Mo dispersion on the y-Al2O3 support, and bulk phase formation is suppressed even at
>1ML. Reducibility by H> increases up to 1ML and then decreases slightly as a result of
crystallite formation. The reducibility of Mo species increases in order: Al2(MoOs)s; < sub-
monolayer MoOx < 1ML MoOx ~ a-MoOs. During ethane oxidation, high ethylene selectivity
(>90%) correlates with Mo*V! to Mo*V reduction; COx selectivity is <10% under these
conditions. Mo*Y and Mo*!"V species trigger CH4 production resulting in much higher conversion
with <20% selectivity. In cyclic redox mode, sub-monolayer MoOx catalysts exhibit ethylene
selectivities that decrease linearly from 96% at near-zero conversion to 70% at 45% conversion.
>1ML catalysts provide higher conversions albeit with 10-18% lower selectivity. We infer that
MoOx species (surface-bound and crystallites) present in >1ML catalysts are less selective to

ethylene because of their greater reducibility.

Intermediates and active sites relevant in ethane oxidative dehydrogenation (ODH) were
probed using temperature-programmed surface reaction (TPRS) and diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) of ethylene, ethane, and ethanol. At room
temperature, ethylene absorbs on defect sites on MoOs/Al,O3 with site density 2.4-2.6-1072 per
nm?. The main surface reaction product is CO2. We suggest that oxygen-deficient Mo centers act
as ethylene adsorption sites. Ethane adsorbs on catalysts at even lower surface densities than
ethylene, but the adsorption sites and adsorbed intermediates seem to be closely similar for both

ethane and ethylene. At <1IML the adsorption sites seem to be related to alumina although



synergy with MoOyx domains is exhibited as a decrease in CO. desorption temperature.
Introduction of Mo*V sites led to more facile ethane combustion. Acetaldehyde is the main
reaction product of surface ethoxy species formed from ethanol adsorption. Negligible ethylene
is formed from ethoxy and remaining ethoxy is further oxidized to oxygenates (acetate, formate)

before eventually combustion to CO..

a-MoOs films were deposited on clean c-plane sapphire via molecular beam epitaxy
(MBE). At deposition temperatures >500°C, sublimation limits film growth and results in sub-
stoichiometric 3D MoOx islands surrounded by bare substrate. Step-reconstructed sapphire
substrates were prepared via annealing in air (>1000°C). The combination of ex situ annealing in
air and in vacuo annealing at 700°C was found most effective in providing clean smooth
surfaces. Continuous stoichiometric a-MoO3 films were grown at 450°C on step-reconstructed
sapphire. Epitaxial films with orientation (0001)sapphirell(010)a-mo03 coONsist of 0.7-nm thick sheets
of a-MoOs3 grown via van der Waals epitaxy. This growth morphology could not be achieved on

unreconstructed sapphire.
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Chapter 1: Introduction

1.1 Ethylene

Ethylene is by far the highest volume organic building block in the chemical industry [1];
the annual production of ethylene exceeds 150 million tonnes—more than any other organic
compound [2]. Most of the ethylene is then used in polymer production — either directly
polymerized into polyethylene or used as feedstock in the production of other plastic precursors

such as styrene, ethylene oxide, vinyl chloride, vinyl acetate [1,3] (Fig. 1).
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Figure 1.1: Plastics from ethylene.

Ethylene is produced conventionally by steam cracking of light hydrocarbons at 800
1100°C. This process is highly endothermic; thus, it is energy-intensive and a significant source
of greenhouse gas emissions [1,2]. The production of ethylene is projected to increase to almost
400 million tons annually by 2050 [4]. Traditionally, the feedstock of choice for steam cracking
was naphtha. The recent increase in US shale gas supply (Fig. 2) has opened new opportunities
for ethylene production. Ethane, the second most abundant component in shale and natural gas
[5], has become economically more attractive than naphtha [6,7] (Fig. 3). When ethane instead of

naphtha is used as a feed greater yields are achievable [6].
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1.2 Oxidative Dehydrogenation of Ethane

Unlike thermal cracking, ethane oxidative dehydrogenation (ODH) is exothermic with a
reaction enthalpy of -105.5 kJ mol?; water formation helps drive the equilibrium toward

products (Fig. 4).

Dehydrogenation C,H, —® C,H,+H, AHy =136 kJmol’
ODH  C,H4+0.50,—» C,H,+H,0 AHg =-105.5kJ mol’
Figure 1.4: Overall chemical equation of ethane dehydrogenation, and ethane oxidative dehydrogenation (ODH).
The challenge is to identify ODH catalysts giving high ethylene yields because typical
transition metal oxides (e.g., vanadia and molybdena) tend to produce combustion products (CO
and COy) at high conversions [8]. In conventional ODH, ethane and O are co-fed to the catalytic
reactor, and this poses several disadvantages. Feeding O> requires a costly air separation process,

and the potential for forming explosive mixtures necessitates appropriate safeguards.

Alternatively, redox catalysts can be operated in a cyclic mode [i.e., chemical looping
(CL)] where reduction (ethane ODH) and oxidation (regeneration) steps are separated either
temporally using a fixed bed reactor or physically in different reaction zones using a
recirculating bed reactor. Moreover, ethane and gaseous Oz are never in contact over the catalyst
potentially improving selectivity, and air can be used for catalyst regeneration [9-12]. Process
simulations have shown that an ethane CL-ODH process can reduce overall energy demand and
CO2 emissions by 82% relative to steam reforming [10]. However, high oxygen-carrying

capacity is necessary to avoid prohibitively large catalyst recirculation rates.

In chemical-looping ODH (CL-ODH, Fig. 5), a metal oxide redox catalyst (oxygen carrier)
functions as a selective oxidant for ethane (Eqg. 1), and the catalyst is re-oxidized by air in a

separate step closing the redox cycle (Eq. 2) [9-12].



C2H6 + Mer - C2H4 —+ Mer_l + H20 (1)

MeO,_; + 1/20,(air) —» MeOy + heat (2)

C,H, + H,0 N, + Heat

Figure 1.5: Simplified scheme of ethane CL-ODH process. ODH — oxidative dehydrogenation, Reg. —
regeneration/re-oxidation of metal oxide catalyst.

O»-ethane co-feed and cyclic redox modes are quite different ways of utilizing the redox
catalyst. Under co-feed working conditions with a constant supply of oxygen, the catalyst
maintains a steady-state composition. The distribution of oxidation states at a steady-state is a
function of operating conditions, such as ethane/O; ratio and temperature, and an optimum ratio
of oxidation states for the best selectivity usually exists [13]. Also, in co-feed mode O
continuously adsorbs and re-oxidizes the catalyst; therefore, the effect of adsorbed oxygen
species as opposed to lattice oxygen can be significant. If metal oxide is not in its highest
oxidation state, oxygen can chemisorb, electrons are transferred to adsorbed oxygen-producing
transient electrophilic adsorbed oxygen moieties, such as Oz and O, that have been shown to
facilitate total oxidation, whereas lattice oxygen (O?), nucleophilic in nature, provides partial

olefin oxidation [14,15]. Conversely, CL-ODH employs the catalyst in a transient mode where,



in principle, only lattice oxygen is consumed in the reduction step. The Mo oxidation state
progressively decreases which inevitably affects catalyst performance, in contrast to the steady-
state nature of the catalyst in co-feed mode. Clearly, the CL-ODH catalyst needs to be
manipulated in a very defined way with a deep understanding of its redox behavior, activity,

selectivity, and their relationship.

1.3 MoOs supported catalysts and ODH mechanism

The recent interest in partial oxidation of hydrocarbons resulted in the widespread use of
supported MoO3 [8,16-21]. The most prevalent applications are ethane and propane oxidative
dehydrogenation (ODH) [1,22,23], and selective oxidation of alcohols to aldehydes [24-26].
The form of Mo oxide on the surface has a significant impact on the activity and selectivity of
supported MoOs catalysts. Thus, the evolution of different Mo phases with respect to loading and

calcination temperature was subject to numerous investigations [19,20,27-29].

Our initial experiments have focused on MoOs/Fe;O3 catalysts similar to those used
industrially for methanol ODH to formaldehyde [30]. Fe2Os can provide high oxygen storage
capacity at relatively low cost, and it has proven an efficient oxidant for a variety of
hydrocarbons [31]; unfortunately, unpromoted Fe.Oz is selective to deep oxidation products.
Combustion has been successfully inhibited in methanol oxidation by covering Fe2O3 with MoOx
species [32-34]. These Mo-Fe mixed oxide catalysts have a core-shell structure with MoOx-rich

shell and Fe2Os3 core.

The reaction temperature is an important factor mechanistically; at lower temperatures
(<500°C) C-H bond cleavage is heterolytic and occurs on the active surface; however, with
increasing temperature, homolytic cleavage in the gas phase becomes more prominent and can be

dominant above 650 °C [13,35]. Although supported MoO3 catalysts are widely studied in the
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literature [8,16-21], the mechanism of ethane ODH over Mo oxide catalysts is still under debate.
At low temperatures where heterolytic C-H cleavage dominates, the reaction is believed to
follow a Mars-van Krevelen mechanism [1,36]. It is well established that the rate-limiting step is
C-H bond cleavage mediated by surface sites [1,13,35] yet a consensus regarding the active Mo
species has not been reached yet. Since the very first step of the ethane ODH mechanism is the

rate-limiting one, it is very challenging to investigate steps that follow the C-H cleavage [37].

Some authors infer that the C-H bond is cleaved by the terminal Mo=0 group [38,29];
others suggested the bridging oxygen Mo-O-support as the active site [19,39], and the bridging
Mo-O-Mo bond is considered as well [40]. One of the main limiting factors of catalyst
performance in ethane ODH is ethylene combustion. After formation, ethylene can be further
catalytically oxidized to more thermodynamically favorable combustion products (COx) which
limits selectivity at high ethane conversions [1,8,14,15]. The active sites responsible for ethylene

combustion are also still under debate.

Some researchers suggested that selective (ODH) and unselective (combustion) pathways
have a common intermediate — adsorbed alkoxide [41-43]. In contrary, others have arrived at the
conclusion that each pathway has its own intermediate [44-46], alkoxide is again suggested as an
important intermediate — once as an combustion site with a double sequential surface-mediated
dehydrogenation as the selective ODH pathways (without R-O or R-M bonding) [47]; in
contrary, alkoxide was also considered intermediate of selective ODH pathway with adsorption
on metal (R-M) as the combustion pathway [45]. A recent DFT study [48] showed that on a-
MoOs3 (010) two ethane physisorption modes are available — “horizontal and vertical” adsorption.
Vertical adsorption leads to the formation of ethoxide with following competing production of

acetaldehyde and ethylene, whereas horizontal adsorption leads to selective production of



ethylene. Notably, in the horizontal adsorption pathway ethane and following intermediates are
only weakly adsorbed (physisorbed) on the surface, and this pathway was found to be the least
energy demanding. The authors of this DFT study are not first to suggest only physisorbed

ethane-ethylene intermediates [47].

1.4 Planar model catalysts

Surface science investigations of single crystals or materials deposited on single crystals
started in the 1960s driven by development in Ultra High Technology (UHV) and solid-state
physics. UHV environment (<10° Torr) enables us to prepare atomically clean surfaces and
maintain them clean at least for the duration of the experiment (a couple of hours). It also allows
one to use a broad repertoire of low energy electron, X-ray, and ion-based analytical techniques
which would not be available under higher pressure due to a scattering of the principal particles
by gas-phase molecules [49]. Investigations of atomically clean surfaces can solve some issues
that emerge for many oxide systems such as the tendency to form carbonates when in contact
with air which can change the nature of the catalyst that no longer resembles the native form
during the catalytic process. On the other hand, in UHV environment materials lack some
naturally present features such as adsorbed water in the form of OH groups that can play a
crucial role in catalysis. Therefore, in situ studies under realistic catalytic conditions are often
preferred, such as ambient pressure X-ray electron spectroscopy (AP XPS) which cleverly
combines advantages of XPS as traditionally UHV technique and higher pressure near the

sample, which is more realistic for the actual catalytic process.

Planar catalysts present also major advantages against powder samples for investigation
of catalytic behavior and its relationship on sample morphology. 2D structure of the planar

sample can be more easily controlled, analyzed and probed; therefore, it can provide a clearer



and deeper understanding of the catalytic process from the mechanistic standpoint. In the case of
supported oxides, the morphology of the active oxide such as MoO3 can be relatively easily fine-

tuned by preparation conditions and post preparation treatments [50].

MoO3 exists in one of the three polymorphic forms: thermodynamically stable
orthorhombic a-phase MoOs, metastable monoclinic -phase MoOs that thermally converts to a-
phase above 350 °C, and metastable hexagonal h-phase [51,52]. The latter phase is rare, and
most films reported to date consist of the a or B phase. a-MoO3 has a unique layered structure
with 0.7-nm thick bilayers (Fig. 6). Each bilayer is comprised of two sheets of distorted MoOsg
octahedra. There is strong cohesion within the bilayers dominated by covalent and ionic bonding,
but the bilayers are held together only by weak van der Waals forces. On the other hand, f-Mo0Os
forms a monoclinic structure comprising a 3D network of corner-sharing MoOs octahedra, and

van der Waals forces do not play any significant structural role [51,53].



1 bilayer (BL)

"0.693 nm

Figure 1.6: Crystal structure of a-Mo0Os.

MoOs films deposited on sapphire are good candidates as model catalysts for ethane
ODH. Because of its relatively high vapor pressure, MoOs can be easily deposited via molecular
beam epitaxy (MBE) using a conventional Knudsen cell. MoOs sublimes readily at above 600 °C
in vacuo; the gas-phase molecules are thought to be mostly trimers (MoOs)s [54]. The
crystallinity of the resulting MoOz film can be tuned by the substrate temperature. Films
deposited below 150 °C are amorphous, and polycrystalline films are deposited at 200-350 °C.
Films deposited below 200 °C consist mainly of f-MoOs, whereas at a higher temperature (>300

°C) only a-MoOs is deposited [51].
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Chapter 2: Oxidative Dehydrogenation of Ethane using

MoOQOs/Fe,O3 Catalysts in a Cyclic Redox Mode

This work has been published in:
P. Novotny, S. Yusuf, F. Li, H.H. Lamb, Catal. Today (2018).

2.1 Abstract

Oxidative dehydrogenation (ODH) of ethane offers large reductions in energy
consumption and associated greenhouse gas emissions when compared to conventional steam
cracking for ethylene production; however, catalytic ODH of ethane using co-fed O requires
expensive air separation. As an alternative, we are investigating novel core-shell catalysts that
utilize lattice oxygen (O%) as the sole oxidant and operate in a cyclic redox mode. In this work,
redox catalysts having 1, 3 and 6 monolayer (ML) equivalents of MoOs on a-Fe>O3 and a
stoichiometric ferric molybdate, Fex(Mo0Os)s, were prepared, characterized by powder x-ray
diffraction (XRD), x-ray photoelectron spectroscopy (XPS), diffuse-reflectance infrared Fourier
transform spectroscopy (DRIFTS), and temperature-programmed reduction (TPR) and evaluated
for ethane ODH in a cyclic redox mode at 600°C. The characterization data are consistent with a
core-shell structure for the calcined MoOa3/Fe.O3 catalysts with a mixed Mo-Fe oxide surface
layer. H> and ethane TPR evidence that the shell inhibits Fe;O3 reduction and decreases the
ethane combustion activity of the fully oxidized catalyst. Covering the Fe>Oz core with MoOs
also increases ODH activity and ethylene selectivity. In cyclic redox mode at 600°C, ethylene

selectivity was 57—-62 % for catalysts with 3 and 6 ML equivalents of MoOs.

Keywords: oxidative dehydrogenation; chemical looping; molybdenum oxide; iron
oxide; x-ray photoelectron spectroscopy; diffuse reflectance infrared Fourier transform

spectroscopy; temperature-programmed reduction.
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Highlights

MoOs/Fe203 core-shell redox catalysts prepared.

Calcined catalysts have surface layers comprising Fe2(Mo0O4)3 and MoOs.

Core-shell catalysts exhibit enhanced ethane CL-ODH performance.

Mixed Mo-Fe oxide shell suppresses combustion and increases ODH activity.
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2.2 Introduction

Ethylene is a basic building block in the petrochemical industry; the annual production of
ethylene exceeds 150 million tonnes—more than any other organic compound [1]. Most of this
ethylene is used for making various polymers. The recent increase in US shale gas supply has
opened up new opportunities for ethylene production. Ethylene is produced conventionally by
steam cracking of light hydrocarbons at 800-900°C. This process is highly endothermic; thus, it
is energy-intensive and a significant source of greenhouse gas emissions. Unlike thermal
cracking, ethane oxidative dehydrogenation (ODH) is exothermic with a reaction enthalpy of
-105.5 kJ molt; water formation helps drive the equilibrium toward products. In comparison to
ethane steam cracking, ethane ODH offers significant reductions in energy consumption and
greenhouse gas emissions [2]. Among the most promising catalysts for ethane ODH with co-fed
O are V and Mo oxides supported on Al203z, TiOz, SiO2, MgO and ZrO; [3-7]. The challenge is
to achieve high conversion and ethylene selectivity; however, most ODH catalysts tend to
produce more thermodynamically favorable products (e.g., CO>) at high conversions [7]. Co-
feeding ethane and O also requires expensive air separation and additional safety measures. As
an alternative, we are investigating novel core-shell catalysts that utilize lattice oxygen (O%) as
the sole oxidant and operate in a cyclic redox mode (i.e., chemical looping), thereby providing

high selectivity towards ethylene in the absence of gaseous O..

In chemical-looping ODH (CL-ODH), a metal oxide redox catalyst (oxygen carrier)
functions as a selective oxidant for ethane (Eqg. 1), and the catalyst is re-oxidized by air in a

separate step closing the redox cycle (Eg. 2) [8-11].
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C,Hg + MeO, — C,H, + MeO,_, + H,0 (1)

MeO,_; + 1/20,(air) —» MeOy + heat (2)

Both high oxygen capacity and ethylene selectivity are required to avoid high catalyst
recirculation rates and yield losses. Our initial experiments have focused on MoOs/Fe;03
catalysts similar to those used industrially for methanol ODH to formaldehyde [12]. Fe2Os can
provide high oxygen storage capacity at relatively low cost, and it has proven an efficient oxidant
for a variety of hydrocarbons [13]; unfortunately, unpromoted Fe>Oz is selective to deep
oxidation products. Combustion was successfully inhibited in methanol ODH by using Mo-Fe
mixed oxide catalysts with a MoOx-rich shell and Fe>O3 core [14-16]. The structure of the shell
depends on the calcination temperature employed. An amorphous MoOx phase is present in
samples calcined at lower temperatures, but it reacts with Fe2O3z above 400°C to form a ferric
molybdate Fe>(MoOs)3 layer. Active methanol ODH catalysts have an outer surface layer

containing octahedral MoOx species on the Fe2(Mo00Qa4)s interlayer [16].

In this work, we demonstrate the use of MoOs/Fe>O3 core-shell catalysts for ethane CL-
ODH. MoOs/Fe 03 catalysts with 1, 3 and 6 monolayer (ML) equivalents of MoOs were
prepared and characterized by x-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS),
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), and H> temperature-
programmed reduction (TPR). CL-ODH activity and selectivity were assessed by ethane TPR

and testing in a cyclic redox mode at 600°C.
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2.3 Experimental Section
2.3.1 Catalyst preparation

MoOzs/Fe;O3 catalysts were prepared by incipient wetness impregnation of a-Fe;O3
nanoparticles (30-50 nm, 98% metals basis, Alfa Aesar) that had been pretreated at 500 or 600
°C in a quartz tube under a flow of 1 L/min of dry air. In order to calculate the loading of Mo
precursor, it was assumed that a nominal ML of MoOs has a density of 3.3x10*® Mo cations per
m? [15]. The required amount of ammonium molybdate tetrahydrate (Sigma-Aldrich) was
dissolved in a volume of water appropriate to achieve incipient wetness (~1.1 mL per g of
Fe203). The solution was added dropwise to pretreated a-Fe.Os and mixed thoroughly. The
resultant paste was dried at 100 °C overnight and calcined at 500 or 600 °C in a quartz tube
under a flow of 1 L/min of dry air. Alternatively, after drying, catalysts for isothermal testing in a
U-tube reactor were pressed into pellets at 20 MPa prior to calcination. After calcination, the
pellets were crushed, ground and sieved. Particles in the size range 425-850 um were used for

isothermal CL-ODH testing.

MoOs (99.95% metals basis) was purchased from Alfa Aesar and used as received. A
Fe2(M004)s catalyst (Mo/Fe = 1.5) was prepared by co-precipitation from an acidified aqueous
solution of iron (I11) nitrate (Alfa Aesar) and ammonium molybdate (Sigma-Aldrich) following
the method described in Ref. [14]. Blank measurements employed a-Al2O3z grit (16 mesh) from

Alfa Aesar.

2.3.2 Catalyst characterization

Specific surface areas were measured by N2 adsorption at 77 K using a Micromeritics
ASAP 2020c instrument. Catalysts were degassed under vacuum at 200 °C for 1.5 h prior to N2

uptake measurements. A 5-point Brunauer-Emmett—Teller (BET) method was used to determine
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specific surface area. Powder XRD patterns were recorded using a Rigaku SmartLab X-ray
diffractometer with Cu Ka source (A = 0.1542 nm) operating at 40 kV and 44 mA. The range of
10—-50° (260) was measured with a 0.05° step size and 3 s hold at each step. XP spectra were
measured using a PHI 3057 instrument equipped with a spherical capacitor analyzer (PHI 80-
865A) and a dual-anode X-ray source (PHI 04-548). Al Ko radiation was used exclusively in this
work. Measurements were performed on as-prepared samples in a UHV chamber with a base
pressure of 1x102° Torr. Multiplex scans were recorded using a 29.35 eV pass energy, 0.125 eV
step size, and 10 sweeps with 5 cycles (50 scans in total per each spectral region). Binding
energies were referred to the C 1s peak of adventitious carbon at 285.0 eV. DRIFT spectra were
recorded using a Bruker Vertex 70 FTIR spectrometer equipped with an MCT detector and a
Harrick Praying Mantis accessory. Catalysts (25 mg) were ground and mixed thoroughly with
dry KBr (100 mg) using a mortar and pestle. Diluted catalyst samples were measured at 20°C in
air. For each catalyst, 128 scans at a resolution of 2 cm™ were recorded and ratioed to a dry KBr

background. Kubelka-Munk transformed spectra are reported.

2.3.3 Reactivity measurements

H> and ethane TPR measurements were performed using a Micrometics ASAP 2920
instrument equipped with a thermal conductivity detector (TCD) and an on-line quadrupole mass
spectrometer (QMS, Stanford Research Systems RGA100 with Balzers high-pressure gas inlet
system). Catalyst (150 mg) was loaded in a quartz sample tube between two small plugs of
quartz wool. A Type K thermocouple was placed in direct contact with the catalyst bed. Effluent
gases passed through a cold trap cooled by a 2-propanol/liquid N2 bath to remove water vapor
and other condensibles. Prior to each ethane TPR experiment, the QMS was calibrated using a

5% ethylene in Ar mixture (Airgas) and a mixture of Hz, CO2, CO in He (Airgas). Calibration
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gases (50 mL/min) flowed through a bypass line until stable QMS signals were obtained. After

calibration, the instrument was purged with He.

H2 TPR. The sample was purged with He (50 mL/min) for 10 min, and a flow of 5% H>
in Ar (50 mL/min, Airgas) was established. After waiting 10 min to allow the TCD to stabilize,
the sample temperature ramped at 10°C/min from ambient to 800°C. The composition of the
effluent gas was monitored by TCD referenced to the inlet H2 mixture. H> concentrations were

calculated by multipoint calibration.

Ethane TPR. The sample was purged with He (50 mL/min) and heated to 200°C. The
flow was switched to 5% ethane in He (50 mL/min, Airgas), and the temperature was maintained
at 200°C for 10 min. Subsequently, the sample was heated at 10 °C/min to 800°C and held for 30
min at 800°C before cooling. The effluent was analyzed by on-line QMS. The ethane (m/z = 30),
ethylene (m/z = 26), CO2 (m/z = 44), CO (m/z = 28), and H2 (m/z = 2) signals were monitored.
The m/z = 26 signal was corrected for the ethane contribution, and the m/z = 28 signal was
corrected for ethane, ethylene, and CO> contributions. Data are presented after cubic spline

smoothing.

Ethane CL-ODH. Isothermal CL-ODH experiments were performed in a 1/4>> O.D. x
1/8” 1.D quartz U-tube reactor in a tube furnace. The U-tube was loaded with 0.5 g of catalyst
particles, and inert alumina grit was loaded on each side of the catalyst particles to hold the bed
in place and reduce the gas volume in the heated zone. For blank runs, the entire tube was packed
with inert alumina grit. Mass flow controllers and an automated valve manifold controlled gas
composition and flow rate to the reactor. During the ODH reduction step, the feed contained
80% ethane (balance Ar), and during the oxidation step, it contained 17% oxygen (balance Ar).

Between each reduction and oxidation step, 100% Ar was used to purge any residual reactive
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gases. The gas manifold is configured such that the total flow rate into the reactor does not
change between the purge and reduction steps. Prior to ODH testing, the redox catalysts were
conditioned with 2 redox cycles comprising a 3-min reduction step and 3-min oxidation step at
600°C. During ODH redox cycles, the reactor temperature was 600°C and the gas hourly space
velocity (GHSV) was 1500 h*. For all test conditions, the oxidation step was 3 min and the purge
steps were 5 min. During the reduction step, a total of either 3, 5, or 10 mL of ethane flowed into
the reactor. Products were collected in a gas-sampling bag and analyzed using an Agilent 7890
Series Fast RGA gas chromatograph (GC) with two thermal conductivity detectors and a flame

ionization detector. The GC was calibrated using a refinery gas calibration standard (Agilent).

2.4 Results and Discussion
2.4.1 Catalyst Characterization

The nominal compositions, calcination conditions, and BET surface areas of catalysts
investigated in this work are provided in Table 1. MoOs/Fe>O3 catalysts are designated by the
number of MoO3z ML equivalents covering the Fe-Oz core, and values are referred to the initial
BET surface area of the calcined Fe>Oz nanoparticles. Initially, a calcination temperature of
500°C was chosen based on the work of Bowker and coworkers [14-16]. The BET surface area
of the a-Fe203 nanoparticles decreased at the higher calcination temperature (600°C) employed
for samples used in CL-ODH testing. Adjusted values (MoO3z ML equivalents) based on the final
BET surface areas of the catalysts are also provided. MoOz/Fe.O3 catalysts calcined at 500°C
have BET surface areas in the 40-70 m?/g range that decrease with increasing Mo loading—
especially for the 6ML MoOs/Fe;Os catalyst. The BET surface area of the 3ML MoOs/Fe203

(600) catalyst is less than half that of the 3ML MoOs/Fe»03 (500) catalyst.
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Table 2.1: MoOs/Fe;03 redox catalysts for TPR screening and CL-ODH testing.

Sample Calcination Surface area MoO; MoOs (ML
conditions (m?%g) (wt. %)  equivalents)?

TPR screening

Fe.0s 500°C (3 h) 69.2 0 0

Fe.0s 600°C (3 h) 49.8 0 0

1ML MoOs/Fe203 500°C (3 h) 66.9 4.9 0.95

3ML MoOs/Fe;03 (500)  500°C (3 h) 62.2 13.5 2.8

6ML MoOz3/Fe203 500°C (3 h) 42.8 23.8 7.1

3ML MoOs/Fe;03 (600)  600°C (3 h) 27.7 10.5 4.8

Fe2(Mo0Os)3 600 °C (2 h) 1.32 73.0 -

MoO3 - 2.24 100.0 -

CL-ODH testing

Fe.0s 600°C (6 h) 51.6 0 -

3ML MoOs3/Fe;03 600°C (3 h) 40.7 10.8 3.4

6ML MoOs/Fe203 600°C (3 h) 19.2 19.6 12.9

2Recalculated based on the final surface area of the as-prepared catalyst.

XRD patterns of the as-prepared catalysts are shown in Figure 1. The XRD pattern of
Fe2(Mo0s)3 (Figure la) can be indexed to the monoclinic ferric molybdate phase [17].
Characteristic peaks of a-Fe;Oz (hematite, 26=24, 33.1, 35.6, 41, 49.7° [18]) appear for the
Fe2O3 nanoparticles (Figure 1f) and all MoOa/Fe;O3 catalysts (Figure 1b-e). These peaks sharpen
as the surface area decreases and mean particle size increases at the higher calcination
temperature (Figure 1c). Characteristic peaks of the ferric molybdate phase (26=19.5, 20.5,
21.75, 23, 25.7) are observed for MoOs/Fe;03 catalysts with higher MoOs loadings and/or higher
calcination temperatures (Figure 1b-d). The XRD patterns of the core-shell catalysts provide no
evidence of a-MoO3 or other crystalline molybdenum oxide phases in agreement with previous

reports by Bowker and coworkers [14-16, 19].
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Figure 2.1: XRD patterns of as-prepared catalysts. See text for peak assignments.

Fe 2p, Mo 3d and O 1s XP spectra of the as-prepared catalysts are provided in
Supplementary Material. Quantitative XPS results for the as-prepared catalysts are provided in
Table 2. In order to evaluate the distribution of Mo and Fe between the near-surface and bulk
regions, Fe/Mo atomic ratios were calculated from the XPS and the bulk compositions. The XPS
Fe/Mo ratio of the Fe2(Mo0Os) catalyst (when compared to the bulk stoichiometric ratio) suggests
slight Mo surface enrichment [20-22]. In comparison, XPS evidences a much higher degree of
Mo enrichment in the near-surface region of the MoOs/Fe;O3 catalysts. At low loadings (1 ML
Mo0O3), the bulk Fe/Mo ratio is ~5x greater than the ratio in the near-surface region. A limiting
XPS Fe/Mo of 3.1-3.5 is observed for catalysts with 3 and 6 MLs of MoOs in good agreement
with the literature (Fe/M0=3.1-3.8) [15]. Thus, XPS analysis indicates that Mo is concentrated in
near-surface region consistent with a core-shell structure; the observation of a limiting Fe/Mo
ratio is consistent with an iron molybdate surface layer.
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Table 2.2: Quantitative XPS results for MoOs/Fe,O; catalysts and related materials.

Fe/Mo ratios Binding Energies
Catalyst Bulk® XPS  Fe 2ps2(eV) ?:3)st’2 0 1s (eV)
Fe,O, (500°C) - - 7110 - 530.0
Fe (MoO ), 067 04 711.6 232.7 530.6
3ML MoOs/Fe;03 (600 °C) 15.4 3.1 710.9 232.6 530.2
1ML MoOs/Fe;03 34.6 6.9 710.9 232.6 530.0
3ML MoOs/Fe;03 (500 °C) 115 35 711.0 232.6 530.2
6ML MoOs/Fe,03 5.8 3.4 711.0 232.7 530.2
MoOs3 - - - 233.1 530.7

2Based on nominal MoQs; loading in Table 1.

The Fe 2ps;2 binding energies (Table 2) for Fe.Oz [23] and Fex(M00Qas)z [20] are in
excellent agreement with the respective literature values. Similarly, the MoOs/Fe O3 catalysts
exhibit Fe 2ps/2 binding energies (711.2 + 0.2 eV) that correspond to the Fe3* oxidation state [15].
The Mo 3ds,2 binding energies for the MoOz/Fe>0O3 and Fez(MoQa4)3 catalysts (232.6 + 0.1 eV)
can be assigned to Mo in its highest (+6) oxidation state [15, 20]. A slightly higher Mo 3ds
binding energy was found for MoOs; however, this value is in reasonable agreement with the
literature [12]. The O 1s binding energies of the MoOs/Fe>O3 catalysts are equivalent (530.0 +
0.2 eV) and indicative of oxide ions (0%), i.e., lattice oxygen. The measured O 1 s binding
energies for MoOz and Fe2(MoQs)s are ~0.5 eV higher; however, all are within the expected

range for oxide ions [24].

