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Zusammenfassung

Zur Produktion von Aromaten innerhalb eines Kohlenstoffkreislaufs ist eine
Hydrodeoxygenierung (HDO) von Lignin-Pyrolyseprodukten nétig. Diese wird aktuell in der
Flissigphase unter hohem Druck durchgefiihrt, kénnte aber auch unter den
Prozessbedingungen der Pyrolyse mit geeigneten Katalysatoren in der Gasphase erfolgen.
Ein Wechsel zu einem Gasphasenprozess ware besonders aus energetischen Aspekten
sinnvoll. In der vorliegenden Arbeit wurde dazu die HDO von Lignin-Modellverbindungen
(Anisol, Phenol, Guajakol) mit Hilfe von Molybdanoxid (MoOs) basierten Katalysatoren
untersucht. Diese wurden dazu mit weiteren Metallen (Ni, Co) modifiziert und der Einfluss
auf die katalytischen Eigenschaften untersucht, mit dem Ziel die BTX-Aromaten (Benzol,
Toluol, Xylol) als Wertprodukt zu erhalten. Ein besonderer Fokus wurde dabei auf die

beteiligten aktiven Phasen und deren Bildung unter Reaktionsbedingungen gelegt.

Die Katalysatoren, zumeist nickelmodifiziert, wurden unter Bildung von Nickelmolybdat
(NiMo0O4) synthetisiert und anschlieBend umfassend charakterisiert. Als Referenz-
katalysatoren wurden reinphasiges MoOs und NiMoOs verwendet. AnschlieBend wurden
diese hinsichtlich ihrer katalytischen Eigenschaften sowohl in der Gas- als auch in der
Flissigphasen-HDO untersucht. Dabei zeigte sich, dass durch die Modifikation mit einem
Massenanteil von etwa 5 % Nickel der Umsatz unter den gewahlten Bedingungen (325 °C,

pH, < 1 bar) in der Gasphase um bis zu 50 % gesteigert wird, bei ahnlicher Selektivitat zu

den BTX-Aromaten im Vergleich zum MoOs. NiMoOs4 zeigte dabei eine hohe
Methanselektivitat. Die Modifizierung mit Cobalt hingegen zeigte keine relevante
Steigerung der Aktivitat. Auch in der Flissigphase zeigte sich eine verbesserte Aktivitat
der nickelhaltigen Katalysatoren, allerdings auch eine praferierte Selektivitét zu den

hydrierten Produkten (Cyclohexan).

Untersuchungen zu den Grlinden der verbesserten katalytischen Eigenschaften mittels in-
situ XRD zeigten, dass durch Nickel die Bildung der in der Literatur als aktiv beschriebenen
Phase, Molybdanoxycarbohydrid (MoOxCyH:), deutlich verbessert ist. Dies konnte auf eine
verbesserte Reduktion, hervorgerufen durch die Nickelanteile, zurtickgefiihrt werden. Die
Regenerationsfahigkeit wurde mit Hilfe von in-situ UV-Vis- und XRD-Untersuchungen
untersucht, welche unter oxidativen Bedingungen bei hohen Temperaturen mdglich war,

was parallel dazu der Verkokung entgegenwirkte.

Die MoOxCyH: Phase beschleunigte jedoch nicht nur die Reaktion, gleichzeitig konnte
gezeigt werden, dass der in ihr enthaltene Kohlenstoff zu Methan hydriert wird, was
insbesondere in Anwesenheit von einem zunehmenden Nickelgehalt beschleunigt wird.
Zusatzlich zeigte sich, dass der Katalysator unter reduktiven Bedingungen nicht nur fir die

HDO aktiv ist, sondern auch die Bildung von CO und CO: katalysiert.

v



Abstract

Hydrodeoxygenation (HDO) of lignin pyrolysis products is necessary to produce aromatics
within a carbon cycle. This is currently carried out in the liquid phase under high pressure
but could also take place under the process conditions of pyrolysis with suitable catalysts
in the gas phase. Switching to a gas-phase process would be particularly useful from an

energy point of view, making it possible to compete with crude oil products.

In the present work, the HDO of lignin model compounds (anisole, phenol, guaiacol) was
investigated using molybdenum(VI) oxide (MoOs)-based catalysts. These were modified
with other metals (Ni, Co) and the influence on the catalytic properties was investigated
with the aim of obtaining BTX aromatics (benzene, toluene, xylene) as a valuable product.

A special focus was placed on the active phases involved and their in-situ accumulation.

The catalysts, mostly nickel-modified, were synthesized to form nickel molybdate (NiMoQa4)
and then comprehensively characterized. Pure-phase MoOs and NiMoOs4 were used as
reference catalysts. These were then analyzed with regard to their catalytic properties in
both the gas and liquid phases. It was found that the modification with a mass percentage
of around 5 % nickel increased the conversion under the selected conditions (325 °C,
pH2 < 1) in the gas phase by up to 50 %, with similar selectivity to the BTX aromatics
compared to Mo0O3. NiMoO4 thus shows a high methane selectivity. Modification with cobalt,
on the other hand, did not show any relevant increase in activity. In the liquid phase, the
nickel-containing catalysts also showed improved activity, but also a preferential selectivity

to the hydrogenated products (cyclohexane).

Investigations into the reasons for the improved catalytic properties using in-situ XRD
showed that the formation of the molybdenum oxycarbohydride (MoOxCyH:) phase,
described in the literature as active, is significantly improved by nickel. This could be
attributed to an improved reduction caused by the nickel content. The regeneration
capability was investigated by in-situ UV-Vis and XRD analyses, which were conducted
under oxidative conditions at elevated temperatures. This approach simultaneously

mitigated the effects of coking.

However, the MoOxCyH: phase not only accelerated the reaction, it was also shown that the
carbon contained in it is hydrogenated to methane, which is particularly accelerated in the
presence of an increasing nickel content. In addition, it was shown that the catalyst is not
only active for HDO under reductive conditions, but also catalyzes the formation of CO and
COs..
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1. Introduction and Motivation

The increasing threat to the global climate and limited resources are two of the most
challenging problems of our modern society, threatening our daily life. To counteract
climate change, humanity needs to change the way of consumption.! However, it is also
clear that these changes are only possible to a limited extent. Certain products are an
integral part of our daily lives and may not be easily replaceable. The petrochemical
industry, one of the largest sectors of CO2 emission, is producing products of our daily life
and needs to be decarbonized. Just the production of benzene, toluene, ethylbenzene and
xylenes (BTEX) was responsible for the emission of 80.1 million tons of CO2 in 2020.2
However, a replacement of this important class of chemicals is not possible, as they are
needed for the production of coatings, solvents, resins, plastics and pharmaceuticals.? This
means that sustainable resources must be tapped in order to establish a balanced circular
economy on this basis. Some of the requirements for the sustainable sources are high
availability, production should not compete with food production and it should be possible
to process them efficiently with a low energy input.# > Lignin is a raw material that meets
these requirements. It is a complex polymer that gives a woody structure and provides the
necessary stabilization in plants. Pulp and paper facilities producing world-wide between
50-70 million tons each year and the majority is burned in order to produce electricity and
process heat.% 7 Even though digitalization leads to less usage of paper, the amount of
lignin produced each year increased during the last 30 years (see Figure 1). Further, the
globally increasing online market results in a huge demand of cardboards for shipping,

which continues this trend.
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Figure 1: Worlds pulp production for paper production in million tons. Food and Agriculture
Organization of the United Nations.8



In addition, the production of biofuels is expected to increase, which will lead to an
increased byproduct volume of 225 million tons lignin.® As lignin is the only biopolymer
consisting of aromatic units, which is available in such large quantities, a commercial

utilization makes more sense instead of using it for its thermal value exclusively.

Various options exist for the valorization of the lignin as a macromolecule and in its
depolymerized form. Macromolecular lignin is used directly as binders, surfactants and
dispersing agents. After depolymerization, the production of bio-char, production of vanillin
by oxidation and BTX aromatics by reduction is possible (see Figure 2).% 19 BTX aromatics
are normally produced by steam cracking of naphtha, where a fraction of 30-40 % benzene
and = 20 % of toluene is obtained. The second important source for BTX aromatics is
catalytic reforming, where a small fraction of benzene and a large fraction of toluene and
xylenes (= 52 %) is produced.3 Besides the fact, that the naphtha production is based on
crude oil, these processes demand a lot of energy due to high temperatures (850 °C for
steam cracking and 500 °C for catalytic reforming) and the carbon footprint is very high.
That makes the substitution by a lignin-based production of these aromatics more

interesting.
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Figure 2: Lignin processing from raw material to valuable products.

Lignin consists of three monomers, the p-coumaryl, coniferyl alcohol and sinapyl alcohol
(see Figure 3), which are linked via B-0-4 (B-aryl ether), B-B (resinol) and B-5 (phenyl
coumaran) linkages.''-13 However, also many other linkages occur and the fraction of the
different monomers varies in dependence on the feedstock (e.g. grass, conifer wood or
broadleaf wood). To produce BTX aromatics, the lignin needs to be liquified, which can be
done by methods like fast pyrolysis.'* The fast pyrolysis is done at temperatures of ca.
500 °C and a bio-oil with acidic properties is obtained, which tends to repolymerize. These
oils still have a high oxygen content (20-40 %) and therefore need to be processed by

hydrodeoxygenation (HDO) to obtain BTX aromatics.> 16



Normally, the HDO is conducted after condensation in liquid-phase at high H2 pressures of
50-150 bar and temperatures between 200-350 °C.17-2° Compared to this, the reaction can

be also carried out at atmospheric pressure and temperatures between 300-400 °C in the

gas-phase.
HO HO HO
AN X N
H5CO OCH5; OCH3
OH OH OH
sinapyl alcohol coniferyl alcohol p-coumaryl alcohol

Figure 3: Structure of lignin monomers.

This brings the required reaction conditions closer to those of the pyrolysis, thereby
facilitating a more efficient overall process and cost reduction. That would increase the
chance to compete with the commercial production of BTX aromatics, which is still more

economical.t> 17, 21

Several catalysts have been studied for the HDO reaction in literature, among them
precious metals, zeolites, sulfided catalysts and metal oxides.” 222 Commercially, the HDO
is done within a hydroprocessing treatment using sulfided NiMo/Al203 and CoMo/Al203
catalysts. However, sulfided catalysts have the disadvantage of deactivation by the
substitution of sulfur with oxygen and contamination of the products with hydrogen sulfide.
In recent years, oxidic catalysts gained attention in literature, because these problems do
not occur for them. One of them, molybdenum oxide (MoOs) might be an interesting
catalyst for the use in HDO reactions as it seems to combine several advantages. First, it
has a high oxophilicity by its intrinsically formed oxygen vacancies (Ov) on which the
oxygenates can adsorb easily. Further, in previous studies it was shown that only a low H2
pressure is required and that even though MoOs has not the highest conversion compared
to metal catalysts (Ni, Pt...), the arene selectivity is very high and various studies showed
selectivities up to 100 % arenes.?>2° Additionally, a good regeneration capability by
calcination is very important since coking is one of the main deactivation processes during
the HDO. This can be done easily with oxidic catalysts, because no sinter effects occur and
it was shown that MoOs can be regenerated over multiple repetitions.?> 2% 30 At the same
time, MoOs is much cheaper compared to precious metal catalysts, which is an important
factor for process commercialization.3! A disadvantage for MoOs is the second way of
deactivation, the reduction to inactive MoO2. Although this can be countered by an
oxidative regeneration, the catalyst must be improved and optimized process conditions

must be found to avoid a profound reduction.



The catalytic cycle of HDO is assumed to follow a reversed Mars-van-Krevelen type
mechanism, proceedings via oxygen vacancies. The Ov are formed by partial reduction,
forming Mo>* sites. Subsequently, the oxygenate substrate is adsorbing and
hydrogenolyzed afterwards, followed by product desorption. However, the exact active
species is not known but is assumed to be Mo®*. Some reports indicate that a molybdenum
oxycarbohydride phase (MoOxCyH:) could stabilize Mo°* and prevent it from over-

reduction .23 32

It is known for oxidic catalysts that doping with metals can influence their properties and
the Ov formation.33: 34 This could enhance catalytic activity since the HDO is proceeding via
Ov and improved redox activities might be beneficial. Moreover, the addition of transition
metals on the catalyst surface can activate hydrogen and thus influence the catalysts
activity. The doping of MoOs to form a solid solution is challenging and has not yet been
tested in context of the HDO, but preliminary tests indicated its instability under HDO
conditions. However, the addition of transition metals has been studied in literature,
showing improved catalytic activities by the addition of Pt, Ni or Co.3>%? It is yet unknown,
whether the transition metals operate as active sites directly or if the enhanced attributes
are the result of an indirect improvement brought about by increased active phase
development. Some reports suggest that the added transition metals act as hydrogen
activator and generate free hydrogen atoms, which in turn generate 0y.3% 3% 43
Simultaneously, another report showed that Pt can enhance the MoOxCyH; phase formation,

supporting the thesis of an indirect improvement of catalytic properties.**
Aim of this work

As mentioned above, HDO of lignin pyrolysis products is usually performed after
condensation in the liquid-phase under elevated H2 pressure. A direct transfer to a gas-
phase HDO reactor downstream of the pyrolysis reactor may be more attractive. This would
eliminate the need for intermediate condensation and thus save costs. The main obstacle
to the widespread industrial use of HDO in the gas-phase is probably the fact that only a
small number of relevant studies have been carried out to date, most of which have been

limited to model substrates.

The aim of this work is therefore a deep investigation of structure-reactivity relationships
of molybdenum oxide-based catalysts, which may serve as a basis for further rational
development of more efficient catalysts for the gas-phase HDO of lignin pyrolysis products.
Moreover, these catalysts will also be tested in the liquid-phase HDO process in
collaboration with Néstor Escalona (Pontificia Universidad Catdlica de Chile) to explore
whether they could be a cheaper alternative for the currently used rhenium-based

catalysts.