Ambient DRIFT spectra of the bulk and supported catalysts are shown in Figure 2. Fe;03
exhibits a broad band of low intensity between 690-1200 cm™ (Figure 2a). The fundamental
vibrational modes of hematite occur at lower frequencies [25], and thus, these bands are
overtones and/or defect-related modes. The DRIFT spectrum of MoOs (Figure 2a) features sharp
bands at 995 and 820 cm™ and broad bands at ~890 and 740 cm™. The former are assigned to
symmetric and asymmetric stretching modes of terminal Mo=0 moieties [26]. The latter are

assigned to Mo-O-Mo stretching modes [27]. The DRIFT spectrum of Fe2(MoOa)s (Figure 2a)
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contains sharp bands at 995 and 960 cm™, a broad band at ~910 cm™, and shoulders at ~850,
820, and 790 cm™. The strong band at 960 cm™ has been widely attributed to Fe-O-Mo bonding
in iron molybdate catalysts [14, 21, 27-28]; however, it is more precisely assigned to the
symmetric stretching mode of terminal Mo=0 bonds in tetrahedral {MoOs} subunits [26, 29].
The band at 790 cm™ is the corresponding Mo=0 asymmetric stretch. The 995 and 820 cm™
bands have been assigned to the symmetric and asymmetric stretching modes of other chemically
distinct MoOs sites in bulk Fe2(Mo0Oa)3 [26, 29]. Alternatively, these bands have been ascribed to
a minority MoOs phase in Mo-rich iron molybdate catalysts [12, 21-22]. The broad bands at
~910 and ~850 (sh) cm [that are absent in Raman spectra of Fe2(MoQs)3] typically are assigned

to Mo-O-Mo and tetrahedral Mo-O vibrations, respectively [12, 14, 27].

DRIFT difference spectra of the MoOs/Fe;Os catalysts (Figure 2b) contain bands
characteristic of Fe(MoO4); and MoOs: specifically, a weak band at 995 cm™ assigned to
terminal Mo=0 moieties common to both bulk phases, a band at 960 cm™ indicative of Fe-O-Mo
bonding, the corresponding asymmetric Mo=0 stretching bands at 820 and 790 cm, and broad
bands ~850 and ~890 cm™. The intensities of all bands increase with increasing MoOs loading;
however, the relative intensities are not constant. The 995 cm™ band is very weak in the DRIFT
spectrum of the 1 ML MoOs/Fe;O3 catalyst, and the dominant peaks are indicative of the
stretching vibrations of Mo=0 moieties in isolated Fe-{O-Mo0Os} species [26, 29]. As MoO3
loading increases, the Mo=0 band at 995 cm™ becomes more prominent, and bands at ~850 and
~890 cm! increase in intensity and become dominant for the 6 ML MoOs/Fe,03 catalyst. These
changes evidence the formation of a bulk-like Fe2(MoOas)s phase as confirmed by the XRD
results. Concomitant increases in the 995, ~890 and 820 cm™ bands for the 6 ML catalyst also

suggest a MoOs component in the shell in agreement with the conclusions of Brooks, et al. [14].
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Figure 2.2: DRIFT spectra of as-prepared catalysts: (a) bulk phases and (b) MoOs/Fe,O; catalysts calcined at 500°C

(after subtracting spectrum of Fe,O3 bulk phase).
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2.4.2 Catalyst reactivity

H> TPR was applied as a convenient method to evaluate the reducibility of the
MoOs/Fe>03 catalysts in comparison to the bulk phases. TPR of a-Fe2O3 (Figure 3) evidences H»
consumption at ~350 °C (leading edge position, half of the max. consumption) consistent with
the literature [30]. Adding surface MoOs layers inhibits Fe,Oz reduction. The 1ML MoOs/Fe;03
catalyst in which the Fe>Os core is partially covered by MoOs (based on XPS and DRIFTS)
exhibits a ~80°C shift in the leading edge. The leading edge shifts to 500-510 °C for catalysts
with 3-6 ML equivalents of MoOs consistent with their similar XPS Fe/Mo ratios. The bulk
Fe2(M004)s catalyst is not as readily reducible as the MoO3/Fe>O3 core-shell catalysts. We infer
that it contains a minority Fe>Os phase (not detected by XRD) based on the appearance of a
small TPR peak at 375°C. Bulk MoO3 is only reducible at very high temperatures (>700°C)
under TPR conditions [31]. Trends in catalyst reducibility observed in H> TPR correlate with

ethane ODH activity, as illustrated below.

1.8 r
_FezO3

L6 __ 1ML MoO_/Fe O,
| 4 [—3MLMoO /Fe O,
—6ML MOO3/F620
—Fe (MoO,),
1F MoO3

1.2 3

0.8

0.6

H2 Consumption (cm3 min-l)

200 300 400 500 600 700
Temperature (°C)

Figure 2.3: H, TPR of bulk and supported catalysts. All samples, except Feo(M0QO4)3 and MoOs,
were calcined at 500°C.
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Ethane TPR was employed as a screening technique to identify catalysts and conditions
for isothermal CL-ODH testing. Figure 4 shows ethane conversion-temperature profiles for the
bulk (Figure 4a) and MoOs/Fe.O3 core-shell catalysts (Figure 4b). None of the catalysts
exhibited significant ethane conversion below 400-450°C. Fe2(Mo00a)3, MoOs and the blank had
very low conversions (<0.5%) below 670°C. These catalysts (and the a-Al203 grit used in the
blank experiment) have very low surface areas and poor reducibility, as evidenced by H> TPR.
Fe>O3 exhibited ethane consumption peaks at 450-500 and ~580°C irrespective of calcination
temperature. We offer two possible explanations for the observed decline in conversion between
600 and 650°C: (1) the most readily accessible lattice oxygen has been consumed, and (2) the
sample undergoes irreversible structural changes because this is its first time at temperatures
>600°C. Above 670°C, a rapid increase in ethane conversion is observed due to the onset of
homogeneous (thermal) dehydrogenation. This rapid increase in conversion also coincides with
the onset of H> production (data not shown). Because no H> was detected at lower temperatures
(<670°C), we infer that H-O was the sole sink for hydrogen under those conditions. Conversion
in ethane TPR over the MoOs/Fe203 core-shell catalysts (Figure 4b) increased with the number
of MoO3s ML equivalents in the shell up to 7.7% for the 6ML sample. Moreover, the conversion
peak temperature increased monotonically from ~500 to 600°C. Increasing the calcination
temperature of the 3ML MoOa3/Fe O3 catalyst from 500 to 600°C decreased peak ethane

conversion by a factor of ~2 and shifted the peak to ~600°C.

The Fe O3 catalysts exhibited very low ethylene yields in ethane TPR (Figure 5a). Ethane
consumed below 550°C produced almost exclusively CO, (Figure 6a). At higher temperatures
(~600°C) some ethylene production occurred, but ethylene selectivity was still only 30-40%. CO

production by Fe>Os catalysts was negligible below 670°C, and there was no significant effect of
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calcination temperature on their performance. Ethylene yields over the MoOs/Fe;O3 catalysts
(Figure 5b) increased, and the yield maximum shifted to higher temperatures with increasing
MoO3 loading. Ethylene selectivity at maximum conversion was ~50% for the 3 and 6 ML
MoOz/Fe203 catalysts. The 1 ML MoOs/Fe>O3z catalyst had lower ethylene yield and higher CO-
yield consistent with incomplete coverage of the Fe>Os. Unlike Fe2Oz, the MoOz/Fe>Os catalysts
produced both CO and CO». No signs of coking were observed for Fe;Os-containing catalysts
even after 30 mins in ethane at 800°C. On the other hand, Fe2(M0QO4)3, MoOs and the blank
exhibited indications of coking at 800°C, including fluctuations in conversion, poor carbon

balance closure, and visual darkening of the sample.
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32



Based on their ethane TPR results, the 3 and 6ML MoOs/Fe;03 catalysts and Fe;O3 (for
comparison) were selected for ethane CL-ODH testing at 600°C. This temperature appears to be
optimal for achieving reasonable conversion and selectivity towards ethylene in ODH and
minimizing gas-phase (thermal) dehydrogenation. Catalysts were calcined at 600°C to minimize

structural changes during CL-ODH testing.

2.4.3 Isothermal ethane CL-ODH

The selected catalysts were tested in a U-tube reactor at 600°C using ethane square-wave
pulses (steps) with catalyst re-oxidation between steps. Table 3 summarizes the results. The
trends found in ethane TPR are confirmed. Fe>Os tends to produce more COy, less ethylene and
negligible CO. The MoOs/Fe2O3 catalysts are more selective to ethylene and produce more CO
than COz. The core-shell catalysts also exhibit greater redox activity than Fe>Os suggesting that a
mixed Mo-Fe oxide surface provides additional benefits beyond suppressing ethane combustion.
Further investigation of the active sites will be required to elucidate the reason. Slightly higher
conversions were achieved for the 3-mL ethane steps, but there was no significant difference in
conversion or reaction products between the 5 and 10 mL steps (Table 3). Simulated air re-
oxidation of the catalysts appears to be effective, as negligible loss in activity (or selectivity) was
observed over 5 redox cycles. The percentage of available lattice oxygen consumed in each ODH

step, however, was very low.
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Table 2.3: Results of ethane CL-ODH testing at 600°C.

Catalvst Ethane step Ethane Ethylene (6{0) CO; Lost O
y size (mL) Conversion Selectivity Selectivity Selectivity wt.%*
3 3.36% 41.8% 3.86% 54.4% 0.21%
5 2.33% 39.0% 3.50% 57.3% 0.25%
FeoO3
10 1.34% 43.0% 3.51% 53.1% 0.28%
3 7.75% 56.9% 28.7% 14.4% 0.33%
0, 0, 0, 0, 0,
3ML MoOs/Fes0s 5 6.55% 57.5% 28.6% 13.9% 0.46%
10 6.38% 59.3% 28.3% 12.5% 0.87%
3 5.67% 56.7% 25.7% 17.5% 0.25%
6ML MoOs/Fez05 493%  58.5% 27.7% 13.8%  0.34%
10 4.87% 62.2% 27.8% 10.0% 0.62%

*based on the total mass of oxygen in the catalyst

2.5 Conclusions

Redox catalysts consisting of 1, 3 and 6 ML equivalents of MoOsz on an a-Fe;O3 core
were investigated for ethane CL-ODH. After calcination at 500-600°C, these core-shell catalysts
have MoOx-rich surface layers comprised of Fe>(M0O4)s and MoOs species—the latter more
prominent at higher loadings. H, and ethane TPR were employed as catalyst screening
techniques. Fe-Oz is reduced by H» at low temperatures (~350°C) and tends to produce deep
oxidation products from ethane. By covering the Fe>Os core with a MoOx-rich layer, catalyst
reducibility is suppressed, and ethylene selectivity increases significantly. The most promising
catalysts were tested in a cyclic redox mode at 600°C. Ethylene selectivity was 57-62% for
catalysts with 3 and 6 ML equivalents of MoOs. Ethane ODH activity also was higher for
MoOs/Fe;03 catalysts than a-Fe>Os suggesting that a mixed Mo-Fe oxide surface improves

catalytic performance beyond suppressing ethane combustion.
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Chapter 3: MoOs/Al,O3; Redox Catalysts for Chemical-
Looping Oxidative Dehydrogenation of Ethane:

Nature of the Active Sites

This work has been submitted to:
Applied Catalysis B: Environmental.

3.1 Abstract

MoOs/y-Al2O3 catalysts containing 0.3-3 monolayer (ML) equivalents of MoOs were
prepared, characterized and tested for ethane oxidative dehydrogenation in cyclic redox and co-
feed modes. Submonolayer catalysts contain 2D polymolybdate structures; Al2(Mo0Oa)s
predominates at >1ML loadings. High ethylene selectivity (>90%) correlates with Mo*V! to
Mo*V reduction; COx selectivity is <10% under these conditions. Mo*¥ and Mo*" species trigger
CHa production resulting in much higher conversion with <20% selectivity. In cyclic redox
mode, submonolayer catalysts exhibit ethylene selectivities that decrease linearly from 96% at
near-zero conversion to 70% at 45% conversion. >1ML catalysts provide higher conversions
albeit with 10-18% lower selectivity and greater selectivity loss with the increasing conversion.
In co-feed mode, ethylene selectivity drops to <50% at 46% conversion for a 0.6ML catalyst, but
selectivity is virtually unaltered for a 3ML catalyst. We infer that lower reducibility of <IML

catalysts enhances ethylene selectivity.

Keywords: x-ray diffraction, temperature-programmed reduction, Raman spectroscopy,

x-ray photoelectron spectroscopy, molybdenum oxide
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3.2 Introduction

Today, ethylene for chemicals and plastics is produced industrially via steam cracking of
ethane and petroleum naphtha. Catalytic oxidative dehydrogenation (ODH) of ethane offers large
potential reductions in energy consumption and associated greenhouse gas emissions when
compared to conventional steam cracking at 800-850°C [1]. Unlike thermal cracking, ethane
ODH is exothermic (AHr = -105.5 kJ mol™) because of in situ H, combustion. The challenge is to
identify ODH catalysts giving high ethylene yields because typical transition metal oxides (e.g.,
vanadia and molybdena) tend to produce combustion products (CO and CO>) at high conversions
[2]. In conventional ODH, ethane and O, are co-fed to the catalytic reactor, and this poses
several disadvantages. Feeding O requires a costly air separation process, and the potential for
forming explosive mixtures necessitates appropriate safeguards. Alternatively, redox catalysts
can be operated in a cyclic mode [i.e., chemical looping (CL)] where reduction (ethane ODH)
and oxidation (regeneration) steps are separated either temporally using a fixed bed reactor or
physically in different reaction zones using a recirculating bed reactor. Moreover, ethane and
gaseous Oy are never in contact over the catalyst potentially improving selectivity, and air can be
used for catalyst regeneration [3-6]. Process simulations have shown that an ethane CL-ODH
process can reduce overall energy demand and COz emissions by 82% relative to steam
reforming [4]. However, high oxygen-carrying capacity is necessary to avoid prohibitively large

catalyst recirculation rates.

MoOs supported on alumina, titania, silica, and zirconia are known catalysts for ethane
ODH [2,7-12]. The reaction temperature is an important factor mechanistically; at lower
temperatures (<500°C) C-H bond cleavage is heterolytic and occurs on the active surface;

however, with increasing temperature, homolytic cleavage in the gas phase becomes more
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prominent and can be dominant above 650 °C [13,14]. At low temperatures where heterolytic C-
H cleavage dominates, the reaction is believed to follow a Mars-van Krevelen mechanism [1,15];
however, a consensus regarding the active Mo species in supported MoOs3 catalysts has not been
reached. Some authors infer that terminal Mo=0O bonds activate C-H bond cleavage based on the
finding that activity correlates with Mo=0O concentration [16,17]. The effect of the support was
also found to be very important, and the bridging Mo-O-support bond was suggested to be
responsible for ODH activity [10,18]. In addition, bridging Mo-O-Mo bonds may play a role in

ethane ODH catalysis [19].

O»-ethane co-feed and cyclic redox modes are quite different ways of utilizing the redox
catalyst. Under co-feed working conditions with a constant supply of oxygen, the catalyst
maintains a steady-state composition. The distribution of oxidation states at a steady state is a
function of operating conditions, such as ethane/O; ratio and temperature, and an optimum ratio
of oxidation states for the best selectivity usually exists [13]. Also, in co-feed mode O
continuously adsorbs and re-oxidizes the catalyst; therefore, the effect of adsorbed oxygen
species as opposed to lattice oxygen can be significant. If metal oxide is not in its highest
oxidation state, oxygen can chemisorb, electrons are transferred to adsorbed oxygen producing
transient electrophilic adsorbed oxygen moieties, such as Oz” and O, that have been shown to
facilitate total oxidation, whereas lattice oxygen (O?), nucleophilic in nature, provides partial
olefin oxidation [20,21]. Conversely, CL-ODH employs the catalyst in a transient mode where,
in principle, only lattice oxygen is consumed in the reduction step. The Mo oxidation state
progressively decreases which inevitably affects catalyst performance, in contrast to the steady-
state nature of the catalyst in co-feed mode. Clearly, the CL-ODH catalyst needs to be

manipulated in a very defined way with a deep understanding of its redox behavior, activity,
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selectivity, and their relationship. Research on Mo0O3/Al>Os catalysts for ethane ODH has
focused on O»-ethane co-feed mode almost exclusively. To our knowledge, only one study has
been published that deals with MoO3/Al>O3z catalysts in CL-ODH mode (i.e., oxygen-free ODH).
Khadzhieva [22] reported 7-18 % ethane conversion with 72-75 % ethylene selectivity at 550—
600 °C. Selectivity up to 96.7 % at 44.4 % conversion was claimed for “modified” samples;
however, the authors did not provide any information about the kind of modification that was

made to the catalyst, making it difficult to reproduce the results.

In this work, we elucidate the nature of active surface species involved in ethane CL-
ODH using MoOs/AlO3 redox catalysts. Catalysts with sub- and supra-monolayer MoOs
loadings were prepared using 3 different commercial y-Al,O3 supports with different structural
and textural properties. Catalysts were characterized by X-ray diffraction (XRD), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), and Hz temperature-programmed
reduction (TPR). The relationship between Mo oxidation state and ethylene selectivity was
assessed through isothermal reduction experiments in flowing ethane coupled with XPS. Ethane
ODH activity and selectivity were assessed in cyclic redox mode at 500-600°C (using a range of

ethane step sizes) and under O2-ethane co-feed conditions at 550°C.

3.3 Experimental
3.3.1 Catalyst preparation

Three commercial supports were used: y-Al.O3z Aluminoxide C (Evonik, labeled Al-E),
v-Al>O3 (Grace Davison, labeled Al-G), and AI(OH)O Catapal A (Sasol, labeled AI-C). All were
dried at 110 °C overnight prior to use. In the case of Al-E, the powder was first wetted with DI
water and then dried in order to increase its bulk density. The incipient wetting point of each dry

support was found using deionized (DI) water. Ammonium heptamolybdate tetrahydrate (Sigma-
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Aldrich) sufficient to achieve the desired Mo loading was dissolved in an appropriate volume of
DI water. A monolayer (ML) of Mo oxide was assumed to comprise 5 Mo cations per nm? [23].
The Mo precursor solution was added dropwise to dry alumina and uniformly mixed with a glass
rod. The resultant paste was dried overnight at 110 °C. After drying, the powder was pressed at
20 MPa, and the resultant pellets were calcined at 600 °C in a quartz tube under a flow of 1
L/min of dry air. The calcined catalyst pellets were crushed, ground and sieved; 425-850-pum
particles were used for CL-ODH testing. Particles outside this range were mixed together,

ground and used in characterization experiments.

3.3.2 Catalyst characterization

A Micromeritics ASAP 2020c instrument was used to obtain specific surface areas and
pore size distributions using nitrogen adsorption at 77 K. To measure specific surface area, a 5-
point Brunauer—-Emmett-Teller (BET) method was employed. Pore size distributions (found in
Supplementary Information) were derived from adsorption isotherms using the Barret-Joyner-
Halenda (BJH) method. Powder XRD patterns were measured with a Rigaku SmartLab X-ray
diffractometer. A Cu Ka x-ray source (A = 0.1542 nm) operated at 40 kV and 44 mA was used.
A range of 10—80° (20) was measured in step mode with a 0.05° increment and 3s dwell time at
each step. XP spectra were recorded in a UHV chamber with a base pressure of 5x102° Torr with
a PHI 3057 XPS instrument equipped with a spherical capacitor analyzer (PHI 80-865A). 25
total energy scans were collected and averaged in each spectral region using a 29.35 eV pass
energy and 0.125 eV step size. Binding energies are referred to the Al 2p peak at 74.5 eV, as
suggested by Spevack [24]. This reference was chosen because the Al 2p peak is better resolved
than C 1s. However, no differences in the C 1s binding energy of adventitious carbon were

observed, and Al 2p reference used in this work is equivalent to referencing to C 1s at 284.8 eV.
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In order to estimate the Mo oxidation state distribution, the Mo 3d spectral region was
deconvoluted using CasaXPS software and a method reported by Baltrusaitis [25] (for details see
Supporting Information). ICP-OES analysis was conducted by the Environmental and

Agricultural Testing Service at North Carolina State University.

3.3.3 Reactivity measurements

H> TPR. A Micromeritics ASAP 2920 instrument was used for H> TPR, as described in
detail elsewhere [26]. Effluent gases were analyzed using a calibrated thermal conductivity

detector.

Isothermal reduction in ethane. These experiments were conducted using a Micromeritics
ASAP 2920 instrument and an on-line quadrupole mass spectrometer (QMS, Pfeiffer Prisma
QMS 200). 0.6ML/AI-G and 3ML/AI-G catalysts were subjected to reduction at 550 °C in 5%
ethane in He. The catalyst (300 mg) was purged with He (50 mL/min) and heated to 550°C in
1% O balanced He. After a He short purge (10 min, 50 mL/min), the flow was switched to 5%
ethane in He with 100 ppm Ar (50 mL/min, Airgas). For the first 20 min, gas bypassed the
reaction tube and continued directly to cold trap and on-line QMS to establish ethane baseline.
50 mL/min of He flowed through the reactor tube. A 4-way valve was switched to allow the
ethane mixture to pass through the reactor tube for 5-180 min and the effluent gas was analyzed
by on-line QMS. Signals for ethane (m/z = 30), ethylene (m/z = 26), CO, (m/z = 44), CO (m/z =
28), CH4 (m/z = 15), Ar (m/z = 40), and H2 (m/z = 2) were monitored. Ethane contribution to the
m/z = 26, and ethane, ethylene, and CO> contributions to m/z = 28 were subtracted during data
processing. All signals were normalized to Ar (m/z = 40) as an internal standard. To prevent re-
oxidation by air, the catalyst was cooled to 25°C in flowing He. Subsequently, the reactor tube

was purged with Ar, capped and immediately transferred to an N»-filled glove box (mBraun).
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Catalyst powder was pressed into a self-supporting wafer, attached to an XPS sample holder with
double-sided Cu tape, inserted into an N-filled glove bag, and transferred to the UHV chamber

avoiding contact with air.

Ethane CL-ODH. Isothermal CL-ODH experiments were carried out in a 1/4’> O.D. x
1/8” 1.D quartz U-tube reactor using 0.5 g of catalyst. Inert a-alumina grit was used to fill the
remaining volume in order to place the bed in the lowest point of the U-tube and to reduce the
gas volume in the heated zone. During the ODH (reduction) step, the feed contained 80% ethane
(balance Ar), and during the oxidation step, it contained 17% oxygen (balance Ar). Between
redox steps, the reactor was purged with 100% Ar. Each catalyst underwent initial conditioning
consisting of 2 redox cycles at 600°C (3-min reduction, and 3-min oxidation). The gas hourly
space velocity (GHSV) was kept at 1500 h* during all experiments. A total of 3, 5, or 10 mL of
ethane flowed into the reactor per each reduction step. Each redox cycle was completed by a 3-
min re-oxidation step and a 5-min Ar purge. The effluent gas corresponding to each ethane step

was collected in a gas-sampling bag and analyzed by gas chromatography (GC).

O.-ethane co-feed experiments. For Oz-ethane co-feed experiments, an overall GHSV of
1500 h't was used consistent with CL-ODH conditions. Before reaction testing, the catalyst was
heated in 10% oxygen (balance Ar) to 550°C and held for 45 min before ethane was injected. For
each GC injection, 3 mL of ethane was collected into a gas-sampling bag (essentially enough
time for 3 mL of ethane feed to flow). The reactor effluent was sampled every 15 min starting at
5 min after ethane flow was initiated. Steady-state ethane conversion and ethylene selectivity

values are reported.
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3.4 Results and discussion
3.4.1 Catalyst characterization

The intended (nominal) bulk compositions, measured bulk and surface compositions, and
BET surface areas of the calcined catalysts are provided in Table 1. The MoO3/Al,O3 catalysts
are designated by the number of MoOs ML equivalents: 5.0 Mo/nm? = 1ML equivalent [23].
Actual ML equivalents were calculated from the ICP-OES Mo loadings and BET surface areas
measured after catalyst calcination. In general, impregnation with <1ML equivalents of MoO3
led to only small decreases in surface area, whereas higher loadings resulted in substantial
surface area losses. We infer that the observed surface area losses arise from pore filling by
molybdate species (For additional information, see BJH pore size distributions in Supporting
Information). Because MoOs has a relatively high vapor pressure at 600°C [27], it could sublime
during calcination. However, Mo loss proved to be insignificant based on ICP-OES analysis; all
samples contained 85-95 % of the intended Mo loading. Small differences can be explained by
losses during the catalyst impregnation and calcination. Also, there is no obvious correlation
between those losses and catalyst loading indicating that the supports can accommodate MoOs

loadings up to 35 wt.%.
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Table 3.1: Properties of calcined MoOs/Al,O3 redox catalysts.

Sample ID Surfazce_?rea nominal #MLsP Mo/Al XPS Mo/Al ICP
(m=g™) MoOs3 (wt. %) (mol/mol) (mol/mol)
-a 101 0 0 - -
0.5ML/AI-E 100 7.3 0.54 0.064 0.025
2ML/AI-E 75.6 19.1 1.9 0.108 0.075
-a 1834 0 0 - -
0.6ML/AI-G 163 13.0 0.64 0.073 0.052
0.6ML/AI-G spent 159 - 0.63 0.073 0.048
3ML/AI-G 95.5 30.9 34 0.236 0.223
3ML/AI-G spent 99.8 - 2.5 0.143 0.154
-a 228 0 0 - -
0.3ML/AI-C 225 8.5 0.32 0.044 0.032
0.5ML/AI-C 219 13.6 0.52 0.077 0.063
0.5ML/AI-C spent 194 - 0.64 0.087 0.061
2ML/AI-C 122 35.2 24 0.301 0.200
2ML/AI-C spent 61 - 4.8 0.194 0.189

aSupport after calcination, *Based on ICP-OES analysis and BET: 1 ML = 5.0 Mo nm™.

Surface compositions of the calcined catalysts were evaluated by XPS, and the results are
provided as Mo/Al ratios in Table 1. Only the Mo*™V! oxidation state was detected in the calcined
catalysts. All catalysts show Mo surface enrichment when compared to the Mo/Al ratios obtained
by ICP-OES. For submonolayer loadings, the measured XPS Mo/Al ratios increase linearly with
Mo content indicating the formation of a 2D polymolybdate layer on each y-Al,Os. The surface
Mo/Al ratios for the >1ML catalysts increase in the order: Al-E < Al-G < Al-C suggesting that
Al-C provides a higher MoO3 dispersion. We infer that this higher dispersion is related to the
boehmite [AIO(OH)] phase present prior to calcination. Abundant OH groups in boehmite may
enhance interaction with the support during incipient wetness impregnation, drying, and

calcination. When the AI-C support was calcined at 600°C prior to impregnation with
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ammonium heptamolybdate, XPS results were similar to AI-E and Al-G indicating that this

dispersion advantage was lost.

Crystalline phases within the MoO3/Al>O3 catalysts were probed with XRD (Fig. 1a, b).
Reflections at 67.3 and 45.6° characteristic of y-Al.Oz (lit. 67.3, 45.7° [28]) are present in all the
XRD patterns. In the case of 0.5ML/AI-E (Fig. 1a), well-resolved y-Al.O3 features between 30—
40° [28] indicate higher crystallinity when compared to Al-G and Al-C. No other crystalline
phases were detected in the <IML catalysts (Fig. 1a) evidencing the highly dispersed nature of
the supported Mo oxide species. Reflections of bulk phases are apparent in patterns of all >1ML
samples (Fig. 1b). The main phase is Al2(MoO4)s with reflections at 15.6, 20.8, 22.1, 23.2, 23.4,
25.4, 26.2, 30.8° etc. (lit. 15.6, 20.8, 22.1, 23.3, 23.5, 25.4, 26.3, 30.8° [29]); however, a-M0O3
(characteristic reflections 12.8, 23.3, 25.7, 27.3°) is also present in the 2ML/AI-C catalyst. We
conclude that the >1ML catalysts contain significant amounts of crystalline Al2(MoQOas)s that is
considered detrimental for ethane ODH catalysis by some researchers [11,30]. Conventional
XRD is sensitive only to crystallites greater than ~3 nm in size (Debye-Scherrer limit).
Consequently, the presence of dispersed MoOx species cannot be ruled out in the >1ML samples,
and the well-dispersed <1ML samples may contain crystalline nanoparticles that are undetectable

by XRD.
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Figure 3.1: XRD patterns of calcined MoO3s/Al;O3 catalysts: (a) <IML catalysts, (b) >1ML catalysts. Traces are
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Raman spectroscopy is a powerful technique for evaluating the structure and bonding of
supported MoOs because of its ability to distinguish terminal (Mo=0) and bridging oxygen (Mo-
0-Mo) vibrational modes. Typically, Raman bands at 940-1000 cm™ are assigned to terminal
bonds, whereas a broad band at ~850 cm™ is assigned to bridging bonds [10,31,32]. The degree
of polymerization of a surface polymolybdate layer can be assessed based on the position of the
terminal oxygen band and the relative intensities of the Mo-O-Mo and Mo=0 bands. An increase
in the frequency of the ~1000-cm™ band and relative intensity of the 850-cm™ band indicates a
higher degree of polymerization of surface MoOx species [10]. Raman spectra (Fig. 2a) of the
MoO3/Al-C catalysts under ambient conditions illustrate changes in the structure of the
supported molybdate species as loading increases. The Mo=0 band shifts progressively from 940
to 970 and finally to 1000 cm™ (2ML) indicating an increasing degree of polymerization of the
alumina-supported MoOy species. For the 2ML catalyst, the 1000 cm™ band coincidences with
that of crystalline Alo(MoO4)s. Because these spectra were recorded under ambient conditions,
the surface polymolydate structures and band positions are affected by moisture; however, the
band positions for crystalline Al2(MoOs)s (1000, 885, 820 and doublet at 370-380 cm™) are not
[10]. It is clear from band broadening that Al2(MoO4)3 and surface polymolybdate species are
present. Moreover, the Raman scattering cross-section for Al2(MoQas)s is expected to be much
greater than for surface polymolybdate species [10]. Xie, et al. [33] assigned Raman bands at
973, 945, and 833 cm™ to hydrated 2D molybdate oligomers containing 5 or more Mo centers

supported on zirconia.

The Raman spectra of the 0.5ML/AI-E and 0.6ML/AI-G catalysts (Fig. 2b) show features
that can be assigned to 2D polymolybdate species on the alumina support: a major peak at 995

cm* and broad band centered at 845 cm™ [10,32]. There is a clear difference in the position of

49



the Mo=0 peak for 0.5ML/AI-C (970 cm™) and 0.5ML/AI-E and 0.6ML/AI-G (995 cm™)
suggesting a lower degree of polymerization for the 0.5ML/AI-C catalyst. The intensity ratio of
the Mo-O-Mo and Mo=0 bands also indicates a lower degree of polymerization for 0.5ML/AI-C.
When Alz(MoOQ4); bands at 370-380 cm™ are also present, the shift of the peak to 1000 cm™* can
be also indicative of the presence of small amount of Al2(M00Q4)3 phase [10,32], especially when
a shoulder at 1000 cm™ is apparent (0.3 and 0.5ML/AI-C) or sharp bands of Al2(MoQ4)s start to
emerge (0.6ML/AI-G). Raman spectra of the >1ML catalysts (Fig. 2b) are dominated by bands
attributed to Alx(Mo0Os)s [10]; however, well-dispersed MoOy species are also present as

evidenced by low-wavenumber (~970 cm™) shoulders on the otherwise sharp Al2(M00Q4)s bands.
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Figure 3.2. Raman spectra of calcined (solid) and spent (dashed) MoO3/Al,Oj3 catalysts: (a) Al-C, (b) Al-E and Al-
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3.4.2 Reduction behavior

The reducibility of the MoOs/Al,Oz catalysts was evaluated using H> TPR. MoOs
reduction is usually considered a two-step process MoO3—MoO>—Mo (metal), however, below
800°C (as in this work) the oxide cannot be fully converted to Mo metal [34]. The TPR profiles
(Fig. 3) are dominated by a low-temperature peak at ~450 °C and a second peak at ~600 °C that
are attributed to the reduction of 2D polymolybdate species and crystalline (bulk) phases (such as
MoOs or Al2(M00a4)3), respectively [34—36]. The ~450 °C reduction peak is a dominant feature
in all TPR profiles evidencing that well-dispersed molybdate species are present although the
XRD patterns of the >1ML catalysts are dominated by Al2(M0QOa4)s. A significant second peak is
seen only for >1ML catalysts consistent with the presence of bulk phases [Al.(M00Oa4)s: and
MoO:s], as indicated by XRD. The second peak has greater relative intensity only for the
2ML/AI-E catalyst. The position of the first peak appears to correlate with Mo surface density;
>1ML catalysts have peak maxima shifted to 10-30 °C to a higher temperature than <1ML

catalysts on the same support.