A special focus is set on nickel-modified bulk catalysts, which are obtained by precipitation
and, according to the literature, should have improved catalytic properties. Therefore, the

following aspect will be addressed:

— Identification of the active phase
— Influence of nickel on the active phase formation
- Impact of different reaction condition (liquid- and gas-phase)

— Regenerability of spent catalysts

This is done by catalytic testing in a fixed-bed system for gas-phase reactions at low H>
pressures and liquid-phase batch reactions at high H2 pressures. Additionally, the active
phase is revealed by characterization of spent catalysts and systematic in-situ XRD
experiments. Furthermore, the effect of adding nickel on the Oy formation is studied with

in-situ EPR experiments.



2. State of the Art and Literature

2.1. Lignin Sources and Pyrolysis

Lignin is obtained from biomass and conventionally seized from soft woods. However, it
exists a large variety of feedstocks with diverse properties in dependence on the raw
materials. In general, biomass consists of cellulose, hemicellulose and lignin but the ratio
of these parts can differ, based on the biomass source and part of the plant.#>4® For many
applications lignin needs to be isolated from the other fractions due to its undesired

properties, for which several purification techniques are available.

Lignin can be divided into two different types, sulfur containing and sulfur free lignin.%’ The
second group includes soda lignin, organosolv lignin, steam explosion and hydrolysis lignin.
However, only the soda lignin is of commercial interest for the future. Currently, the sulfur
containing lignin is exclusively available on the global market as kraft lignin (obtained from
kraft pulping, 100 kilo tons per year) and lignosulfonate (from sulfite pulping, 1 million tons
per year).% 484% Even though kraft lignin has not the highest availability on the market,

kraft pulping is the most important chemical pulping process today.>0-32

For lignosulfonate, SOs groups are chemically introduced to make the lignin water soluble
but this results in a sulfur content of up to 8 %, which is not desirable for downstream
processes.>% 33-56 Soda lignin has the advantage of being closer to native lignin, since no
chemical groups are introduced. Because of this, it can be used for several downstream
processes and applications.®” 37 Soda pulping is done at moderate temperatures
(160 - 170 °C) in a batch reactor and has less contaminations with sugars and ashes

compared to other processes.® >3/ 58

After pulping, the dissolved lignin needs to be recovered from the aqueous solution and
purified, as it contains numerous impurities pulping chemicals. There are different
processes, ranging from chemical methods (precipitation), filtration or centrifugation after
which the lignin is obtained as solid product. T. Aro and P. Fatehi provided an overview

about the production of lignin from pulping broths and their applications.>*

There exist various approaches to liquefy lignin, such as solvolysis (organic solvents),
hydrolysis, hydrothermal treatment and pyrolysis.'# >°-63 They can all be further divided
into different techniques and all of them have different products, advantages and
disadvantages.!!' 83-66 However, only pyrolysis will be discussed in detail, as it is likely to
be of greater relevance, since a combination of pyrolysis with gas-phase HDO makes
particular sense. Additionally, pyrolysis processes are easy to scale, are capable to deal
with a wide range of different lignin and the products can be transported economically.'%

67-69 The pyrolysis can be divided into three different process technologies, which are:



- Slow pyrolysis!4 70, 71
—  Fast pyrolysis!4 60, 61,63, 71,72

—  Flash pyrolysis'# 61 73

All these pyrolysis techniques produce a gas-, liquid- and char-fraction. However, besides
the used feedstock, the selectivity of the pyrolysis strongly depends on the process
conditions. The pyrolysis is carried out in anaerobic environments to avoid oxidation to
CO2. Nevertheless, the gas-fraction always contains Hz, CO, CO2, CH4 and H20 as it is
formed from a part of the oxygen contained in the lignin (= 40-45 wt.%).'*74 Many studies
have been conducted on the fast pyrolysis because of its favorable selectivity to liquid
products and process conditions. It is carried out at temperatures between 400 - 600 °C
and atmospheric pressure with residence times under 5s and high heating rates
(= 1000 °C/min). This liquid fraction has a lowered oxygen content of about 35-40 wt.%.*
However, it is still a complex mixture of different oxygenates such as ethers, ketones,
carboxylic acids, aldehydes, alcohols, esters, phenols and aromatic hydrocarbons.0: 14 69
75 An overview about typical aromatic main compounds can be found in the appendix (A-
1). Besides these aromatic compounds, short chained aliphatic compounds like ethane are

obtained as well.%°

Since the pyrolysis oils are extremely complex mixtures, model compounds are in general
used to study the HDO. For this purpose, aromatic compounds are selected that show
similarities with those of the pyrolysis oils and have different functional groups to
understand the specific behavior. Those shown in Figure 4 are established in the literature,
with phenol, guaiacol and anisole receiving particular attention. In this work, the focus is
placed on anisole, as its physical properties offer advantages in the experimental
procedure. For comparison and investigation of the catalyst performance for the HDO with

other functional groups, phenol and guaiacol are tested additionally.

CH OH OH OH O/
Phenol Catechol o-Cresol Guaiacol Anisole

Figure 4: Overview of different model compounds used in literature.



2.2. Hydrodeoxygenation

After pyrolysis, further treatments are necessary to obtain highly valuable products. Bio-
oils obtained by fast pyrolysis have several drawbacks, making its direct usage impossible.
Among these properties are high viscosity, coking and corrosiveness. Additionally, they
tend to repolymerize and condense with time. This process is accelerated by increased
temperatures, UV irradiation and oxygen exposure.'* 6. 76 To make use of them, their
oxygen content must be significantly reduced. In order to utilize them as fuels or for the
production of aromatic, high-value products, a valorization by hydrodeoxygenation is
required.” 68 76-78 Depending on the desired products, this upgrading will lead to an
improvement of the thermal value and viscosity, facilitating a long-term storage or high

value chemicals like BTX aromatics are directly obtained.

The HDO is already done for decades during hydrotreatment of crude oil, where it occurs
as a side-reaction. The sulfur and nitrogen content of crude oil needs to be reduced, as
fuel which contains these elements can produce NOx and SOx during combustion and are
poisonous for downstream metal based reforming catalysts.?* 78 This is done by
hydrodesulfurization and hydrodenitrogenation, and these processes occur with the HDO
at the same time. In industry, most of the time CoMo/Al203 and NiMo/Al.03 catalysts are

used in fixed bed reactors.”8

According to literature, the HDO can be conducted in several ways. It can be divided
according to different phases in which the reaction is carried out, namely the gas-phase
and the liquid-phase.”- 7? But also different reactor types have been tested. Some of these

are:

- Fixed-bed reactor’: 13 25 68, 80
— Trickle bed reactor’8: 81-83
—  Slurry reactor8+-87

- Liquid-phase batch reactor80 88-91

Besides this, a pre-mixing of the HDO catalysts and lignin has been tested, to combine

pyrolysis and upgrading reaction in one step.%®

Different HDO catalysts have been studied, which are discussed in more detail in chapter
2.2.1 and 2.2.2. However, not only can deoxygenation be observed but also several side
reactions occur. Products are aromatic hydrocarbons, aliphatic hydrocarbons, and aliphatic
oxygenates. They are formed by three different reactions. Hydrogenation, deoxygenation
and transalkylation. However, the combination of these three reactions can end-up in a
complex reaction network, as shown in Figure 5 for the HDO of anisole with a Pt/y-Al203
catalyst. Most desired is the direct deoxygenation (DDO), which prevents the aromatic ring

from hydrogenation and thus results in a low H2 consumption. Additionally, the HDO can



proceed via a hydrogenation-deoxygenation pathway, which is producing saturated rings
by initial ring hydrogenation. Cyclohexane and cyclohexanol are often formed by following
this reaction pathway.’® 79 80. 92 However, in this reaction low hydrogen consumption is
desired, because of two reasons. First, high hydrogen consumption increases the costs of
the process. Second, it favors the hydrogenation of the aromatic ring and lowers the
selectivity to the BTX aromatics, which are more valuable and of interest for the chemical
industry. Furthermore, if methoxy groups are present, transalkylation occurs on acidic

catalysts.®3
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Figure 5: Reaction network for anisole HDO with Pt/y-Al;03 at 300 °C and 140 kPa, adapted with
permission from Ref.?3. Copyright 2011 American Chemical Society.

Thermodynamic considerations have been conducted by Olcese and colleagues. The
variation of the Gibbs free energy as a function of temperature at 1 bar pressure
demonstrated that the thermodynamic equilibrium for the guaiacol HDO and the
preservation of the aromatic ring occurred at a specific temperature.®* It was shown that
the formation of saturated rings is not favored above 427 °C, because the formation of
coke starts to take place. Baddour at al. calculated the equilibrium constant for the
hydrogenation of benzene to cyclohexane at different temperatures.®> They observed, that
primarily at temperatures below 280 °C the hydrogenation is favored and thus the HDO
should be done at higher temperatures. Further, high H2 partial pressures will lead to ring

saturation, as shown for the HDO at pressures between 1 bar and 23.5 bar.?6: 97



Based on these results, it has been concluded that a high HDO selectivity can be obtained

by working at low H2: partial pressures (pu, <1 bar) and moderate temperatures

(300 - 400 °C) to inhibit the hydrogenation and coke formation at the same time.

2.2.1. Liquid-Phase Hydrodeoxygenation

The liquid-phase HDO is typically done at high hydrogen pressure, which can vary between
5 and 200 bar and at temperatures ranging between 150 — 325 °C.7 23: 76, 91 The reaction
is conducted mostly in a batch reactor, whereas different solvents can be used (n-
dodecane, water, decalin). In literature, many different catalytic systems have been
described, e.g. metals, oxides, sulfides, phosphides and carbides. An overview is given in
Table 1. They can be used either as bulk materials or supported catalysts. Molybdenum
sulfide (MoSz) catalysts were tested by Wang et al. at 300 °C and 40 bar H.9% %8 99 At
these conditions they achieved a conversion of 40.4 % cresol and an arene selectivity
(Sarene) of 74.4 %. Inspired by industrial hydrodesulfurization catalysts for processing of
petroleum, Ni-Mo-S and Co-Mo-S catalysts were tested as well.%8 100 While for Ni-Mo-S the
ring hydrogenation was forced (Sarene = 25.5 %), Co-Mo-S showed very good results with
a conversion and Sarene Of 100 % in the HDO of cresol and phenol.°© The problem for
sulfided catalysts is the leaching of sulfur, which makes a co-feed of H2S necessary.1% 78
101 yUnfortunately, a contamination by sulfur is unfavorable. This makes these catalysts

inappropriate for industrial application.

Precious metals showed a high hydrogenation capability when employed as catalyst. Their
selectivity can be influenced by many different parameters e.g. particle size, oxophilicity,
dispersion and electronic state.?? In batch reactions at 275 °C and 10 bar Hz cyclohexanol
was obtained as main product with Ni/SiO2 catalysts. However, when the particle size
decreased, cyclohexane became the main product.® Nevertheless, the ring hydrogenation

was not suppressed by the variation of particle sizes.

MoOs catalysts showed quite poor activities in liquid-phase HDO, which could be a reason
why little work has been spent on them. Whiffen and Smith compared MoOx, MoP and MoS:
catalysts for the cresol HDO between 325 °C and 375 °C at H2 pressures between 41.4 bar
and 48.3 bar.®® They found that MoOs has the highest initial rate constants over the whole
temperature range, followed by MoP, MoO2, and MoSz. At 325 °C and 41.4 bar Hz they
found with 38 % a significant selectivity to hydrogenated products after 280 min reaction.
Only MoP had with about 58% a higher selectivity to these products. Interestingly, upon
changing to 350 °C and 44 bar, the selectivity to hydrogenated products decreased and
the isomerization increased. The isomerization capability of these catalysts was assumed

to depend on the acidic properties of molybdenum catalysts. Zhang et al. reported a
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hydrogenation of the aromatic ring for the phenol HDO, which decreased with rising
temperature. This was assumed to be a thermodynamic effect, as the hydrogenation is an
exothermic reaction.'%? Ni-modified MoOs-based catalysts have not yet been tested but

they might show better results than pure phase MoOs.

Table 1: Overview of catalysts performance in liquid-phase at different conditions.

Catalyst T (°C) P (bar) Solvent Substrate X (%) Sarene (%) Ref.
Mo-S 325 41 Dodecane Cresol 24 73 o1
Mo-S 300 40 Dodecane Cresol 40.4 74.4 99
Mo-S 300 40 Dodecane Cresol 67 74.1 98
Ni-Mo-S 300 40 Dodecane Cresol 87.6 25.5 o8
Co-Mo-S 275 40 Dodecane Cresol 100 92.2 90
Co-Mo-S 300 40 Decalin Phenol 100 100 100
Co-Mo-S 300 40 Decalin Cresol 100 100 100
Ni-S 300 40 Dodecane Cresol 6.8 87.1 103
MoOs 300 5 Octane Phenol 23.1 739 102
MoOs 340 5 Octane Phenol 68.5 97.2 102
MoOs3 325 41 Decalin Cresol 61 63 o1
Ru/C 275 50 Hexadecane Propylphenol 100 0 104
Ru/C 275 50 Hexadecane Eugenol 100 0 104
Rh/C 200 50 Water Phenol 100 0 105
Pd/C 200 50 Water Phenol 100 0 105
Pt/C 200 50 Water Phenol 100 0 105
Ru/TiO2 300 10 Decane Anisole 81 79 106
ReOx/CNF 300 30 Dodecane Phenol 10 72 107
Re-MoOyx/TiO2 300 30 Dodecane Anisole 10 56 88
Re-MoOyx/TiO2 300 50 Dodecane Phenol 33 85 108
Re-MoOx/TiO2 300 50 Dodecane Cresol 35 83 108
MoC-SiO2 320 60 Hexadecane Anisole 65 70 109
MoCxOy/C 325 43 Decalin Cresol 25 70 110
Mo2C/TiO2 350 25 Decane Phenol 65 90 111
Mo2N/TiO2 350 25 Decane Phenol 9 91 111
MoP/TiOz 350 25 Decane Phenol 25 82 1
MoP-CA 350 44 Decalin Cresol 58 60 112
FeMoP 350 21 Decane Phenol 63 70 97

11



2.2.2. Gas-Phase Hydrodeoxygenation

The gas-phase HDO is done at low H2 pressures (pn, < 1 bar), but higher temperatures

(280 - 500 °C). Nevertheless, in literature the majority of studies has been done at
temperatures around 300 °C.2% 113 This is advantageous, since it can save significant
amounts of energy because it requires no pressurization and the temperature is within the
range required for fast pyrolysis. This makes this reaction both cheaper (scaling effect),
safer and therefore ideal for downstream processing.!!3 Like for the liquid-phase HDO,
various catalyst classes have been tested (see Table 2) for this reaction. Compared to
liquid-phase the requirements for the catalysts differ. While for batch reactions the
deactivation plays a minor role, it is crucial for continuous gas-phase processes and

catalysts should be regenerable and long-term stable.