The H, TPR profiles were quantified, and the results are shown in Table 2. To better
capture the first low-temperature reduction peak of polymolybdate species, the integration was
done on intervals 330-550°C and 550-800°C. After the first reduction step (<550°C), the
average Mo oxidation state was 4.4-5.3, and after reduction at 800°C, the average oxidation state
was 1.6-4.3 indicating that some catalysts were reduced beyond MoO-. The presence of another
suboxide (such as MoO) or a mixture of MoO> and Mo metal can explain this finding, but we
cannot distinguish the two based on TPR data only. MoO3 supported on AI-E was the most
reducible followed by the higher MoOs loading catalysts on Al-C. The greater reducibility of the

2ML/AI-E catalyst correlates with its lower percentage of dispersed molybdate species. Catalyst
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reducibility increases with increasing Mo loading irrespective of the alumina support [17]. This

trend is especially evident for MoOs/Al-C catalysts. Slower Hz reduction of lower loading

samples was previously reported by Massoth [37] who inferred that enhanced interaction

between the support and MoOs inhibits reduction.
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Figure 3.3: Hz TPR profiles of as-prepared MoOs/Al.Os catalysts (total catalyst mass basis, ramp rate 10 °C/min).

Table 3.2: Quantitative H, TPR results of MoO3/Al,O; catalysts.

Catalyst H> consumption (cm® g?) H/Mo @ Mo oxidation state ?
330-550 °C  550-800°C total 550 °C 800 °C 550 °C 800 °C
0.5ML AI-E 8.3 12.8 211 1.6 4.1 4.4 1.9
2ML Al-E 18.7 41.4 60.1 14 4.4 4.6 1.6
0.6ML AI-G 9.9 14.2 24.1 1.0 2.4 5.0 3.6
3ML AlI-G 224 43.3 65.6 1.0 2.8 5.0 3.2
0.3ML AI-C 4.7 6.7 11.4 0.7 1.7 5.3 4.3
0.5ML AI-C 12.7 22.9 35.6 1.1 3.0 4.9 3.0
2ML Al-C 42.8 61.5 104.2 15 3.7 4.5 2.3

(1) Mo calculated from ICP-OES results, (2) Cumulative oxidation state calculated as 6-(H/Mo)

Understanding catalyst reduction behavior in ethane under isothermal conditions is

imperative for the rational design of a CL-ODH process. The relationship between ODH activity,

selectivity, metal oxidation state, and time on stream is of crucial importance during the
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reduction step. 0.5 and 3ML/AI-G catalysts were subjected to a reduction in flowing 5%C,Hes/He
at 550°C for varying times (0-180 min) and subsequently transferred under an inert atmosphere
for XPS analysis. Gaseous products formed during the isothermal reduction in ethane were
monitored via online QMS (Fig. 4). These results can be directly compared to the oxidation
states of MoO3/Al>O3 catalysts found by XPS (Fig. 5, Fig. 6). The reduction process can be
divided into three distinct regimes. Initially, the catalyst is highly selective to ethylene, and only
a very small amount of CHj is produced. In this ODH regime, the main undesired products are
carbon oxides (COy) that are comprised mainly of CO (maximum 10-20% contribution of COy).
Although the 3ML sample has significantly higher loading, selectivity towards ethylene drops
more rapidly and earlier than would be expected based only on its increased conversion. As the
catalysts become further reduced, conversion increases and increasing amounts of H, and CHs
are produced concomitantly (with a substantial loss in ethylene selectivity). After reaching a

maximum in ethane conversion, production of CH4 (and Hy) falls and COx production increases.

Qualitatively similar behavior has been reported for the reduction of MoOs/Al>O3
catalysts with propane, butane, and hydrogen [38]. The conversion maximum was explained by
the autocatalytic nature of the MoOs-MoO: system where dissociative adsorption of reductant is
rate-limiting and proceeds more rapidly on Mo*'"V because of its metallic nature [38]. Regarding
CHs production, MoO2 and Mo carbide/oxocarbides catalyst are known for both ethane
hydrogenolysis [39,40] and COx methanation [41]. The presence of Mo*V in reduced
MoOs/Al>03 was shown by XPS analysis (vide infra). The presence of in situ formed oxocarbide
and/or carbide phase was not directly observed, although it remains possible because the
temperature and the simultaneous presence of CH4, CoHe, and Ha closely resemble conditions

used in the preparation of Mo (oxo)carbides [42].
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Figure 3.4: (a) Ethane conversion and ethylene selectivity, (b) COxand CHys yield as found via inline QMS analysis

during an isothermal reduction of 0.6 and 3ML/AI-G in 5% C,He¢/He at 550 °C.
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XP spectra of the 0.6ML and 3ML/AI-G catalysts during an isothermal reduction in
ethane are shown in Fig. 5. Because Mo*V! undergoes photo-induced reduction [25], the Mo 3d
spectral region was scanned first to minimize artifacts in the resulting spectra (for details and
experimental results see Supporting Information). Based on the quantitative results presented in
Fig. 6, isothermal reduction of MoOs/Al:O3 can be divided into three temporal stages
corresponding to the ethane conversion-selectivity behavior shown in Fig. 4. Mo*™! is rapidly
reduced to Mo* during the initial ODH selective regime. Mo*V reaches a maximum
concentration and then is consumed by reduction to Mo*'V correlating with increasing ethane
conversion and declining ethylene selectivity. Depending on catalyst loading, either slow
reduction of Mo*V! to Mo™V continues at long reduction times (3ML) or residual Mo*V! appears
to be inert to further reduction (0.6ML). In comparison, the 3ML/AI-G catalyst reduces more
rapidly and more deeply than the 0.6ML catalyst. We infer that a MoOz-support interaction,
predominant at lower Mo loadings, stabilizes some Mo*™V! species toward reduction by ethane. A
qualitatively similar process of Hz reduction of MoO3/Al,O3 catalysts with evidence of a

disproportionation reaction (2 Mo*V — Mo*V! + Mo*'V) has been reported [43].
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varying times. Traces are normalized on maxima and offset for clarity.
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To further probe differences between the 0.6ML/AI-G and 3ML/AI-G catalysts,
isothermal reduction (decomposition) experiments were performed in flowing He at 550 °C for
20 min. Subsequently, the catalyst was cooled and XP spectra measured. After treatment, the
3ML catalyst was black, whereas the calcined sample was white to yellowish color. On the other
hand, the light-yellow color of the 0.6ML catalyst remained unaltered. In our experience, dark
color is a clear and reliable indication of MoOx reduction. These qualitative indications were
confirmed by XPS: no reduction of the 0.6ML catalyst could be detected, but after treatment, the
3ML catalyst contained 68% Mo*V! and 32% Mo*V. Thus, the 3ML catalyst undergoes thermal
reduction at 550 °C in the absence of external reducing agents as previously reported for
crystalline a-MoOs by Firment and Ferretti [44]. To the best of our knowledge, we are first to

report this phenomenon for supported MoOs, and first to relate it to catalytic performance.

3.4.3 Isothermal CL-ODH in step mode

For CL-ODH, it is desirable to manage catalyst reduction in such a way that ensures
working in the ethylene selective regime. The redox catalyst should not be reduced to MoO- but
rather only to Mo*V to maintain high selectivity. Such knowledge can be used in the effective
design of the CL-ODH process that will ensure optimal utilization of the catalyst. The
MoOs/Al203 catalysts were tested in isothermal CL-ODH mode with 3, 5, and 10 mL ethane
steps and re-oxidation between the steps. Data recorded at 500, 550 and 600°C can be found in
Supporting Information. Under these conditions, ethane conversion was 5-35 % depending on
temperature, step size, and catalyst. In general, smaller steps result in greater ethane conversion.
Ethane conversion also increases with MoOs loading, but ethylene selectivity decreases with the

increasing conversion. The calculated spent oxygen never exceeded 10% on a MoQO3 basis;
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therefore, the condition found in our XPS study was satisfied (average reduction of Mo*V' to

Mo™ only).

Ethylene selectivities at 500-600 °C clearly fall on separate lines for 0.3, 0.5-0.6, and >1
ML catalysts (Fig. 7a) irrespective of the support. Extrapolating to zero conversion, initial
ethylene selectivities of 98, 96 and 85% are observed for 0.3, 0.5-0.6, and >1ML catalysts,
respectively. In general, selectivity decreases with increasing ethane conversion because of
secondary reactions. CO selectivity (Fig. 7c¢) is a mirror image of ethylene selectivity—
increasing with conversion. Based on Wojciechowski's criteria [45,46], the finite COx and ethane
selectivities at near-zero conversion indicate that parallel ethane combustion and ODH pathways
exist on >1ML catalysts. On the other hand, direct combustion of ethane is negligible over the
0.3 and 0.5-0.6 ML catalysts because COx selectivity at near-zero conversion is close to zero.
Therefore, we infer that ethane ODH and ethane combustion are parallel reactions taking place
on different active sites, and sites responsible for direct ethane combustion become more
prevalent as Mo loading increases. Because ethylene has a higher affinity for the active sites than
ethane, it is combusted via secondary reaction, and this is the primary reason for selectivity
decreasing with conversion [1]. The slopes of the linear correlations decrease (become more

negative) with increasing Mo loading consistent with higher rates of ethylene combustion.

Differences between the alumina supports are small at 500 and 550 °C with respect to
selectivity-conversion trends. CL-ODH data obtained at 600°C (higher conversions) are more
scattered but still show greater selectivity of <IML catalysts over >1ML (Fig. 7a). When the CL-
ODH results are plotted as total hydrocarbon selectivity (including CHa, and other hydrocarbons,
Fig. 7b), the data are less scattered and are aligned more tightly to lines for 0.3, 0.5-0.6 and

>1ML catalysts. In step-mode CL-ODH, the greater conversion is achieved using smaller ethane
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steps; therefore, during runs that achieved lower conversions (at the same temperature) catalysts
were reduced more deeply than during runs with higher conversions. Because CH4 (and C3+
hydrocarbon) production is triggered by Mo in lower oxidation states (e.g., Mo*"Y) more deeply

reduced catalysts tend to produce more of these unwanted products.
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Figure 3.7. a: CL-ODH results for MoO3/Al»O3 catalysts: ethylene selectivity.
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For comparison, we performed O»-ethane co-feed experiments for 0.6 and 3ML/AI-G
catalysts at 550 °C with the same GHSV (1500 h!) as for CL-ODH. The results are presented in
Fig. 7 as half-green pentagons. The co-feed results follow a similar trend with conversion as high
loading (3ML) catalysts in CL-ODH. The 0.6ML catalyst shows a much greater advantage in
CL-ODH than co-feed when compared to the 3ML catalyst. Conversely, the 0.6ML catalyst
completely loses its selectivity advantage over the 3ML catalyst in co-feed mode. Heracleus and
coworkers reported 70% ethylene selectivity at 25% conversion for MoO3/Al,O3 catalysts (1-2
MLs MoOs/Al203) in O2 co-feed mode [11]. In our case, 85% selectivity was achieved at 25%
conversion for 0.6ML catalyst showing that better selectivity is achievable in cyclic redox mode
when compared to conventional co-feed mode. In both cases, selectivity at near-zero conversion
is high (~95%), although it is apparent from our data that the decrease in selectivity with
conversion is slower in CL-ODH than in co-feed mode. In other words, secondary oxidation of
ethylene to COx has a greater rate in a co-feed mode where gaseous oxygen is present. Others
have inferred that adsorbed oxygen species provide deep oxidation and lattice oxygen is more
selective to partial oxidation of olefins [20,21]. The second effect that controls selectivity is Mo
oxidation state under working conditions. The distribution of oxidation states at a steady state in
co-feed mode is a function of operating conditions, such as ethane/O; ratio and temperature, and
reduced sites are always present in some quantity [13]. Therefore, the loss of selectivity for
0.6ML catalyst, and the lack of sensitivity of 3ML to co-feed vs. CL-ODH mode can be

explained by the presence of reduced Mo and adsorbed oxygen species.

Methane, C3+ hydrocarbons and H, (Supporting Information) are present in significant
quantities only when O consumption exceeds ~4% on a MoOs basis. The formation of these

products does not correlate with the conversion but with the increasing degree of reduction of the
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catalyst (Fig. 8) in excellent agreement with our XPS results. Interestingly, the 0.3ML/AI-C is
more sensitive to oxygen loss than its two higher loading analogs. Two types of adsorbed H> are
possible on reduced catalysts: (1) irreversibly adsorbed hydrogen in form of OH groups that
cannot be desorbed as H2 and (2) reversibly adsorbed hydrogen that can be desorbed as H> [47].
The reversibly adsorbed hydrogen was previously directly related to oxygen vacancies in Mo
lower oxidation states [47]. Our XPS and CL-ODH results indicate that H2 is produced in
appreciable quantities only after significant reduction of the catalyst. This indicates that C-H
bonds are cleaved, and subsequently H. desorbed from partially reduced MoOx/Al>Os catalysts;
however, H, forms water preferentially if the catalyst is fully oxidized. We suggest that Mo*Y
and MoV are the active sites responsible for ethane/ethylene combustion and ethane
hydrogenolysis, respectively. In the ODH pathway, the C-H bond is activated (and hydrogen
cleaved) by bridging (or terminal) oxygen associated with Mo*V! centers, whereas ethane
combustion involves Mo*V centers. Cleaved hydrogen can be either combusted when the catalyst
is nearly fully oxidized or desorbed as hydrogen and/or utilized in ethane hydrogenolysis when

the catalyst is reduced significantly.

A reaction scheme that accounts for the major sequential steps in ethane CL-ODH is
shown in Fig. 9. Ethane activation (Fig. 9a) is proposed to occur via an adaptation of previously
published mechanism [1]. Hydrogen atoms are cleaved from ethane and form an OH group and
H bound to a Mo center [47] (Fig. 9b). Because bridging Mo-O-Mo species exchange with 20,
more readily than terminal Mo=0O species in zirconia-supported molybdena [33], we propose
Mo-O-Mo as likely the more relevant site for ethane activation. The increasing surface density of
Mo leads to the growth of supported polymolybdate domains, and the density of Mo-O-Mo

linkages increases [33]. Water desorption (Fig. 9b) produces 2 Mo*" that can serve as a new type
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of active site (e.g., for combustion). Also, Mo* can disproportionate into Mo*V' and Mo*'V [43]
(Fig. 9c-d). Because Mo*Y and especially Mo*" sites are metallic in nature, they bind alkanes

and alkenes more readily [38] leading to deep oxidation or hydrogenolysis.

6 - = 0.3ML .
] ® 0.5-0.6ML ;
5 - e >IML -

CH, Selectivity (%)

Oxygen lost (%)

Figure 3.9: Dependence of methane selectivity on oxygen removal for MoO3/Al-C catalysts.
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Figure 3.10: Proposed reaction scheme. (a) Activation of ethane leading to ethylene production, (b) water
desorption, (c-d) disproportionation reaction of 2 Mo*V sites producing Mo*"V and Mo*V'. Surface-bound
polymolybdate is represented as a linear chain although it is known to form 2D domains.

Because for >1ML catalysts reduced Mo sites can be produced via thermal reduction,
Mo*Y and/or Mo*'"V species may be present prior to the ODH step lowering ethylene selectivity.
The thermal reduction of the 3ML catalyst suggests that lattice oxygen is labile and reactive.
During thermal reduction, oxygen must be released; thus, adsorbed oxygen states and oxygen
vacancies are likely to be present as intermediates, and those species are thought to be
responsible for deep oxidation [20,21]. Furthermore, we suggest that Mo*™V species (oxygen
vacancies) spontaneously produced at reaction temperatures may be active sites responsible for
direct ethane combustion, especially considering that dissociative adsorption of alkanes proceeds
more facilely on reduced Mo oxide [38]. High dispersion of active Mo species is desirable for
ethane ODH because interaction with the support enhances activity and selectivity [1,10]; yet,
the nature of the MoOx-support interaction is still under debate. From the fact that <1IML catalyst

is thermally stable at 600°C, we infer that the MoOx-support interaction provides stabilization for
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Mo*™V!: effectively modifying the Mo-O bond strength that is then more favorable for selective
oxidation of ethane to ethylene. We speculate that bridging Mo-O-Mo bonds (rather than

terminal) in 2D polymolybdate structures participate in ethane CL-ODH.

In order to evaluate the stability of MoOs/Al,O3 catalysts during CL-ODH, spent
catalysts were analyzed after full CL-ODH testing (multiple ethane steps at all 3 reaction
temperatures) and reoxidation. XRD patterns (Supporting Information) are similar for each
catalyst before and after CL-ODH. BET, XPS, ICP analyses of selected spent catalysts are given
in Table 1. ICP-OES analysis showed that Mo losses were in general very low in the range 2—
6.5%, except 3AML/AI-G which lost 27 % of its original Mo content. BET analysis indicates a
significant loss of surface area only for the 2.0ML/AI-G catalyst. The Mo 3d XP spectra are
virtually indistinguishable from those of calcined samples indicating the presence of only Mo*V!
(see Supporting information for spectra). XPS suggests that the <1ML catalysts remained well
dispersed after CL-ODH; 0.6ML/AI-G showed equal Mo/Al ratio before and after testing,
0.5ML/AI-C showed a 12% increase in Mo/Al ratio (dispersion). Raman spectra (Fig. 2) show
that the MoOx surface species remained similar after CL-ODH. Spectra of fresh and spent
0.6ML/AI-G catalysts are virtually identical. In the case of 0.5ML/AI-C sample, the relative
intensity of 980 and 820 cm™ bands changed showing greater polymerization of molybdate
surface species in spent samples [10]. The fresh 0.5ML/AI-C sample showed better MoOx
dispersion than any other catalyst, but this advantage was lost during redox cycling. This may
explain why the different <IML and >1ML MoOz3/Al,03 catalysts follow similar selectivity
trends with the conversion. In contrast, for 0.5ML/AI-E catalyst the Mo=0 band shifted from
1000 to 970 cm™ showing a lower degree of polymerization of the surface species in the spent

catalyst. We speculate that this is because the 0.5ML/AI-E has the lowest Mo surface density
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(Table 1). It is known that the degree of polymerization of MoOy increases with Mo surface
density [32]. Spectra of >1ML fresh and spent catalysts are identical except spent catalysts show
an additional band at 936 cm™. The origin of this feature is not clear, although it is close to the

position of the heptamolybdate moiety (939 cm?) [48].

3.5 Conclusions

Submonolayer MoOs/Al,Oz catalysts contain 2D polymolybdate species; at higher
loadings (>1ML) the bulk Alo(MoO4)s phase predominates. Al-C (boehmite prior to calcination)
provides better initial MoOx dispersion than Al-E and Al-G. Even after the extended reduction in
ethane at 550°C, the 0.6ML/AI-G catalyst retains about 25% Mo*V'. In contrast, Mo*V! in the
3ML/AI-G catalyst is rapidly consumed, and its concentration approaches zero eventually. Initial
high selectivity toward ethylene in CL-ODH corresponds to the reduction of Mo*Y! to Mo*V.
Subsequently, lower oxidation states (Mo*Y Mo*™'V) trigger production of H, and CH4 resulting in
substantial selectivity loss. In cyclic redox mode at 500-600°C, the <1IML catalysts exhibit high
ethylene selectivity that decreases linearly from 96% at near-zero conversion to 82% at 29%
conversion. The >1ML catalysts generally provide higher conversions with 10-18% lower
selectivity under equivalent conditions. Secondary ethylene combustion is responsible for the
decrease in selectivity with increasing ethane conversion. Ethane ODH and ethane combustion
are parallel reactions over the >1ML catalysts. Lattice oxygen in >1ML catalysts is more labile
than oxygen in the 2D polymolybdate species comprising <1ML catalysts. Moreover, >1ML
catalysts reduce spontaneously at reaction temperature forming Mo*V sites. In Oz-ethane co-feed
mode, ethylene selectivity drops to <50% at 46% conversion for 0.6ML/AI-G (owing primarily
to increased CO production), but selectivity is virtually unaltered for 3ML/AI-G. We propose a

selective CL-ODH pathway in which C-H bonds are activated and hydrogen cleaved at bridging

68



Mo-O-Mo sites in 2D polymolybdate structures. Cleaved hydrogen can be either combusted
when MoOy catalyst is nearly fully oxidized or desorbed as H or potentially utilized in ethane
hydrogenolysis when the catalyst is reduced significantly. The MoOx-support interaction
modulates the reducibility (Mo-O bond strength) of the catalytically active species. Well-
dispersed polymolybdate structures in <IML catalysts are less reducible than >1ML catalysts.
Catalysts with high reducibility (>1ML) are more active but less selective to ethylene due to

increased combustion of ethane and ethylene.
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Chapter 4. Enhanced dispersion of MoOs/y-Al,O3 catalysts

prepared by impregnation and calcination of boehmite

4.1 Abstract

Catalysts consisting of 0.3—2 monolayer (ML) equivalents of MoO3z supported on y-Al203
were prepared and characterized using N2 porosimetry, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and Raman spectroscopy, and H, temperature-programmed
reduction (TPR). Two supports were used for impregnation: y-Al.Oz and boehmite [y-AlO(OH)].
Impregnation of y-Al,O3 with <IML of MoOs leads to the formation of surface-bound
polymolybdate species; at >1ML coverage a-M0O3 and Al2(M00Qa4)s crystallites are formed after
calcination at 500 and 600°C, respectively. Capillary forces lower the vapor pressure of MoOs
during calcination preventing excessive loss via sublimation. Reducibility by H> increases up to
1ML and then decreases as a result of crystallite formation. The reducibility of Mo species
decreases in order: MoOx > a-MoOz > Al2(MoQOs)s. Using boehmite for impregnation
significantly enhances Mo dispersion on the y-Al2O3 support after calcination. XPS and Raman
indicate that MoOx is well dispersed in the calcined catalysts even at >1ML coverage (suggesting

multilayer formation) and bulk phase formation is suppressed.
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4.2 Introduction

The recent interest in partial oxidation of hydrocarbons resulted in the widespread use of
supported MoOs [1-7]. The most prevalent applications are ethane and propane oxidative
dehydrogenation (ODH) [8-10], and selective oxidation of alcohols to aldehydes [11-13]. The
form of Mo oxide on the surface has a significant impact on activity and selectivity of supported
MoO3 catalysts. Thus, the evolution of different Mo phases with respect to loading and
calcination temperature was subject to numerous investigations [4,6,14—-16]. Chen et al. showed
that activity and selectivity in propane ODH depend strongly on Mo surface density [16,17], we
reported similar findings for chemical looping (oxygen-free) ethane ODH [18]. Massoth, et al.
reported [19] that the reducibility by H> of surface-bound molybdate increases with Mo loading

due to enhanced interaction between the support and MoOs.

The main aim of this study was to prepare and characterize MoOz3/Al;O3 catalysts for
reactivity and thermal stability investigations in follow up studies. BET, ICP-OES, XRD,
Raman, and XPS were used to probe the nature of Mo on catalysts, and H, TPR was used to
investigate the reducibility. Two supports — y-Al203 and boehmite AIO(OH) phase — differing in
structural and chemical properties were compared. These two supports vary widely in their
ability to provide uniform Mo dispersion, especially at high Mo loadings (>1ML). To best of our

knowledge, such a direct comparison is missing in the literature.
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4.3 Experimental
4.3.1 Catalyst preparation

MoOs/Al>03 catalysts were prepared by incipient wetness impregnation. y-Al.O3 (Grace
Davison, labeled Al-G) and boehmite AI(OH)O Catapal A (Sasol, labeled Al-C) were used in
this study. The supports were dried at 110°C overnight prior to use. In order to determine the
incipient wetness point, the required amount of water was calculated based on the test using DI
water and each alumina. The Mo precursor (ammonium molybdate tetrahydrate, Sigma-Aldrich)
was dissolved in DI water, the solution was added dropwise to alumina, and the resultant paste
was dried at 110°C overnight. The dried powder was calcined at 500 or 600 °C for 3 h in a quartz

tube inside a tube furnace with constant flow of dry air (1 L/min).

4.3.2 Catalyst characterization

Detailed characterization routines were published elsewhere [20,21]. Briefly, a
Micromeritics ASAP 2020c instrument was used to measure surface areas and pore size
distributions by N2 adsorption at 77 K. Specific surface areas and pore size distributions were
calculated using 5-point Brunauer—-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH)
method, respectively. Powder XRD patterns were measured on a Rigaku SmartLab X-ray
diffractometer (Cu Ka source with A = 0.1542 nm, operated at 40 kV and 44 mA). A PHI 3057
XPS system equipped with a spherical capacitor analyzer (PHI 80-865A) and a dual-anode X-ray
source (PHI 04-548) was used to measure XP spectra. Al Ka incident radiation was used, and
binding energies were referred to Al 2p peak at 74.5 eV, as suggested by Spevack [22].
Inductively coupled plasma atomic emission spectroscopy (ICP-OES) was conducted at the

Environmental and Agricultural Testing Service at North Carolina State University.
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H> Temperature programmed reaction (TPR) measurements were performed using a
Micrometics ASAP 2920 instrument. Gas composition was monitored using a calibrated thermal
conductivity detector (TCD). 150 mg of catalyst was loaded in a quartz sample U-tube. Catalysts
bed was held in place by two quartz wool plugs, and the temperature of the bed was measured by
Type K thermocouple. The sample was ramped up to 800°C in 5% Ha/Ar (AirGas) at 10°C/min.

Detailed H> TPR experimental conditions can be found elsewhere [21].

4.4 Results and discussion
4.4.1 Catalyst characterization

The intended bulk compositions, measured bulk and surface compositions, and BET
surface areas of the calcined catalysts are provided in Table 1. The MoOs/Al>Os catalysts are
designated by the MoO3z ML equivalents, the support (G or C), and calcination temperature. A
surface density of 5.0 Mo/nm? equals 1 ML equivalent [9]. ML equivalents were calculated from

Mo elemental analysis (ICP-OES) and BET surface areas of calcined catalysts.
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Table 4.1: Compositions and BET surface areas of MoO3/Al,O3 catalysts.

Pore Intended

sample D | iy vohmer R Moos s oS Knciimah
Al-G500 183.8 0.766 168 0 0 - -
Al-G600 183.4 0.792 173 0 0 - -
0.6ML/AI-G500 187.2 0.568 121 13.0 0.58 0.071 0.049
0.6ML/AI-G600 182.3 0.724 159 13.0 0.57 0.073 0.052
1.1ML/AI-G500 146.8 0.570 156 23.0 11 0.118 0.081
1.6ML/AI-G500 148.3 0.446 120 30.9 16 0.112 0.137
1.9ML/AI-G600 150.8 0.502 133 30.9 1.9 0.116 0.191
Al-C600 243.7 0.423 69 0 0 - -
0.3ML/AI-C600 2254 0.346 61 8.5 0.31 0.051 0.030
0.6ML/AI-C600 224.3 0.322 58 13.6 0.64 0.087 0.061
0.9ML/AI-C600 213.7 0.308 58 245 0.87 0.164 0.100
1.9ML/AI-C500 166.5 0.233 56 35.2 19 0.364 0.209
1.8ML/AI-C600 162.7 0.312 76 35.2 1.8 0.427 0.191

3 p/psa=0.98, ® 4V/A, ¢Based on ICP-OES analysis and BET: 1 ML = 5.0 Mo nm? [9].

<1ML Mo loading resulted in a small loss of surface area, and >1ML loading led to
significant loss of surface area. More information about the porous structure of the catalysts was
gathered from the analysis of N> physisorption isotherms at 77 K. Adsorption-desorption
isotherms are provided in Supplementary information and are Type V for all studied catalysts
[23]. Pore size distributions of the catalysts using the BJH model are shown in Fig. 1. The
v-Al203 supports (including boehmite after calcination) and MoOs/Al.O3 catalysts are
mesoporous [23]. Impregnation of the support with MoO3 led to a gradual decrease in pore
volume (Fig. 1) seen as a decreasing area under the curve. This may be interpreted as the partial
filling of the pores by dispersed MoOx. After calcination at 500°C the distribution maxima (145
A) remains unaltered (Fig. 1a) only the pore volume decreases for Al-G supported samples. On
the contrary, calcination at 600°C led to a shift of the distribution of 1.9ML/AI-G600 catalyst to

lower pores sizes (maxima 110 A), but for 0.6ML/AI-G600 no shift was observed. It is also
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apparent that the pore volume loss is mainly because of the partial filling of larger pores (>140
A), but the pore volume of small pores (<100 A) remains almost unaltered. The Al-C support has
a different texture (Fig. 1b) — the mean pore size is smaller, impregnation even with sub-
monolayer coverage of MoOx leads to decrease in mean pore size and an increase in the volume
of small pores (<50 A). Although the region for micropores (<20 A) was not measured in the
isotherms, it is apparent that some portion of pore volume falls into this category for Al-C
supported catalysts evidenced by non-zero intercept at lowest measured saturation pressure
(corresponds to =20 A). The microporous volume was estimated based on the difference between
total pore volume (at p/psar=0.98) and BJH cumulative pore volume at 20 A as 0.5-2.2% of total
pore volume for MoO3/Al-C catalysts. On the contrary, Al-G supported samples have very little
pore volume in small pores (<50 A). A small decrease in mean pore size for Al-C supported

samples with increasing loading is visible although not as pronounced as for Al-G.

ICP-OES results revealed that the catalysts contained between 84-98 % of the intended
Mo loading, and no apparent trend of Mo loss with intended loading exists; the small Mo deficits
can be attributed to MoOs sublimation during calcination. MoOs has a relatively high vapor
pressure at 600°C [24] which helps to spread out the MoO3 crystallites although it also poses a
risk of Mo loss due to sublimation out of the support. For sub-monolayer coverages, the oxide
wets the surface of the support and is anchored via Mo-O-Al linkages [5,25] which alleviates this
risk. From our data, it is apparent that even at supra-monolayer coverage the Mo content remains
stable within the support at 600°C. We hypothesize that it is because of the “capillary
condensation effect” in small pores which limits the sublimation of MoOs. Using the Kelvin
equation and surface tension for MoOs (0.2-0.3 J/m? [26], assuming 6=0°), the equilibrium

vapor pressure of MoOs in 145A-wide pores (typical for Al-G samples) is 67—77% and 70-79%
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of the bulk saturation pressure at 500 and 600°C, respectively. For 75A-wide pores typical for
Al-C it would be 47-60 and 51-64% at 500, and 600°C, respectively. This capillary effect makes
the MoOs inside the small pores significantly less volatile and therefore more thermally stable
avoiding significant losses during calcination. In the case of 600°C calcined samples, the supra-

monolayer MoOx is also partially converted to Al2(MoO4)s which is not as volatile [27].
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Figure 4.1: Pore size distributions of MoQ3 catalysts supported on (a) Al-G, (b) Al-C.
Based on adsorption isotherm, the BJH method.
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XRD was used to probe the crystalline phases in the calcined catalysts (Fig. 2). The
reflections at 67.3 and 45.6° (lit. 67.3, 45.7° [28]) common to all catalysts are attributed to the y-
Al>;O3 phase; thus 67.3° reflection was used to normalize the patterns. Additionally, a broad
cluster of reflections between 30-40° is also attributed to the y-AlOs phase [28]. These
reflections are more pronounced for Al-G supported samples than for Al-C suggesting that the y-
Al>O3 phase in Al-G is better crystallized. The same can be inferred from the width of the peaks
at 67 and 46° — the peak for AI-G is narrower when compared to Al-C showing better

crystallization (larger crystalline domains) of the y-Al2Os phase.