Frequently tested are noble metal catalysts, with supported Pt, Pd, Ru and Rh. These
metals tend to catalyze not only direct deoxygenation, but also hydrogenation and
hydrogenolysis, which is disadvantageous for this application. Nimmanwudipong et al.
found that for Pt/y-Al20s catalysts, high temperatures will enhance the transalkylation
activity by the acidic support and HDO selectivity increased with higher H: partial
pressures.®3® Some groups showed that acidic supports (such as y-Al203) are not active for
the deoxygenation at all and only catalyze the transalkylation.''# 11> This is not surprising,
as acidic bifunctional catalysts are used for commercial hydroisomerization.!'® When non-
acidic supports are used (e.g. SiO2), only minor amounts of transalkylation products
(2 1.5 % vyield) have been found for Ni/SiO2 catalysts.!> 17 However, the selectivity for

the deoxygenation can be improved by variation of the Hz partial pressure.

Molybdenum-based catalysts showed good activities and selectivities in the gas-phase.
Prasomsri et al. showed conversions of 74.2 % and 78.7 % for guaiacol and anisole,
respectively.?> For phenol and cresol the conversion was lower with 28.7 % and 48.9 %,
respectively. This was explained by different bond energies of the functional groups. While
the Ph-OMe bond has an energy of 91.5 kcal-mol!, Ph-OH has a bond energy of
106.8 kcal-molt and the PhO-Me bond has 52.2 kcal-mol-!. This lowers the potential of C-
O bond cleavage for phenolic groups. At the same time, these catalysts are very selective
for deoxygenation and the main products are benzene, toluene and other alkylbenzenes.
In contrast to metal catalysts and liquid-phase experiments, no hydrogenation products
have been observed. The occurrence of transalkylation reactions in presence of methoxy
groups can be explained by the acidic properties of partially reduced Mo0O3.32 The high
selectivity of these catalysts may offers a huge potential, provided that their activity can

be further enhanced.
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Table 2: Overview of catalysts performance in gas-phase at different conditions.

Catalyst T (°Q) P (bar) Substrate X (%) Sarene (%) Ref.
Fe 300 1 Cresol 1-10 >90 118
Fe 300 1 Cresol 21 90 119
Ru-Fe 300 1 Cresol 76 98 119
Fe/SiO2 400 1 Anisole >80 >90 15
Fe/SiO2 375 1 Anisole 8 85 120
Co/SBA-15 300 1 Anisole 62 70 121
Ni/CeO2 290 3 Anisole 96 58 122
Ni/TiO2 290 3 Anisole 51 74 122
Ni/Al203 260 1 Cresol 30 67.8 123
Co/Al203 260 1 Cresol 123
Pt/Al203 260 1 Cresol 38 65 123
Pd/ZrO:2 300 1 Phenol 77 66 124
Pd/TiO2 300 1 Phenol 7 66.8 125
Pd/Nb20s 300 1 Phenol 6.6 80.2 126
Pt/Hbeta 400 1 Anisole 100 >90 115
Pt/Hbeta 400 1 Cresol 100 >90 127
MoOs3 325 1 Cresol 48.9 99.4 25
MoO3/ZrO:2 320 1 Cresol 78 99 29
MoO3/TiO2 320 1 Cresol 47 99 29
Mo03/Ce02 320 1 Cresol 8 97 29
MoOs3/Al203 320 1 Cresol 13 76 29
Mo03/SiO2 320 1 Cresol 10 90 29
Mo0O3/TiO2 350 25 Phenol 28 89 111
Ni-Mo/SiO2 410 1 Phenol 99 99 36
ReOxNi/CeO2 350 1 Cresol 45.7 83 128
ReOxNi/ZrO2> 350 1 Cresol 63.9 90 128
Mo2C 150 1 Anisole <14 90-94 129
Mo2C 280 1.1 Phenolic mix. 94 93 130
MoC2 350 4.4 Guaiacol 99.8 81 95
MoC:2 250 1 Anisole 49 87 131
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2.3. Mechanism of HDO at MoOs

The redox properties of molybdenum oxide are beneficial for oxidation catalysis, following
a Mars-van-Krevelen mechanism.!32 This contains the formation of oxygen-vacancies by
the substrate oxidation, which are responsible for the high redox activity and are recovered
within an oxygen containing atmosphere.33-13> In 2002 the term “reverse Mars-van-
Krevelen mechanism” was used for the first time in context of the HDO of propan-2-ol on
reduced Zr02.13% Since it was demonstrated that MoOs is active for the HDO reaction, it
was also hypothesized that oxygen-vacancies are involved and the reverse Mars-van-

Krevelen mechanism was established in literature.30: 32, 79, 137-142

The Ov are formed by mechanical stress and under high temperatures in non-
oxidizing/reductive atmospheres.43-146  Several computational studies have been
conducted on the Oy formation, mainly for oxidation reactions.47-153 However, some studies
have been done under reductive conditions for the HDO, mainly with simple model

compounds like acetone and furan.137, 153, 154
The reverse Mars-van-Krevelen mechanism includes 5 steps:

- Oxygen-vacancy formation by reduction
— Substrate adsorption via oxygen at Oy
— Hydrogenolysis

— Product desorption

— Ov formation by condensation

Three different oxygen atoms are located at a (010) MoOs surface, a symmetrical
tricoordinated oxygen (Os), one asymmetric bicoordinated oxygen (Oas) and a single
coordinated oxygen (Ot), that is double bonded to the Mo atom.*>? In literature it was found
that the direct Oy formation by removing the Os is energetically unfavored (4.15 eV), while
it is much easier for Ot and Oas with Ov formation energies of 2.87 eV and 2.95 eV,
respectively.'>* This order, which was also found in other reports, is surprising since the Ot
double bond is stronger compared to Oas and Os.14% 130, 152 Ag the kinetic barrier for the
direct Ov formation is comparatively high, studies showed that this is facilitated in the
presence of Hz.1°3 134 In these studies the formation of Oy is most favorable at the terminal
sites, while the energy barrier is too high for an abstraction of the bridging oxygen atom.
Nevertheless, when an Oy is formed, the asymmetric oxygen atom will tilt to reconstruct

the surface of the MoOs crystal (see Figure 6).153 154
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There are three different ways of dissociative H2 adsorption which can form Oy afterwards.
First, the adsorption can lead to the formation of two terminal hydroxyl groups. Another
option is the formation of one terminal and one asymmetric hydroxyl, which has a lowered
energetic barrier.1>3 The third way is the dissociation at the terminal oxygen and Mo, where
a terminal hydroxyl and a direct bond of the hydrogen to the molybdenum would be

formed, which is not favored.>*

(b)

Figure 6: Mo-O bond lengths of a (010) MoOs surface (a) as pristine crystal an (b) with oxygen
vacancy, adapted with permission from Ref. 133, Copyright 2011 American Chemical Society.

Upon vacancy formation, water is formed subsequently on the catalyst surface by two
hydroxyl groups. Calculations showed that the combination of two OtH is energetically
favored. As mentioned before, regardless of the combination that formed the defect, it will

be always located at the terminal position.t>>

It was elucidated for the adsorption of acetaldehyde, that the oxygenates are adsorbing
strongly at the Oy in M003.15* Afterwards, there are different options for C-O bond cleavage.
First, one hydrogen could be abstracted from a neighboring -CHs or -CH2R group. That this
is possible was calculated e.g. for the HDO of acrolein, acetaldehyde or acetone to
propene.137: 153, 154 However, this seems to be less likely for molecules like phenol and
anisole. A dehydrogenation is not possible on the methoxy group. Additionally, the
presence of transalkylated products (e.g. toluene, xylene) and the HDO of phenol to
benzene do not indicate such a mechanism at least for these model compounds. Another
way, proposed by Gongalves et al., is the heterolytic dissociation of H2 to form a OtH with
the second H* bonded directly to the corresponding Mo atom (see Figure 7, right).%? As
mentioned before, a computational study showed that this is less likely. Therefore, it is
likely that acidic hydroxyl groups are formed on the surface. Further, it is known that
hydrogen atoms (more precisely a proton and electron) are highly mobile on MoOs surfaces
and within the bulk. They can be formed elsewhere and diffuse to the adsorbed substrate
for hydrogenolysis and HDO reaction.'>® It might be possible that hydrogen is activated at

metal particles (e.g. nickel) and transported to Oy afterwards for the HDO reaction.
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Subsequently, the HDO of the adsorbed phenol will form benzene which desorbs. The
remaining hydroxyl group will be removed by a condensation reaction with the second

remaining OH group and form the Oy again (see Figure 7).

It is important to keep in mind that these calculations and models are developed for MoO3
and clusters, which are idealized models. However, it is also known that several phase
changes occur during the reduction and reaction (e.g. formation of MoOxCyH;, see
chapter 2.4). Further work needs to be done to elucidate the real behavior of these phases

and study the presence of Oy in these complex phases.
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Figure 7: Mechanism of phenol HDO at the MoOs5 surface, adapted with permission from Ref.°2
Copyright 2017 Elsevier.

2.4. Active Phases

The active phase of a MoOs-based HDO catalyst is formed in-situ and differs from the initial
MoOs. The reverse Mars-van-Krevelen mechanism demands a pre-reduction of the catalyst
to form oxygen vacancies (see chapter 2.3). Therefore, MoOs is reduced to MoO: via
different intermediate phases like M0180s521%7, M04010(OH)2°8, M0204(0OH)2°8, M040Q111>% 160,

Frequently, the partially reduced molybdenum oxide is simplified as MoOs3-x.

The interdiffusion of Hz can also lead to the formation of molybdenum bronzes HxMo00Q3.1>%
161 Some of these intermediates are X-ray amorphous, making it challenging to identify
these structures especially in a dynamic system which is constantly changing during the
reaction. Nevertheless, the active phase cannot be MoOs because it is reduced directly
under HDO conditions. Other reports suggest that also MoO2 cannot be mainly responsible

for the catalytic activity as it is significantly less active compared to slightly reduced
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Mo003.3% 142 pPrasomsri et al. showed by in-situ XRD experiments, that a high reaction

temperature of 400 °C resulted in a fast deactivation and the formation of M0oQ2.25 80

It is challenging to prevent the catalyst from over-reduction and to keep the formal
oxidation state between Mo®* - Mo**. High temperatures and hydrogen partial pressures
are beneficial for the activity but favor a deep reduction. For a prolonged activity a
temperature range between 300 < T < 400 °C is advantageous. When MoOs is treated
within this temperature range with a mixture of H2 and hydrocarbons, a molybdenum
oxycarbohydride phase (MoOxCyH?) is formed.2> 32/ 41, 44, 161-165 Thjs phase seems to stabilize

the Mo>*, thus extending the catalytic activity.

This phase is formed in-situ after a pre-reduction.?® During the reduction, Ov are formed,
which are catalytically active. However, with progressing vacancy enrichment, the crystal
lattice (MoOs3x) may rearrange into shear planes (M018024), to eliminate these defects.!>”:
163 This energetically favored process ends subsequently with the formation of MoO2 when
the Ov concentration becomes too high by further reduction (see Figure 8). Once MoO: is
formed, a MoOxCyH: generation is not possible due to the strong Mo-Mo bond.%3 166 When
hydrocarbons are present in the atmosphere, an intercalation into the vacancies to prevent

the rearrangement to Mo180O24 and MoO: is possible.32 163

H
Ao M01g0>4 — > MoO,
H

MoO3 —2 > MoO3_y Hs>/c

\Flz H
MoO,CyH, ——=— MoO,

Figure 8: Path of MoO3 reduction and MoOxCyH, formation.

Besides MoOxCyHz, MoO: is always formed in catalytic experiments. However, it is possible
to prepare phase pure MoOxCyH: if the molybdenum bronze (HxMoOs3) and not MoOs is used
as starting material.?> 161 It is assumed that this is possible, because by the bronze
provided intercalated hydrogen is needed to form MoOxCyH;, while only atomic hydrogen
formed by homolytic scission of H> molecules can enter the MoOs lattice.** 187 When
MoOs (1) is used as starting material and, therefore, no intercalated hydrogen is available,
a reduction to MoO2 by molecular H2 is necessary (see Figure 9). The MoO:2 can dissociate
the H2, which can diffuse into MoOsx (2) and form molybdenum oxyhydride (3). The

MoOxH: can be converted into MoOxCyH: (4), when exposed to carbon containing feeds.
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This explains why the formation of MoO:2 in pure MoOs catalysts cannot be avoided
completely. Bouchy et al. reported that platinum can enhance the MoOxCyH; formation by
an improved H: dissociation.** The influence of other metals on the oxycarbohydride
formation is not reported so far, although Zhang et al. reported the existence of this phase
in a cobalt promoted catalyst.4! The influence of Ni on the MoOxCyH, formation is studied

here.