All >1IML/AI-G catalysts shows reflections of Mo bulk phases as expected — catalyst
calcined at 500°C containing a-MoOs (characteristic reflections 12.8, 23.3, 25.7, 27.3°) which
reacted with the alumina at 600°C forming Al2(MoQO4)3 with reflections at 15.6, 20.8, 22.1, 23.2,
23.4, 254, 26.2, 30.8°, etc. (lit. 15.6, 20.8, 22.1, 23.3, 23.5, 25.4, 26.3, 30.8° [29]). Patterns of
<1ML/AI-G catalysts contain (if any) very weak reflections of Mo bulk phases showing the well-
dispersed nature of the supported MoOx. In the case of 0.6ML/AI-G500 catalyst, reflection
around 23° may suggest a very low concentration of o-MoOz crystallites although this
assignment is not conclusive due to the lack of other characteristic reflections. On the other hand,
the 0.6ML/AI-G600 catalyst calcined at 600°C clearly contained a low concentration of
Al2(Mo04)s as evidenced by weak reflections characteristic for this phase. The intensity of
reflections of bulk Mo oxide phases increases with increasing Mo surface density as expected
(Fig. 2a). The mean crystallite sizes estimated via Scherrer equation are 12.7 [a-M00Os], 13.8 [a-
MoOz], 34.1 nm [Al2(M0O.)s], for 1.1IML/AI-G500, 1.6ML/AI-G500, 1.9ML/AI-G600,

respectively.
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As received Catapal contains boehmite phase AIO(OH) (Fig. 2b) with characteristic
reflections at 13.8, 28.1, 38.3, 49.2, 55.4, 64.9, and 72.0° in a good agreement with the reference
XRD pattern [30]. Upon impregnation and calcination, the boehmite phase was converted to the
y-Al203 phase as evidenced by reflections at 67° and 46° [28] and by the disappearance of
reflections characteristic for boehmite. The pattern of 0.6ML/AI-C600 catalysts does not contain
any other reflections evidencing that the supported MoOx is well-dispersed. The 1.9ML/AI-C500
catalyst shows characteristic reflections of a-MoQO3. The evolution of different phases with
respect to loading and calcination temperature is in excellent agreement with the literature

[4,6,14-16].
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Figure 4.2: XRD patterns of calcined MoOjs catalysts supported on (a) Al-G, (b) Al-C.
Traces are normalized on 67° alumina reflection.
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Raman spectroscopy can probe the nature of well-dispersed supported MoOx making it
especially useful for catalysts with sub-monolayer coverage. In general, Raman spectra of well-
dispersed supported MoOx is dominated by the band at 940-1000 cm™ assigned to terminal
Mo=0 bond and broad bands at ~850 cm™ characteristic to bridging Mo-O-Mo bond [4,25,31].
Spectra presented in this work were recorded under ambient conditions, therefore the surface
polymolybdate structures and band positions are affected by hydration [4]. However, the spectra

are still informative of polymerization of the molybdate [32].

Raman spectra (Fig. 3a) of the MoOs/Al-G catalysts under ambient conditions show the
evolution of the polymolybdate domains with loading and calcination temperature. The Mo=0
band shifts from 963 cm™ for 0.6ML/AI-G500 to 994 cm™ for 1.1ML/AI-G500 (Fig. 3a). This
shift is also accompanied by increasing intensity of Mo-O-Mo ~850 cm™ relative to the Mo=0
band showing increasing polymerization of polymolybdates with increasing Mo surface density
[4,32]. Although the 1.1ML sample has a surface density slightly exceeding a nominal
monolayer, Raman indicates that the predominant form remains well-dispersed surface-bound
polymolybdates. The 0.6ML/AI-G600 catalyst exhibits weak bands attributed to the Al2(M00Qa)3
phase, in agreement with XRD data (Fig. 2). This illustrates that at 600°C calcination
temperature, the support and MoOs can react to some extent even at sub-monolayer loading.
Also, the position of 963 cm™ bands shifted to 996 cm™, and the relative intensity of <850 to
~1000 cm™ bands increased indicating greater polymerization of polymolybdate after the 0.6ML
catalyst was calcined at 600°C. When the loading significantly exceeds 1ML on Al-G, the
dominant Raman features are bulk Mo oxide phases — either a-MoO3 at 500°C calcination
temperature (994, 819, 666 cm™, etc. [33]) or Alx(MoOa)s at 600°C (1000, 885, 820 and doublet

at 370-380 cm™ [4]). It is clear from band broadening that surface-bound polymolybdate species
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are still present even for catalysts where a-MoO3 or Al2(M0QO4)s are dominant Raman features.
The Raman scattering cross sections for Al2(MoOas)z and a-MoOs are expected to be much
greater than for surface polymolybdate species; therefore, the raw intensity of Raman bands have

little value for direct comparison of relative concentration of dispersed and bulk phases [4].

Raman spectra for Al-C supported samples are shown in Fig. 3b. The Mo=0O band
position redshifts as the Mo loading increases — 940, 966, 1003 cm™ for 0.3ML, 0.6ML, and
0.9ML/AI-C600, respectively. Also, the relative intensity of the Mo=0O and Mo-O-Mo bands
decreases with increasing loading which is interpreted as growth of the 2D polymolybdate
domain [4,32]. Xie, et al. assigned bands at 945, and 833 cm™ to hydrated 2D molybdate with >5
Mo units (MosO16% species) [32]. Our 0.3ML/AI-C600 catalyst shows bands at 940 and 830 cm™

which can be therefore assigned to polymolybdate species containing 5 or more Mo centers.

In agreement with the XRD data (Fig. 2), the Raman spectra of 1.9ML/AI-C500 catalysts
show characteristic bands of a-MoOs (994, 818, 666 cm™, etc. [33]). However, the 0-MoOs
content in this catalyst is clearly very low since the spectra are still dominated by bands of the
well-dispersed MoOx. More strikingly, the 1.8ML/AI-C600 catalyst does not show any bands of
bulk phases and is completely dominated by hydrated polymolybdate. Small crystallites of a-
MoO3 present at 500°C calcination temperature were perhaps dispersed (or sublimed) due to the
higher volatility of MoOz at 600°C. Since the loading is significantly higher than 1ML it is to be
expected that bulk Mo phases (either a-MoOs or Al2(Mo00Og4)3 at 500 and 600°, respectively)
would be the dominant Raman features in >1ML catalysts. This is indeed true for Al-G
supported catalysts but not in the case of Al-C. The lack of a significant quantity of bulk phases

at this loading indicates that the Al-C provides superior dispersion when compared to Al-G.
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We infer that AI-C provides greater dispersion when compared to Al-G because the
boehmite [AIO(OH)] phase was used for impregnation. When compared to y-Al203, OH groups
are more abundant in boehmite which may enhance the interaction of the supported Mo
precursor during impregnation and then drying, and calcination resulting in excellent dispersion.
This hypothesis is supported by the Raman pattern of 1.8ML/AI-C500/500 which is dominated
by a-MoOs bands and very well resembles the 1.6ML/AL-G500 catalyst (Fig. 3a, b). Before the
impregnation of this sample, the Al-C was pre-calcined at 500°C for 3h which effectively
converted the boehmite phase to y-Al20s. Thus, the Al-C then behaves very similar to Al-G and

the advantage of greater dispersion is lost.
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Figure 4.3: Raman spectra of calcined MoOjs catalysts supported on (a) Al-G, (b) Al-C.
Spectra were measured under ambient conditions.
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Surface compositions of the calcined catalysts were evaluated via XPS, and the results
are provided as Mo/Al ratios in Table 1. XP spectra of Mo 3d region (Fig. 4) was characteristic
by 3ds/, binding energy 233.0+0.1 eV, doublet splitting 3.15 eV, and area ratio of 3ds/, /3d3,=3/2
all indicates presence of Mo in oxidation state +VI in the as-prepared catalysts [6,22,34,35]. The
Mo 3d resolution improves with increasing loading due to greater Mo concentration but also
because the FWHM decreases with increasing loading — FWHM 2.8, 2.3, 2.1, and 2.0 eV was
found for 0.3, 0.6, 0.9, and 1.8ML/AI-C, respectively. Peak broadening is expected due to wide

distribution in the number of Mo units in polymolybdate domains at low Mo loading [36,37].

All <IML/AI-G catalysts show Mo surface enrichment when compared to the Mo/Al
ratios obtained via ICP-OES (Table 1). For >1ML/AI-G catalysts Mo via XPS is lower than via
ICP-OES indicating poor dispersion, and formation of crystallites at high loading. On the
contrary, all Al-C supported catalysts show significant Mo surface enrichment, including the
>1ML samples. This evidence suggests that in agreement with Raman data AI-C provides

superior dispersion when compared to Al-G.
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Figure 4.4: Mo 3d XP spectra of AI-C600 supported catalysts.

The XPS Mo/Al ratios are plotted against Mo surface density in Fig. 5. Expected XPS
Mo/Al ratios assuming that MoOx is dispersed in a 2D layer on the support were calculated based

on the equation published by Cumpson [38]:

Io/ 0.75
SECAE R
En(ls/s) [(ES 2}/’106056 in2 = In sinh 2Aqc0s6
S

where t is the thickness of MoOz overlayer (LML = 0.35 nm [39,40]); 4 attenuation length
of cation (Mo) photoelectrons in the overlayer; @ is the emission angle with surface normal (45°
used); lo, so and Is, ss peak intensities and sensitivity factors from overlayer and substrate,

respectively (Smo3d=9.5, sai2p=0.537 used, CasaXPS database); Eo and Es kinetic energy of their
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photoelectrons (Emo3i=1254 eV, Eap=1412 eV, XPS data). Mo electron effective attenuation
lengths were calculated for each thickness (ML) using the NIST Electron Effective-Attenuation-
Length Database software package (mean value 2.4 nm, NIST Standard Reference Database 82).

The equation was solved numerically, and results are shown in Fig. 5 as a blue line.

Al-G supported catalysts follow a similar trend to the one reported by Okamoto, et al.
[15]. Once the Mo loading reaches the nominal monolayer coverage (=5.0 Mo nm™ [9]) the
Mo/Al plateaus. This trend is interpreted as indicating that at supra-monolayer coverage
crystallites of a-MoOs or Alx(Mo0Os)z (after calcination at 500 or 600°C, respectively) are
present, as evidenced by XRD and Raman. The Mo/Al ratio reaches only 0.12 at >5 Mo-nm
although 0.22 is expected based on the assumption of uniform dispersion (blue line). This
discrepancy leads us to the conclusion that the MoOx layer does not cover the whole surface of
the alumina even at Mo surface densities considered to be <IML. In agreement with this
hypothesis, some crystallites were also observed in 0.6ML/AI-G600 and 1.1ML/AI-G500 via

Raman and XRD (Fig. 2, Fig. 3).

Strikingly, the Mo/Al ratios for catalysts supported on AI-C follow very closely
monolayer model of coverage even at >1IML loading. Apparently, this support can be “wetted”
completely by the MoOx layer, and a second layer can be effectively achieved on top of the
anchored primary layer. This interpretation is supported by Raman data (Fig. 3) which showed
no significant bulk phases present even at >1ML loading on Al-C. A low concentration of a-
MoO:s crystallites was found via Raman and XRD in 1.9ML/AI-C500 catalyst. This can be also
observed in the XPS data since the Mo/Al ratio was lower for 1.9ML/AI-C500 than for the
1.8ML/AI-C600 (Fig. 5). When the AI-C was calcined at 500°C prior to impregnation the

dispersion was greatly reduced (red dashed arrow in 5). Calcination prior to impregnation
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converted the boehmite phase to y-Al.O3, and yet even after this treatment this sample showed

better dispersion than catalysts supported on Al-G.
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Figure 4.5: XPS Mo/Al ratio with respect to Mo surface density. The red dashed arrow represents
a change of Mo/Al once the Al-C was calcined at 500°C prior to impregnation.

The reducibility of the MoOs/Al>Os catalysts was probed by H> TPR. Under the
conditions employed (T <800°C), MoOs reduces to only MoO: [41]. The TPR profiles for Al-G
supported samples are shown in Fig. 6a. The low-temperature peak near 500°C is assigned to the
reduction of surface-bound polymolybdate, and second dominant peak above 600°C to the
reduction of bulk phases MoOs or Al2(M00s)3 [41-43]. The amount of consumed hydrogen
increases with increasing Mo loading as expected. The position of the 2D polymolybdate peak
increases slightly with increasing loading. Sub-monolayer samples do not give rise to a second

peak because they do not contain bulk Mo phases, at least not in significant quantity. After
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calcination at 600°C (1.9ML/AI-G600), the second peak is greatly reduced when compared to a
comparable sample calcined at 500°C (1.6ML/AI-G500). This suggests that Al2(Mo00Qa4)3
produced at higher calcination temperatures is less reducible than a-MoOs3 crystallites present in
samples calcined at 500°C. Calcination of a 0.6ML catalyst at 600°C led to an overall decrease

in H2 consumption when compared to similar catalyst calcined at 500°C.

In the case of Al-C supported samples (Fig. 6b), the low-temperature peak (450-500°C)
is the dominant feature of all patterns. The first peak is attributed to the reduction of surface-
bound polymolybdate. In general >1ML catalysts supported on y-Al>O3 have a second clearly
pronounced peak around 600°C corresponding to bulk phases MoOsz or Al2(Mo00s)3 [41-43]
(seen also for Al-G supported catalysts in Fig. 6a). The lack of intense second peak in pattern of
Al-C supported catalysts at all loadings and dominance of the first peak suggest that the vast
majority of Mo is in dispersed surface form which agrees with our Raman, XRD and XPS

results.

Quantitative H> TPR results are shown in Table 2. TPR profiles were integrated from
330-800°C for total H> consumed, and the area of the first reduction peak corresponding to
polymolybdate was found via deconvolution. The reducibility of polymolybdate (first peak) in
Al-G supported samples seems to be very similar in all samples as evidenced by Mo oxidation
state in the range of 4.7-5.2; only slightly increased reducibility with increasing loading
(0.6ML—1.1ML) was observed. After reduction at 800°C, Mo oxidation states were in the 1.4—
4.2 range for Al-G supported catalysts. Such a broad range indicates that significant differences
in catalyst reducibility by H» exist. Mo reducibility increases up to a monolayer loading, and then
it decreases. Results seem to suggest that Mo bulk phases are less reducible than dispersed MoOx

— reduction peak of crystallites appears at higher temperatures and the resulting degree of
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reduction is lower for samples that contain a significant amount of bulk phases. After calcination
at 600°C (1.9ML/AI-G600) the reducibility is greatly reduced when compared to comparable
sample calcined at 500°C (1.6ML/AI-G500). This suggests that Al2(Mo0Qs)z produced at higher
calcination temperatures is less reducible than a-MoOs3 crystallites present in samples calcined at
500°C. Calcination at a higher temperature (600°C) clearly has a significant effect on the
reducibility; for both AI-G supported catalysts calcined at 600°C, the reducibility dropped
notably. Based on the H> TPR, and Raman/XRD results, we infer that reducibility of Mo species

by H. decreases in order: MoOx>a-M0oO3z>Al2(M004)s.

There is a difference in the position (temperature) of the first reduction peak for 2D
polymolybdates on the two supports: The peak maxima for catalysts supported on Al-G is
located at 465-480°C, and at 485-500°C for AI-C catalysts. This suggests that the MoO3
supported on Al-C is less reducible/reactive than on Al-G support. The first peak has greater
intensity and the second peak is less pronounced in >1ML/AI-C than for Al-G indicating a
greater amount of dispersed phase in Al-C catalysts. The trend of Al-C supported samples with
respect to Mo loading shows very clearly that the reducibility increases monotonously up to 1ML
coverage, and then it slightly decreases (Fig. 7). Massoth, et al. reported [19] that the reducibility
of surface-bound molybdate increases with Mo loading due to enhanced interaction between the
support and MoOz. Based on our Raman and XPS results, we infer that Mo that is in excess of
1ML forms a second layer on top of the primary anchored layer. Since the >1IML/AI-C catalysts
show lower reducibility than 0.9ML/AI-C catalyst, we suggest that the secondary MoOxy layer is
less reducible than the primary layer, although the difference in reducibility is small (H/Mo 3.7
vs. 4.1 for 1.8ML/AI-C600 vs 0.9ML/AI-C600 at 800°C). The lower reactivity of the multi-layer

vs. single layer of Mo oxide on y-Al>O3 was previously predicted via DFT calculations [44].
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Figure 4.6: H, TPR profiles of calcined MoO3/Al,O3 catalysts (a) Al-G, (b) Al-C (ramp rate 10 °C/min).
Dashed line: 500°C calcination, solid line: 600°C calcination.
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Table 4.2: Quantitative H, TPR results of MoOs/Al,O; catalysts.

H, consumption (cm3 g?) H/Mo! Oxidation state?
Catalyst

1st peak  330-800 °C 1stpeak 800°C | 1stpeak 800 °C
0.6ML/AI-G500 10.8 37.6 1.1 4.0 4.9 2.0
0.6ML/AI-G600 7.7 31.7 0.8 3.2 5.2 2.8
1.1ML/AI-G500 194 66.6 1.3 4.6 4.7 14
1.6ML/AI-G500 22.2 81.4 1.0 3.7 5.0 2.3
1.9ML/AI-G600 20.8 49.3 1.0 2.3 5.0 3.7
0.3ML/AI-C600 2.6 10.3 0.4 1.6 5.6 4.4
0.6ML/AI-C600 10.0 31.3 0.9 2.7 51 3.3
0.9ML/AI-C600 31.1 69.6 1.8 4.1 4.2 1.9
2ML/AI-C600 42.7 100.1 1.6 3.7 4.4 2.3
2ML/AI-C500 429 94.8 1.5 3.3 4.5 2.7

(1) Mo calculated from ICP-OES results, (2) Cumulative oxidation state calculated
as 6-(H/Mo). Hz consumption for the first reduction peak was found via
deconvolution of the spectra in OriginPro.

1ML

4.5
4.0

3.5+

® H, 1stpeak
¢ H, 330-800°C

Ol = = — = = = —

6 7

Mo surface density (Mo nm)

10 11

Figure 4.7: Dependence of reducibility of MoO3/Al-C catalysts with respect to Mo surface density.
Reducibility measured as H/Mo ratio from H, TPR. MoOs/Al-C calcined at 600°C presented.
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4.5 Conclusions

In agreement with the literature, we have found that at <IML loading catalysts consist
mainly of well-dispersed surface-bound polymolybdate species, and at >1ML loading a-MoOs3
and Al2(Mo00Og4)s crystallites are formed for 500°C, and 600°C calcination temperature,
respectively. The reducibility by H> increases up to 1ML and then decreases as a result of
crystallite  formation. The reducibility of Mo species decreases in order: MoOx>o-
MoO3z>Al>(M00s4)3. Using a boehmite precursor for impregnation significantly enhances the
dispersion of MoOx on the y-Al2O3 support after calcination. Boehmite converts to y-Al2O3
during the calcination at 500-600°C yet even at >1ML loading calcined catalysts do not show
bulk phase in any significant quantity. Moreover, XPS indicated that when boehmite is used for
impregnation Mo was dispersed on the calcined catalysts even at >1ML loading suggesting that
more than one layer of MoOx can be achieved on this support. When y-Al2O3z was used (or
boehmite was calcined before the impregnation) Mo in excess of 1ML formed a-MoO3 and
Al>2(Mo04)s crystallites. We suggest that the enhanced dispersion achieved using boehmite as the

impregnation support is due to the interaction of boehmite OH groups with Mo precursor.
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Chapter 5: Reactivity of ethane, ethylene, and ethanol on

MoO3/Al,O3 catalysts

5.1 Abstract

MoO3/Al>03 catalysts were investigated using temperature-programmed surface reaction
(TPRS) and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) with ethylene,
ethane, and ethanol as probe molecules with the aim to elucidate possible intermediates and
active sites relevant in ethane oxidative dehydrogenation (ODH). At room temperature, ethylene
absorbs only on defect sites on MoO3s/Al,O3 with site density 2.4-2.6-102 per nm?. The main
surface reaction product is CO», and we suggest that oxygen-deficient Mo centers act as ethylene
adsorption sites. Ethane adsorbs on both alumina and MoOs/Al,Oz catalysts at even lower
surface densities than ethylene, but the adsorption sites and adsorbed intermediates seem to be
closely similar for both ethane and ethylene. Acetaldehyde is the main surface reaction product
of surface ethoxy species formed from ethanol adsorption on MoOs/Al>Os. With increasing Mo
loading the acetaldehyde desorbs at lower temperature consistent with the greater reducibility of
higher loading (>1 monolayer) catalysts. Negligible ethylene is formed from surface ethoxy on
MoO3/Al>0s catalysts, and ethoxy is rapidly further oxidized to oxygenates before eventually
combusted to CO,. Reaction sequence of ethoxy on MoOs/Al,0Oz catalyst was found to be:

ethoxy(a) — acetaldehyde(a, g) — acetate(a) — formate(a)+CO2(g) — carbonates(a) — CO2(Q).
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5.2 Introduction

Ethylene is by far the highest volume organic building block in the chemical industry [1].
Most of the ethylene is then used in polymer production — either directly polymerized in to
polyethylene or used as feedstock in production of other plastic precursors such as styrene,
ethylene oxide, vinyl chloride, vinyl acetate etc. [1] Today, steam cracking of hydrocarbons
feedstock is the most widely used process for ethylene production. This endothermic pyrolytic
process requires very high temperature (800°C+) and is therefore very energy demanding and
also a significant source of greenhouse gas emissions [2]. Oxidative dehydrogenation (ODH) of
ethane offers large potential reductions in energy consumption and greenhouse gas emissions, for
instance, in a cyclic redox mode [i.e., chemical looping (CL)] process simulations have shown an
overall reduction in energy demand and CO. emissions by 82% when compared to steam

cracking [3].

Although supported MoOs catalysts are widely studied in the literature [4-10], the
mechanism of ethane ODH over Mo oxide catalysts is still under debate in the literature. At low
temperatures where heterolytic C-H cleavage dominates, the reaction is believed to follow a
Mars-van Krevelen mechanism [1,11]. It is well established that the rate-limiting step is C-H
bond cleavage mediated by surface sites [1,12,13] yet a consensus regarding the active Mo
species has not been reached yet. Some authors infer that the C-H bond is cleaved by the
terminal Mo=0 group [14,15]; others suggested the bridging oxygen Mo-O-support as the active
site [7] [16], and the bridging Mo-O-Mo bond is considered as well [17]. First and maybe the
most important question is what the adsorbed species is if any after the initial C-H bond
cleavage. One of the main limiting factors of catalyst performance in ethane ODH is ethylene

combustion. After formation, ethylene can be further catalytically oxidized to more
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thermodynamically favorable combustion products (COx) which limits selectivity at high ethane
conversions [1,8,18,19]. The active sites responsible for ethylene combustion are also still under

debate.

Some researchers suggested that selective (ODH) and unselective (combustion) pathways
have a common intermediate — adsorbed alkoxide [20-22]. In contrary, others have arrived at the
conclusion that each pathway has its own intermediate [23-25], alkoxide is again suggested as an
important intermediate — once as an combustion site with a double sequential surface-mediated
dehydrogenation as the selective ODH pathways (without R-O or R-M bonding) [26]; in
contrary, alkoxide was also considered intermediate of selective ODH pathway with adsorption
on metal (R-M) as the combustion pathway [24]. It is noteworthy that studies suggesting ethoxy
as and selective intermediate in ethane ODH support the claim only via IR observation of a very
weak acetaldehyde band. The ethoxide itself was not detected [21] and neither is the
acetaldehyde band assignment conclusive. A recent DFT study [27] showed that on a-MoOs
(010) two ethane physisorption modes are available — “horizontal and vertical” adsorption.
Vertical adsorption leads to the formation of ethoxide with following competing production of
acetaldehyde and ethylene, whereas horizontal adsorption leads to selective production of
ethylene. Notably, in the horizontal adsorption pathway ethane and following intermediates are
only weakly adsorbed (physisorbed) on the surface, and this pathway was found to be the least
energy demanding. The authors of this DFT study are not first to suggest only physisorbed

ethane-ethylene intermediates [26].

The aim of this study is to provide greater insight into the adsorption sites and reactivity
of ethane, ethylene, and ethanol on MoO3/Al2Os catalysts. Since the very first step of the ethane

ODH mechanism is the rate-limiting one, it is very challenging to investigate steps that follow
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the C-H cleavage [28]. To bypass the C-H cleavage as a rate-limiting step, it was suggested to
use reactive analogs of expected intermediates as probe molecules [24]. If ethylene production
has adsorbed ethoxide as an intermediate that some research suggests [20-22], ethanol is an
obvious choice for probe molecule since it dissociatively adsorbs in form of ethoxide on MoOs
[29,30]. In this study we investigated the adsorption and reaction of ethylene, ethane, and ethanol
on MoOs/Al;O3 catalysts using temperature-programmed surface reaction (TPSR) and in situ

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS).

5.3 Experimental

Al-G600, 0.6ML/AI-G600, and 1.6ML/AI-G600 catalysts were used in this study.
Preparation and characterization of those catalysts are described in detail in Chapter 4:. The
MoOs/Al;0s catalysts are labeled by the number of MoOs monolayer equivalents and calcination
temperature. The surface density of 5.0 Mo/nm? is considered to be equal to 1 monolayer

equivalent [31].

C2H4, C2Hs and Ethanol TPSR. Heating ramps were kept at 10°C/min throughout the
whole procedure. To ensure full oxidation, dehydration and to remove possible atmospheric
contamination each catalyst was pretreated in situ at 600°C in 10% Oz/balanced He for 30min
prior to the adsorption of the probe molecule. In the case of Ethylene TPRS, 5% Ethylene
balanced Ar (50 mL/min) was then flown through the catalyst bed for 30 mins at 25°C. In the
case of Ethane, 5% Ethane balanced He (50 mL/min, 30 mins at 25°C) was used. In the case of
Ethanol TPSR, the catalyst was held at 100°C and 10 pulses of He saturated with ethanol vapors
were injected using 0.511 mL injection loop. 10 pulses were enough to fully saturate the catalyst
evidenced as constant peak area of ethanol in the effluent gas (via QMS). The He (25 mL/min)

was saturated by ethanol in vapor generator. The flask containing ethanol dried over 4A
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molecular sieves was held at 70°C and He was bubbled via stainless steel diffusion stone through
the liquid. The reflux condenser was kept at 60°C, thus the resulting gas can be considered
saturated by ethanol vapors at this temperature (partial ethanol pressure 46.8 kPa, 47 mol. % at
latm). All lines throughout the instrument were kept at 110°C to prevent condensation and
adsorption on tube walls. After adsorption of probe molecule (ethylene, ethane or ethanol) the
catalyst was purged at adsorption temperature (25 and 100°C, for ethylene/ethane and ethanol,
respectively) for 120 mins to remove weakly adsorbed molecules and to purge the system. Then
catalysts were heated under He flow (25 mL/min) at ramp rate 10°C/min up to 700°C and the
effluent gas was monitored via online QMS. The ethylene (m/z = 26), ethanol (m/z = 31), CO-
(m/z = 44), CO (m/z = 28), acetaldehyde (m/z = 29), water (m/z = 18), acetic acid (m/z = 60),
oxygen (m/z = 32), and Hz> (m/z = 2) signals were monitored. The m/z = 26 signal was corrected
for the ethanol and acetaldehyde contribution, the m/z = 44 signal was corrected for

acetaldehyde, and m/z = 29 for ethanol contribution.

Ethanol TPSR - In situ DRIFTS. All DRIFTS spectra reported here were taken at room
temperature under a constant flow of He (50 mL/min). The catalyst was pretreated in situ in He
(50 mL/min) at 450°C for 90min. After cooling to 25°C first spectra was taken (used in
difference spectra). After heating to 100°C catalyst was saturated by ethanol. A homemade
bubbler was used to saturate He (50 mL/min) with ethanol (dried over molecular sieves) vapors
at room temperature (approx. ethanol partial pressure 7.9 kPa, 7.8 mol. %). Ethanol saturated He
flowed through catalyst bed until no difference in DRIFTS spectra could be found (=30min).
Catalyst (at 100°C) and the system lines were then purged by He (50mL/min) until no change in
spectra could be found (=90min). The catalyst was then cooled to room temperature (in He flow)

for spectral scan and then heated to 150°C (10°C/min, 10min hold) after which it was cooled
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back to 25°C and scanned again. This procedure was repeated until 450°C with a 50°C increment
was reached. Spectra at each temperature were taken but scans at room temperature provided the

best results, therefore, they are reported exclusively.

5.4 Results and discussion
5.4.1 Ethylene and Ethane

After ethylene adsorption at 25°C, CO> and ethylene were the main desorption products
(Fig. 1). Oxygenates, such as ethanol and acetaldehyde, were not detected. The only catalyst that
showed significant ethylene desorption was alumina that showed two desorption peaks, one
sharp peak centered at 86°C and second broad desorption peak with maxima at 350°C that
extends from 200°C to 500°C. Both ethylene peaks are greatly reduced on MoO3/Al>,O3 catalysts
(inset in Fig. 1b) indicating that alumina sites responsible for these peaks are covered on the
surface by MoOx overlayer—even for 0.6ML catalyst that has still hypothetically 40% of the
alumina surface exposed. This suggests that the sites responsible for ethylene
adsorption/desorption on alumina are preferentially covered by MoOx domains. The main
reaction product from MoO3/Al>Os catalysts is CO2. The 0.6ML catalyst has a very weak low-
temperature peak at 60°C that coincidences with very low-intensity ethylene desorption (inset in
Fig. 1b). This CO. peak is non-existent for the 1.9ML and alumina catalysts suggesting a
synergistic effect of residual alumina sites with MoOx redox sites. All 3 catalysts show a CO>
desorption peak with maxima at 400-410°C and the intensity of this peak increases with
increasing Mo loading. In the case of 0.6ML catalyst, this peak is a shoulder on a higher
temperature CO> desorption peak (deconvoluted components are shown by dashed red line in
Fig. 1). The 0.6ML catalyst exhibits the main peak at 547°C that appears to be unique to this

catalyst although 1.9ML catalyst has high-temperature shoulder extending to this region. The
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temperature of CO> desorption follows the expected order of polymolybdate reducibility [32] —
catalyst with more reducible polymolybdate (1.9ML) desorbs CO, at lower temperatures because

it can oxidize the adsorbed hydrocarbon species more easily.

In order to estimate the site density, CO and ethylene desorption traces were integrated,
and the results are summarized in Table 1. Site density is reported with respect to adsorbed
ethylene — stoichiometry ethylene/site=1, CO./site=2 was assumed; the latter assumption
considers ethylene as the primary adsorption species and CO; as a product of the subsequent
surface reaction. The site densities for ethylene adsorption are on the order of 10 per nm?, and
MoO3/Al>03 catalysts have roughly twice the site density as alumina. When we compare these
numbers to the Mo surface density (3, and 8 Mo/nm? for 0.6, and 1.9ML, respectively), it
becomes clear that sites responsible for ethylene adsorption are defects rather than majority
surface sites. Ethylene can adsorb on a surface in three basic ways — hydrogen bonding to
nucleophilic O atoms [33][34], on electrophilic centers (cations) via IT-bond interaction [35][36]
and on metallic sites [37]. The latter two provide stronger adsorption that would more likely

yield in adsorption seen in ethylene TPSR.

In the case of alumina, reactive (Ali, O) Lewis acid-base pair defects develop upon
dehydration of y-Al203, and methane and other hydrocarbons can be dissociatively adsorbed on
electrophilic Al centers [38,39]. Site densities of 1-2-102 per nm? were reported after annealing
between 500-600°C [40]. Our site density for ethylene adsorption on Al-G (pretreated at 600°C)
is 1.4-10°2 per nm?. This suggests that the ethylene adsorption sites are Lewis acidic Al centers.
These centers are suppressed in MoOx/Al20O3 catalysts, especially in the case of supra-monolayer
coverage; therefore, it is clear that another type of defect sites must be present there. MoO3 is

quite reactive and can form Mo*V even at room temperature under some circumstances [41-43].
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Mo*V has a high affinity to O, Ho, ethanol, and other hydrocarbons; the property that is used in
gas sensing applications [44,45]. It is, therefore, reasonable to assume that MoO3/Al.O3 has a
finite amount of defective reduced Mo sites present even at room temperature that can serve as
centers for ethylene adsorption. Ethylene adsorbed on MoOs/Al,O3 was desorbed as CO> almost
exclusively (Fig. 1) suggesting that these sites may play an important role in ethylene
combustion as an unselective pathway in ethane ODH, especially considering that at a higher

temperature and in presence of ethane reduced Mo sites are more prevalent.
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Figure 5.1: Ethylene TPSR results: (a) CO evolution (m/z=44), (b) ethylene evolution (m/z=26).

Table 5.1: Ethylene TPSR site densities.

# CO/ nm? # CoHi/ nm?  # sites/ nm?

Al-G600 5.5:10° 1.1-10% 1.4-10°
0.6ML/AI-G600 4.4-10° 1.4-10° 2.4-10°
1.9ML/AI-G600 4.9-10° 1.6-10° 2.6:102
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Ethane TPSR results are shown in Fig. 2. The only detectable reaction products were CO>
and ethylene. Ethane and oxygenates were not detected. As expected, the concentration of
desorption products is significantly lower after ethane adsorption than ethylene adsorption.
Alkenes bind to surfaces better than alkanes due to the reactivity of double bonds [1]. Based on
the low concentrations of desorbed products, it is clear that ethane adsorbs at room temperature
only on very reactive defects. Al-G600 shows CO: desorption peak at 365°C which appears at
about the same temperature and with comparable intensity as in the ethylene TPRS. Ethylene
peak at 237°C from ethane adsorption also resembles a closely analogous peak in ethylene
TPRS. The main difference between ethylene and ethane adsorption on Al-G600 is the lack of
low-temperature ethylene desorption peak for ethane. There is no analogous peak for ethane
confirming that ethane has much less affinity for the surface than ethylene. However, if ethane or
ethylene adsorb strongly on defect site the TPSR profiles are very similar suggesting that the

adsorbed species are similar for both ethane and ethylene — possibly ethyl bound to Al site.