The advantage of these MoOs-based catalysts is the good regeneration capability after
oxidation by air. Several reports showed that the catalytic activity was recovered to the
initial activity and now differences in the deactivation processes have been observed

afterwards.25 30, 36, 41

H\Z\. N
H2 + CXHy MoO, MoO, H2 + CXHy MoO, MoO, H2 + CxHy MoO, MoO,
MoO; —_— M0O5.« S —— MoOH, = ———  MoO,C,H,
300-400°C 300-400°C 300-400°C
1 2 3 4

Figure 9: Phase formation during MoOs reduction, adapted with permission from Ref.#4 Copyright
2000 Elsevier.

2.5. Doping and Support Influences

In literature, it is claimed that doping of MoOs can be done with low valent dopants (Fe,
Zn, Ni) in order to increase the number of Ov.1%8-170 To the best of our knowledge, they
have not yet been tested in HDO reactions and their stability is unknown under HDO
conditions. Nevertheless, there are reports about catalyst systems with various metals
added (Ni, Pt, Pd, Co, Cu).35-39 41, 42, 77, 140, 141, 171-174 T the following section, the added
metals are designated as secondary metals. When metals are added to Mo-oxides, the
formation of the corresponding metal molybdates (MMoO4) is likely after calcination, due
to the high stability of these metal molybdates. It is observed, that the surface
impregnation of MoOs with metal salts forms MMoOa after calcination at 400 - 500 °C.4%
141, 174 For the impregnation of support materials (TiO2, SiO2), the MMoO4 formation was
observed as well, for both co-impregnation and stepwise impregnation of M- and Mo-
salts.3> 37, 3941, 171, 173 Besides impregnation and precipitation, also sol-gel,
mechanochemical and hydrothermal methods can be used for synthesizing metal
molybdates.'’>177 For ratios of M/Mo # 1, the metal molybdate is still formed
stoichiometrically, while the exceeding metal is obtained as corresponding oxide and by
controlling the calcination conditions, different molybdate phases can be synthesized

(different stoichiometries and geometries).43 174

Under reductive conditions, as present for HDO reactions, the reduction of MMoO4 is

reported at temperatures above 300 °C, forming M® and a MoOx species.'’® Depending on
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the secondary metal, different phases can occur during this reduction, indicating different
active phases or slower activation processes. For example, NiMoO4 is reduced directly to
metallic Ni and MoOx, while CoMoO4 is forming intermediate phases (e.g. Co2Mo030g). These
intermediate phases are reduced fast at temperatures above 550 °C.160. 167 On the other
hand, Zhang et al. showed that after 300 h reaction at 360 °C with a bulk Co/Mo0Os catalyst
at 1 bar H> pressure in a fixed-bed reactor, no CoMoO4 or Co2M030s can be observed. Only
Mo0O2 and MoOs were present, indicating that CoMoO4 can be fully reduced at temperatures
below 550 °C. This could be explained by comparatively long reaction times.*! However,
the role of the secondary metals is not clarified yet. Zhang et al. claimed that the acidic
properties of CoMoO4 are responsible for a formation of MoOxCyHz, which is preventing an
over-reduction to inactive M0o0O2.*! They also assumed, that the metal (Ni or Co) can
activate Hz and thus provide activated hydrogen by hydrogen spillover.4?: 17° This led to an
improved reducibility and facilitated the formation of Mo>* centers and Oy, which are active
in HDO reactions. Further, the activated hydrogen provided via spillover could promote the
C-0 cleavage of the substrate, which is adsorbed at Mo>* species.*? Yang et al. observed
for NiMoO4/SiO2 a doubled Ov concentration compared to NiO/SiO2 and Mo03/SiO2, which
was correlated with a higher dispersion and reducibility of Mo species.'’* However, they did
not find any molybdenum oxycarbohydride for NiMoO4/SiO2, which was found for MoOs and
CoMo004/Mo03 catalysts.?> 41 The influence of supports on the MoOxCyH: formation has not
been investigated, though one reason for the absence of this phase might be due to support

effects.

The addition of metals is considered to improve catalytic activity but can also lower the
selectivity. Especially metals with strong hydrogen activation capabilities (Ni, Pt, Pd), are
selective for ring hydrogenation and C-C hydrogenolysis with increasing secondary metal
loading.!’# But also the particle size of metals influences the selectivity. Nickel catalysts
(Ni/SiO2) tested for the cresol HDO showed that, besides an increase in activity with
decreasing particle size, the selectivity for C-C hydrogenolysis to CH4 decreased as well. At
the same time, direct deoxygenation and hydrogenation became faster.8% 117 This could
influence the selectivity of metal molybdates as well, when during the reduction a specific

particle size of the metal phase is formed.

Not only the added metal has an influence on the catalytic properties, also supports can
have significant impacts. Shetty et al. elucidated the effect of different supports on the m-
cresol HDO for 10 wt.% pure MoQOs on ZrQO2, TiO2, CeO2, y-Al203 and SiO2. The bulk MoOs
was tested as well for comparison.?® They found that the arene selectivity is 100 % and no
ring saturated products have been observed for almost all catalysts. Transmethylation
occurred only with MoOs/y-Al203 and very small amounts of dimethyl phenol were formed.
While the support influence on selectivity was negligible, this effect was more pronounced

for the conversion. The lowest conversion was obtained for MoO3/Ce02 (8 %). Mo03/SiO2,
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MoO3/y-Al203 and pure MoOs reached 10 %, 13 % and 13 %, respectively. Compared to
this, the conversions for MoO3/ZrO2 (78 %) and MoOs3/TiO2 (47 %) were significantly
higher. Interestingly, no MoOxCyH: was found, which is considered as active phase for MoOs3
catalysts (see chapter 2.4).2° XPS analysis of spent catalysts clarified, that catalysts
containing MoOs supported on ZrO: and TiOz have significant amounts of Mo®* and Mo>* at
their surface. Compared to this, no Mo®* was found for bulk MoOz but 30 % of Mo°, which
was not observed for supported catalysts. This indicates that ZrO2 and TiO2 stabilize higher
oxidation states and thus showed a decreased deactivation rate over 100 h time on stream
(TOS). Interestingly, not only the deactivation behavior differed. The supported catalysts
did not show any induction period, while pure phase MoOs did for the first 2 h TOS.?° In
others reports, this induction period was linked to the MoOxCyH; phase formation.2> 32 The
absence of this induction period and of any MoOxCyH: reflections in XRD powder patterns
of used supported catalysts suggested that the active phase or stabilization effects are
different. However, catalyst regeneration after deactivation is possible for both supported
and bulk Mo0s3.2> 30 165 Nevertheless, the authors still assumed a reverse Mars-van-
Krevelen mechanism for supported catalysts. They found a correlation between the
catalysts activity and its reducibility by temperature programmed reduction (TPR) and thus
a better formation of coordinatively unsaturated Mo sites.?® This correlates too with the
XPS results which showed that MoOs/CeO2, the catalyst with the lowest activity, had the
highest amount of Mo®* (75 %) after 7 h reaction. This indicates that CeO: stabilized Mo®*
to an extent, that not enough Oy could be formed to obtain high activity. In contrast to
this, TiO2 and ZrOz seem to stabilize Mo>*. Due to the surface acidity of SiO2 and y-Al203,
a relatively fast deactivation by coke deposition was observed, making a higher calcination

temperature necessary for regeneration.?° 180

The influence on MoOs loading and dispersion was investigated in more detail for
Mo0Q3/Zr02.%27: 28 PXRD and Raman measurements showed that for molybdenum loadings
above 15 wt.% crystallites of MoO3s and Zr(Mo0Oa4)2 were formed. This resulted in a decrease
of reaction rate, normalized on the Mo loading. The optimum was found to be at 15 wt.%,
while the specific HDO reaction rate decreased below this loading. In literature it is known
that at low MoOs loadings isolated MoOx species are obtained, while with increasing
loadings an oligomerization takes place forming condensed MoOx species.!8! 182 After
monolayer coverage by the condensed MoOx, further Mo loading will lead to crystalline
MoOs formation. It was shown that with an increasing degree of oligomerization the
reducibility is increased until complete monolayer coverage is reached. Due to hindered Oy
formation, this could be one aspect of improved catalytic properties. Because at low
loadings the majority of Mo exists as less reducible, isolated MoOx species, the normalized
reaction rates are lowered.?® Additionally, the acidity is increased for higher Mo loadings

up to a monolayer coverage.!3°> These Brgnsted-sites can catalyze transalkylation reactions,
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leading to increased alkylation rates until the support is covered. However, when MoOs3
crystallites are formed, the accessibility of these Brgnsted-sites is inhibited and the reaction

rates for both, HDO and alkylation are decreasing.?®

In literature, there are not many reports about bimetallic (NiMo, CoMo, PtMo) supported
catalysts. Ranga et al. studied CoMo catalysts with different Co/Mo ratios supported on
TiO2, SiO2 and Al203.#° They kept the Mo loading at 10 wt.% and varied the ratio between
0 and 1. Interestingly, they found for pure Mo loading a crystalline phase after synthesis
on Al;O3 as well as on ZrO2. However, on TiO2 no crystalline phase has been found. When
Co was added to the sample, a multi-phase catalyst was obtained, forming a MoO3, CoM0O4
and/or Co304 phase depending on the Co amount. They tested the catalysts in anisole HDO
at 340 °C and 5 bar pressure. Compared to pure supported MoOs, the best performance
was observed for Al203. Surprisingly, the addition of Co to MoO3/TiO:2 resulted in a less
active catalyst under these conditions but the selectivity towards deoxygenated products
increased by the Co addition and was the highest for CoMo/ZrO2 > CoMo/TiO2 >
CoMo/Al20s3. Transalkylation was also observed, which was related to the Brgnsted-acidity
and thus the highest for CoMo/Al20s. In contrast to this, when Co together with Mo was
supported by zirconia or alumina, the initial activity was higher compared to bare Mo.
Nevertheless, the binary catalysts suffered from a faster deactivation, which has been
explained by a faster reduction to inactive Mo#**.4% The deactivation was not only driven by
reduction, also coking played an important role. By temperature programmed oxidation
(TPO) it was shown that this has been forced by Al20s probably due to its high Brgnsted-
acidity.

Conclusions for this Work

This literature review showed that MoOs catalysts show a low performance for the liquid-
phase HDO, but metal modified catalysts have not yet been sufficiently tested. They
showed promising results for the gas-phase reaction and therefore need to be tested in
the liquid-phase as well (see chapter 2.2.1 and 2.2.2). However, the role and influence of
modifying metals is not revealed for the gas-phase reaction. Therefore, pure phases of
MoOs and MMoO4 as well as MoOs with different contents of added MMoO4 have to be
tested. Furthermore, it was shown that the mechanism is assumed to be based on a reverse
Mars-van-Krevelen mechanism, but the studies and assumptions are only done for a MoO3
surface (see chapter 2.3). Hence, the active phase formation must be taken into account
as MoOs can be transformed into different phases under reaction conditions (see chapter
2.4). Extensive studies on the active phase, its formation, regeneration and stability must
be carried out. Since the aim of this work is to investigate the basic phase transformations
of the catalyst during the HDO reaction and a catalyst support can have a strong influence

on these transformations, the focus is here on bulk catalysts.
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3. Experimental Part and Methods

3.1. Catalyst Synthesis

Molybdenum(VI)-oxide has been used as reference catalyst and was purchased from Carl
Roth. Further catalysts with different amounts of modifying nickel and cobalt were

synthesized.

To synthesize the catalysts, 11.481 g (9.290 mmol) (NH4)sM07024 - 4H20 was dissolved in
100 ml of water, then 2.478 g (8.520 mmol) Ni(NOs)2 - 4H20 was added and completely
dissolved at room temperature. The temperature was increased to 85 °C with constant
stirring and until most of the water was evaporated. The remaining water was removed in
a drying oven at 100 °C until the sample was completely dry. Afterwards, it was calcined
at 550 °C for 4 hours. Catalysts with a different nickel content were synthesized using the

same procedure and are labelled with the following notation:

Table 3: Description and used amount for synthesis of Ni catalysts.

o mass (g) mass (g) ICP-results (wt.%)
Description
Ni(NO3)2 - 4H20 (NH4)sM07024 - 4H20 Nickel
MoOs3 - - 0
Ni(5)Mo0Os 2.478 11.481 4.91
Ni(3)MoOs 0.614 4.906 2.79
Ni(1)MoOs 0.496 12.258 1.02
NiMoO4 13.303 8.076 26.29

The synthesis of cobalt molybdate catalysts was carried out using the same procedure as
for nickel molybdate catalysts described above. The following weights and labeling have

been used:

Table 4: Description and used amount for synthesis of Co catalysts.

mass (g) mass (g) ICP-results (wt.%)
Description
Co(NO3)2 - 4H20 (NH4)sM07024 - 4H20 Cobalt
MoOs3 = = 0
Co(5)Mo0s 2.496 11.468 5.05
CoMoO4 13.297 8.067 26.73

Some of these catalysts were prepared by B. Sc. Carl Julius Mussweiler as part of a

methodological internship.

Ni/a-Al203 was synthesized by incipient wetness impregnation. Therefore, Ni(NO3)2
(3 wt.% Ni) was impregnated on a-Al203 spheres (dp = 800 -1000 pm) and calcined for
4 h at 450 °C with syn. air.
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3.2. Catalytic Tests in Gas-Phase

The catalytic test experiments have been conducted in a gas-phase packed-bed flow
reactor by M.Sc. Sebastian Lobner at the Likat. The tube reactor had an inner diameter of
11.9 mm which was fixed in a furnace. A thermocouple was used for temperature
regulation, placed inside the catalyst bed. The catalyst material was pressed and sieved to
achieve particle sizes between 600 - 800 um. Before the catalyst was placed in the reactor
held by quartz-wool, 200 mg of the material was mixed with approximately 2.3 g of SiO2
for diluting to a fixed volume. The SiO2 had a particle size of 500 — 800 um. The anisole
was transferred into the reactor by a saturator where the Hz/N2-mixture was flushed
through. The saturator temperature was kept at 20 °C which resulted in a total anisole flow
of 0.236 ml/min in the gas-phase and a WHSV = 0.31 ganisole'g *cat-h™t. During reaction
40 ml/min N2 and 20 ml/min H> at ambient pressure were used. Behind the reactor,
6.5 ml/min ethane was added, as an internal standard. All gas flows have been controlled
by Bronkhorst mass flow controller units. Prior to the addition of substrate, the catalysts
were heated-up in N2 to 325 °C and pre-reduced in 100 % H> for 2 h at ambient pressure
afterwards. After the pre-reduction step the catalysts were flushed with N2 and bypass
measurements were performed for feed analysis. The organic reactants and products were
monitored continuously during reaction on stream with an online GC (see technical details

below).