The 0.6ML/AI-G600 catalyst shows a weak CO, peak at 60°C accompanied by very
weak ethylene desorption. The appearance of ethylene and CO, desorption and the lack of such a
feature in >1ML catalyst suggest a synergistic effect of residual alumina sites with MoOx redox
sites on 0.6ML catalyst. The second pronounced CO: desorption peak from 0.6ML catalyst
appears at 523°C with shoulder around 400°C both very closely resemble CO2 desorption peaks
in Ethylene TPRS (Fig. 1a) however the intensity is order of magnitude lower in Ethane TPRS.
Due to the close resemblance in shape and position of those peaks after ethane and ethylene
adsorption we infer that ethane and ethylene adsorb on site of the same type. 1.9ML/AI-G600
catalyst does not show any desorption products until CO2 desorption above 600°C. Desorption at

>600°C temperature needs to be interpreted with care since it is first time for the catalyst at such
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a high temperature. For instance, the CO> desorption can be sign of decomposition of naturally

present carbonate that does not come from adsorbed ethane.

Due to the lack of any significant desorption products from 1.9ML catalyst, we suggest
that ethane can strongly adsorb at room temperature only on alumina Lewis acidic Aly sites
either on alumina or MoO3/Al>O3 catalysts with submonolayer coverage. It appears that residual
alumina sites and redox sites from submonolayer MoO3/Al,O3 catalysts can lead to low-

temperature combustion of adsorbed ethane/ethylene species.

30 6
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Figure 5.2: Ethane TPRS results: (a) CO; evolution (m/z=44), (b) Ethylene evolution (m/z=26).

5.4.2 Ethanol TPSR - DRIFTS

As shown above, ethylene adsorbs on surface defects rather than on typical surface sites
that are considered as active centers for ethane ODH (such as bridging or terminal molybdenum
oxygen bonds). We decided to examine ethoxy as a possible intermediate for selective [24],
unselective [26] or both [20-22] pathways in ethane ODH. To be able to form enough ethoxy

groups on the surface of the catalyst, we bypassed C-H cleavage as a rate-limiting step by using
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ethanol as a probe molecule [24]. Ethanol readily dissociatively adsorbs to form ethoxy species
on MoO3 [29,30]. Adsorption temperature was chosen as 100°C in order to promote formation of
ethoxy species and limit non-dissociatively bounded ethanol. This strategy has been successfully
used by others for analogous experiments with methanol [46]. It was shown by Farneth et al. that
methanol and ethanol both adsorb on MoOs indistinguishably — both forms alkoxy species and

methyl and ethyl, both short linear alkyls, show no practical difference in steric hindrance [47].

The results of ethanol TPSR experiments for MoO3/Al>Os catalysts are shown in Fig. 3,
and the desorption peak temperatures are summarized in Table 2. For the catalyst with 1.9ML
loading, all alumina sites are expected to be covered by MoOy overlayer, and therefore alumina
sites do not participate in adsorption and reaction, whereas at 0.6ML loading both Mo and
alumina sites participate. In the case of the 1.9ML catalyst, desorption of ethanol, acetaldehyde,
and COz occur simultaneously with maximum desorption at 162°C. The acetaldehyde desorption
peak from AI-G is much smaller and at higher temperatures indicating that adsorption sites on
alumina are not effective in ethanol oxidation. It was previously established that acetaldehyde is
formed only from ethoxy species, and the oxidation is practically irreversible [48]. Acetaldehyde
desorption from 0.6ML/AI-G occurs at a slightly higher temperature than for 1.9ML/AI-G
suggesting lower reducibility of surface-bound polymolybdate in the 0.6ML catalyst, in
agreement with H> TPR results and literature [32]. Production of acetaldehyde is accompanied
by CO., as a result of total oxidation of adsorbed C2 species, and by water desorption which is a
product of oxidation reactions. CO> production then again increases at >400°C which implies
decomposition of residual adsorbed species, e.g., oxidation of carboxylates and decomposition of
surface carbonates. Al-G produces very little CO: as expected due to the lack of redox sites. Al-

G was only catalyst that desorbed significant amount of ethylene as a result of ethanol
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dehydration over acid sites [49]. MoOs/Al;O3 catalysts show very little ethylene desorption; the
already very weak ethylene peaks can be a residual cracking contribution of ethanol to m/z=26
signal since the peak position closely co-incidences with ethanol desorption. Diethyl ether also
can be a product of ethanol dehydration over alumina, but it was not monitored in this study.
Ether production requires reaction between ethoxy and molecularly bounded ethanol [50,51], and
the latter is not predominant on the surface under our TPRS conditions (Fig. 4) therefore it is
expected that DEE production should be low [52]. Moreover, no ethers are usually observed in
alcohol TPRSs over supported MoOXx because of the lack of appropriate alumina acid sites that

are covered by MoOy [53-55].
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Figure 5.3: Ethanol-TPRS results: (a) ethanol (m/z=31), (b) acetaldehyde (m/z=29),

(c) CO2 (Mm/z=44), (d) water (m/z=18), (e) ethylene (m/z=26). Ethanol adsorbed at 100°C.

Table 5.2: Positions of main desorption peaks in ethanol TPSR experiments.

Peak maxima (°C) | AI-G600 | 0.6ML/AI-G600 | 1.9ML/AI-G600
(a) ethanol 210 182 162
(b) acetaldehyde 253 201 162
(c) CO2 >260 189)/557/>620 162/>380
(e) ethylene 255 224 205
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To complement the ethanol TPSR results, we performed an analogous set of experiments
using in situ DRIFTS in order to follow adsorbed species on the catalyst surface (Fig. 4, Fig. 5).
The assignments of vibrational bands of each discussed species are summarized in Table 3. Upon
adsorption of ethanol on Al-G, the loss of alumina OH groups (Fig. 4a) is apparent as negative
bands at 3800-3630 cm™ [56-58]. These OH sites were used for ethanol adsorption. On contrary,
hydrogen-bonded OH and adsorbed water bands (3500, 3200 cm™) increased in intensity after
the ethanol adsorption due to water adsorption (either reaction water or residual moisture in the
in situ cell and He). Hydrogen-bonded OH groups of molecularly adsorbed ethanol show also
vibration in the range 3100-3600 cm™ which can also explain the increase in intensity [59].
During subsequent heating, vibrations of OH groups at 3800-3630 cm™ gradually regain
intensity to almost the original level, and the intensities of bands corresponding to hydrogen-
bonded OH, ethanol and adsorbed water gradually decrease, as expected due to water and
ethanol desorption (Fig. 3). New bands in the CH3/CH> region appear at 2970 and 2872 cm'™
characteristic for CHs of ethanol and at 2901 and 2928 cm™ characteristic of CH» vibrations
[59,60]. These bands have an extended shoulder with maxima at 2729 cm™ that can be indexed
to the C-H stretch of acetaldehyde [61]. With increasing temperature intensities of all bands in
the C-H stretching region progressively decrease showing the consumption of surface-bound
hydrocarbon species via surface reaction and desorption. Spectral region 1700-1200 cm™
contains fingerprint vibrations of various surface species. A band at 1294 cm™ is due to OH
bending of hydrogen-bonded ethanol. Bands at 1389, 1449, 1490 cm™ are assigned to CHs
symmetric bending, CHs antisymmetric bending, and CH» scissoring of ethoxy species,
respectively [60,62]. The deconvolution of the band at 1389 cm™ shows two components that can

be assigned to adsorbed hydrogen-bonded ethanol (1405 cm™) and ethoxy (1385 cm™) species
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[60,62,63]. The presence of ethoxy species is further confirmed by v(CO) vibration at 1079 cm™
[59,64] (spectra presented in Supporting information). During heating the intensity of ethanol
and ethoxy vibrations decreases indicating ethanol and acetaldehyde desorption (Fig. 3), and
surface reaction evidenced by increasing intensity of bands at 1578 and 1468 cm™ indicating
formation of surface carboxylates, specifically acetate [21,60,62]. The evolution of acetate on the
surface is in excellent agreement with behavior reported by Greenler [62]. Deconvolution of
1578 cm™* band also indicates a growing component located at 1540-1550 that can be indexed to
unidentate carbonate [64-66] and shoulder at 1612-1650 cm™ that is perhaps adsorbed water
bending vibration [60]. At 250-350°C, a shoulder at 1650-1710 cm™ appears; after
deconvolution at 1670 cm™ that is characteristic for stretching vibration of C=0 from

acetaldehyde [61].

After ethanol adsorption on 1.9ML/AI-G, very little is observed in the 3800-3650 cm™
region since these alumina sites were eliminated by MoOx that at >IML covers the alumina
surface. Hydrogen-bonded OH and adsorbed water bands (3431, 3280 cm™) increased in
intensity. The band at 3431 cm™ assigned to hydrogen-bonded OH [66] increased even further
between 200-300°C, and then it started to progressively decrease with increasing temperature.
The relative intensity of OH to adsorbed water bands increased with temperature showing
preferential water desorption. The increase in OH intensity between 200 and 300°C can be
explained by the generation of OH groups on MoOx as a result of oxidation reactions of
hydrocarbon species. This is supported by the fact that even though the OH intensity increased
the C-H vibrations of hydrocarbon at 2700-3000 cm™ were monotonically decreasing with
increasing temperature. The band at 2730 cm™ can be indexed to the C-H stretch of acetaldehyde

[61], and it was completely lost by 250-300°C in good agreement with acetaldehyde desorption
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in ethanol TPSR (Fig. 3). Region characteristic for the first overtone of Mo=0O stretching
vibration is shown in the inset of Fig. 4e. The negative band at 1996 cm™ can be explained by the
consumption of Mo=0 bonds that served as adsorption sites for dissociative adsorption of
ethanol (forming ethoxy and OH species). With increasing temperature some of the Mo=0
intensity is regained perhaps due to desorption of ethanol (Fig. 3). Interestingly, there is a
positive band at 2030 cm™ that increases in intensity with increasing temperature. This band is
tentatively assigned to CO linearly adsorbed on Mo™ site (n<6) [67,68] consistent with oxidation
of surface hydrocarbon species as temperature increases. In the hydrocarbon fingerprint region
similar evolution of the spectra with temperature as in the case of Al-G is observed. Upon
ethanol adsorption bands at 1271, 1358, 1389, 1450, 1639 cm™ appear. A band at 1271 and
shoulder at 1405 cm™ are due to OH bending and CH, wagging of hydrogen-bonded ethanol,
respectively. Bands at 1358, 1389, 1450, 1472 are assigned to CH2 wagging, CHz symmetric
bending, CHs antisymmetric bending, and CH2 scissoring of ethoxy species, respectively [60].
Deconvolution of the band at 1389 shows two components that can be assigned to adsorbed
hydrogen-bonded ethanol (1405 cm™, apparent as the broad shoulder) and ethoxy (1387 cm™)
species [60,63] that is predominant. The presence of ethoxy species is further confirmed by
v(CO) vibration at 1092 cm™ [59,64] (spectra presented in Supporting information). During
heating, the intensity of ethanol and ethoxy vibrations decreases. The intensity of hydrogen-
bonded ethanol decreases much faster than the one of ethoxy species indicating that hydrogen-
bonded ethanol is either desorbed (Fig. 3) or converted to ethoxy species. The intensity of ethoxy
species decreases with increasing temperature due to surface reactions evidenced by increasing
intensity of bands at 1600-1570 cm™ assigned to surface carboxylates [60,61,69]. The

carboxylate band progressively shifts to lower wavenumber as the temperature increases;
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1595—1574 cm™. This shift indicates change in the carboxylate type from acetate to formate
[60]. The deconvolution of 1578 cm™ band also indicates a growing component located at 1540-
1550 cm™ that can be assigned to unidentate carbonate [64,65]. The pronounced band at 1639
cm™ can be assigned to adsorbed water [60]. A shoulder at 1650—-1710 cm that is present at
150-300°C (centered at 1670) is characteristic for stretching vibration of C=0 of acetaldehyde

[61].

The evolution of the DRIFTS spectra of 0.6ML/AI-G was qualitatively similar to
1.9ML/AI-G showing that the MoOx is the main active phase in the catalyst. However, some
similarities with Al-G can be found. For instance, negative bands in 3800-3600 cm™ indicate that
some of the alumina OH groups were preserved in this catalyst and were involved in ethanol
adsorption. It is noteworthy that vibrations of several surface species such as ethoxy, ethanol,
and acetate appear at slightly higher wavenumbers when on alumina than on MoO3/Al;O3 (Table
3) suggesting stronger interaction of those species with alumina surface than with MoOx. This
finding is in good agreement with the ethanol TPSR results (Fig. 3) where, for instance, ethanol,

desorbs from alumina surface at higher temperatures than from MoOs/Al,O3 catalysts.

DRIFTS spectra in the hydrocarbon fingerprint region were deconvoluted, and the
relative concentrations of each important surface species with respect to time were plotted in Fig.
5. For clarity, traces are normalized by the greatest intensity of each species in each catalyst that
occurred during the experiment, therefore it does not represent absolute concentrations that could
be compared across species or catalysts but rather shows only trends for each species vs.
temperature. When compared to ethanol TPRS experiments (Fig. 3) trends in surface species can
be correlated with desorption products and reaction pathways can be established. The main

desorption product of ethanol adsorption is acetaldehyde in the case of MoO3/Al>03 catalysts and
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ethylene for alumina (Fig. 3); therefore, we examine the production of these species first.
Ethanol absorbs as ethoxy species (C2Hs-O(a)) and hydrogen bounded ethanol (C2Hs-OH(a)).
Hydrogen-bounded ethanol can be converted to ethoxy or desorbed as ethanol during heating,
ethoxy can be oxidized to acetaldehyde (CHsCH=O(a)) or desorbed as ethanol [60].
Acetaldehyde is produced by oxidation from ethoxy species — depletion of adsorbed ethoxy is
therefore accompanied by an increase in adsorbed acetaldehyde (Fig. 5). Acetaldehyde is
desorbed or further oxidized to acetate, formate and subsequently to carbonates. The oxidation
processes require an oxidant that is present in considerable quantity only in MoO3/Al,03 (Mo=0
or Mo-O-Mo bonds); therefore, acetaldehyde is formed and desorbed as main product from these
catalysts. Alumina that does not possess redox sites forms mainly ethylene (ethanol dehydration).
Lewis acid sites are required for ethylene production but are present in significant quantities only
on alumina since they are covered by MoOx on MoO3/Al>Oz catalysts [55]. Nonetheless, some
oxygenates, and eventually, CO are formed on alumina as well. These trends are clearly visible

from trends in surface species (Fig. 5) and desorption products (Fig. 3).

Trends in surface species with respect to the Mo loading translates very well into
desorption products — the surface concentration of acetaldehyde peaks in the same order as the
desorption of acetaldehyde 1.9ML<0.6ML<OML which also is the order of decreasing
reducibility of polymolybdate showing that stronger redox sites give acetaldehyde at lower
temperatures. Carboxylates are the following products in acetaldehyde surface oxidation, acetate
is the obvious first carboxylate that can be formed and indeed acetate is the first observable
carboxylate on the surface. Acetate is later converted to formate as temperature increases (Fig.

6). No acetic acid was detected in the ethanol TPRS experiment which suggests that carboxylates
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are strongly bonded to the surface and are not released before they are further oxidized to

carbonates that then decompose to CO; at high temperature.

Although carbonates are not decomposed, and CO- released before 400°C, MoOs/Al.03
catalysts show a low temperature (100-250°C) CO. desorption. At those temperatures, surface
carbonates are stable and most of the oxidized products are still in the form of acetaldehyde or
carboxylates. Since this low-temperature CO. desorption correlates well with the conversion of
surface acetate to formate (Fig. 6), we infer that CO. low-temperature peak is a result of
decarboxylation of acetate or unknown intermediate of acetate conversion to formate. On Al-G

the stable carboxylate is acetate, and very little formate is formed.

Table 5.3: Infrared band assignments for adsorbed species.

Species Peak position(s) (cm™)* Reference
alumina OH 3786, 3765, 3734, 3692-3676 [56-58]
H-bonded OH ~3500 [70-72]
H-bonded water ~3200, 1635-1639 [60,73,74]
overtone of Mo=0 2000 [21]

CHjs ethanol, ethoxy 2982 (2970), 2979 (2872) [59,60]
CH> ethanol, ethoxy 2904 (2901), 2939 (2928) [59,60]
ethanol(a) 1271 (1294), 1405 [60,62]
ethoxy(a) 1472 (1490), 1449, 1389, 1358, 1092 (1079) [59,60,62,64]
acetaldehyde 2729-2730, 1670 [61,64]
acetate 1595 (1578), 1468 (1478) [21,60,62]
formate 1574 [60,62]
unidentate carbonate 1540-1550 [64-66]
CO on Mo™" site 2030 [67,68]

*when applicable band position on alumina (Al-G600) provided in parentheses
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Figure 5.4: In situ DRIFTS ethanol-TPSR desorption experiments,
(a,b) AI-G600, (c,d) 0.6ML/AI-G600, (e,f) 1.9ML/AI-G600.
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Figure 5.5: Trends in a concentration of important surface species found from in situ DRIFTS ethanol-TPSR
desorption experiments, (a) Al-G600, (b) 0.6ML/AI-G600, (c) 1.9ML/AI-G600. Analysis based on a deconvoluted
band area of 1385 cm! for ethoxy, 1670 cm for acetaldehyde, 1600-1580 cm™ for formate and acetate,
and 1550 cm for monodentate carbonate.
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Figure 5.6: Evolution of surface acetate and formate species on 1.9ML/AI-G600.
Based on deconvoluted peak areas in DRIFTS spectra.

In summary, the main reaction products of ethanol adsorbed on MoQOz3/Al>Os catalysts are
ethanol, acetaldehyde, and CO.. This result shows that the reaction products of ethoxy species
adsorbed on supported MoOy are acetaldehyde and CO2 and no significant amount of ethylene is
formed. This is in good agreement with the previous DFT study [75]. As previously discussed,
ethoxy is considered by some researchers an intermediate for total oxidation of ethane (COx
production) and/or for selective partial oxidation to ethylene. It is noteworthy that ethoxy was
never directly observed under ethane ODH conditions, but its presence was deduced based on
weak band possibly related to acetaldehyde [66]. Also, in our previous study, we were not able to
find any measurable quantity of oxygenates in effluent gas in ethane ODH conducted over the
same catalysts [76]. If the ethoxy exists under ethane ODH reaction conditions, our results

suggest that it could be an intermediate for combustion rather than selective ODH. However, it is
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known that at high temperatures other reaction pathways are sometimes accessible that are not
significant under TPRS conditions. Adsorption of ethane on metallic-like sites (such as Mo*V, "IV
in this case) was also previously suggested as a pathway responsible for total oxidation of ethane
and ethylene [24] which is supported by ethylene TPRS data (Fig. 1). Both adsorption routes via
R-O-M or R-M bonding could be therefore plausible under ethane ODH conditions leading to

production of combustion products (COx).

Based on the findings from ethanol-TPSR and with in situ DRIFTS experiments, we
propose the following reaction sequence that describes known observable intermediates and gas

products of ethanol reaction on MoQO3/Al,Os catalysts.

CH,=CH, (g)
CH;CH,OH (g) CH;CHO (g)

f N redox site i

CH;CH,OH (a) 4> CH3CH,0" (a) ———» CH;CHO (a) —» CH;COO" ()
(6]

% 4 " v
over acid sites on alumina

(CH;CH,),0 (g)

acid sites
lumina

CO; (2) «— CO;* (a) «— HCOO" (a) + CO, (g)

Figure 5.7: Proposed reaction pathways for ethanol interaction
and reaction on MoOs3/Al,O3 catalysts.
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5.5 Conclusions

In this study, MoOs/Al,Oz catalysts for ethane ODH were investigated in TPRS and
DRIFTS experiments using probe molecules (ethylene, ethane, and ethanol) with the aim to
provide more insight into the ODH mechanism, especially with respect to possible intermediates
and active sites for selective (ODH) and unselective (combustion) pathways. Ethylene adsorbed
only on defect sites at room temperature. Defect site density was found to be 1.4-10°2 per nm? for
y-alumina and 2.4-2.6-10"2 per nm? for MoO3/Al,Oj3 catalysts. The main desorption product from
alumina was ethylene, but CO. desorbed from MoOs/AlO3z almost exclusively — hence the
nature of adsorption sites was clearly different on alumina and on the MoO3s/Al,Osz catalysts.
Adsorption sites on alumina are effectively eliminated even after impregnation of less than
0.6ML of MoOy. With increasing Mo loading the CO2 desorbs at lower temperature showing
greater reducibility of high-loading catalysts. We suggest Lewis acidic Al sites and oxygen-
deficient Mo sites (reduced Mo oxide such as Mo*Y) as the ethylene adsorption sites on y-
alumina and MoOs3/Al;Os, respectively. Moreover, since only CO. desorbs from ethylene
adsorbed on MoO3/Al>O3, we infer that these sites can be responsible for undesired combustion
pathways. Ethane adsorbs on both alumina and MoO3/Al;Os catalysts at even lower
concentrations than ethylene, although desorption products (CO2, ethylene) and their TPRS
patters very closely follow the traces from ethylene. Thus, we infer that the adsorption sites and

adsorbed intermediates are of the same type for both ethane and ethylene.

Surface ethoxy species was formed by adsorption of ethanol. The main desorption
product from MoOs/Al,Oz was acetaldehyde; only the alumina support desorbed a significant
amount of ethylene. With increasing Mo loading the acetaldehyde forms and is desorbed at lower

temperature showing greater reducibility of higher loading catalysts. Based on the DRIFTS and
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desorption results, reaction sequence on the surface of catalysts was established consisting
sequential oxidation of surface species: ethoxy(a) — acetaldehyde(a, g) — acetate(a) —
formate(a)+CO2(g) — carbonates(a) — CO2(g) with gas products being acetaldehyde and COo.
Because no significant amount of ethylene is formed over MoO3s/Al>O3 catalysts and most of the
ethoxy species are rapidly further oxidized to oxygenates before eventually combusted to COo,

we suggest that ethoxy species could be an intermediate in combustion pathway in ethane ODH.
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Chapter 6:Thermal and chemical reducibility of

MoQOs/Al,O3

6.1 Abstract

Thermal stability and thermal reduction of MoOs/Al>O3 catalysts were investigated using
temperature-programmed reduction (TPR) studies (O, ethane), re-oxidation experiments, and in
vacuo heating experiments with online XPS analysis. Mo*V sites are formed via thermal
reduction of MoOas/y-Al,O3. The reduction is accompanied by O desorption which correlates
well with the reducibility of catalysts by H.. Oz desorption activation energies were 1.8-2.5 eV
in agreement with published energies of oxygen vacancy formation in a-MoOs. Catalysts heated
in vacuo reduced at a lower temperature than at atmospheric pressure which was linked to a
decrease in concentration of adventitious carbon layer that served as a reductant. XPS results
showed an increased dispersion of Mo at 400-600°C on >1ML sample indicating high mobility
of Mo oxide. At >600°C Mo was partially lost due to sublimation. The thermal reduction of Mo
oxide is reversible unless the thermal stress causes irreversible changes to the catalyst texture or
Mo losses due to sublimation. Ethane adsorbs on surface defects, and the main desorption
product is CO2. At <1ML the adsorption sites seem to be related to alumina although synergy
with MoOx domains is exhibited as decrease in CO> desorption temperature with increasing
reducibility MoOx. Introduction of Mo*V sites via thermal reduction led to more facile
combustion of adsorbed ethane on <1ML and to new CO: desorption sites on >1ML catalysts

suggesting that Mo*V sites can serve as adsorption site for ethane combustion.
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6.2 Introduction

MoOs3 is easily reducible by reductants such as Hz, alcohols, and other hydrocarbons
which is widely used in advantage in partial oxidation reactions, such as ethane oxidative
dehydrogenation (ODH) [1-4]. The reduced metal oxide sites were suggested by some
researchers as an adsorption site for unselective total oxidation (combustion) [5-7] which is
usually undesired. In ethane ODH while co-feeding ethane and O, the optimum ratio of
oxidation states for the best productivity often exists [8] and the distribution of oxidation states is
a function of operating conditions (ethane/O> ratio, temperature). If the metal oxide is not in its
highest oxidation state, oxygen chemisorbs easily on reduced sites producing transient
electrophilic oxygen species (O2” and O") that are considered strong oxidants providing total
oxidation [3,4]. Under some circumstances reduced Mo sites can also open pathways to different
chemistries such as ethane hydrogenolysis resulting in a substantial loss of selectivity [9,10]. It is
therefore obvious that Mo*™v and Mo™V species have a major impact on many aspects of the

performance of MoOs/Al>O3 redox catalysts.

Often overlooked is the fact that MoOs can thermally reduce (decompose) even without
an external reductant and form reduced Mo sites spontaneously at a temperature close to reaction
conditions for ethane dehydrogenation. Thermal reduction of a-MoOs films resulting in the
formation of Mo*Y and Mo*"V suboxides under nitrogen atmosphere has been previously reported
by Spevack and Mclntyre [11] and in vacuo by Guimond [12]. Numerous instances of anecdotal
evidence of this phenomenon can be also found in literature often as an unexpected result of

electron beam heating [13-16].

Thermal stability and thermal reduction data of supported MoO3 are non-existent in the

literature but this process can have potentially significant consequences for oxidative reactions
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conducted over these catalysts. The aim of this study is to investigate the thermal reduction
properties and thermal stability of MoOs catalysts supported on y-alumina with respect to the
nature of the Mo oxide present on the surface and to probe the reactivity of reduced Mo sites

towards adsorption of ethane.

6.3 Experimental
6.3.1 Catalyst preparation and characterization

The preparation and characterization of catalysts used in this study are described in detail
in Chapter 4:. The MoO3/Al.Oz catalysts are labeled by the number of MoOs monolayer
equivalents and calcination temperature. The surface density of 5.0 Mo/nm? is considered to be

equal to 1 monolayer equivalent [17].

6.3.2 Reactivity measurements

Ethane TPD experiments were performed using a Micromeretics 2920 instrument. 150
mg of catalyst was placed in quartz U-tube enclosed between two plugs of quartz wool and the
temperature of the bed was measured directly with K type thermocouple. 10°C/min ramp rate
was kept in all heating/cooling steps. Each catalyst was pre-treated in situ in 10% O./He at
600°C for 30min to ensure full oxidation before ethane adsorption. Experiments labeled as
“Helium” consisted of pretreatment in He at stated temperature (600°C for 1.8ML, and 750°C
for 0.6ML), in order to induce thermal reduction of the catalyst. After pretreatment, sample was
cooled to room temperature and ethane was flown through the catalyst (50 mL/min) for 30 min
followed by 90-min purge with He (50 mL/min). The temperature was then ramped up to 800°C
(in 25mL/min He, ramp rate 10°C/min). The effluent gas concentration was measured via online

gms. The m/z = 26 for ethylene, m/z = 31 for ethanol, m/z = 44 for CO2, m/z = 28 for CO, m/z =
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29 for acetaldehyde, m/z = 18 for water, m/z = 60 for acetic acid, m/z = 32 for oxygen, and m/z =

2 for Hy signals were monitored.

O2 TPD experiments were conducted in the same way as described for Ethane TPD

except the ethane adsorption step was omitted.

Re-oxidation experiments consisted of O> TPD steps and re-oxidation at 600°C with 10%

O2/He (50 mL/min) for 30 min. Other conditions as described above.

In vacuo heating was performed in an instrument that is in detail described elsewhere
[18]. 500 mg of catalyst was pressed into a 1-inch disc using a hydraulic press (20 MPa), and the
disc was attached to Mo sample holder with Mo wire. During the in-vacuo heating, the disc was
heated directly via radiation from the backside by PBN-coated graphite heater and the
temperature was measured using K type thermocouple spot-welded in the vicinity of the Mo
holder and directly via pyrometer at >550°C. The pyrometer temperature was considered as most
accurate and pyrometer/thermocouple calibration was established. After each temperature step,
the sample was left to cool to room temperature end analyzed via online XPS. The instrument is
described in detail in ref. [18]. Subsequently, the sample was transferred back for the next

temperature step. This procedure was repeated until the desired temperature range was covered.
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6.4 Results and discussion
6.41 O2TPD

In order to study the thermal stability of MoOs/Al>O3 catalysts, we performed O, TPD
experiments in He (Fig. 1). We also performed O TPD in N2 and in vacuo that showed no
difference in the position of desorption peaks from TPD traces presented here (in vacuo TPD
results can be found in Supporting information). Fig. 1 shows an oxygen m/z=32 signal with
respect to temperature. Differences between samples with respect to Mo loading are striking.
Alumina showed no oxygen desorption peak, as expected, proving that the oxygen evolution in
MoO3/Al20s is directly related to the Mo oxide. With increasing loading, the main oxygen peak
shifts to lower temperatures. The difference in the oxygen desorption peak between the highest
loading (1.9ML) and the lowest (0.3ML) is 230°C. This very large difference evidences

significant changes in oxygen stability in MoO3/Al>O3 with respect to loading.

The first peak of 0.9 and 1.8ML catalysts have an apparent shoulder around 800°C
closely matching the position of the peak of 0.6ML sample. 1.8ML catalyst shows also two high-
temperature peaks one of which seems to match the position of 0.3ML of peak. This shows that
catalysts with high loading contain also oxygen sites that behave similarly as those in low
loading samples. It would be therefore false to think that only one type of oxygen site exists in

each sample.

Oxygen desorption correlates very well with the reducibility of the respective catalysts
which depends mainly on the type of MoOx species and on the size of the polymolybdate domain
present on the surface [19,20]. More reducible samples release oxygen at lower temperatures
(Fig. 1, Fig. 3). After the surface Mo site losses oxygen, it becomes reduced which has then a

profound effect on the reactivity towards adsorbing molecules such as ethane and ethylene in
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ethane ODH. Mo reduced sites bind hydrocarbons more easily than fully oxidized surfaces

[5,21,22].

To illustrate possible outcomes of MoOx thermal reduction on ethane ODH performance,
we briefly discuss the reaction conditions. Ethane ODH is often conducted at temperatures near
600°C [23]. In the case of a 1.8ML sample, this temperature is high enough to support thermal
reduction resulting in the presence of reduced sites even without the external reductant. In CL-
ODH testing, the catalyst is purged after re-oxidation by inert gas at reaction temperature to
prevent contact of oxygen and ethane [10,24]. Therefore, during the purge reduced Mo sites will
form due to the thermal reduction (decomposition). Consequently, ODH is not conducted over
fully oxidized catalyst as it would be expected at least at the beginning of the reaction. In our
previous study, we linked presence of reduced Mo sites to loss of selectivity to ethylene [10].
Also, during the oxygen desorption metastable electrophilic adsorbed oxygen species, such as
Oz and O, are likely intermediates of the process and those species facilitate total oxidation,

instead of partial olefin oxidation [3,4,25].
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Figure 6.1: O, TPD traces of MoOs/Al-Os catalysts.

The difficulty of removing oxygen from MoOx is described by the desorption activation
energy. The density of reduced Mo sites was estimated from O, TPD results and is summarized
in Table 1. The activation energy for oxygen desorption was estimated using the Redhead
equation [26] — values ranging from 2.1-2.8 eV were found. Several DFT studies of a-M0O3
concluded that vacancy formation is the easiest from terminal oxygen (Mo=0) followed by
double coordinated bridging oxygen (Mo-O-Mo) [27-29]. Hanson et al. reported activation
energy for vacancy formation as 1.8 and 2.2 eV, for terminal and bridging oxygen, respectively
[28]. Tahini et al. reported slightly higher values of 2.1 and 2.9 eV. Nonetheless, our activation
energies for oxygen desorption clearly fall into the predicted range for oxygen vacancy

formation in crystalline a-MoOz. Not surprisingly, with increasing Mo loading we observe a
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decrease in activation energy as the nature of Mo oxide on the surface becomes more closely
resembling bulk phase and the support effect decreases. Therefore, we conclude that the support
interaction stabilizes the oxygen in the MoOx structure preventing spontaneous oxygen
desorption and vacancy formation. DFT calculations [30] predict that oxygen release (vacancy
formation) gives 2 neighboring Mo*V centers on the surface of a-MoQOs [Mo*V(0)-O-Mo*V(1)].
Hence, Mo*V centers on our MoOs/Al,Os catalysts are expected as the result of thermal
reduction. Computations predict that the activation energy for vacancy formation increases with
increasing concentration of vacancy defects on the surface [30]. This can explain why only 3-6%

Mo defective sites were formed in our O TPD experiments (Table 1) because the process is self-

limiting.
Table 6.1: Quantified O, TPD results and activation energies for oxygen desorption.
0/ nm? 0/Mo Edes™ (eV) Eges (kJ/mol)
0.3ML 9.3-10° 6.2% 2.8 270
0.6ML 1.2-10* 4.1% 25 242
0.9ML 1.3-10* 2.8% 2.2 213
1.8ML 2.4-10% 2.6% 2.1 202

*calculated using Redhead equation [26] assuming 1% order kinetic, and preexponential factor 10 s*

To confirm Mo* presence after the oxygen desorption, a 1.8ML sample that underwent
O2 TPD in He up to 800°C was measured via XPS. The sample was transferred in a nitrogen-
filled glove bag and attached to XPS holder inside a nitrogen-purged glovebox avoiding
atmospheric contamination and re-oxidation. Mo 3d XP spectra (Fig. 2) contain a low-binding
energy shoulder evidencing Mo in a lower oxidation state. After deconvolution this component is
located at 231.8eV and can be assigned to Mo*V [31,32]. The sample consisted 15% of this

oxidation state with remaining Mo being in its highest oxidation state (+V1).
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Figure 6.2: XP spectra of 1.8ML MoOs/Al,O; catalyst after TPD in He up to 800°C.

The oxygen desorption activation energy correlates very well with reducibility by H»
(Fig. 3). At supra-monolayer loadings, excessive Mo must be accommodated on the catalyst's
surface in other ways than dispersed surface-bound MoOx. Our XPS results (Chapter 4:) suggest
that MoOy forms a second nearly uniform layer, although it is to be expected that this second
layer will be less stable and more bulk-like because the effect of the support interaction will be
very limited in the second layer. One may, therefore, wonder how this form of Mo is reactive. H
TPR results showed that supra-monolayer catalysts are less reducible suggesting that this bulk-

like second layer is less reducible than supported MoOx.
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This raises a question as to which type of MoOx releases the oxygen in O TPD in a
1.8ML sample (Fig. 2). In analogy with H> TPR results, we infer that it is the surface-bound
polymolybdate that is more reactive, and therefore it is the species that most likely releases
oxygen. Analysis of O. TPD results provides us with supporting evidence. The activation energy
for O, desorption decreases nearly linearly with Mo surface density (Fig. 4) for <IML coverage,
and then the dependency dramatically changes slope. If it is the surface polymolybdate that
releases Oy, then even though the total Mo surface density is >1ML the effective Mo density
should equal 1IML. This seems to indeed happen — if the trend for <IML is extended (dashed
black lines in Fig. 4) then it meets the desorption activation energy for 1.8ML at 5.1 Mo nm.
This value is in excellent agreement with Mo surface density that is considered 1ML (5 Mo nm™
[17]). Based on this evidence, we suggest that even for catalysts with supra-monolayer coverage
the surface-bound polymolybdate is the most catalytically relevant species because it is more
reducible, primarily because strength of Mo-O bond is weaker evidenced by easier formation of

0Xygen vacancy.

Reducibility, catalytic activity, and selectivity in hydrocarbon partial oxidations are often
correlated with strength of the metal-oxygen bond [1,33-35] — too weak bond leads to high
activity but low selectivity since combustion is preferred, and too strong bond leads to high
selectivity but low activity; thus an optimal bond strength for maximum yield exists. Catalyst
reducibility is conventionally characterized by H> TPR. We suggest that O TPD can be a
powerful characterization tool since the oxygen desorption has a direct relationship with metal-
oxygen bond strength, and therefore can be much easier to interpret for catalysts comparison. In
our data, H> TPR reducibility and O> TPD results correlate very well (Fig. 3), therefore they can

be considered complementary techniques.
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Figure 6.3: Dependence of H; reducibility and O, desorption energy on Mo surface density.

6.4.2 Changes in elemental composition and oxidation state of Mo under thermal stress

The treatment chamber coupled with on-line XPS enables us to analyze elemental surface
concentrations and oxidation state changes with temperature (Fig. 2). The advantage of this setup
is that the same sample can be heated in vacuo, analyzed via XPS at each temperature without
ever leaving a vacuum which avoids atmospheric contamination and possible re-oxidation of Mo

from the atmosphere.

The 0.6ML sample starts to reduce at 409-470°C and continue to rapidly reduce until
630°C (Fig. 5a). After which the concentration of Mo*V! and Mo*™'V appears to slightly increase
and Mo*V decrease. This latest stage suggests a disproportionation reaction 2 Mo*V— Mo*V! +
Mo*"V although it should be mentioned that the differences are close to experimental and

deconvolution error. After 630°C, 44 % of Mo present in the sample was reduced to lower
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oxidation states. The 1.8ML sample reduces at lower temperatures starting at approximately 330
°C and by 440 °C 21 % of Mo is reduced to lower oxidation states. Then the reduction process
slows down significantly until 600°C where Mo*' starts to decrease more rapidly. This apparent
increase in reduction rate is perhaps a result of sublimation of MoO3 out of the support which is
evidenced as Mo loss in Fig. 5d. MoOs has greater vapor pressure than reduced oxides [36];
therefore, it sublimes preferentially. At the end of the experiment, 30 % of Mo*™V' was reduced to

lower oxidation states. The degree of reduction was lower than in the case of a 0.6ML sample.

Carbon content gradually dropped with temperature in both 0.6ML and 1.8ML samples.
Based on the binding energy (284.8 eV) it can be assigned to adventitious carbon which is
believed to be made of a layer of mainly short-chained hydrocarbons [37]. The disappearance of
carbon in the spectra coincidences with the reduction of Mo*V! in both samples. This obviously
raises a question whatever and to some extent, the adventitious carbon can serve as reductant to

Mo oxide.

First, if all the carbon (assuming polymeric form represented by -CH.- group) would be
combusted to at least CO, 4 electrons need to be transferred to Mo. The reduction of
Mo*™v!'-Mo*V can accommodate only one electron; therefore, combustion of all carbon to CO
would require 4 at. % of Mo per 1 at. % of carbon. The observed reduction is indeed much lower
than that; the number of electrons gained by Mo per atom of C removed from the sample was

calculated from XPS results as follows:

electron gain of Mo (1 "XtV t 2 xMO+1v) *Mo at. %

atoms of C removed original C at.% — C at. %

The estimated number of electrons removed per atom of carbon removed (calculated at

total carbon depletion) is 0.4 and 0.8 for 1.8ML, and 0.6ML samples, respectively. This shows
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that if the carbon served as reductant it was only partially oxidized or/and some of the carbon
desorbed unchanged and only part was (partially) combusted. Moreover, if we assume that the
total amount of carbon at the beginning of Mo reduction was constant on both samples (which is
close to being accurate at 2-2.5 at. %), then the fact that the degree of reduction of 0.6ML
sample was higher at the end of the experiment can be explained by the ratio of C/Mo which is

greater for 0.6ML catalyst (more reductant per Mo).

The second possible explanation of the reduction of Mo is thermal decomposition
accompanied by oxygen release as shown in the O, TPD results (Fig. 1). However, the thermal
reduction of MoOy happens at significantly higher temperatures (>600° for 1.8ML, and >700°C
for 0.6ML) and can be identified by O, evolution (Fig. 1). O, TPD experiments in vacuo were
performed for comparison and the O desorption peaks were found at about the same temperature
as in He at near atmospheric pressure (in vacuo Oz TPD results are provided in Supporting

information).

We conclude that the layer of adventitious carbon served as a reductant to Mo oxide;
therefore, reduction could take place at lower temperatures and was not caused by the thermal
reduction. Consequently, we infer that adventitious carbon does not play a significant role in the

O, TPD performed in He because samples were pretreated in situ with 10% O,.

At lower temperatures, Mo atomic concentration remains constant within an experimental
error for both samples. Between 400-600°C Mo atomic concentration increases for 1.8ML
suggesting increased dispersion of Mo on the surface. This might be due to the dehydration of
hydrated MoOy clusters, and possibly also by re-dispersion of bigger crystallites as MoOx
becomes more mobile at a higher temperature. At higher temperatures (>600°C) the atomic

concentration of Mo starts to decrease probably due to evaporation (sublimation) of MoOs that
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is not anchored to the support via Al-O-Mo linkages. At >600°C the vapor pressure of MoO3
indeed becomes very significant [38]. In the case of 1ML sample, Mo atomic concentration
remains constant until 660°C followed by a steep increase. The increase in Mo atomic
concentration suggests increased dispersion, although our XPS analysis (Chapter 4:) showed that
Mo on this sample is almost fully dispersed following closely theoretically expected Mo/Al ratio
for uniform layer. Hence, we suggest that a more likely explanation is that at >660°C the support
starts to sinter which results in decreased surface area and therefore increased Mo surface
density. On unsaturated surface (<1ML), Mo at higher temperatures can be still accommodated
and anchored to the surface leading to observed increased dispersion, in contrary on

oversaturated surface (>1ML) the mobile yet excessive Mo is evaporated and lost from the
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Figure 6.4: In vacuo heating of MoOs/Al,Os catalysts: XPS results.
Mo oxidation state on the left and atomic composition on the right.
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6.4.3 Re-oxidation of catalysts

The oxidation state of the catalyst is one of the determining factors in hydrocarbon partial
oxidation activity and selectivity [4,10]. In the reduction step of chemical looping ODH, the
catalyst is reduced significantly and in the re-oxidation step the original state of the catalyst
should be achieved in order to maintain stable long-term performance. The thermal reduction
does not require any reductant, hence is an easy and clean method for investigating the
reversibility of catalyst re-oxidation. For instance, reduction by hydrocarbon can lead to coke

deposition which presents additional complexity into investigation of catalysts redox properties.

The 1.8ML catalyst was subjected to different thermal reduction conditions imposed by
the O, TPD experiment and then re-oxidized at 600°C with 10%0/He. The reproducibility of
the O2 desorption peak or its lack thereof provides the evidence of the reversibility of the re-
oxidation of the catalyst (Fig. 5). The black trace in Fig. 5 represents a typical O2 desorption
pattern from the 1.8ML catalyst after it has been freshly re-oxidized in situ by annealing in 10%
O2/He at 600°C for 30min which simulates conditions of sample calcination. After this
experiment, the O2 TPD was repeated without the re-oxidation (pink flat trace). The oxygen peak
was lost as expected evidencing a complete loss of the Mo-O sites responsible for desorption.
After re-oxidation of this sample, some of the O, desorption was regained (light blue line);
however, the nature of oxygen sites was significantly altered. The sample underwent heat-
treatment up to 800°C for several times which must have resulted in Mo losses due to the
sublimation which happens at >600°C (Fig. 5), and therefore the nature of the sample was
irreversibly changed. The reproducibility of O. desorption increases when the maximum
temperature of the initial TPD is limited to 700°C. Further improvement is seen after TPD up to

650°C, and the Oz TPD reproduces perfectly after the TPD is limited up to 600°C. This shows
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that when conditions that result in irreversible changes into the MoOs/Al.Os catalyst are avoided,
such as loss of MoOs due to sublimation, the original state of catalyst can be achieved after re-
oxidation. Decreasing the thermal reduction temperature obviously also limits the amount of O
desorbing; therefore, the limited degree of reduction of MoOx provides better process
reversibility. These results show that MoO3/Al.O3 catalysts are easily re-oxidizable although care
must be taken not to irreversibly change the catalyst nature by excessive thermal stress
(sublimation losses etc.). At >1ML coverage, the tendency of solid-state reaction between MoOs
and the support also increases with temperature and more Al2(M00Oa4)3 can be formed when the
temperature is increased. This phase is considered to have lower reducibility and reactivity

(Chapter 4:, [39,40]).
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Figure 6.5: Re-oxidation of 1.8ML catalyst after thermal reduction at different temperatures.
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6.4.4 Ethane TPD

Ethane TPD experiments were used to probe the adsorption sites on MoO3/Al203
catalysts with different Mo loading and the effect of Mo reduced sites formed due to thermal
reduction was evaluated (Fig. 6). Fully oxidized samples are represented by solid lines in Fig. 6.
Upon ethane adsorption at room temperature, the main desorption product from all catalysts was
COo.. Ethane, ethylene, and oxygen were also detected in some instances. No oxygenates were
detectable in the effluent gas. Only alumina and the catalyst with lowest Mo loading (0.3ML)
showed low-temperature ethane desorption at 55-68°C suggesting ethane adsorption at alumina
Lewis acid sites. Ethane peaks are accompanied by ethylene peaks at the same temperature of
about the same intensity; therefore, ethylene peaks at 55-68°C can be more accurately assigned
to the contribution of ethane to m/z=26. Very low ethylene desorption can be observed at 200—
270°C from alumina, 0.3ML, and 0.6ML catalysts. The ethylene desorption temperature
decreases with increasing Mo loading and increasing reducibility of MoOx. This suggests that
residual alumina sites worked in synergy with sites from MoOxy or the ethylene is desorbed from
Mo sites in the case of MoOx/Al.O3 samples. Because of the lack of such a peak in 1.8ML
catalyst that presumably has all alumina sites covered, some synergy between residual alumina
sites and MoOx seems to be a more likely explanation. We omit ethane desorption at >600°C
from interpretation since it was first time for samples at such a high temperature; therefore, such
desorption cannot be reliably assigned to ethane adsorption and can originate in atmospheric

contamination during sample storage.

The <1ML catalysts show low-temperature CO- desorption peaks at 166, 246, 466 °C for
0.6, 0.3, and alumina, respectively. Those CO> peaks start even earlier and, in some cases, (such

as alumina) do not even overlap with ethylene desorption peaks; thus, they likely originate from
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different sites. We speculate that the ethylene desorption originated from Al sites of alumina
possibly adjacent to MoOx domains in <1ML samples, but CO desorption originated from
reduced Mo defect sites on MoOx domain. 1.8ML sample with fully covered alumina surface
does not show any desorption until >600°C suggesting the necessity of alumina sites towards

ethane adsorption.

When the 0.6ML sample was pretreated in He at 750°C prior to ethane adsorption (blue
dashed line) ethylene desorption was eliminated, but the CO; peak shifted to a lower temperature
(81°C) and increased in intensity. He pretreatment induces Mo reduced sites as discussed above
but can also possibly lead to enhanced dehydroxylation of alumina surface; therefore, both
reduced Mo and Aly; site density is expected to increase after heating. 1.8ML catalyst pretreated
in He at 600°C (dashed red line) showed significantly increased CO, desorption starting at
450°C. In this case, the desorption can be perhaps clearly linked to the increased density of
reduced Mo sites. The presence of Mo reduced sites is evidenced by the disappearance of the O
desorption characteristic for 0.6ML and 1.8ML samples (Fig. 6d). Oyama, et al. [5] previously
suggested metal-alkyl bond as an intermediate; thus, metallic adsorption sites are responsible for
hydrocarbon combustion over metal oxide catalysts. Our results seem to support this claim,
although for <IML catalysts the residual alumina sites seem to play an important role in
providing low-temperature combustion. We suggest as a possible explanation the presence of
Lewis acidic alumina sites in the vicinity of MoOx domain where acidic sites represent an
effective adsorption site for hydrocarbon and MoOx domain provides oxidation. This synergy
seems to be even enhanced once density of reduced Mo is increased (He pretreated 0.6ML)

suggesting the ability of Mo reduced sites to provide more facile combustion.

147



Ethane (ppm)

10

68

—— Alumina
— 0.3ML

— 0.6ML

— 1.8ML

0.6ML Helium

1.8ML Helium

200

\
' \ 3x10™ A
150 | '

2x107 A

CO, (ppm)

Oxygen (a. u.)

100 ‘
1x107* A

504 '

0 -Fsabanni

T T T T
300 400 500 100 200

Temperature (°C)

T T T T T T
100 200 600 300 400 500 600

Temperature (°C)

Figure 6.6: Ethane TPD results for MoO3/Al,O3 catalysts. (a) Ethane evolution (m/z=30),
(b) ethylene (m/z=26), (c) CO, (m/z=44), (d) O, (m/z=32).

6.5 Conclusions

MoOs/Al,03 catalysts thermally reduce producing Mo*V sites. The reduction is
accompanied by O desorption which correlates very well with the reducibility of catalysts by
H>. O2 desorption activation energies calculated from TPD experiments are in 1.8-2.5 eV range
which is close to the expected activation energies of vacancy formation in a-M0O3z found in the
literature. Since O desorption closely correlates with the reducibility of catalysts, O> TPD can be

used as powerful complementary technique to conventional H> TPR.

Catalysts heated in vacuo reduced at a lower temperature than at atmospheric pressure in
He, although the O release was found to take place in vacuo at about the same temperature as at

atmospheric pressure. The more facile reduction of catalysts in vacuo was linked to a decrease in
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the concentration of the adventitious carbon layer naturally present on samples. This carbon layer
serves as a reductant. XPS results showed an increased dispersion of Mo at 400-600°C on >1ML
catalyst showing increased mobility of Mo oxide at those temperatures. At >600°C Mo was
partially lost due to sublimation. <IML sample showed a stable concentration of Mo at <660°C
after which measured Mo at. concentration increased most likely as a result of change in catalyst
structure such as sintering leading to surface area loss. The thermal reduction of Mo is reversible
process if the thermal stress does not cause irreversible changes to the catalyst texture or Mo

losses due to sublimation.

Ethane adsorbs on MoOs/Al>Os catalyst on surface defects and the main desorption
product is CO2. At <1ML coverage the defect sites seem to be related to the residual alumina
surface although synergy between alumina and MoOx domain is seen as a decrease in CO>
desorption temperature with increasing reducibility of <IML catalyst. Therefore, we suggest that
alumina sites might represent primary sites for ethane adsorption and MoOx domains provide
oxidation of hydrocarbon species. Once the reduced Mo*V sites were induced in catalysts via
thermal treatment in He it led to more facile combustion of adsorbed ethane on <1ML and to the
presence of completely new CO, desorption on >1ML catalyst which suggest that Mo*V sites can
serve as adsorption site for ethane combustion. It is expected that sites available for ethane
adsorption at room temperature will be even more prevalent at higher temperatures and can
significantly affect partial oxidation reactions conducted over the MoOs/Al;Os catalyst,

especially with respect to combustion pathways.
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Chapter 7: Nanostructured MoOy films deposited on

c-plane sapphire

This work has been published in:
P. Novotny, H.H. Lamb, Journal of Vacuum Science & Technology A (2019).

7.1 Abstract

Molybdenum oxide films were deposited on a-Al.O3 (0001) at 580 °C using MoO3z from
a conventional molecular beam epitaxy Knudsen cell. A relatively smooth film (RMS roughness
1.1 nm) was deposited in 1 min at 580 °C using a Knudsen cell temperature of 620 °C; however,
after 15 min deposition under these conditions, isolated islands (30-50 nm wide x 10-20 nm tall)
develop that are stable to annealing at 600 °C for 60 min. XPS evidenced that the films are
oxygen deficient with an average formula of MoO27. We infer that this oxygen deficiency is
responsible for their thermal stability and may have significant effects on their catalytic and
electronic properties. In contrast, stoichiometric MoOsz films deposited at 400 °C sublime

completely during annealing at 600 °C.
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7.2 Introduction

MoO3 has attracted much attention due to its unique structural and electronic properties
that are advantageous in many applications, such as catalysis [1-4], active elements in
conductance-type gas sensors for CO, Hz, methanol, and NHz [5], and cathode materials for
lithium-ion batteries [6]. The morphology of films and particles profoundly affects behavior in
these applications; therefore, methods and conditions that allow one to precisely manipulate
phase composition, defect density and morphology are of great interest. Special attention has
been given to the preparation of thin films and nanoparticles of various morphologies such as
nanorods [5], micro balls [7], nanoflowers [8], nanoribbons [9], and even fork-like rods for self-
assembly [10]. For such a goal, a wide repertoire of preparation techniques exists including
microwave hydrothermal growth [8], precipitation with hydrotreatment [9], electrodeposition
[11], reactive sputtering [12], and molecular beam epitaxy [13].

MoO3 exists in one of the three polymorphic forms: thermodynamically stable
orthorhombic a-phase M0O3, metastable monoclinic B-phase MoOs that thermally converts to a-
phase above 350 °C, and metastable hexagonal h-phase [12,13]. The latter phase is rare, and
most films reported to date consist of the o or B phase. a-Mo0O3 has a unique layered structure
with 0.7-nm thick bilayers. Each bilayer is comprised of two sheets of distorted MoOs octahedra.
There is strong cohesion within the bilayers dominated by covalent and ionic bonding, but the
bilayers are held together only by weak van der Waals forces. On the other hand, B-MoOs forms
a monoclinic structure comprising a 3D network of corner-sharing MoOs octahedra, and van der
Waals forces do not play any significant structural role [5,13].

Because of its relatively high vapor pressure, MoOz can be easily deposited via molecular

beam epitaxy (MBE) using a conventional Knudsen cell. MoO3 sublimes readily at above 600 °C
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in vacuo; the gas-phase molecules are thought to be mostly trimers (MoQOz3)s [14]. Typically,
Knudsen cell temperatures of 570-620 °C are used to achieve growth rates of 80-100 nm/h [13].
The crystallinity of the resulting MoOs film can be tuned by the substrate temperature. Films
deposited below 150 °C are amorphous, and polycrystalline films are deposited at 200-350 °C.
Films deposited below 200 °C consist mainly of B-MoO3 whereas at a higher temperature (>300
°C) only a-MoOs is deposited [13].

The aim of this work was to prepare and characterize MoO3 films deposited on a-Al,O3
(0001) (c-plane sapphire) as model catalysts for oxidative dehydrogenation (ODH) of ethane.
MoO3 supported on y-Al,Oz is a well-known catalyst for ethane ODH [2,3,15-19]. The ODH
reaction at <650 °C is dominated by heterolytic C-H cleavage and follows a Mars-van Krevelen
mechanism [20,21]; however, a consensus regarding the active Mo species in supported MoOs
catalysts has not been reached. Planar catalysts present many advantages for the investigation of
catalytic behavior when compared to powders. The structure and composition of the planar
sample can be more easily controlled and probed; thus, they have the potential to provide a
clearer and deeper understanding of catalytic processes from a mechanistic standpoint. Koike, et
al. [13] grew MoOs films on c-plane sapphire by MBE and reported that above 400 °C the
sublimation becomes dominant and limits further film growth. The same conclusion was reached
by Du, et al. [22] for films grown on SrTiOs. Because temperatures of interest for ethane ODH
are above 500 °C, this obviously brings into question whether is possible to grow MoOx films on
sapphire that will be stable under reaction conditions. Our results demonstrate successful
preparation of nanostructured MoOx films on c-plane sapphire at 580 °C that are stable to

annealing at 600 °C for 60 min.
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7.3 Experimental

A schematic of the experimental apparatus is shown in Fig. 1. It consists of four

interconnected, independently pumped vacuum chambers isolated by UHV gate valves.
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Figure 7.1: Schematic of thin film deposition and surface analysis cluster.

A substrate is attached with an Ag paste to a Mo sample holder and introduced via a load
lock evacuated by a turbomolecular pumping station (Pffeifer HiCube 80 Eco) with a base
pressure of 107 Torr. After the load lock is evacuated, the sample enters a transfer line evacuated
to 1x10® Torr with a turbomolecular pump (Pfeiffer HiPace 300M). The sample can be
transferred between adjacent chambers via magnetically coupled transfer rods which allow in

vacuo transfer for on-line angle-resolved X-ray photoelectron spectroscopy (ARXPS), Auger
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electron spectroscopy (AES), temperature-programmed desorption (TPD), and low-energy

electron diffraction (LEED).

The ARXPS chamber is equipped with a PHI 3057 XPS system with a spherical capacitor
analyzer (PHI 80-865A), a dual-anode X-ray source (PHI 04-548), tilt stage, and an Ar* ion gun
for sample cleaning. The chamber is pumped by a Perkin-Elmer TNBX ion pump to a base
pressure of 1071° Torr. Al Ka radiation was used exclusively in this work. Multiplex scans were
recorded using a 23.50-eV pass energy and 0.1-eV step size. Binding energies are referred to the
Al 2p peak at 74.1 eV [23-25]. Using such a reference was necessary because no C 1s signal was
detectable in the deposited films. The Al 2p reference used in this work is equivalent to
referencing to C 1s at 284.6 eV [24]. In order to quantitatively estimate the Mo oxidation states
present in the films, the Mo 3d spectral region was deconvoluted in CasaXPS software using a
method reported by Baltrusaitis [26]. Briefly, Mo 3ds,> binding energies of 232.6, 231.0, and
229.2 eV for Mo oxidation states of +VI, +V, and +IV, respectively, were measured on the same
instrument for similar samples, and these values were used as constraints in peak fitting using
CasaXPS software. Binding energy constraints were allowed to vary within 0.1 eV to account for
experimental error and the energy resolution of the instrument. Additional constraints were peak
shape 90% Gaussian/10 % Lorentzian, area ratio of Mo 3ds;2 and Mo 3ds2 peaks equal 3/2, and
peak splitting equal 3.15 eV. FWHM (found by fitting) were 2.0, 2.5, and 1.3 eV for Mo +VI,
+V, and +1V, respectively.

The deposition chamber is equipped with a sample stage capable of rotational and
translational motion with a small tilt adjustment. The sample holder is heated from the backside
by radiation from a pyrolytic boron nitride (PBN)-coated graphite heating element. Power is

supplied by a low-voltage DC power supply (Sorensen DC 40-75) connected to the heating
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element via two copper electrical feed-throughs. The sample stage is equipped with a K-type
thermocouple located in the proximity of the sample holder. The sample surface temperature
(above 550 °C) can be measured directly by pyrometer (Ultimax UX-20/600) through a window
on the front of the chamber. The temperature of the substrate below 550 °C was estimated from
thermocouple readings via a multipoint calibration established at higher temperatures using the
pyrometer. A conventional Knudsen effusion cell (SVT Associates) was used as the MoOs
source. The cell is equipped with a 20-mL PBN crucible and a manual shutter for on/off control
of the flux. The lip of the crucible is approximately 13 cm from the substrate, and the angle
between the Knudsen cell axis and substrate normal is 60°. Film morphology can be monitored
in situ via reflection high-energy electron diffraction (RHEED) using a Fisons Instruments
(LEG110) electron gun and phosphor screen. The chamber is pumped by a turbomolecular pump
(Pfeiffer HiPace800) to a base pressure of 5x10°° Torr. During in vacuo depositions, the pressure
in the chamber was 3-7x10°® Torr. The chamber can be backfilled with O, via UHV leak valve to
10 Torr (max.) as a reaction background or for sample annealing.

The LEED/AES chamber contains a single-pass cylindrical mirror analyzer with a
coaxial electron gun for AES (PHI 10-155), and Ar sputter gun for depth profiling, and reverse-
view LEED optics (PHI 11-020).

MoOs Deposition

The Knudsen cell was loaded with MoOs (99.95 %, Alfa Aesar), and the cell temperature
was maintained at 620 °C during deposition experiments. The sapphire substrate (1x1 cm?,
AdValue Technology) was washed and sonicated in isopropanol for 15 min and then mounted on
a Mo sample holder using Ag paste. Prior to MoOs deposition, the sapphire substrate was

outgassed and cleaned by heating at 700 °C in 5x10°® Torr O2 ambient for 30 min. Subsequently,
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the substrate temperature was decreased to 400 or 580 °C, and deposition was initiated by
opening the Knudsen cell shutter. Depositions were performed in vacuo (10® Torr) and in an O
ambient (5x10° Torr) achieved by backfilling via a UHV leak valve. MoO3s was deposited for 1-
15 min after which the shutter was closed, and sample heating was stopped. After cooling to
ambient temperature, the sample was analyzed in situ using RHEED, transferred in vacuo for
online XPS analysis, and then removed from the apparatus for ex situ atomic force microscopy
(AFM). AFM measurements were conducted using a Digital Electronics Dimension 3000
scanning probe microscope using a Si tip in tapping mode. Some samples also underwent
annealing in an O ambient to test sample stability at elevated temperatures.

7.4 Results and discussions

7.4.1 RHEED and AFM

Fig. 2 shows RHEED patterns and AFM images of molybdenum oxide films deposited in
vacuo on a-Al>0O3 (0001) at 580 °C. The sapphire substrate after in situ annealing at 700 °C
shows an RHEED streak pattern characteristic of a clean flat single-crystal surface [27,28] that
was further evidenced by a featureless atomically smooth AFM image (Fig. 2a). The RHEED
pattern (Fig. 2b) for a film deposited in 1 min at 580 °C shows spots characteristic of a rough
surface with 3D islands (asperities); the faint diagonal streaks that may arise from reflections of
crystal facets on the sidewalls of the islands [29]. The spotty RHEED pattern developed more
fully at longer deposition times indicating relatively uniform coverage of nanoscale 3D islands
on the surface. This was further evidenced by AFM. The film deposited in 1 min shows a
relatively smooth and uniform surface (RMS roughness 1.1 nm) comprised of nanocrystallites.
These grow to larger size after a 5-min deposition (RMS roughness 3.02 nm) and finally form
relatively uniform 3D islands (20-40 nm wide x 10-20 nm tall) with bare sapphire exposed in

between (RMS roughness 4.75 nm) at 15 min deposition time. Fig. 3 shows height profiles along
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the white lines shown in Fig. 2. It is apparent that an initially continuous relatively smooth film
evolves over time into tall isolated granules with space between them that appears to be bare
sapphire, although there might be present some small (<1nm) features that cannot be resolved by
AFM. Evidence of such features is visible in AFM height profile of sample deposited at 15 min
although this could be also attributed to “flying tip” artifacts that are unavoidable with such a
dramatic change in slope of the landscape caused by the large islands.

At 580 °C net film deposition results from the incident MoOsz flux and sublimation
(desorption). The substrate receives the incident MoOs flux, and at the same time, part of the
deposited material sublimes due to the high vapor pressure of MoOs at the substrate temperature
[13,14]. This growth regime together with the fact that our Knudsen cell is located at a 60° angle
with respect to the sample normal may explain the unusual growth morphology of the films.
Moreover, MoOs reduces at 580 °C making the deposited films oxygen-deficient (shown in XPS
section). We speculate that tall isolated 3D islands result from the shadowing effect of the
crystallites, as depicted schematically in Fig. 4. The film initially deposits in a relatively smooth
layer which grows in time. As the roughness of the surface increases, the valleys no longer
receive the incident MoO3 flux due to the shadowing effect of the roughness, but due to the high-
temperature material from the valleys sublimes. This leads to the morphology of 3D islands
separated by areas of the exposed substrate, as shown in Fig. 1d for the 15 min deposited sample.
Shadowing is a relatively well-known phenomenon affecting thin film growth morphology

[30,31].
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Figure 7.2: Molybdenum oxide films deposited in vacuo on c-plane sapphire at 580 °C: RHEED patterns and (1x1)
um? AFM morphology images. (a) Sapphire annealed at 700 °C for 60 min (RMS 172 pm), (b) 1 min deposition
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To deposit smoother films, the temperature of the substrate was lowered to 400 °C. Fig.

5a and 5b show RHEED patterns and AFM images of a film deposited for 1 min in O, ambient
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(5x10° Torr O,) and after annealing in oxygen ambient at 600 °C for 60 min. Deposition at 400
°C led to a thicker film with an RHEED pattern typical of polycrystalline materials [13,29]. The
AFM image reveals rather large MoOs grains seemingly randomly oriented in multiple layers.
Most strikingly, upon annealing at 600 °C in an oxygen ambient the entire MoOs film was lost
due to sublimation. RHEED shows only streaky reflections of bare sapphire, and AFM revealed
an atomically flat surface with no crystallites present. Thus, in agreement with conclusions made
by Koike, et al. [13] it is clear that MoOs deposited at 400 °C is not stable at temperatures that

are of interest (500-600 °C) for future ODH reaction testing.