The transfer line to the online GC system (Agilent 7890A) was kept at a temperature of
200 °C and the valve box of the GC was tempered at 210 °C. The sample loop had a volume
of 250 pl. The GC column was a Quadrex 624 30 m x 250 ym x 2 ym. Helium was used as
a carrier gas. The temperature program started at 40 °C for 2 min followed by heating up
to 160 °C with 10 °C/min and hold time for 5 min. Afterwards the oven was heated to
240 °C with 20 °C/min keeping the target temperature for additional 20 min. A flame

ionization detector (FID) was used as a detector.

The calculation of the conversion and selectivity is based on corrected integral values of
respective GC peaks using the “Effective Carbon Number Concept”. Thus, the integrals of
the compounds were normalized by its corresponding response factor ECN (Eq. 1).183

A

Agen = m (1)

The conversion (Eqg. 2) was determined by the area of anisole (i) and the average of bypass
measurements. The area of the internal standard (IS) is included to account for possible
volume changes during the reaction. The selectivities for the products (j) are given as

carbon fractions (Eq. 3).
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3.3. Catalytic Tests in Liquid-Phase

The catalytic tests in liquid-phase have been done at the Pontificia Universidad Catélica de
Chile under the supervision of Prof. Néstor Escalona. A Parr 4561 batch reactor with a total
volume of 300 ml was used. First, 44.4 mmol of the desired substate (anisole, phenol,
guaiacol) was dissolved in 128 ml n-dodecane and 800 pl of n-hexadecane was added as
an internal standard. After the addition of 400 mg catalyst, the reactor was closed and
flushed by N2 for 10 min with approx. 50 ml/min. The stirrer was started with 770 rpm and
the reactor heated to 350 °C. After reaching the reaction temperature, H> was added until
a pressure of 50 bar was reached. The starting point of reaction was marked by the H:
addition. During reaction, filtrated samples for GC analysis were taken (250 pl, 3 ml in
total) and the pressure was kept constant by dosing additional hydrogen. After 4 h
reaction, the reactor was cooled down, depressurized and the catalyst was filtered off. The
residue was washed with acetone and dried on air. The GC samples were measured with a
Shimadzu Nexis GC-2030 equipped with an Agilent DB-WAX 30 m x 250 ym x 0.5 pym

column.

3.4. Methods of Characterization

3.4.1. Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) is used to determine different crystal phases in the
catalyst. The diffraction can be observed due to X-ray interaction with the electrons of
lattice atoms. More precisely, the X-rays are scattered at the electron cloud of the atoms,
which are distributed periodically in a crystal lattice. If the path-length difference between
two adjacent planes is an integer multiple of the wavelength, constructive interference
occurs, which is considered as “reflection”. For each group of planes only certain angles

exist at which the reflection occurs.
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The mathematical description for observing these “reflections” is called the Braggs’ Law
(Eq. 4), discovered by W.H. Bragg and W.L. Bragg. It gives the relation between the
wavelength (1), interplanar spacing (d) and the diffraction angle (Bragg angle 6).

n-A =2d-sin (0) 4
Typically, crystals have many sets of different planes (hk/), resulting in a set of reflections
which is specific for a single compound. The obtained patterns can be compared with
patterns of standard materials or diffraction data from literature/databases.
Usually, PXRD data are presented in the form of the intensity as a function the Bragg angle
(2 &) for the corresponding wavelength. The wavelength depends on the anode material of

the X-ray source (see A-2).

However, wavelength independent scales sometimes are used when special circumstances
make it necessary. For this case, the d-spacing can be used, but it reduces the visual
resolution at low d-values. Another option is the g-value or g-vector, which offers the best
resolution at high diffraction angles compared to other wavelength independent scales. The
g-value is calculated by following Eq. 5.184

41 - sin ()
— (5)

In this work, different X-ray sources (Cu, Mo) have been used. Because of this, the PXRD

g-vector =

data is plotted as a function of the g-vector.

Besides the catalyst characterization after synthesis and reaction, also in-situ experiments
have been performed to elucidate the active phase formation under reaction conditions.

Here a capillary reactor, consisting of a quartz tube was used (see Figure 10).

Figure 10: a) Scheme of in-situ XRD set-up b) Stoe HT2 in-situ cell.
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Even though in-situ XRD has many benefits for the understanding of heterogenous
catalysis, there are limitations for these set-ups. The quartz capillary is visible in the
diffractogram and can cause problems. Further, the high temperature reduces the quality
of the diffractograms, reflections are less intense and a broadening occurs. This can cause
problems when samples have a low crystallinity or contain only minor amounts of a specific
phase, making the identification challenging. Many times, there are no references available

for measurements at high temperatures.
Experiment description:

Powder X-Ray diffraction (PXRD) patterns were recorded on a Panalytical X'Pert 6/26 -
diffractometer equipped with Xcelerator detector using automatic divergence slits and Cu
Kal/o2 radiation (40 kV, 40 mA; A = 0.15406 nm, 0.154443 nm). Cu beta-radiation was
excluded using a nickel filter foil. Finely pestled samples were mounted on silicon zero
background holders. After data collection, obtained intensities were converted from
automatic to fixed divergence slits (0.25°) for further analysis. Additionally, XRD powder
patterns were recorded on a Stoe Stadi P transmission diffractometer equipped with a
DECTRIs Mythen2 1K detector applying Ge(111) monochromatized Mo Kal radiation
(50 kV, 40 mA, 0.070930 nm). The samples were ground to a fine powder and placed

between two acetate foils before the measurement.

In-situ XRD studies were performed on a Stoe Stadi P equipped with a Stoe HT2-in-situ
oven and a Mythen 1K detector in Debye-Scherrer geometry using monochromatized Mo
Kai radiation (50 kV, 40 mA, 0.070930 nm). The samples were ground, pressed to pellets
at 10 tons, crushed, and sieved to a fraction of 100-150 um. A specimen was filled into a
quartz glass capillary (approx. 2 mm outer diameter, 1 mm inner diameter, opened on both
sides) until a height of approx. 6 mm was achieved and fixed by quartz glass wool. After
mounting the capillary into the oven, the capillary was flushed with He (10 ml/min) and
the sample was heated to the desired temperature (350 °C or 325 °C). After equilibration
the gas feed was changed to reaction gas mixture (details in corresponding description)
with a total flow of 10 ml/min) and the reaction was monitored using static data collection
over a 17° angular region (Mo-radiation). Gas dosage was done via a set of Bronkhorst
mass flow controller units. The temperature was calibrated according to well-known phase
transitions (AgNQOs3, KCIO4, Ag2S04, SiO2, K2S04, K2CrO4, W03, BaCOs3). Peak positions and
profiles were fitted with Pseudo-Voigt function using the HighScore Plus software package
(Panalytical). Phase identification was done by using the PDF-2 database of the
International Center of Diffraction Data (ICDD).
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3.4.2. Electron Paramagnetic Resonance Spectroscopy

The Electron Paramagnetic Resonance (EPR) Spectroscopy has been used for analysis of
paramagnetic species that contain unpaired electrons (e.g. radicals, oxygen-vacancies,
metal ions). Although there is a restriction due to this selection rule, the EPR has several
advantages, making it an interesting option to study heterogenous catalysts. This method
is good for tracking redox processes and radicals, which are frequently involved in catalytic
mechanisms. Due to its high sensitivity, the EPR spectroscopy is a good technique for
elucidating reaction mechanism and active sites at low concentrations.8> 186 For

molybdenum, only Mo>* is EPR active, while Mo** is inactive.

The fundamental principle of EPR spectroscopy is the Zeeman effect. Usually, the energies
of the two spin levels of a single electron characterized by the spin quantum numbers
Ms = £1/2 are degenerated. However, when an unpaired electron is exposed to an external

magnetic field, the energy level degeneration is lifted (see Figure 11).186

0 >

Figure 11: Splitting of energy levels in an external magnet field Bo.

When the sample within an external magnetic field is exposed to microwave radiation while
the field is swept, the resonance condition (Eq. 6) is fulfilled when the microwave energy
matches the energy difference between the spin levels once the resonance field value is

reached. Then a spin flip occurs.
AE = g, pug-Bo=h"v (6)
An EPR spectrum can be obtained by changing the radiation frequency and keeping the

magnetic field constant or vice versa. However, in continuous wave (cw) EPR which was

applied in this work, the microwave frequency has been kept constant.8>
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Experiment description:

EPR spectra were recorded by an X-band cw-spectrometer ELEXSYS 500-10/12 (Bruker)
using a microwave power of 6.3 mW, and a modulation frequency and amplitude of 100 kHz
and 5 G, respectively. In-situ EPR experiments were performed in a home-made quartz
plug-flow reactor connected to a gas-dosing device with mass flow controllers (Bronkhorst)
at the inlet. This reactor was filled with 50 mg of catalyst particles (250-350 um). For these
experiments two procedures were done. In all experiments the total flow rates were

25 ml/min.

3.4.3. Vibrational Spectroscopy

The infrared (IR) spectroscopy is part of the vibrational spectroscopy, based on interaction
of light (12500-10 cm™) with matter. It can be used for qualitative, as well as for
guantitative measurements. Many times, mid IR radiation (4000-400 cm!) is used as it
allows to identify and quantify a broad range of molecular IR active functional groups. For
exciting a molecular vibration, the electric dipole moment of the functional group has to be
changed (du # 0). Modern IR spectrometers use a Fourier transformation (FT), a
mathematical function, to calculate an IR spectrum from an interferogram. This
construction has many advantages e.g. low measuring time. In heterogenous catalysis,
the samples are often solid and in-situ experiments are demanded to obtain information
at reaction conditions. Special techniques like diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) are used to elucidate surface chemistry and adsorbates. Nowadays,
it is an important tool for catalysis research to understand reaction mechanisms, promoter
effects and effects of dynamic feeds. However, one also has to consider disadvantages like
high temperature gradients, catalytically active cell compounds and beam effects.'®” For
example, the acid properties can be determined by adsorption of probe molecules like

ammonia and pyridine.188-190

In this work NHs-adsorption was used for Lewis- and Brgnsted-acid site identification. There
are different vibrational bands resulting from the NHs protonation by Brgnsted-sites to form
NH4* and due to the electron donation from NHs to the Lewis-site. Additionally, the

adsorption of anisole was tested, to understand its interaction with Ov.

Raman spectroscopy is the second vibrational spectroscopy technique used in this work,
which is complementary to the IR spectroscopy. It is based on inelastic scattering of
photons, which is also called Raman scattering. The selection rule for Raman active

interactions is the polarizability of a molecule, that must change. The efficiency of the
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Raman effect is comparatively low, which is why there was a limitation of the
instrumentation and the application was limited for many years. With the improvement of
lasers and spectrometers, it has become a powerful tool for the study of molecular species,
oxide phases and surface species. A Raman spectrum consists of three different types of
effects. The Rayleigh scattering, which has the wavelength of the excitation light. This is
filtered out, because it contains no information and its high intensity. The second one is
the Stokes scattering. It occurs when a photon is interacting with a molecule, excites it to
a virtual energy state and the molecule subsequently relaxes to an energy state higher
than the ground state. Then, the emitted photon has a lower frequency than the excitation
source. Anti-Stokes lines have higher energies, as the photons are interacting with
molecules in exited states. Thus, they take up energy from the molecule and the scattered
photons have higher energies than the incoming ones. The levels of virtual energy states
are specific for a species. The number of molecules in the ground- and excited state is

given by the Boltzmann distribution (Eq. 7).

N, = Noe_% (7)
Because of this the intensity of Stokes lines is significantly higher than the anti-Stokes
lines. At higher temperatures, the anti-Stokes become more intense. For improving the
signal-noise ratio it can be useful to analyze anti-Stokes at high temperatures. Another
problem for Raman measurements can be the fluorescence, which might interfere with the
Stokes lines. This can be avoided as well by observing the anti-Stokes lines. It is possible
to couple the Raman spectrometer with a light microscope, which offers a spatial

resolution. %!
Experiment description:

In-situ DRIFTS experiments were carried out with a Nicolet 6700 (Thermo Scientific) FTIR
spectrometer equipped with an MCT detector and a Praying Mantis (Harrick Scientific)
DRIFTS reaction cell. The dome of the reaction cell was mounted with CaF2 windows. The
setup was coupled with an online MS system (Omnistar GSD 320, Pfeiffer Vacuum) with a
secondary electron multiplier for gas analysis. The samples were pressed and sieved to
obtain a particle size of 250-315 pm. All samples were pre-reduced in pure H2 (25 ml/min)
for 2 h at 325 °C. For adsorption experiments of vaporized liquid substrates, the latter
were pumped into an evaporator by a syringe pump (Harvard Apparatus, PHD ULTRA 4400)
at a flow rate of 2.75 pl/min with a carrier gas (He) flow rate of 25 ml/min. The DRIFT
spectra were registered with an optical resolution of 4 cm™ with 64 scans per
measurement. As a background spectrum, the spectrum of the pre-reduced catalyst at the

experiment temperature under helium was used.
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Surface acidity of the catalyst materials was analyzed by FTIR spectroscopy of adsorbed
ammonia using a Tensor 27 spectrometer (Bruker) equipped with a heatable and evacuable
IR reaction cell with CaF2 windows, which was connected to a gas dosing and evacuation
system. For each experiment, 50 mg of catalyst were pressed into a self-supporting wafer
with a diameter of 20 mm, which was first evacuated and then pretreated either in
synthetic air or hydrogen (50 ml/min) at 325 °C for 120 min. After cooling to room
temperature, a background spectrum was recorded and ammonia (5 vol.-% in He) was
introduced until saturation of adsorbed ammonia was achieved, followed by evacuation to
remove physisorbed ammonia. The desorption of ammonia was followed by heating the
sample in vacuum up to 300 °C and recording spectra every A6 = 50 °C. For data analysis,
difference spectra were used, obtained by subtraction of a respective background spectrum

from the ammonia adsorbate spectrum.