RHEED and AFM results for a film that was deposited in 15 min at 580 °C in O, ambient
and then annealed at 600 °C for 60 min are shown in Fig. 5¢ and d, respectively. The as-
deposited film had the morphology of separated 3D islands with areas of exposed substrate
virtually identical with the in vacuo deposited films from Fig. 2; therefore, we infer that the
effect of O ambient is not significant. Koike, et al. found the effect of supplying oxygen radicals
negligible to the film growth [13]. More importantly, the film deposited at 580 °C withstood
annealing at 600 °C (Fig. 5d) with qualitatively the same morphology to as-deposited film.
MoOxy islands on the annealed sample are not as tall as in the as-deposited sample and have a
very narrow distribution of sizes with almost all islands in the range of maximum height 10-15
nm, with 30-50 nm diameter at the base (Fig. 3b). We conclude that MoOx films in the form of
3D nanoscale islands can be grown on c-plane sapphire at 580 °C and are thermostable at 600
°C. It is clear that when compared to films deposited at 400 °C, the nature of MoOx in samples
deposited at 580 °C has to be somehow different which provides them with increased thermal
stability. We hypothesized that this is due to oxygen-deficiency of the films deposited at 580 °C

which is supported with XPS evidence in the following paragraphs.
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Figure 7.5: Molybdenum oxide films deposited on c-plane sapphire at 400 °C for 1 min and at 580 °C for 15 min,

both deposited in Oz ambient 5x10 Torr. (a) 400 °C, 1 min (RMS 6.16 nm), (b) 400 °C, 1 min, annealed at 600 °C

for 60 min (RMS 42.1 pm), (c) 580 °C, 15 min (RMS 3.30 nm), (d) 580°C, 15 min, annealed at 600 °C for 60 min
(RMS 3.46 nm).
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742 XPS

XPS analysis of in vacuo deposited films and films deposited in an O, ambient at 580 °C
revealed that they are oxygen-deficient (Table 1, Fig. 6). The XPS binding energies were
referenced to Al 2p at 74.1 eV. In all cases, the O 1s peak was located at 530.6+0.1 eV, and the
Mo 3ds/, peaks for Mo*V!, Mo*V, and Mo*'"V were located at 232.6 eV, 231.0 eV, and 229.2 eV
(x0.1 eV), respectively, in good agreement with literature [26,32]. Carbon was not detected in
deposited (or annealed) films.

The Mo 3d spectral region of a film deposited at 580 °C for 15 min in Oz ambient is
shown in Fig. 6a. Besides expected oxidation state Mo*V!, the experimental envelope clearly
contains also oxidation states Mo*V (32.9 %) and Mo*"V (16.7 %) which corresponds to the
average formula MoO-7. In contrast, the experimental envelope of the sample deposited at 400
°C contains only a Mo*™! component (Fig. 6b). In order to evaluate if the reduction of Mo is
uniform throughout the sample, ARXPS was performed on the films, and no observable gradient
in Mo oxidation state was found. It is known that vapor pressure of Mo oxides increases with
oxidation state [33]; thus, the Mo reduction that takes place during deposition at 580 °C is most
likely responsible for the increased thermal stability of the films. Reduction of MoO3 to Mo*
and Mo*" oxides under nitrogen atmosphere above 450 °C has been previously reported by
Spevack and Mclintyre [32] and evidence of this phenomena in vacuo has been reported by
others as well [26,34-36], although usually as a result of electron beam heating. The reduction
may be initiated by creation of oxygen vacancies, e.g., in the vicinity of chemical
impurities/residues from preparation [35]. Oxygen deficiency of MoOs has a profound effect on
its catalytic and electronic properties. For instance, this may be undesired for catalytic
application such as ethane ODH because the presence of lower Mo oxidation states increases

catalytic activity but triggers ethane hydrogenolysis resulting in a substantial loss of selectivity
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[37]. On the other hand, many electronic applications of MoOs films rely solely on sub-
stoichiometric Mo oxide which is an effective way of decreasing the otherwise wide band gap
(3-3.4 eV) of a-MoO3 [38-42].

In addition, we performed XRD on two selected films (Fig. 5a, c) to probe the phase of MoO3
present at the surface. The data can be found in Supplementary information (Fig. S1). The film
deposited at 400 °C (Fig. 5a) shows reflections corresponding (0k0) planes of a-MoOs only
which suggest that film is iso-oriented in this direction. This is in good agreement with the
literature [13]. However, it should be noted that the intensity of those reflections is very low,
therefore it remains possible that reflections of other crystalline planes are present but below the
detection limit of the instrument. In the case of the film deposited at 580 °C (Fig. 5c), no
reflections besides those from sapphire were observed. As shown above, films deposited at 580
°C are oxygen-deficient; therefore, the a-MoO3 phase is not expected to be present, also the

amount of material on the substrate is rather low.
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Table 7.1: Summary of XPS results for MoOx films on c-plane sapphire.

Mo oxidation states (%)

Deposition
Conditions MoVl Mo*V MoV Average formula
1 min, 580 °C 553 286 16.2 MoO2.70
5 min, 580 °C 52.7 29.9 174 Mo0O-.es
15 min, 580 °C 50.3 329 16.7 MoO267
1 min, 400 °C 1000 - - MoOs
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Figure 7.6: Mo 3d XPS of molybdenum oxide films on c-plane sapphire deposited at (a) 580 °C for 15 min, (b) 400
°C for 1 min. Mo 3ds2 component represented by full-line and 3ds component dashed in the CasaXPS
deconvolutions.
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7.5 Summary and Conclusions

MoOx films were deposited on c-plane sapphire at 580 °C via MBE using MoOs from a
conventional Knudsen cell. Film morphology evolves with deposition time (1 to 15 min) from a
continuous film comprised of nanocrystallites to isolated nanoscale islands (20-40 nm wide by
10-20 nm tall) which are stable upon annealing at 600 °C for 60 min. We suggest that the film
morphology evolves into 3D islands due to the shadowing effect of the developing grains (or
islands) with concurrent MoOs sublimation due to its high vapor pressure at 580 °C. We infer
that films grown at 580 °C are more thermally stable due to their oxygen deficiency. The oxygen
deficiency of the films was shown by XPS, and the Mo oxide can be described by the average
formula of M0O2.67-2.70. This oxygen deficiency is expected to have a profound effect on catalytic
and electronic properties that will be evaluated in follow-up studies. In contrast, films deposited

at 400 °C are stoichiometric MoOs and completely sublime during annealing at 600 °C.
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Chapter 8: Epitaxial a-MoOs films deposited on step-

reconstructed sapphire (0001)

8.1 Abstract

Continuous epitaxial a-MoOs films were deposited on clean reconstructed c-plane
sapphire via molecular beam epitaxy (MBE) using a MoOs effusion source. Step-reconstructed
sapphire substrates were prepared via ex situ annealing at >1000°C in air. The combination of ex
situ annealing in air and in vacuo annealing at 700°C was found most effective in providing
clean smooth surfaces. At deposition temperatures >500°C, sublimation of deposited material
limits film growth and results in sub-stoichiometric 3D MoOx islands surrounded by bare
substrate. Continuous films grow effectively at 450°C because of decreased MoO3z volatility.
Films are stoichiometric a-MoO3 as evidenced by x-ray photoelectron spectroscopy and x-ray
diffraction. Films are made of bilayer sheets of a-Mo0Os grown via van der Waals epitaxy. This
growth morphology could not be achieved on unreconstructed sapphire. Films grow in a kinetic-
roughening mode leading to faceted surfaces comprised of individual a-MoO3 sheets 0.7-nm
thick with orientation (0001)sapphirell(010)a-mo03 @s evidenced by cross-sectional transmission

electron microscopy.

172



8.2 Introduction

MoO3 has found a variety of applications as a catalyst in oxidative dehydrogenation of
hydrocarbons [1-4], in gas sensing [5], in the design of advanced Li-based batteries [6], and
photovoltaics and electronics [7—9]. Such a wide range of applications is possible thanks to the
unique structural and electronic properties of this material. There is no wonder that morphology
of MoOs films and particles has been investigated extensively and numerous preparation
techniques have been reported — including but not limited to molecular beam epitaxy (MBE)
[10], precipitation with hydrotreatment [11,12], electrodeposition [13], and reactive
sputtering[14]. Based on the preparation conditions, resulting deposits form a film made of
particles of various shapes ranging from micro balls [15], nanoribbons [5,11,16] to
nanoflowers[12]. Stoichiometry of the deposits is also very important because oxygen deficiency
has a profound effect on the properties of the layer such as catalytic activity and selectivity [17].
Through oxygen deficiency, one may also control/decrease the bandgap which is crucial for
many electronic applications [7,9,18-20]. Previously, we have reported the preparation of
oxygen-deficient MoOx films made of 3D nanoislands [21]. Despite the broadness of literature
dealing with MoO:3 films, to best of our knowledge, preparation of continuous epitaxial a-M0O3

films has not been reported.

a-MoQOs3 is the most thermodynamically stable polymorph of MoOs. When the film is
heated above 350 °C a-MoOz3 forms exclusively [14,10]. a-MoOs crystallizes in an orthorhombic
lattice with a unique layered structure more typical for dichalcogenides, such as MoSo. It consists
of sheets made of bilayers (BL) of distorted MoOs octahedra. These bilayers are separated by
~0.7 nm and held together only by weak van der Waals forces in the b-axis direction (Fig. 1)

[5,10].
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1 bilayer (BL)

70.693 nm

Figure 8.1: Crystal structure of a-Mo0Os.

In order to prepare continuous epitaxial films of a-Mo0O3z, we have chosen MBE because
of its capability to produce high-purity films and because of the simple control over deposition
conditions. MoOs sublimes readily above 600 °C in vacuo [22]; therefore, it can be easily
deposited using a conventional Knudsen cell at temperatures of 570-620 °C achieving growth
rates of 80-100 nm/h [10]. Koike, et al. [10] and Du, et al. [23] have studied MoOs films
deposited by MBE and found that the sublimation limits further growth above 400 °C on c-plane
sapphire, and SrTiOs, respectively. At higher temperatures, films can be deposited but consist of
the separated 3D islands of oxygen-deficient suboxide [24]. The deposition of epitaxial films of

a-MoOg is challenging due to larger lattice mismatch with many crystalline substrates; for
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example, the mismatch with sapphire is 20% [25]. This mismatch leads to stress in the film that
is released, at least partially, via rotation of MoOs crystals which then breaks up the continuous

layer and nanocrystals of various shapes are formed [25,26].

Despite the fact that (0001) surface is the most thermodynamically stable plane of
sapphire [27], it undergoes surface reconstruction resulting in a stepped surface upon heating
above 1000 °C. Reconstruction starts with monosteps 0.22-nm high which equals to the distance
of two oxygen atoms in the sapphire lattice in c-direction (c/6) [28-31]. With increasing
temperature and time steps grow and terraces broaden via step bunching [28-30]. This
thermodynamically unfavorable process is thought to occur because of the miscut of the c-plane
that is to some extent unavoidable during crystal cutting and polishing [29]; the rate and extent of

surface reconstruction are highly dependent on crystal miscut [29,32].

The reconstructed sapphire surface provides several advantages for heteroepitaxial
growth. During the high-temperature annealing, the surface smoothens as the atoms are allowed
to migrate, whereas mechanical mirror-polished surfaces contain various defects like scratches,
corrugations, etc. [28-31]. Smooth surfaces are expected to enhance heteroepitaxial growth and
to provide sharp interfaces between the film and substrate [29-32]. Secondly, atoms at and near
steps form a new structural entity where preferential deposition can take place. Conventionally,
deposition process is viewed as diffusion of monomers over the terraces before they are trapped
on step edges. However, it was shown that a so-called “empty zone” exists near steps [32,33].
The diffusion rate is enhanced near the step forming an empty strip of the surface where all
monomers are rapidly funneled to the step edge. The “funneling” of monomers from terraces
towards the steps can promote a different type of growth, for instance, step-flow growth [32,33].

On sapphire, nm-range steps provide smoother films with preserved step structure because of a
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higher step-monomer attractive energy and wider empty zone in comparison to surfaces with
monosteps that did not provide stepped films and had rougher surfaces [32]. This might be also
viewed as a surface templating that has found applications outside epitaxy (e.g., Nanofacet

Lithography) [34].

In this paper, we report, for the first time, continuous epitaxial films of a-MoO3 on step-
reconstructed c-plane sapphire. Growth modes and film morphology are investigated with
respect to substrate temperature, deposition time, effusion flux, sapphire step morphology, and
surface cleanliness. Films are characterized by atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and cross-sectional transmission

electron microscopy on focused ion beam cross-sectioned specimen (FIB-TEM).

8.3 Experimental

Substrates (1x1 cm?) were cut from a 3-inch sapphire (0001) wafer (Roditi), washed and
sonicated in isopropanol for 15 min. For surface reconstruction, substrates were placed in an
alumina boat inside a clean alumina tube (MTI Corporation) in flowing dry air and annealed in a
tube furnace at 900-1300°C for 4-24 h. The sapphire substrates and deposited films were
imaged via atomic force microscopy using a Digital Electronics Dimension 3000 scanning probe

microscope using Si tip in tapping mode.

A schematic and description of the experimental apparatus have been reported in detail in
our previous study [24]. Briefly, the apparatus consists of a cluster of UHV chambers that are
connected via an evacuated transfer route allowing in vacuo transfer in between the chambers. A
sapphire substrate (1x1 cm square) was glued to a Mo sample holder with silicate-based carbon
paste (Tedd Pella) and cured in the air as recommended by manufacturer (room temperature

overnight, 110°C for a day, and 250°C overnight before loading the sample into a load-lock).
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After loading into the apparatus, the substrate was outgassed and cleaned by annealing to 700 °C
in 5x10° Torr O, with 30 min hold; heated via radiation from the backside. The substrate
temperature was measured with a K-type thermocouple in contact with the Mo sample holder
and/or by pyrometer at >550°C. A conventional Knudsen effusion cell (SVT Associates) was
loaded with MoOs (99.95 %, Alfa Aesar). The effusion cell temperature was maintained at 615

or 640 °C during deposition experiments.

Once cooled to ambient temperature, the sample was checked in situ using reflection
high-energy electron diffraction (RHEED) and transferred in vacuo for online XPS. For XPS, the
same conditions as published elsewhere [24] were used. Binding energies are referred to Al 2p
peak at 74.1 eV [35,36] or alternatively O 1s peak at 531.1 eV [37-39]. The latter was necessary
due to the lack of both carbon and aluminum signals on thicker films. Ex situ characterization by
AFM, XRD, cross-sectional TEM were performed on selected samples. XRD patterns were
acquired with a Rigaku SmartLab X-ray diffractometer with Cu Ka source (A = 0.1542 nm)
operating at 40 kV and 44 mA. The range of 10—80° (20) was measured in step mode with a
0.05° increment and 3s dwell time. A continuous epitaxial film was cross-sectioned via focused
ion beam (FIB) using FEI Quanta 3D FEG instrument and imaged with FEI Talos F200X at

Analytical Instrumentation Facility of North Carolina State University.

8.4 Results and discussions
8.4.1 Sapphire reconstruction

Fig. 2 shows AFM images of sapphire substrates that were used for the growth of MoOs
films. As-received sapphire (Fig. 2a) contains scratches due to mechanical polishing by the
manufacturer. In general, annealing leads to the smoothening of the surface [28-31] which can

be also observed in our data; RMS roughness dropped from 0.19 nm of initial mirror-polished
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sapphire (Fig. 2a) to 0.11-0.13 nm for reconstructed sapphire annealed at high temperature (Fig.
2d-f). RMS roughness for stepped surfaces was measured on terraces only. Upon annealing at
900 °C (Fig. 2b) surface remained flat with no visual change from the as-received state except
scratches on the surface were not observed. In agreement with literature [28-31], annealing at
1100°C for 2 h (Fig. 2c) caused surface reconstruction into a terrace-step-kink structure with
relatively small steps with a height corresponding to 1-3 monosteps (1 MS = 0.22 nm). Steps are
kinked creating a surface morphology resembling fish scales with terraces that are 100-150 nm
wide (measured at widest point) and 150-350 nm long (Fig. 2c, Fig. 3). After 24 h at 1100 °C
(Fig. 2d, e), steps have grown, and terraces widened. Despite the fact that the substrates in Fig.
2d and 2e were annealed in one batch in the same alumina boat, the resulting morphologies are
noticeably different. The substrate in Fig. 2d contained large steps, wide and long terraces that
are kinked (steps: 4-7 MS, 0.9-1.5 nm; terraces: 300-500 nm wide, 700-3000 nm long). On the
other hand, substrate in Fig. 2e showed very regular stepped pattern with almost perfectly
parallel steps without kinks. All steps in Fig. 2e are 2 MS high (0.44 nm) with narrow terraces
80-220 nm wide (most of them being in the 100-120 nm range). Additional wafers were
annealed in the same batch and their surface morphologies were somewhere between the two
extremes from Fig. 2d and Fig. 2e. This indicates that it is hard to precisely predict the resulting
morphology of sapphire. We infer that those differences were imposed via a furnace temperature
because substrate surface morphology changed gradually in the same order as the wafers were
arranged in the alumina boat. Finally, sapphire (0001) annealed at 1300°C for 24 h (Fig. 2f)
reconstructed in similar morphology as substrate in Fig. 2d although steps and terraces are even
better defined and larger (3-9 MS, most being close to 7-8 MS) with 250-500 nm wide terraces

more than 1 um long.
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Figure 8.2: Sapphire: AFM morphology images. (a) as-received sapphire, RMS 0.19 nm (b) annealed in air at
900°C, 4h, RMS 0.19 nm (c) annealed in air at 1100°C, 2h, RMS 0.15 nm (d) annealed in air at 1100°C, 24h, RMS
0.11 nm (e) annealed in air at 1100°C, 24h, second wafer, RMS 0.13 (f) annealed in air at 1300°C, 24h, RMS 0.12

nm. In the case of stepped surfaces, RMS reported on terraces to exclude the effect of the steps on RMS.
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Figure 8.3: AFM height profiles along the white lines depicted in Fig. 2. For clarity, lines d, and e have been offset
by adding 1, and 2.5 nm, respectively.

As-received and ex situ annealed sapphire substrates were exposed to ambient air and
picked up significant carbon contamination (Fig. 4, Table 1). The C 1s peak is centered around
284.8-285 eV and can be assigned to adventitious carbon (C-C type carbon) [40,41]. At higher C
concentrations, the C 1s peak shows a shoulder extending to >286 eV suggesting also C-O type
carbon [41]. After in situ annealing to 700°C in oxygen ambient (5x10® Torr) the C atomic
concentration dropped to 2.5 at. % on non-reconstructed sapphire and to hardly detectable levels
on reconstructed (ex situ annealed) sapphire. This result shows that the ex situ high-temperature
annealing that is used to induce sapphire step-reconstruction led to significantly improved
cleanliness of substrate that was used for MoOgs deposition; in situ annealing to 700°C is still
necessary under all circumstances to remove the weakly bound atmospheric carbon

contamination.
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Table 8.1: XPS atomic composition of sapphire with respect to heat treatment.

Atomic concentration (at. %)*

Al O 1s Cls O/Al
as-is 33.8 60.6 5.6 1.8
in situ annealing, 700°C, 30min 39.5 58.0 25 15
ex situ annealing, 1300°C, 24h 27.0 65.7 7.3 24
ex situ — in situ 32.1 67.9 0.0 2.1

*based on Al 2p, O 1s, C 1s

O 1s XP spectra of the sapphire substrates in Fig. 5 illustrate more changes in the surface

composition with respect to thermal treatment. After atmospheric exposure (Fig. 5a, c) the O 1s

region comprised two spectral components separated by 1.6 eV. The component at 531.1 eV can

be assigned to oxide ions (O%), and the second component at higher binding energy 532.7 eV can

be assigned to surface OH groups [42]. The substrate after ex situ annealing had a higher

percentage of surface OH groups and a higher O/Al ratio. After in situ annealing at 700°C (Fig.

5b, d), the intensity of the OH component along with O/Al ratio (TABLE 1) dropped

significantly for both untreated and ex situ annealed substrates

dehydroxylation [42].

indicating surface
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Figure 8.4: C 1s XP spectra of sapphire. (a) as-is sapphire, and annealed in vacuo to 700°C, 30min hold in 5x10¢

Torr Oy, (b) reconstructed sapphire: annealed ex situ at 1300°C, 24h in dry air; and annealed ex situ followed by in

vacuo annealing. The lowest count in the C1s region was subtracted from the spectra and spectra were normalized
by Al 2p peak area in order to improve quantitate comparability between each measurement.
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Figure 8.5: O 1s XP spectra of sapphire. (a) as-is sapphire, (b) annealed in vacuo at 700°C, 30min hold in 5x106

Torr Oy, (c) annealed ex situ at 1300°C, 24h in dry air, (d) annealed ex situ followed by in vacuo annealing
(conditions c->b). Spectra are normalized on the maximum count.
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8.4.2 Optimal growth temperature

In order to deposit continuous epitaxial films of a-Mo0Os, it is desirable to work in a
regime that ensures complete filling of layers. Depositing molecules (monomers) must have
enough mobility to allow for effective surface diffusion after initial adsorption before they are
finally incorporated in the boundaries of the forming layer, e.g., at steps. Because the surface
diffusion rate increases with temperature, the substrate temperature needs to be high enough to
allow surface mobility yet not too high to allow excessive sublimation or/and formation of

oxygen-deficient 3D islands [24]. Hence the deposition temperature space was explored first.

Koike, et al. reported that films deposited below 200°C consist mainly of -Mo0Os3,
whereas at a higher temperature (300-450°C) only a-MoOs is deposited [10]. We have shown
previously [24] that at high temperatures (580°C) MoOs deposits on sapphire in 3D islands that
are separated by a bare substrate. These islands are thermally stable due to their oxygen-
deficiency. The net film deposition results from the incident MoOs flux and sublimation from the
substrate (desorption). The substrate receives the incident MoOs flux, and at the same time, part
of the deposited material sublimes due to the high vapor pressure of MoOs3 at the substrate

temperature [10,22].

Fig. 6 shows AFM images of MoO3 layers deposited for 15 min at temperatures ranging
from 350-500°C. MoOs forms large surface features at 350-450°C (Fig. 6a—d). At 475°C (Fig.
6e), the sublimation of the deposit becomes so significant that only single bilayer (BL= 0.7 nm
[43]) of MoOs remains on the sapphire along with 1-2 BL high islands on top. The morphology
of the reconstructed sapphire is still visible under the film. At 500°C (Fig. 6f), the surface is
covered with small 1BL islands and larger islands 5-18 nm high. The morphology of the

reconstructed sapphire is then visible. Based on results at this MoOs flux, the temperature of the
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substrate needs to be kept at or below 450°C in order to avoid excessive sublimation. When films
deposited at 350 (Fig. 6a) and 450°C (Fig. 6b—d) are compared, larger surface facets with very
well-defined edges characterize the latter suggesting sufficient MoO3z mobility for continuous

film growth; thus, 450°C was chosen as the optimum growth temperature.

To evaluate the effects of the sapphire surface morphology on the resulting film
morphology, three (3) films were deposited for 15 min at 450°C on stepped sapphire substrates
different morphologies and results are shown in Fig. 6b—d. Results suggest that the sapphire
surface morphology translates into the morphology of the resulting MoO3 films: film deposited
on the reconstructed surface with the smallest and least regular steps (Fig. 6b) shows smaller
facets sizes of mostly triangular projection. The film deposited on parallel steps (Fig. 6¢) has
greater facet sizes which boundaries appear to align parallel forming stepped surface with large
steps. Finally, film deposited on largest steps (Fig. 6d) has also the largest facet sizes with
morphology made of large slabs (>1um in diameter) of material. A useful film property to
quantify the faceting of the film is surface area: 1.44, 1.20, 1.14 um? per unit projected area, for

Fig. 6b, c, d, respectively.
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Figure 8.6: MoOs deposition on reconstructed sapphire, 15-min depositions, effusion cell temperature 640°C: AFM
morphology images. (a) substrate temperature 350°C — on sapphire Fig. 2d, (b) 450°C — on Fig. 2c, (c) 450°C —on
Fig. 2e, (d) 450°C — on Fig. 2f, (€) 475°C — on Fig. 2d, (f) 500°C — Fig. 2d.
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To elucidate the early stages of the MoOs growth, the effusion cell temperature was
lowered to 615°C. A film deposited for 5 min is almost completely covered with nuclei of 1BL
thickness (0.7 nm) with some nuclei 2BL high (brighter spots) and a few 2-4 nm high
precipitates (7a, b). The reconstructed surface of the sapphire is still apparent. After 15-min
deposition, continuous layers of 1BL thickness start to form on sapphire terraces (7c, d); 1-2BL
high islands were already growing on top of those starting continuous layers. Larger scan (Fig.
7¢) shows also few 4-6nm high precipitates although contamination due to ex situ measurements
is possible. Although continuous layers of MoOs on the sapphire terraces (Fig. 7c, d) do not
appear to have enough structural integrity that would yield in epitaxial MoOs films (as evidenced
by blurred AFM image), it is known that the first layer of deposited MoOs3 tend to be mobile
during AFM scanning because of its weak interaction with the support [44]. It is noteworthy that
due to the different MoOz flux the growth mode is not necessarily equivalent to the one found at

higher MoOs flux [45].

Based on the analogy with the kinetic-roughening mode in homoepitaxy [46,47], we
speculate that sapphire steps form diffusion barriers for depositing molecules, therefore, the films
initially grow relatively independently on each terrace (supported by result from Fig. 7). Once
the thickness of the film overgrows the height of the step, film domains from neighboring
terraces connect into a continuous film. This process can cause a strain in the film due to a small
misalignment between the so far “independent” films on each terrace. The strain can be relaxed
by forming facets through surface roughening; thus, increasing step density on the substrate
increases the rate of roughening leading to greater segmentation of surface via faceting. In
agreement with this hypothesis, larger steps were previously found to provide smoother LiNbO3

films on c-plane sapphire [32].
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Figure 8.7: MoOs deposition on reconstructed sapphire at 450°C, effusion cell temperature 615°C: AFM
morphology images. (a) 5 min deposition (3x3) pm?scan, (b) 5 min deposition (1x1) pum?scan, (c) 15 min deposition
(3x3) um?scan, (d) 15 min deposition (1x1) pm? scan.

8.4.3 Deposition of epitaxial thin films

Because reconstructed sapphire with large steps and terraces appears to be preferred in
order to grow films with the least faceted surface, reconstructed sapphire with morphology
represented in Fig. 2d was used for additional depositions. After establishing the optimal
temperature (450°C) to maximize surface mobility yet limiting sublimation, deposition time was
decreased to 1 and 5 min at an effusion cell temperature of 640°C to grow thinner films. It is
clear that films had stepped surface (Fig. 8a-d) which is also confirmed by horizontal streaks in

the RHEED pattern (Fig. 10c) [48]. No grain boundaries or film cracks could be found in any
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spot of the wafer (multiple spots analyzed); therefore, we conclude that the surface of the layer is
made of the continuous crystalline film (also supported by TEM data shown below). The unique
structure of these films is more apparent in (1x1) pm? images in Fig. 8b, d. After a closer look at
the height profiles in Fig. 9, it can be concluded that the height of all steps is ~0.7 nm which is
indeed very close to hypothetical thickness of one bilayer of MoOs octahedra in b-direction of a-
MoOs3 crystal (Fig. 1, 0.693 nm [43]); therefore, the surface is made of (010) terraces with steps
in b-axis direction. The overall appearance of the film surface is a typical result of so-called
kinetic-roughening mode (multilayer growth) [49]. In this mode, after layer reaches a certain
size, monomers adsorbed on top layer cannot descend the steps quickly enough and after
collision with another monomer(s), they form nuclei of new layer. The reason is an extra energy
barrier for edge descent called the Ehrlich-Schwoebel barrier [46,47]. One of the interesting
features in Fig. 8b is highlighted in a black circle. There seem to be nuclei adjacent to the edge of
the closing hole, suggesting the latest phase of layer filling where a nucleus was formed adjacent
to the step rather than monomer descending into a filling hole. The critical size of the terrace can
be estimated from the AFM images to be roughly in the range of 50-80 nm (maximum width of
terraces). After reaching this terrace size, deposited atoms are no longer able to descend steps
quickly enough and new layer is formed. This eventually leads, at long deposition times (Fig.
6b—d), to formation of well-resolved facets that are connected at the base via continuous layer of

MoQO:s.

As a control experiment, a film was deposited under equivalent conditions on sapphire
annealed ex situ at 900 °C (Fig. 2b) that does not have a reconstructed surface. AFM image of
such a film can be found in Fig. 8e—f. The surface contains long needle-like grains with smaller

islands 5-15 nm high with few islands as high as 40-60 nm, the rest of the surface is covered with
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a relatively rough layer of MoOs. The RHEED pattern in Fig. 10b is characteristic of
polycrystalline films [48]. This poorly ordered layer is indeed completely different than well-
ordered layers grown on reconstructed sapphire (Fig. 8a—d) implying the necessity of the

reconstructed surface in order to promote the growth of continuous crystalline layers.

During the high-temperature annealing, the surface smoothens as the atoms are allowed
to migrate, whereas mechanical mirror-polished surfaces contain various defects like scratches,
corrugations, etc. [28-31]. Smooth surfaces are generally beneficial for heteroepitaxial growth
[29-32]. Secondly, due to the different structures of atoms at and near steps they form a new
structural entity for preferential deposition. The “funneling” of adatoms from terraces towards
the step can promote step-flow and similar growth modes [32,33]. The high-temperature
annealing also provides effective cleaning of the surface which can be also beneficial to film
growth [50]. Improved smoothness of reconstructed surfaces was evidenced by AFM (Fig. 2),
and improved cleanliness of the surface as evidenced by XPS (Fig. 4, Fig. 5). The necessity of
steps on the surface cannot be directly confirmed based on our data since achieving atomically
smooth and clean surface by means of annealing without causing the surface reconstruction
proved to be practically impossible. We infer that the morphology of MoOs films grown on

reconstructed sapphire is likely the result of a combination of all three effects discussed above.
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Figure 8.8: MoOs3 deposition on reconstructed (a-d, Fig. 2d) and non-reconstructed (e-f, Fig. 2b) sapphire at 450°C,
effusion cell temperature 640°C: AFM morphology images. (a) 1 min deposition (3x3) um?scan, (b) 1 min
deposition (1x1) um?scan, (c) 5 min deposition (3x3) um?scan, (d) 5 min deposition (1x1) pum?scan, (€) 5 min
deposition (3x3) um?scan, () 5 min deposition (1x1) um?scan.
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Figure 8.10: Characteristic RHEED images for (a) continuous crystalline deposits from Fig. 9/8a-d,
(b) for the deposit from Fig. 8e, f.

8.4.4 Characterization of the epitaxial films

In order to measure oxidation state and possible deviation from stoichiometry, deposited
films were measured via online X-ray photoelectron spectroscopy (XPS). Sample transfer into
the XPS chamber was done in a high vacuum avoiding any atmospheric contamination. Fig. 11
shows the Mo 3d region of the film deposited at 450°C for 5 min (Fig. 8c). The entire spectral
envelope can be deconvoluted in only one doublet; its components are separated by 3.15 eV with
area ratio 60.7/29.3 for 3ds/2/3ds/2, and binding energy 233.0 eV (Mo 3ds;2) which is in excellent
agreement with values expected for Mo*V' [2,51-53]. The same was found to be true for all films
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deposited at 350-450°C for 1, and 15 min. Therefore, it can be concluded that films are made of
stochiometric a-MoOs. No carbon could be detected via XPS showing good film purity. The Al
2p and 2s peaks were not observable via XPS in film deposited at 450°C for 5-15min which
shows that the film was continuous with no holes and that the thickness of the film exceeds the

escape depth of the photoelectrons; therefore is thicker than a few nanometers [54].
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Figure 8.11: XP spectra of Mo 3d of the film deposited at 450°C for 5 mins (Fig. 8c, d).

The crystalline phase and film orientation were further confirmed via XRD (Fig. 12). For
comparison, the topmost trace in Fig. 12 shows powder a-MoOs with the reflections of
crystalline planes in all orientations. On the contrary, films deposited on reconstructed sapphire
shows exclusively reflections corresponding to (OkO) crystalline planes [12.8, 25.7, 39.0, 67.6°,
lit. [55] 12.8 (020), 25.7 (040), 39.0 (060), 67.5° (010)]. This indicates that films are oriented
with (010) planes parallel to the sapphire surface which is in agreement with conclusions drawn

from AFM results. D-spacing found using the Bragg equation equals 0.692 nm which is close to
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the theoretical value of 0.693 nm [43]. The peak at 41.7° corresponds to (006) reflection of a-

Al>O3 (sapphire) [56].
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Figure 8.12: XRD patterns of selected MoOs films from Fig. 6 and Fig. 8.

In order to determine the thickness, structure, and crystalline quality, the film deposited
for 5 min at 450°C was cross-sectioned via FIB, and the resulting specimen was imaged via
TEM. The 4.9um-long specimen in Fig. 13a contains several layers some of which are residues
of FIB preparation. The first two outer layers are ~300-nm ion beam deposited platinum, and
~220-nm electron beam deposited platinum layers that protect the sample surface during ion
milling. The third layer is a =25-nm thick mixture of palladium and gold that was sputter-
deposited on the surface to make it conductive for SEM visualization used to navigate the FIB.
Below this layer is the MoO3 film of interest and below that a 1.2-um-thick sapphire substrate
layer.

193



The thickness of the MoOs film ranges between 54-64 nm over the length of the
specimen (4.9um) (Fig. 13a). The a-MoOs film was continuous and single-crystalline in the
whole TEM specimen. Bilayers of a-MoOs3 run parallel to the sapphire surface which indicates
that the film is oriented in (010) direction with excellent agreement with XRD data shown above.
D-spacing between the a-MoO3 sheets was measured to be 0.695 nm (Fig. 13b) which is very

close to the established value of 0.693 nm [43].

Strikingly, despite a 20 % lattice mismatch of a-MoOsz with sapphire [25], the sapphire-
MoOs3 interface is sharp showing an epitaxial relationship (0001)sapphire Il (010)s-mo03 (Fig. 13c).
This was made possible due to the unique layered structure of a-MoO3 with individual 0.7-nm
thick sheets held together only via weak van der Waals forces. Subsequently, the film can grow
epitaxially with lattice mismatch that would otherwise make epitaxy impossible [57,58]. This so-
called “van der Waals epitaxy” is an exceptionally powerful type of epitaxy which allows
epitaxial growth with large lattice mismatch — although obviously limited to layered materials
with van der Waals forces ruled interaction between the layers as the name suggests. Van der

Waals epitaxy was extensively used for metal dichalcogenides such as NbSez, MoS; [59-61].

No cracks, grain boundaries or other defects in the crystalline structure were observed in
the whole specimen. Up to date, only oriented yet discontinuous films made of a-MoOs3 crystals
on 2D substrates such as mica, graphene, hexagonal boron nitride were reported [44,62,63]. To
best of our knowledge, we are first to report the preparation of well-ordered continuous epitaxial
a-MoO3z films on sapphire. We infer that this result was possible due to optimal deposition
conditions providing effective diffusion of monomers to support multilayer growth, the atomic
smoothness and high cleanness of reconstructed sapphire, and possibly templating effects of

sapphire steps.
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Figure 8.13: TEM of FIB cross-sectioned sample: film deposited at 450°C for 5 min (Fig. 8c, d). (a) all layers in the
specimen, (b) magnified view of MoOs film, (c) magnified the view of the sapphire-film interface.
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8.5 Summary and conclusions

Reconstructed sapphire with a stepped surface of various morphology was prepared via
annealing at >1000°C in air. The combination of ex situ annealing >1000°C and in vacuo
annealing to 700°C was found to be most effective treatment providing the best surface
cleanliness. Epitaxial a-MoOz3 films were deposited on cleaned reconstructed c-plane sapphire
via MBE using MoOs from a conventional Knudsen cell. At high temperature (>500°C)
evaporation of deposited material limits film growth leading to the formation of 3D islands with
the bare substrate in between. At intermediate temperature 450°C film grows effectively due to
decreased volatility at this temperature that yet provides enough mobility of the material to
support epitaxial growth. The films are fully oxidized — stochiometric — a-MoQ3 as evidenced by
XPS. Reconstructed sapphire with large steps (0.9-1.5 nm) and wide terraces provides less
segmented/faceted film surface than sapphire with small steps (0.22-0.66nm) of high surface
density. At 450°C film grows in Kinetic-roughening mode (multilayer growth) leading to the
stepped surface made of individual MoOs sheets 0.7-nm thick. This unique morphology could
not be achieved on not reconstructed sapphire. Epitaxial relationship (0001)sapphire Il (010)4-Mo03
was confirmed via XRD and TEM. Films are made of sheets of bilayers of a-M0oOz grown via
van der Walls epitaxial growth. To best of our knowledge, we are first to report preparation of

such a well-ordered epitaxial a-MoOs films on sapphire.
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Chapter 9: Conclusions

9.1 MoOs/Fe0s3 catalysts
e Mo0Os/Fe;03 catalysts have MoOx-rich surface layers comprised of Fe2(M0O4)3 and MoO3

species and Fe>Oz core.

e Fe>Os is reduced by H; at low temperatures (~350°C) and tends to produce deep oxidation

products from ethane.

¢ By covering the Fe>Os core with a MoOx-rich layer, catalyst reducibility is suppressed, and

ethylene selectivity increases significantly.

e In ethane CL-ODH mode at 600°C, ethylene selectivity was 57-62% for catalysts with 3

and 6 ML equivalents of MoOsa.

e Ethane ODH activity also was higher for MoOs/Fe,O3 catalysts than a-Fe,O3 suggesting
that a mixed Mo-Fe oxide surface improves catalytic performance beyond suppressing ethane

combustion.

9.2 MoOs/Al203 catalyst for ethane CL-ODH
e Submonolayer MoOs/Al;O3 catalysts consist mainly of well-dispersed surface-bound
polymolybdate species (M0oOx), and at >1ML loading a-Mo0O3z and Al2(Mo0Q4)s crystallites are

formed for 500°C, and 600°C calcination temperature, respectively.

e The MoOx-support interaction modulates the reducibility (Mo-O bond strength) of the

catalytically active species.

e The reducibility by H» increases up to 1ML and then decreases as a result of crystallite

formation. The reducibility of Mo species decreases in order: MoOx>a-MoO3z>Al2(M004)s.
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e Using a boehmite precursor for impregnation significantly enhances the dispersion of MoOx
on the y-Al,O3 support after calcination. Boehmite converts to y-Al203 during the calcination
at 500-600°C yet even at >1ML loading bulk phase formation is suppressed. We suggest that
the enhanced dispersion achieved using boehmite as the impregnation support is due to the

interaction of boehmite OH groups with Mo precursor.

e Initial high selectivity toward ethylene in CL-ODH corresponds to the reduction of Mo*V! to

Mo*Y

e Lower oxidation states (Mo, Mo*") trigger the production of Hz and CH4 resulting in

substantial selectivity loss.

e In cyclic redox mode at 500-600°C, the <1ML catalysts exhibit high ethylene selectivity
that decreases linearly from 96% at near-zero conversion to 82% at 29% conversion. The
>1ML catalysts generally provide higher conversions with 10-18% lower selectivity under

equivalent conditions.

e In O2-ethane co-feed mode, ethylene selectivity drops to <50% at 46% conversion for

0.6ML, but selectivity is virtually unaltered for 3ML.

e A selective CL-ODH pathway in which C-H bonds are activated and hydrogen cleaved at

bridging Mo-O-Mo sites in 2D polymolybdate structures was proposed.

e Cleaved hydrogen can be either combusted when the MoOx catalyst is nearly fully oxidized
or desorbed as H: or potentially utilized in ethane hydrogenolysis when the catalyst is reduced

significantly.
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9.3 Ethane, ethylene, ethanol adsorption and reactivity on MoO3/Al>O3
e Ethylene adsorbs only on defect sites at room temperature. Defect site density was found to

be 1.4-107 per nm? for y-alumina and 2.4-2.6-10 per nm? for MoO3/Al,O3 catalysts.

e The main desorption product from alumina was ethylene, but CO2 desorbed from

MoO3/Al>03 almost exclusively.

e Adsorption sites on alumina are effectively eliminated even after impregnation of less than
0.6ML of MoOy. With increasing Mo loading the CO> desorbs at lower temperature showing

greater reducibility of high-loading catalysts.

e We suggest Lewis acidic Aly sites and oxygen-deficient Mo sites (reduced Mo oxide such
as Mo*V) as the ethylene adsorption sites on y-alumina and MoOs/Al;Os, respectively. We

infer that these sites can be responsible for undesired combustion pathways in ethane ODH.

e Ethane adsorbs on both alumina and MoOs/Al>O3 catalysts at even lower concentrations
than ethylene, although the adsorption sites and adsorbed intermediates are most likely of the

same type for both ethane and ethylene.

e After ethane adsorption the main desorption product is CO2. At <IML coverage the defect
sites seem to be related to the residual alumina surface although synergy between alumina and
MoOyx domain is seen as a decrease in CO> desorption temperature with increasing

reducibility of <IML catalyst.

e The main desorption product from surface ethoxy on MoOz/Al,O3 was acetaldehyde; only

the alumina support desorbed a significant amount of ethylene.

¢ With increasing Mo loading the acetaldehyde forms and is desorbed at lower temperature
showing greater reducibility of higher loading catalysts.
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e Reaction sequence on the surface of catalysts was established consisting sequential
oxidation of surface species: ethoxy(a) — acetaldehyde(a, g) — acetate(a) — formate(a) +

CO2(g) — carbonates(a) — CO2(g) with gas products being acetaldehyde and CO..

e We suggest that ethoxy species could be an intermediate in the combustion pathway in

ethane ODH.

9.4 Thermal reduction of MoOs/Al.O3 catalysts
e M0oO3/Al,Os catalysts thermally reduce producing Mo*V sites. The reduction is accompanied

by O2 desorption which correlates very well with the reducibility of catalysts by Ho.

e O, desorption activation energies calculated from TPD experiments are in 1.8-2.5 eV range
which is close to the expected activation energies of vacancy formation in a-MoOs3 found in

the literature.

e Catalysts heated in vacuo reduced at a lower temperature than at atmospheric pressure in
He, although the O release was found to take place in vacuo at about the same temperature as

at atmospheric pressure.

e The more facile reduction of catalysts in vacuo was linked to a decrease in the concentration
of the adventitious carbon layer naturally present on samples. This carbon layer serves as a

reductant.

e XPS results showed an increased dispersion of Mo at 400-600°C on >1ML catalyst showing
increased mobility of Mo oxide at those temperatures. At >600°C Mo was partially lost due to

sublimation.

e The thermal reduction of Mo is a reversible process if the thermal stress does not cause
irreversible changes to the catalyst texture or Mo losses due to sublimation.
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e Once the reduced Mo*V sites were induced in catalysts via thermal treatment in He it led to
more facile combustion of adsorbed ethane on <1ML and to a presence of completely new
CO2 desorption on >1ML catalyst which suggest that Mo*V sites can serve as adsorption site

for ethane combustion.

9.5 Preparation of MoOs planar model catalyst
e A morphology of MoOyx film deposited at 580°C on c-plane sapphire evolves with
deposition time from a continuous film comprised of nanocrystallites to isolated nanoscale

islands which are stable upon annealing at 600 °C for 60 min.

e Films deposited at 580°C on sapphire are oxygen-deficient, and the Mo oxide can be

described by the average formula of M0O2.67-2.70.

e Reconstructed sapphire with a stepped surface of various morphology was prepared via

annealing at >1000°C in air.

e The combination of ex situ annealing >1000°C and in vacuo annealing to 700°C was found
to be the most effective treatment providing the best surface cleanliness of reconstructed

sapphire.

e At high temperature (>500°C) evaporation of deposited material limits film growth leading

to the formation of 3D islands with the bare reconstructed sapphire in between.

e At intermediate temperature 450°C fully oxidized — stochiometric — continuous a-MoO3
films grow effectively on reconstructed sapphire due to decreased volatility at this

temperature that yet provides enough mobility of the material to support epitaxial growth.

¢ Reconstructed sapphire with large steps (0.9-1.5 nm) and wide terraces provides less faceted
film surface than a sapphire with small steps (0.22—-0.66nm) of high surface density.
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e At 450°C film grows on reconstructed sapphire in kinetic-roughening mode (multilayer
growth) leading to the stepped surface made of individual MoOs sheets 0.7-nm thick with
(0001)sapphire || (010)a-MoOs orientation. Films are grown via van der Walls epitaxial

growth. This unique morphology could not be achieved on not reconstructed sapphire.
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Appendix A. Supplementary Information for Chapter 2:
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Figure A. 2. Mo 3d XP spectra of the as-prepared catalysts and reference materials.
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Appendix B. Supplementary Information for Chapter 3:

Pore analysis

More information about the porous structure of the support can be gathered from the
analysis of N2 physisorption isotherms at 77 K. Adsorption-desorption isotherms are provided in
Fig. B.1 and are type V for all studied catalysts [1]. Pore size distributions of studied catalysts
using the BJH model are shown in Fig. B.2. Aluminas G and C are mesoporous in nature, and
alumina E is macroporous [1]. In general, impregnation of the support with MoO3 caused pore
size distribution shift to lower pore sizes; 145—113 A, 88—65 A, and 535—235 A for G, C and

E support, respectively. This may be interpreted as the partial filling of the pores by dispersed

MoOx.
Table B.1: Pore volume and mean pore size of prepared catalysts.
Total pore volume (cm?/g)* Mean pore size 4V/A (A)
Support/MLs 0 ML 0.5-0.6ML | >1ML 0 ML 0.5-0.6 ML | >1ML
Al-E, Evonik 0.835 0.376 0.309 330 150 163
Al-G, Grace 0.792 0.413 0.261 173 102 109
Al-C, Catapal 0.448 0.316 0.199 78 58 65

*at p/psar=0.991
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Figure B.1. a,b: Adsorption-desorption isotherms — N, physisorption isotherms at 77 K, (a) Alumina E —
Evonik, (b) Alumina G — Grace, (c) Alumina C — Catapal.
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Challenges in the analysis of Mo 3d XPS

A proper analysis of Mo 3d XPS spectra is challenging because of the complicated nature
of the Mo 3d peak consisting of spin-orbit components 3ds2 and 3ds/2. In addition to that, if the
sample is partially reduced lower oxidation states are present — the experimental envelope of
such a sample then consists of a doublet for each oxidation state and these overlaps significantly.
There is also a great deal of confusion about possible oxidation states of Mo after reduction at
temperatures 673-873 K. Mo*V" *V, and Mo*'"V are usually considered by most of the researches,
although many also consider lower oxidation states Mo*™"" and/or Mo*™" [2—4]. Formation of
metallic Mo® requires higher temperatures >900 K in Hz [5], therefore should be omitted from
the analysis here. It was later shown by Scanlon [6] that the low binding energy doublet assigned
to Mo*'"" or Mo*!" by many is part of the complicated XPS nature of Mo*'V that contains two
doublets for screened and unscreened state of Mo*'V which is due to a metallic nature of MoOs..
It should be also noted that a number of doublets for Mo*!V seems to depend on the crystallinity

of MoO; — crystalline form, metallic in nature [7], shows two doublets but amorphous only one.

To further complicate things, MoOz undergoes X-ray induced reduction during XPS
measurement [7], therefore Mo 3d spectral region has to be scanned first to reduce such an effect
on resulting spectra. The available literature provides evidence that only a few authors were
aware of this issue, and the length of the X-ray exposure is reported very rarely leaving open the
question whenever and how much most of the reported data infected by this issue are. In order to
analyze the oxidation state of Mo, the deconvolution of the experimental envelope into
components is essential but not a trivial task. For instance, many researchers use a pure synthetic
approach where the spectral envelope is fitted with an increasing number of doublets until the fit

satisfies the data, in other cases binding energies from the literature are forced as constraints
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during the fitting procedure. The problem with the latter practice is that the binding energies of
different Mo oxidation states vary in the literature significantly and can also depend on the type
of support [8]. In summary, considering all discussed issues above there is no wonder that errors
and misinterpretations are plentiful in the literature that deals with the analysis of Mo 3d spectral

region in MoO3-MoO: systems.

In this work, Mo 3d deconvolution model was constructed ad hoc based on spectra of as-
prepared and reduced samples as described by Baltrusaitis [7] as “Informed model”. Binding
energies of Mo*™!, Mo*V, and Mo™"Y were found from analysis of the as-prepared fully oxidized
sample, and reduced samples (233.0 eV, 232.0 eV, and 229.6 eV for Mo*™V!, Mo*V, and Mo*'"V
respectively). Those values were used as constraints for peak fitting using CasaXPS software —
model constraints were FWHM 2.2 eV, 2.7 eV, 2.2 eV for Mo*Y!, Mo*V, and Mo*" respectively
(found to be appropriate by fitting); peak shape 90% Gaussian/10 % Lorentzian, area ratio of Mo
3ds2 and Mo 3da was fixed at 3/2 and its peak splitting at 3.15 eV. All binding energy-based
constraints were allowed to vary within 0.15 eV to account for the experimental error and energy
resolution of the instrument. Due to the fitting procedure that was built to specifically describe
the investigated system on our XPS instrument, the fitting is more informative about the true
nature of the sample and such a fitting process is more meaningful and reliable [7]. Nonetheless
the quantitative sample analysis is very sensitive to constraints, therefore rather consists
relatively high experimental uncertainty, yet still, it is a useful tool that can elucidate trends of

catalyst performance on the nature of Mo in studied catalysts.

In agreement with the work of Baltrusaitis [7], we have found that MoO3z supported on
the alumina undergoes an X-ray induced reduction leading to the formation of Mo*V (Fig. B.3).

This change is apparent in the shift of the edge of the Mo 3d doublet to lower binding energy.
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The binding energy found for Mo*V! 233.0 eV in 3ML/AI-G catalyst is significantly higher than
value 232.6 that is very often reported for similar samples [4,9,10], although 233.1 eV has been
reported by some authors, too [11]. Such a wide variation in literature cannot be explained
simply by different referencing of spectra or experimental errors. We suggest that this is most
likely because many authors were not aware of the sample reduction during the measurement. To
illustrate that, we plotted apparent Mo 3ds,2 binding energy vs. length of the X-ray exposure —
apparent binding energy significantly decreases as the sample reduction progresses and then
settles around 232.5-232.6 eV, value very often reported as Mo*™' position (Fig. B.5).
Consequently, binding energies reported in literature should be considered with care because
many of them likely contain artifacts of the X-ray induced reduction. If the position of Mo*™! is
assigned wrongly, the deconvolution procedure propagates that error to binding energies of
lower oxidation states as well. The effort needs to be made taking the scan of Mo 3d region as
soon as possible before a significant reduction occurs. It should be noted that in this work Mo 3d
region was scanned first right after the X-ray exposure started, even then, obtaining 25 scans of
Mo 3d region took about 3 mins, therefore the results can be slightly affected by that, however,
this seems to be negligible considering the timescale of the reduction process. As far as we
know, the mechanism of the reduction is not known but it can be also observed visually when the

lightly greenish color of the as-prepared sample turns gray as reduction proceeds.
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Figure B.3: XPS of X-ray induced reduction of 3ML/AI-G. Deconvolution of the experimental envelope.
X-ray source power 400 W.
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CL-ODH data

Table B.2: CL-ODH results of MoO3/Al,O3 catalysts at 500 °C.

g E;T:Se Ethane Ethylene  Methane C3+ COx H> (%Ic\;\s;tt
§ Label Size Conversion  Selectivity  Selectivity  Selectivity  selectivity =~ conversio of '
3 L) (%) (%) (%) (%) (%) N8 Mooy
3 9.0 90.3 0.00 0.00 9.6 100.0 231

0.5ML 5 7.2 92.8 0.08 0.18 7.0 100.0 2.78
10 54 94.6 0.09 0.35 5.0 100.0 3.83

E 16.1 74.6 0.00 0.19 25.2 100.0 2.29
2ML 13.0 76.6 0.07 0.47 22.9 100.0 2.89

10 9.2 81.2 0.09 1.12 17.6 100.0 3.64

13.1 88.7 0.00 0.00 11.3 100.0 1.94

0.6ML 11.0 89.6 0.06 0.20 10.1 100.0 2.59
10 8.0 91.7 0.09 0.45 7.8 100.0 3.51

G 19.6 70.2 0.00 0.00 29.8 100.0 1.88
3ML 15.7 72.4 0.05 0.28 27.3 100.0 2.38

10 11.6 75.4 0.10 1.02 234 100.0 3.25

3 5.2 95.3 0.00 0.00 4.7 100.0 0.95

0.3ML 5 4.4 96.2 0.11 0.00 3.7 100.0 1.30
10 3.5 97.3 0.15 0.26 2.3 97.7 1.88

13.8 91.0 0.00 0.10 8.9 100.0 1.59

C | osmL 11.5 92.3 0.08 0.21 7.4 100.0 2.08
10 8.8 935 0.10 0.43 6.1 100.0 3.05

13.0 78.4 0.00 0.00 21.6 100.0 0.91

3ML 11.2 78.5 0.00 0.21 21.3 100.0 1.30

10 8.4 81.7 0.04 0.60 17.7 100.0 1.79
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Table B.3: CL-ODH results of MoO3/Al,Os catalysts at 550 °C.

g E;nge Ethane Ethylene  Methane C3+ COx Ho (((?/Ok\);:
§ Label Size Conversion  Selectivity — Selectivity = Selectivity selectivity conversion of :
3 L) (%) (%) (%) (%) (%) (%) MoOs)
195 87.9 0.3 0.5 11.2 100.0 5.1

0.5ML 144 87.7 0.4 25 94 100.0 5.9

10 9.5 90.5 0.7 24 6.3 95.8 6.7

E 32.2 64.4 0.2 0.2 35.2 100.0 5.5
2ML 23.3 68.2 0.5 1.0 30.3 100.0 6.6

10 16.2 74.1 1.1 1.8 22.9 98.1 7.2

29.0 81.6 0.3 0.2 17.8 100.0 5.1

0.6ML 21.7 83.4 0.5 0.7 15.3 100.0 6.0

10 14.7 85.5 1.1 14 12.0 97.3 7.2

G 34.5 63.5 0.2 0.3 36.1 100.0 3.7
3ML 254 67.5 04 0.9 31.1 100.0 4.2

10 185 69.8 1.2 1.8 27.2 100.0 5.7

14.41 92.61 0.37 0.00 7.0 100 2.0

0.3ML 11.8 95.7 0.3 0.2 3.8 97.5 2.0
9.6 96.6 0.4 0.3 2.8 95.6 2.6

10 7.3 97.0 0.6 0.5 2.0 86.0 34

29.3 84.5 04 04 147 100.0 4.0

¢ 0.5ML 22.2 86.3 0.6 0.7 124 100.0 4.7
10 15.5 87.6 1.0 1.5 9.9 96.4 59

28.2 66.5 0.0 0.1 334 100.0 25

2ML 22.4 68.3 0.1 0.4 31.3 100.0 3.2

10 16.4 73.1 0.3 1.2 25.3 100.0 4.2
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Table B.4: CL-ODH results of MoO3/Al,O3 catalysts at 600 °C.

g Eg,zsge Ethane Ethylene  Methane C3+ COx Hz (((?/Ok\);:
§ Label Size Conversion  Selectivity — Selectivity — Selectivity selectivity conversion of '
3 L) (%) (%) (%) (%) (%) (%) MoOs)
3 31.8 79.2 1.76 0.59 18.3 98.0 10.16
0.5ML 5 23.1 79.9 2.90 1.53 15.6 90.6 10.45
10 16.4 81.5 4.07 2.14 12.2 68.8 10.73
E 3 435 56.8 1.35 0.67 41.2 100.0 8.17
2ML 5 32.3 59.8 3.20 1.36 35.6 95.8 9.03
10 25.0 63.0 6.33 247 28.2 82.1 10.7
435 69.3 248 0.68 27.4 100.0 9.60
0.6ML 5 32.2 70.8 4.15 1.44 23.6 93.8 10.30
10 24.8 70.0 6.64 2.52 20.8 76.8 12.56
G 3 53.2 48.2 0.91 0.36 50.6 100.0 7.26
3ML 5 40.3 52.9 3.07 1.14 42.9 97.6 8.05
10 314 55.4 7.14 2.34 35.1 86.7 9.96
3 234 91.9 1.70 0.52 5.9 90.6 4.03
0.3ML 5 19.0 90.5 2.47 1.01 6.0 74.6 4,59
10 15.0 89.6 3.16 1.75 54 46.5 4.70
3 46.0 76.9 2.46 0.65 19.9 98.4 7.10
c | 0.5ML 5 36.1 74.4 3.50 1.36 20.6 94.6 9.06
10 26.0 715 6.21 2.67 19.6 75.0 10.55
3 43.6 59.1 0.17 0.14 40.6 100.0 4.43
2ML 5 33.9 61.9 0.76 0.77 36.6 100.0 541
10 26.6 64.9 2.56 1.78 30.7 94.9 7.35
Spent catalysts

In order to evaluate long-term stability and possible phase changes of MoO3/Al.O3
catalyst during the CL-ODH process, catalysts supported on two best performing aluminas
(Alumina G - Grace, Alumina C - Catapal) were analyzed after they underwent full CL-ODH
testing (multiple ethane steps at all three tested temperatures) via XPS, Raman, ICP and XRD
analysis. Prior to this analysis samples were re-oxidized as usual between reduction and

oxidation ODH steps to ensure full oxidation of molybdenum.
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XPS analysis revealed that shapes of Mo 3d spectra of spent samples were
indistinguishable with that of the as-prepared catalyst (Fig. B.9). All spectra can be successfully
fitted with only one doublet (Mo 3ds2 and 3ds2) indicating the presence of only one Mo*'", as
identified based on Mo 3ds/; binding energy 233.0+0.1 eV [4,9-11]. We may conclude that the
redox cycle was successful, and catalysts were fully re-oxidized after the reduction step proving
the legitimacy of the CL-ODH concept for the studied catalytic system. This is to be expected
since it has been previously reported that reduced MoOy/Al.Oz catalysts can be readily re-

oxidized by O even at 400 °C [12], a lower temperature than was employed in this work.

0.5ML/AI-C
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Intensity (a. u.)

0.5
| 0.6ML/AI-G

0.0
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Binding Energy (eV)

Figure B.9: XP spectra of as-prepared (full) and spent (dashed) catalysts on Alumina G, and C. Spectra were
normalized and offset for clarity.
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In addition, the carbon concentration via XPS in spent samples was consistent with as-
prepared ones accounting for about 9-12 % of surface atomic concentration which can be
attributed to air contamination during sample storage and transfer in the air. Therefore, concerns

regarding cumulative coke deposition on the catalyst are not in place.

Although the spectra of as-prepared and spent catalyst were the same qualitatively,
differences in Mo/Al ratios did exist (Table B.5), especially in case of >1ML catalysts where the
Mo/Al via XPS dropped by 30-33 % (Table B.5). However, ICP-OES elemental analysis
revealed that the amount of lost Mo during the CL-ODH testing is significant only for sample
3ML/AI-G that lost 27 % of its initial Mo content. In all other cases, Mo losses were very low in
the range 2-6.5 %. Therefore, the drop in Mo content via XPS can be explained by the loss of
Mo in the case of 3ML/AI-G but this explanation does not hold for the 2ML/AI-C. In this case,
MoOyx perhaps underwent a structural change during the CL-ODH testing that resulted in
different distribution/dispersion of MoOx. BET surface area of the spent 2ML/AI-C decreased
from initial 122.2 to 60.6 m?/g which supports this claim that significant structural change took
place. BET surface areas of other spent samples were within experimental error from their initial

values.
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Table B.5: XPS and ICP-OES analysis of as-prepared and spent MoOs/Al,O3 catalysts.

XPS Mo/(Mo+Al) - Mo lost (%o of as-

(%) ICP Mo/(Mo+Al) (%) prepared)
as-prepared spent | as-prepared spent XPS ICP
0.6ML/AI-G 6.8 6.8 4.9 4.6 0.0 6.5
3ML/AI-G 19.1 12.7 18.2 13.4 33.3 26.7
0.5ML/AI-C 7.1 8.0 5.9 5.8 -12.0 2.0
2ML/AI-C 23.1 16.2 16.6 15.9 29.7 4.4

XRD patterns of spent and as-prepared catalysts show the same phase composition with
some variance in intensity of Al2(MoO4)s and MoOz bulk phases which amount seems to be
reduced in spent catalysts (Fig. B.10). This clearly suggests that Alo(MoOas)s undergoes some
structural changes during the CL-ODH testing. In addition to that, the dispersion of Mo on the
surface is about the same if not better in the spent samples which is to be expected because of the
relatively high vapor pressure of MoOs at employed temperature [13] which helps spread out any

MoO:s crystallites that may appear over the catalyst surface.

228



8 | | | | | | L

6 -
. — 0.6ML as-prepared
S — 0.6ML spent
S 3ML as-prepared
2 44 — 3ML spent
&
[}
=

2 -

3ML
0 T T T T T T T T T T T ¥
10 20 30 40 50 60 70 80
26 (°)
6 1 1 1 1 1 1
—— 0.5ML as-prepared
—— 0.5ML spent
- 47 2ML as-prepared
5 — 2ML spent
2
‘?
c
[}
E,]
2ML

26 (°)

Figure B.10: XP XRD patterns of spent and as-prepared MoO,/Al,O3 catalysts — (a) Alumina G, (b) Alumina C.
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Raman spectra also show the same nature of the spent catalyst and as-prepared catalysts
(Figure 3 in the main manuscript). Spectra of fresh and spent 0.5ML/AI-B catalysts seem to be
virtually identical but in the case of 0.5ML/AI-C, the relative intensity of 980 and 820 cm™ bands
changed showing greater polymerization of molybdate surface species in spent catalyst [14].
0.5ML/AI-C showed a better dispersion of MoOx than any other catalyst in the as-prepared state
which is due to its original AIO(OH) form as explained in the main manuscript. This advantage
was at least partially lost during redox cycles in CL-ODH testing. In terms of polymerization of
MoOy, Raman spectra of spent catalyst resemble the spectra of samples supported on all other
two aluminas. This explains why all samples followed the same selectivity trends with only
small differences between aluminas. It also provides evidence that during CL-ODH testing the
catalyst phase structure is not rigid but rather evolving and can re-disperse easily, especially
during re-oxidation since Mo*! oxide is volatile at reaction temperatures [13]. Also, the 970 cm"
! band in spent 0.5ML/AI-C is shifted to 1000 cm™ which indicates the appearance of a small
amount of Al2(MoO4)s phase and increased polymerization. On the other hand, in the case of
0.5ML/AI-E the effect was the opposite and the band shifted from 1000 to 970 cm™ showing the
disappearance of Al2(Mo00a)z and reduced polymerization of molybdate. We can hypothesize
that this is due to lowest Mo density on 0.5ML/AI-E sample when compared to the other two
<1ML samples since it is known that the tendency of forming Al2(Mo0Os)3 increases with Mo
surface density [15]. Spectra of >1ML as-prepared and the spent samples are identical except
spent samples show an additional band at 936 cm™. The origin of this feature is not clear,

although it is close to the position of the heptamolybdate moiety (939 cm™ [16]).
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Appendix C. Supporting information for Chapter 5

Fig. 1 shows the spectra of MoOs/Al203 catalysts and alumina blank after they have been
pretreated in situ in He flow at 450°C for 90 mins. The spectra of Al-G shows bands at 3786,
3765, 3734, 3692-3676 cm™ assigned to different types of OH sites on alumina surface [1-3],
broader cluster of bands with maxima at 3508 cm™ is assigned to hydrogen-bonded OH groups
[4-6], and broad less intense band with maxima at 3269 cm™ assigned to hydrogen-bonded water
[7,8]. Because of the appearance of the latter band, we conclude that the alumina was not fully
dehydrated during the pretreatment at 450°C. With increasing Mo loading the intensity of
vibrations in OH region progressively decreases showing that those OH groups were consumed
by MoOx and now form AI-O-Mo linkages [9-12]. A new band at ~2000 cm™ is formed in
MoO3/Al>03 catalysts which is assigned to first overtone of Mo=0 bond vibrations [13]. The
band at 1000 cm™ and other MoOx bands such as Mo-O-Mo at =850 cm™ [14,15] could not be
observed due to the overlap with very intensive skeletal vibrations of alumina support at <1200

cm™,
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Fig. C. 1: DRIFTS spectra of MoOs/Al,O3 catalysts dried in situ at 450°C for 90min.
Spectra were taken at room temperature under He flow.
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Appendix D. Supporting information for Chapter 6
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Fig. D. 1: O, TPD in vacuo. Signal m/z=32.
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Appendix E. Supplementary Information for Chapter 7
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Figure E.1: XRD data for two MoOx films: deposited at 400°C, 1 min (Fig. 5a) and deposited at 580°C, 15 min
(Fig. 5¢). Assignment based on JCPDS card No: 00-005-0508.

XPS deconvolution procedure

The method that was reported by Baltrusaitis [1] as an “Informed model” was used.

Binding energies of Mo +VI, +V, and +IV were found from analysis of the as-prepared fully

oxidized sample, and reduced samples (232.6 eV, 231.0 eV, and 229.2 eV for Mo +VI, +V, and

+IV respectively). Those values were used as constraints for peak fitting using CasaXPS

software — model constraints were FWHM 2.0 eV, 2.5 eV, 1.3 eV for Mo +VI, +V, and +I1V

respectively (found to be appropriate by fitting); peak shape 90% Gaussian/10 % Lorentzian,

area ratio of Mo 3ds2 and Mo 3ds2 was fixed at 3/2 and its peak splitting at 3.15 eV. All binding

energy-based constraints were allowed to vary within 0.1 eV to account for the experimental

error and energy resolution of the instrument.
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and N. Fairley, Appl. Surf. Sci. 326, 151 (2015).

237