For Raman characterization a Renishaw inVia Raman microscope was used, equipped with
a 633 nm laser and a Leica 50x objective. The used laser power was 0.085 mW with an

exposure time of 10 s, with one accumulation.

3.4.4. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis
(ESCA) is used to investigate the oxidation state and atomic percentage of elements at the
catalyst surface. In this work it has been used for a better understanding of the Mo
reduction behavior in the reaction, which is connected to the oxidation states. From the XP
spectra one can distinguish between Mo®*, Mo>* and Mo** and these ions can be quantified

with this method. This has also been done for Ni/Ni2*.

For measuring an XP spectrum, the sample is irradiated with X-ray photons. Many times,
Mg Ka (E = 1253.6 eV) or Al Ka (E = 1486.6 eV) X-ray sources are used. These photons
can collide elastically with electrons of the sample’s atoms and the electrons are emitted
(photoelectrons). The X-rays can penetrate the sample quite deep, but because of an
increasing chance of interactions between the photoelectrons and the sample atoms with
increasing sample thickness, this technique has a limited information depth of 1-10 nm.1°?
The kinetic energy (£u») of photoelectrons is given by Einstein's law and is equal to the X-
ray energy subtracted by the binding energy (£):
Epin =h- v —Ep — s (8)

However, the energy is also influenced by the spectrometers work function (¢s).
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Experiment description:

XPS (X-ray photoelectron spectroscopy) measurements were carried out using an ESCALAB
220iXL (Thermo Fisher Scientific) with monochromatic Al Kq radiation (E = 1486.6 eV). The
samples were prepared on a stainless-steel base with a conductive, double-sided adhesive
carbon tape. The measurements were performed with charge compensation using a
channel electron system combining low-energy electrons and Ar* ions (pa = 1x10°7 mbar).
The peak areas were normalized with the transmission function of the spectrometer and

the element-specific sensitivity factor of Scofield.

Pseudo-in-situ XPS measurements were performed in a laboratory X-ray photoelectron
spectroscopy system at near ambient pressure (NAP-XPS, SPECS Surface Nano Analysis
GmbH, Germany). The system is equipped with a differentially pumped Phoibos 150
electronic energy analyzer and a monochromatic Al Kq radiation source (E = 1486.6 eV)
operating at 70 W and 15 kV. The system is connected to a high pressure cell (HPC 20,
SPECS Surface Nano Analysis GmbH, Germany), which heats the sample with a halogen
lamp (up to 800 °C) and is equipped with four mass flow controllers (MFCs) at the gas inlet
and a manual back pressure regulator (Swagelok, USA) at the outlet. For the current
experiments at ambient pressure, the samples were heated to 325 °C in N2 with 10 K/min
inside the HPC 20 cell. Subsequently, the desired gas mixture (H2, CH4:H2) was added for
different times at 325 °C before the sample was cooled down again in N2. Afterwards, the
cell was evacuated and the sample transferred to the measurement chamber under vacuum
at room temperature. The powder samples were pressed onto a stainless-steel sample
plate using a laboratory press with a diameter of 5 mm and a load of approx. 0.5 tons. The
temperature was monitored using a thermocouple on the sample plate, which was pressed
against the surface of the sample. The electronic binding energies refer to the level of the
C 1s nucleus of carbon at 284.8 eV (C-C and C-H bonds). For the analysis, the peaks were

deconvoluted with Gauss-Lorentz curves using the Unifit 2023 software.

3.4.5. Inductively Coupled Plasma Optical Emission Spectroscopy

The inductively coupled plasma optical emission spectroscopy (ICP-OES) is used to
determine the elemental concentration in the catalyst samples. For this analysis the
samples are dissolved by chemical digestion. The solutions are injected into an argon-
plasma at temperatures between 6000-8000 K. Within this plasma, the electrons of the
atoms are excited by the high energy. Electrons return to the ground state by emitting the
energy difference in form of element-specific radiation. The spectral lines occurring in the

process are unique for each element. The high energy of the plasma leads to an ionization
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of the atom and these ions have several spectral lines as well. The intensity of the emitted

light correlates with the element concentration.!®3
Experiment description:

For ICP-OES measurements a Varian 715-ES spectrometer was used. Approximately 10 mg
samples were dissolved in 8 ml aqua regia (HCI + HNO3) and 2 ml HF. The digestion was
done microwave assisted with an Anton Paar Multiwave PRO pre-treatment system at
220 °C and 50 bar pressure. Afterwards, the solution was diluted until a total volume of
100 ml was reached and ICP-OES was measured. The data analysis was done by the Varian
715-ES ICP Expert software.

3.4.6. Temperature Programmed Reduction

The temperature programmed reduction (TPR) is used to investigate the reduction behavior
of different samples by diluted reductive gases (H2, CO), when heated up linearly.
Therefore, the catalyst is placed in a fixed bed reactor, which is exposed to an H2 gas flow.
The H2 consumption is measured by a thermal conductivity detector (TCD) related to the
temperature. This allows to gain information about the reduction temperatures of metal
oxides and understand the influence of dopants and metal-supports interactions on the
reducibility. Additionally, because the Hz consumption can be quantified, the reduction

degree can be determined.
Experiment description:

Temperature programmed reduction (TPR) measurements were performed in a
micromeritics 3Flex with a quartz tube reactor and a thermal conductivity detector for
quantification. Around 50 mg of the samples were loaded in the reactor and pretreated at
400 °C (20 °C/min) under the flow of 5 % O2/He for 30 min to remove any adsorbed
species on the surface of the samples. Afterwards, the sample was cooled to RT under Ar
flow. Then, the flow was changed to 50 ml/min Hz/Ar and the sample was ramped to 850 °C
at a heating rate of 10 °C/min. The temperature was held at 850 °C for 90 min. The
hydrogen consumption peaks were recorded as a function of temperature and quantitative

analysis of the TPR data, based on the peak areas, was done after calibration.

3.4.7. Thermogravimetric Measurements

Thermogravimetric (TG) measurements are used to track weight changes in samples
during a temperature programmed treatment in different gases (e. g. H2, syn. Air, He...).

Usually, the heating rate is not exceeding 10 °C/min. The TG device can be coupled with a
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mass spectrometer to analyze gases which are formed during the treatment or observe
the consumption. By this coupling, TPR or temperature programmed oxidation (TPO) can
be performed as well. However, the reactor geometry is different since the sample is placed
in a cup (e.g. Al203), while the TPR is using plug flow reactors. Therefore, the results can

be influenced by the different reactor types.
Experiment description:

TG measurements were performed on a Sensys TG-DSC (Setaram, Caluire) coupled with
a OmniStar quadrupol mass spectrometer (Pfeiffer Vacuum), scanning in the multiple ion
detection (MID) mode. The MS ionization source was electron impact (EI) with an ionization
energy of 70 eV. The samples were weighted (m = 20 mg) in open Al203 crucibles (100 pl)
and heated from 25 °C up to 600 °C in syn. air (20 ml/min) with a heating rate of
10 °C/min.

3.4.8. UV-Vis Spectroscopy

UV-vis spectroscopy measures the transition of electrons into a higher excitation state,
which is done in the range of UV and visible light (200 - 800 nm). Various electron
transitions can occur, namely n » m* and m > * transitions for organic molecules or d-d
and charge transfer transitions for metal oxides and ions. Because electron transitions are
investigated, it is also called electron spectroscopy.!®® The UV-vis spectroscopy has been
used to study conjugated TT electron systems, but also inorganic compounds like transition
metal oxides can be investigated. Spectra can be measured in diffuse reflectance mode as
already described for the DRIFTS spectroscopy (see chapter 3.4.3) or fiber probes with a

specific work distance can be introduced into a reactor.!°?
Experiment description:

In-situ UV-vis measurements were carried out using an Avantes spectrometer (AvaSpec-
2048-USB2-RM) equipped with a high-temperature reflection UV-vis probe, an Ava-Light-
DH-S-BAL deuterium-halogen light source, and a CCD array detector. The probe consisting
of six radiating optical fibers and one reading fiber was threaded through the furnace to
face the wall of the quartz tube reactor at the position where the catalyst (~250 mg) was
located.!®* Before recording UV-vis spectra, the sample was heated up to 325 °C in
20 % Oz in N2 (heating rate was 10 K-min) and then purged with N2 for 15 min. Hereafter,
the sample was treated in an 10 % C3Hs-90 % Ha2 flow for 1 h, purged with N2 for 15 min,
and reoxidized in 20 % Oz in N2 for 1 h. UV-vis spectra were recorded every 30 s. Barium
sulfate (99.998 %, Aldrich) was used as a white standard.
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For visualizing the progress of reduction/reoxidation processes, a relative reflectance (Rrel)
was defined as the ratio of the reflectance of the sample treated in 10 % C3Hes-90 % H> or
reoxidized in 20 % 02-N2 to that of the fully oxidized one as given in equation (9). From
this relative reflectance, we calculated the relative Kubelka-Munk function F(Rre) according

to equation (10).

Rin C3Ho—Hj or 03—N; flow

R., = 9
! Roxidized ( )
(1 - Rre )2
F(Rrel) = 271?1 (10)
rel

3.4.9. Transmission Electron Microscopy

Transmission electron microscopy (TEM) images have been prepared to get an insight into
catalysts morphology and elemental distribution. This is important in heterogenous
catalysis to get more insight into e.g. active phase formation, as morphology and elemental
distribution can significantly influence the catalytic activity. As can be derived from the
name, in TEM electrons are used for imaging, which are transmitted through a specimen.
This allows a resolution down to 0.045 nm to be achieved. However, samples must be very

thin (less than 100 nm) or used as a suspension to be electron transparent.

For TEM an electron source, mostly a single crystal (LaBs), is placed at the top. High
voltages are used (up to 300 kV) to release electrons into the vacuum and focus on the
sample by condenser lenses (see Figure 12 b).19¢ After being transmitted through the
sample, the electrons are passing objective, lenses and a slit. The objective lenses are
focusing the electrons again after interaction with the sample. In TEM the magnification is
controlled by the distance between the sample and the magnification lens. At the end the
electrons are used to expand the electron beam onto the imaging detector. There are
different imaging methods, with specific pros and cons and information content. However,

they will be not discussed in detail here.

While TEM is done, the energy dispersive X-ray spectroscopy (EDX) is used for gaining
chemical information about the local elemental distribution.°®¢ When the primary electrons
interact with the specimen, different phenomena can occur (see Figure 12 a). One of them
is the X-ray emission from an electron in a higher shell that falls down to an electron hole
in an inner shell. The latter being formed by interaction with the primary electrons of the
beam. This X-ray energy is specific for each element, allowing to perform elemental

mappings.
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Figure 12: a) Different interactions of primary electrons and b) a simplified schematic plan of a
TEM, adapted with permission from Ref.1?>, Copyright 2019 Springer Fachmedien Wiesbaden.

Experiment description:

In-situ Scanning Transmission Electron Microscopy was performed on a probe corrected
JEOL NEOARM (Japan) operated at 200 kV using High Angle Annular Dark Field (HAADF)
detectors for imaging. The in-situ holder is a Protochips Atmosphere 220 MEMS-chip

system (see A-3) with the specimen placed onto the heated top chip via dry deposition.

Ex-situ STEM was performed on a probe corrected JEOL JEM-ARM200F operated at 200kV
using HAADF and Annular Bright Field (ABF) detectors. Energy Dispersive X-ray
Spectroscopy (EDX) mapping was acquired using a JEOL DRY SD60GV detector. For the
post-mortem analysis the top chip was removed from the in-situ holder and put into a

dedicated inspection holder for MEMS-chips.

Scanning electron microscopy (SEM) data was acquired using a Quattro S (Thermo Fisher)
equipped with a Schottky emitter, a 60 mm?2 SDD detector (Thermo Fisher) for energy
dispersive X-ray spectroscopy (EDS), secondary electron (SE) detector (Everhart-Thornley
type), and back-scattered electron (BSE) detector (ring semiconductor type). The
specimen was deposited dry onto a Si waver. Acceleration voltage was set to 10 kV for
imaging and spectroscopy, with spot size selected for optimum resolution or current
respectively. Elemental Maps were calculated from spectral imaging data set using the net

counts fitting method provided in the Pathfinder software (Thermo Fisher).
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4, Results and Discussion

4.1. Catalytic Results

4.1.1. Catalytic Results in Gas-Phase

The catalytic tests in gas-phase have been done at 325 °C and atmospheric pressure. All
samples were reduced in advance at 325 °C in 100 % Hz for 2 h. Afterwards, a switch to
the feed-gas (75 % N2/25 % H2/0.4% anisole) marked the starting point at 0 min time on
stream (TOS). It can be seen that MoOs, Ni(1)MoOs, CoMoOs4 and Co(5)MoOs have an
induction period within the first 4 - 8 h, which is not visible for nickel containing catalysts
with a nickel content exceeding 1 wt.% (see Figure 13). The induction period for MoO3 and
Ni(1)MoOs lasted for about 5 h, until conversions of 35 % and 55.9 % were reached after
10 h TOS, respectively. Subsequently, the activity of both catalysts decreased, reaching
31.9 % (Mo0Os3) and 53.1 % (Ni(1)MoOs3). Interestingly, CoMoO4 and Co(5)Mo0Os have a
longer induction period, but did not start to deactivate directly after reaching maximum
conversion. It rather increased over the whole reaction time, even though the increase of
conversion became slower with time. The conversion of CoM0O4 reached 44.5 % after 10 h
TOS and increased to 49 % after 17 h TOS.
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Figure 13: Catalytic test over 17 h TOS at 325 °C after pre-reduction at 325 °C for 2 h in 100 %
H,, WHSV = 0.31 ganisole'd*cat*ht, particle size = 600-800 pm, 200 mg cat. diluted with 2.3 g
quartz. Reproduced from Ref.1%7 with permission from the Royal Society of Chemistry.
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At the same time, the induction period of Co(5)MoOs lasted for 10 h, reaching 49.3 %
conversion afterwards and 53 % after 17 h TOS. Ni(3)Mo0O3, Ni(5)Mo0O3 and NiMoO4 did not
show this induction period, but the conversion was much higher compared to other
samples. Ni(3)MoO3 and Ni(5)Mo0Oz reached similar conversions of ca. 80 % after 10 h
TOS. A slight decrease to 79 % occurred after 17 h TOS. For NiMoO4 the conversion was

about 98 % after 10 h TOS and did not show any significant deactivation over time.

An assumption for the pronounced induction periods could be phase transformations which
are of different complexity, depending on the catalyst. For MoOs the formation of a
MoOxCyH: phase is known and in literature discussed in context with the induction period.?>
32 1t has been shown that the reduction is a key step for the formation of this phase, which
stabilizes the catalytically active Mo>* by preventing it from over-reduction to inactive MoO2
between 300-400 °C (see chapter 2.4). In other reports it was claimed that more MoOxCyH:
is formed, when MoOs is pre-reduced or hydrogen activating metals are present and the

reduction is the rate determining step.? 44 163

This suggests, that the missing induction period for NiMoO4, Ni(5)MoO3 and Ni(3)MoOs3 can
be related to the improved reduction properties by forming larger amounts of the precursor
(MoOxHz) for the MoOxCyH: phase (see chapter 2.4). In addition is the partial carburization
to MoOxCyH: significantly faster than the reduction.?®> When the nickel content exceeds a
certain amount (here 1 wt.%), the reduction is accomplished within the 2 h pre-reduction
and the carburization is finished in such a short time, that no induction period can be

observed.

In case of cobalt containing catalysts, the occurrence of the induction period could be
explained by a different way of reduction. NiMoOs is reduced in one step to Ni/MoOx and
there were no intermediate phases visible.'®® From this, the MoOxCyH: phase can be formed
directly or the MoOx part is reduced further, until it will be formed. In contrast to this,
several intermediate phases are known for CoMoOs (e.g. Co2M030s and CoMoOs, see
chapter 2.5), which need to be overcome in order to obtain Hz activating Co® and to
generate a MoOx phase at the same time. However, to reduce these phases efficiently,

temperatures higher than 325 °C are necessary.

Interestingly, no hydrogenation products were observed for any of these catalysts,
suggesting that the reaction might follow a reverse Mars-van-Krevelen mechanism
exclusively. The selectivity of phase pure MoOs and Ni(1)MoOs towards aromatic
hydrocarbons is high with a benzene selectivity of 27.7 % and selectivities for toluene and
xylenes of 6.1 % and 4.9 %, respectively. Phenolic compounds have been formed as well
with a selectivity for cresol of 8.9 % and 18.9 % for phenol (see Table 5). For giving a
value of the deoxygenation grade, the ratio of oxygen-free aromatics and phenols
(R(A/P) = S(arenes)/S(phenols)) have been used as indicator. This value is 1.36 for MoO:s.
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As can be expected for the anisole HDO, methane was produced with a selectivity of 3.4 %.
The cobalt catalysts showed an increased selectivity for phenol and cresols compared to
MoOs with approx. 28 % phenol and 15 % cresols selectivity. Thus, the R(A/P) ratio is
reduced to R = 0.78 for both, CoMoO4 and Co(5)Mo0s.

Ni(5)Mo0s and Ni(3)MoOs produced an increased content of aromatic products with a
benzene selectivity of 32-33 %, 9-10 % for toluene and 1-3 % to the xylenes.
Nevertheless, the increased cresol selectivity leads to a R(A/P) ratio of 1.36. For Ni(3)MoO3
it was slightly enhanced to 1.67. All these catalysts had a selectivity to methane of about
4 %. Compared to this NiMoO4 obtained the best R(A/P) ratio with 8.85. The benzene
selectivity was at 41.8 % with a toluene selectivity of 10.1 %. In parallel, the selectivity of
phenol and cresol were only at 4.7 % and 1.5 %, respectively. This could be explained by
the high activity of NiMoO4. The methane selectivity of 20.2 % was very high and is
undesired. This cannot be explained exclusively by the HDO of anisole, which produces
methane by the deoxygenation of the methoxy group as a byproduct. Additionally, NiMoOa4
had the highest selectivity towards transalkylated products like toluene (10.1 %) and
xylenes (4.9 %).

The carbon for the C-transfer and for forming methane cannot be based on the methoxy
group alone, as the sum of these products is higher than the amount of anisole and thus
the number of methoxy groups. It indicates that a ring decomposition must take place to
produce significant amounts of methane. This might also indicate that besides a possible
MoOxCyH: phase, which is discussed as the active one, other phases influence the

selectivity.2> 41

A direct influence of the nickel on selectivity cannot be excluded. Therefore, a nickel
catalyst (3 wt.% Ni on a-Al203) was tested under the same conditions. After 10 h TOS, a
conversion of 16.7 % was obtained, with a methane selectivity of 44.2 % and a benzene
selectivity of 25.8 % (see Table 5). This suggests that the selectivity cannot be only
dominated by the metallic Ni and might have only minor contributions to it. Furthermore,
Ni/Al203 suffered from very fast deactivation, which was not observed for molybdenum-
based catalysts. While the initial activity was comparable to Ni(1)MoOs3, it deactivated down
to 11 % conversion after 17 h TOS (see A-11).

Additional tests with benzene as substrate have been done under the same conditions as
the anisole HDO for Ni/Al203, Ni(5)MoO3 and NiMoO4 (see A-12, A-13 and A-14). This time,
Ni/Al203 showed a significantly lower conversion of approx. 2.5 %, which decreased to 1 %
over 17 h TOS. This can be explained by an increased WHSV with benzene compared to
anisole. Therefore, the conversion in gas-phase experiments at 325 °C cannot be
compared for different substrates. Products which have been observed were methane with

approx. 16 % selectivity and toluene with 5.5 % in average (see A-13). However, for
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NiMoO4, which has a higher Ni content, a conversion of ca. 4 % after 10 h TOS was
observed. The main product was methane with a selectivity of 21 % and a toluene
selectivity of ca. 9 % (see A-14). Compared to this, Ni(5)MoO3 had after 10 h TOS 3.3 %
conversion, while the selectivities of methane and toluene were at 2.8 % and 1.6 %,

respectively (see A-12).

These results show that nickel is active for C-C hydrogenolysis and may enhance the
selectivity for methane. This agrees with reports in literature, but demonstrates also that
the selectivity cannot be driven by nickel exclusively, since the CHa4 selectivity for NiMoOa,
Ni(5)Mo0Os3 and Ni(3)MoOs is significantly lower,1%8: 199

This could be explained by the position of nickel on the catalysts. For Ni/Al203 the nickel
was impregnated on the support followed by a calcination. Is the catalyst activated by
reduction, the nickel will be exposed on the catalyst surface. This is not the case for NiMoOg,
where the nickel is situated inside the crystal lattice after catalyst synthesis. Is NiMoOa4
reduced, the formed Ni particles are at least partly covered by an MoOx species as shown
later (see chapter 4.4). Hence, the accessibility of the nickel particles by large molecules

could be hindered.

39



Table 5: Anisole conversion and product selectivities (C-mol%) at 325 °C, WHSV = 0.31 ganisole'd Lcat-h™ and TOS = 10 h. Selectivity ratio:
S(Arenes)/S(Phenols) = R(A/P). Adapted from Ref.1°7 with permission from the Royal Society of Chemistry.

X(Anisole) S(Methane) S(Benzene) S(Toluene) S(Xylenes) S(Phenol) S(Cresols) S(Arenes)/S(Phenols)
MoO3 35.1 3.4 27.7 6.1 4.9 18.9 8.9 1.36
NiMoO4 97.9 20.2 41.8 10.1 3.0 4.7 1.5 8.85
Ni(5)Mo003 80.6 4.2 32.1 8.7 1.0 17.7 13.1 1.36
Ni(3)MoO3 80.3 3.7 32.7 9.6 3.5 15.4 12.0 1.67
Ni(1)MoO3 55.9 3.7 31.6 7.8 2.7 18.5 12.0 1.38
CoMoO4 44.6 3.2 25.3 5.7 1.6 27.9 14.5 0.77
Co(5)Mo00; 49.3 3.6 27.8 5.6 2.0 28.9 16.1 0.79
Ni/Al>O3 16.7 44.2 25.8 0.0 0.0 0.0 0.0 -
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4.1.2. Catalytic Results in Liquid-Phase
Liquid-Phase Anisole HDO

Catalyst tests were done in liquid-phase at 350 °C and 50 bar Hz pressure for 4 h, to gain
insight into the catalytic properties in both phases. The good catalytic results for the gas-
phase reaction of nickel promoted catalysts are promising, even though MoO3 showed not

outstanding results for the liquid-phase reaction in literature (see chapter 2.2.1).

Surprisingly, the catalytic activity of MoOs was higher than for CoMoO4, which is different
to the gas-phase experiments (compare Figure 13 and Figure 14). NiMoO4 was the only
catalyst, reaching 100 % conversion after approx. 100 min reaction. At this time 80 %,
61 %, 40 % and 28 % conversion was reached by Ni(5)MoOs, Ni(1)MoOs, MoOs and
CoMoO04, respectively (see Figure 14). At the final reaction time of 240 min, Ni(5)Mo0Os
reached 95 % conversion, while Ni(1)MoOs obtained 90 % conversion. With 68 % and
55 % conversion for MoOs and CoMoO4, respectively, their conversion was significantly
lower. The trend of increased catalytic activity with increasing nickel content agrees with
the results obtained by the gas-phase tests and the order of catalytic activity for the HDO
of anisole was almost the same with NiMoO4 > Ni(5)Mo0O3 > Ni(1)MoO3 > MoOs > CoMoOa.
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Figure 14: Conversion over time for the liquid-phase anisole HDO at in a 300 ml batch reactor, at
350 °C, 50 bar H; pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml
n-dodecane with 400 mg catalyst.

To compare the results without the influence of deactivation and product inhibition, the
initial rates have been determined. For this, the first three measured points were used and
a regression was carried out. The highest rate was obtained for NiMoOs with

23.2:10° mol-glaats! for (see Table 6), followed by Ni(5)MoOz and Ni(1)MoOs with
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6.40:107° mol-gtcarrs and 5.87-107° mol-gleat's™?, respectively. Even though the final
conversions of MoOs and CoMoOs4 are different, the initial rates for MoOs3
(3.51:107° mol-gteat's?) and CoMoO4 (3.38:10° mol-g-lcats™) are very close to each other.
This could be explained by a temporary decrease in reaction rate, which forms a plateau
for MoOs after approx. 20 min (see Figure 14). For Ni(5)MoO3 an increase of reaction rate
can be observed after 20 min as well and it could be explained by an active phase formation
(e.g. MoOxCyHz). However, since the experiments were not repeated multiple times and

reproducibility remains unknown, it is not further discussed.

The product spectrum of the liquid-phase reaction differs from that of the gas-phase
reaction. It has to be mentioned that for liquid-phase experiments the yield was analyzed,
while the selectivity was used for the gas-phase experiments. This was done because the
selectivity depends on the conversion that should be compared for a certain value.
However, the measurements for some experiments are inaccurate at low conversion (see
A-18 - A-21 and A-24 - A-27). This makes an interpolation for a particular conversion
inaccurate. For the HDO of anisole with MoO3 the main product with 52 % yield was phenol
after 240 min reaction (see Figure 15), while benzene was the main product in the gas-
phase reaction (Table 5). Interestingly, within the first 30 min the conversion increases,
but almost no products were observed. This could indicate that a MoOxCyH: phase is also
formed during the liquid phase reaction. After 30 min, the formation of phenol raised
quickly along with the conversion until 60 min, before the phenol formation started to slow
down. At the same time small amounts of benzene start to form. Nevertheless, the

discrepancy between conversion and yield increased with time.
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Figure 15: Conversion and yields for the anisole HDO with MoOs in a 300 ml batch reactor, at
350 °C, 50 bar H; pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml
n-dodecane with 400 mg catalyst.
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If the sum of all yields does not correspond to the conversion, the carbon balance is not
equilibrated and products are probably not analyzed. This difference is observed for MoOs3
(see Figure 15). For Ni(1)MoOs it is even more pronounced, besides a changed main
product (see A-15). Apart from benzene and phenol, the generation of cyclohexane and
minor amounts of cyclohexene (<3 %) are observed (see A-15). After 240 min reaction,
the main product was phenol with a yield of 28 %, followed by cyclohexane with 22 %
yield and benzene with 8 % vyield. These changes were even more pronounced for
Ni(5)Mo0s3. Immediately after 5 min reaction, cyclohexane was found and became the main

product, followed by phenol and benzene (see Figure 16).
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Figure 16: Conversion and yields for the anisole HDO with Ni(5)MoO3 in a 300 ml batch reactor,
at 350 °C, 50 bar H, pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in
128 ml n-dodecane with 400 mg catalyst.

After 120 min the phenol yield reached a maximum at about 20 % and decreased
afterwards, while the yield of cyclohexane and benzene increased further. When the
reaction was finished after 240 min, ca. 43 % cyclohexane, 12 % benzene and 12 %
phenol yield were obtained. With NiMoOs4 as catalyst, the main product was also
cyclohexane, with a high formation rate until 45 min (see Figure 17). Afterwards, the yield
increased linearly until a value of 66 % was reached after 240 min reaction. Benzene was
formed as well and increased during 45 min reaction time up to ca. 26 % vyield and
decreased afterwards to approx. 14 % after 240 min. Within the first 60 min only negligible
amounts of phenol (<2 %) have been formed and disappeared with increasing time, while
small amounts of toluene started to form but only to a very small extent. As already
observed for MoOs, Ni(1)MoOs and Ni(5)Mo0Os, a certain amount of products are missing

and the sum of yields is not matching the conversion.
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Figure 17: Conversion and yields for the anisole HDO with NiMoO4 in a 300 ml batch reactor, at
350 °C, 50 bar H; pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml
n-dodecane with 400 mg catalyst.

The behavior, shown by nickel promoted catalysts, was reflected only partly by CoMoO4
(see A-16). The main product with a yield of 24 % was phenol. With 8 %, 4 % and 3 %
for cyclohexane, benzene, and cyclohexene, respectively, less hydrogenated products have

been formed. But products are missing here as well.
Liquid-Phase Phenol HDO

The liquid-phase HDO with phenol showed a similar behavior, but suffered from poor data
quality. While NiMoO4 had a fast conversion with an initial rate of 37.8-10° mol-g-ca-s™
and reached 100 % conversion after ca. 20 min, the reaction was significantly slower for
Ni(5)MoOs (see Table 6 and A-17). An initial rate of 5.87-10° mol-glcarrs? and after
240 min only 78 % conversion was reached with Ni(5)Mo0Os. For Ni(1)MoOs and MoOs initial
rates of 7.60-10°> mol-g-lct-s* and 5.18-10°> mol-glct-s' were determined, respectively.
After 240 min reaction MoOs reached 50 % conversion, while Ni(1)MoOs reached about
38 %. However, the measurements error is comparatively large at low conversions. During
reaction at 350 °C the phenol is dissolved in n-dodecane, but when the temperature was
lower than 25 °C, parts of the phenol were able to crystallize and falsify the ex-situ GC
measurements. Although the GC vials were heated before injection at approx. 50 °C and
the crystallization was not visible, fluctuations of conversion by this effect at an early
reaction stage cannot be excluded. The fact that the initial rates for the phenol HDO were
higher, but lower conversions are obtained, could be explained by the crystallization of the
phenol inside the GC vials. This would reduce the dissolved phenol content and thus
suggest an increased conversion at an early stage. With increasing conversion, less phenol

can crystallize and the error becomes smaller.
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Interestingly, for NiMoO4 the conversion and initial rate are higher in comparison to the
anisole test, while they are much lower for all other catalysts (compare Table 6, A-17 and
Figure 14). This could indicate that different active phases participate in the reaction. As
mentioned before, in literature it is discussed that a MoOxCyH: species is the active for gas-
phase reactions (see chapter 2.4). However, the nickel content in NiMoO4 could be also
active for this reaction after it is reduced to Ni°. Transition metals (Ru, Pt, Rh) are known
to be active in the liquid-phase HDO of phenol at temperatures of 200 - 300 °C (see
chapter 2.2.1) and it can be expected that metallic nickel is active for this reaction as well.
In addition is the phenolic C-O bond energy higher in comparison to the O-CHs group from
anisole (see chapter 2.2.2). This might be too high for the reaction on a MoOx surface and
thus reduces the reaction rate for the phenol HDO. Are large amounts of Ni° present, this
reaction rate might be unaffected because of the H2 activating effect of Ni or Ni is a direct
active center. Because the HDO of phenol is conducted in a single step, the reaction

becomes faster compared to the anisole HDO for NiMoQOs4, but slower for the other catalysts.

Even if the conversion of phenol is not determined precisely, it can be assumed that the
products are dissolved quantitatively and are reliable. This is also reflected by the product
formation, which shows no unexpected fluctuations (see A-18 - A-21). Therefore, a brief

discussion of the liquid-phase phenol HDO is done here.

The majority of formed products by MoOs is benzene with a yield of 19 % after 240 min
(see A-18). Furthermore, only small amounts (<2 %) of cyclohexane, cyclohexene and
toluene are observed. Like in experiments with anisole, the nickel modified catalysts
formed significant amounts of cyclohexane. Ni(1)MoOs forms benzene with 7 % yield but
suffered from low conversion (see A-19). Ni(5)Mo0s had a cyclohexane yield of 23 % at
80 % conversion after 240 min, while the benzene yield was at 9 %. Additionally,
cyclohexene was formed as intermediate, which reached its maximum after 60 min with
5 % vyield (see A-20). For NiMoO4 only cyclohexane and no other products were present
after reaction. Interestingly, the benzene yield passed a maximum (15 %) after ca. 20 min
and decreased with time until it disappeared after approx. 180 min (see A-21). While the
benzene yield decreased, the cyclohexane yield increased to 65 % after 180 min and
decreased to 60 % after 240 min. This shows not only that benzene is hydrogenated to
cyclohexane after the HDO, but also that cyclohexane must be decomposed, since no other

products have been observed.

This supports the assumption that in the liquid-phase the Ni is influencing the activity and
selectivity significantly, since for MoO3z a low conversion was found with a high arene
selectivity and only negligible amounts of cyclohexane. Further, these observations indicate
that the missing products might be decomposition products. This decomposition, which

formed methane, was already observed for NiMoOas in gas-phase experiments (see
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chapter 4.1.1). This CH4 would not have been detected for the liquid-phase experiments,

since there only liquid samples were analyzed.

To explain the incomplete carbon balance, the phenol HDO has been repeated with MoOs3
and Ni(5)Mo0Os. This time, the gas-phase in the autoclave was qualitatively analyzed for
methane. This was done by taking samples with a balloon at different times (120 min and
180 min), which are subsequently injected into a mass spectrometer (MS) gas analyzer.
Phenol was used for these experiments, because methane can be obtained only by
decomposition as no methoxy groups are present. However, it can be assumed this effect

occurs also for anisole and guaiacol.

For MoOs, as well as for Ni(5)MoOs CH4 was found for all samples at three different times
(see A-22 and A-23). Unfortunately, a quantification of the methane content to compare
catalysts is not possible with this method. Nevertheless, it shows that methane is formed

also in the liquid-phase reaction and this might be the missing product.
Liquid-Phase Guaiacol HDO

For the HDO of guaiacol the result surprises, as the order of activity is inverted compared
to the other substrates. The initial rate for MoOs was the highest with
26.9:10° mol-gtet's™, followed by Ni(5)MoOs and Ni(1)MoOs3 with 16.4:107> mol-g-tcats™
and 15.2:10° mol-g s, respectively (see Table 6). After ca. 120 min 100 % conversion
was reached by Ni(1)MoOs and MoOs, while Ni(5)Mo0s reached it after 180 min (see Figure
18). MoOs reached ca. 90 % conversion after 45 min, but the reaction rate decreased fast
afterwards, thus 100 % is reached after 120 min. NiMoO4 had the lowest initial rate with
9.95-10° mol-glat-st and reached about 75 % conversion after 120 min and 100 % after
240 min. A temporary drop (MoO3) or change (Ni(1)MoOs and Ni(5)Mo003) of the reaction
rate can be observed again (compare Figure 14 and Figure 18). However, because the

reproducibility is again unknown, it is not discussed further.

Products which have been observed are high amounts of phenol and minor amounts of
other products, primarily anisole (see A-24 - A-26). For Mo0Os3, Ni(1)MoOs and Ni(5)Mo0Os3
the phenol and anisole yield was at 70-80 % and < 5 %, respectively. For NiMoO4 the
phenol yield was at 60 %, while it was at ca. 8 % for anisole (see A-27). Cyclohexane was
obtained in small amounts only for NiMoO4 (= 10 % yield), besides minor amounts of

benzene and cyclohexene (< 5 %).

In contrast experiments with anisole and phenol, the reaction rate decreases with
increasing nickel content (see Table 6). In addition, a black reaction product was obtained
by the experiment with MoOs (see A-28). This is unexpected but might be explained by the
properties of the catalysts. As shown in chapter 4.2, the MoOs catalyst forms after

reduction mainly Brgnsted-acid sites, whereas NiMoOs is characterized by Lewis-acid sites.
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The Brgnsted sites could be responsible for a polymerization of guaiacol by acid-catalyzed
ether formation. This would suggest a conversion of guaiacol by this side reaction and long
chained aromatics, bridged by ether bonds, can be formed.?°° Since phenol and anisole

have only one functional group, polymerization via these functional groups is not possible.
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Figure 18: Conversion over time for the liquid-phase guaiacol HDO at in a 300 ml batch reactor,
at 350 °C, 50 bar H, pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in
128 ml n-dodecane with 400 mg catalyst.

Instead, they might just form diphenyl ether. Furthermore, polymeric products would not

be observed in GC analysis as the boiling point is probably too high. Due to time reasons,
CoMoO4 was not tested with guaiacol.

Table 6: Initial rates for the catalysts for the different substrates at 350 °C and 50 bar H;
pressure.

Catalyst Initial rate (anisole) Initial rate (phenol) Initial rate (guaiacol)
[mol/gcat-s] [mol/gcat-s] [Mol/gcat-S]
MoO3 3.51-10° 5.18-10° 26.9-10°°
NiMoOa4 23.2:107 37.8-107 9.95-10>
Ni(5)Mo0s3 6.40-107 5.87-107 16.4-10°°
Ni(1)MoOs3 5.87-107 7.60-10> 15.2-10°°
CoMo0Oa4 3.38:10°° 0.69-10> -

47



4.2. Catalyst Characterization

4.2.1. Characterization of Fresh Catalysts

The catalysts have been characterized by XRD, Raman, BET and SEM before. All relevant
diffractograms are shown in Figure 19. It can be seen that for MoO3, NiMoO4 and CoMoO4
the pure phases were synthesized and no secondary phases are present. For nickel added
catalysts a two-phase system is obtained, which contains NiMoO4 and MoQOs. This can be
concluded from the reflections visible at Q = 11 nm™ and 21 nm™* for Ni(5)MoOs3,
Ni(3)Mo0Os3 and Ni(1)Mo0Os. The low Ni content in Ni(1)MoOs led to NiMoOs4 reflections of low
intensity. For an improved visibility, its diffractogram is shown in more detail in A-29. The
diffractograms indicate that the nickel forms a secondary NiMoOs4 phase and was not
introduced into the MoOs lattice as dopant. However, doping in small amounts cannot be

excluded.33 168-170 The same is true for the cobalt containing system Co(5)MoOs.
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Figure 19: Normalized PXRD patterns of the fresh samples calcined at 450 °C for 4 h.
Reproduced from Ref.1°7 with permission from Royal Society of Chemistry.
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Characterization by Raman Spectroscopy

These results are proved by Raman spectroscopy (see Figure 20). At 818 cm™ and 993 cm™
absorption bands of MoOs are visible.?°! For NiMoOa4 an intense absorption band at 961 cm!
can be observed, which is characteristic for NiMoOa4. It belongs to the terminal M=0 group

and its symmetric stretching mode.?%?
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Figure 20: Raman spectra of the fresh samples calcined at 450 °C for 4 h measured with A =
633 nm and a laser power of 0.085 mW. Reproduced from Ref.1%7 with permission from Royal
Society of Chemistry.

As expected, absorption bands of MoO3z and CoMoO4 (937 cm™) are visible for Co(5)Mo0s.
However, the CoMoO4 sample has an absorption band at 993 cm™?, belonging to the MoOs3
phase. This indicates that two phases are present, even though it was not observed by
XRD. The reason might be that Raman spectroscopy has a high sensitivity while the
minimum detection limit in the XRD is around 5 wt.%. These results reveal that the phase

pure synthesis was not successful for CoMoQa.

Even though CoMoO4 was not obtained completely phase pure, it was used for the prove
of principle. As the catalytic behavior of MoO3s is known in literature and has been tested
as well in the apparatus used for this work, an estimation of the resulting error and the
real activity can be done. Additionally, the fact that the MoO3s was not observed in the XRD

suggests that its amount is rather low.
Scanning Electron Microscopy

SEM images, combined with EDX have been recorded of the fresh Ni(5)MoO3 sample as a
representative sample, to gain more insight into the morphology of the mixed phase

catalysts (see Figure 21). It can be clearly seen that a binary structure is obtained. While
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the EDX shows areas where no nickel is present, there are parts with high nickel contents
(see Figure 21b). This indicates that MoOs is forming large planar planes with sharp edges,
which have low surface areas. At the same time, nickel enriched areas of very small
particles with a rough surface are present, which are located on the MoOs surfaces. These
small particles belong to the NiMoO4 phase, showing that the two phases are existing next
to each other and the NiMoO4 is not embedded.
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Figure 21: SEM overview images in BSE mode of fresh Ni(5)MoOs a) SEM image b) overlaid with
the color image of the elemental distributions of Mo (yellow) and Ni (cyan) calculated from the
EDX spectra from the area of c). The corresponding EDX spectra is shown in A-30. Reproduced
from Ref.1%7 with permission from Royal Society of Chemistry.

This result is also in agreement with N2-adsorption experiments. MoOs has a surface area
of about 3 m2/g, which increases for Ni(5)MoOs to 15 g2/g. NiMoO4 has a surface area of
40 m2/g. This can be explained by morphology and particle size. Overall, after synthesis a
bulk catalyst with low surface area is obtained, which consists of a binary phase system of

small structured NiMoO4 next to MoOs that is formed in large particles with planar surfaces.

50



Acid Site Analysis by NH3-Adsorption

The acidic properties were investigated by NHs-adsorption FTIR experiments. For this, the
samples were pre-reduced in 100 % Hz at 325 °C for 2 h as it is done for catalytic tests
(see chapter 3.2). Afterwards, the sample was cooled down to room temperature, 5 % NH3
in He were adsorbed by pulses until saturation and subsequently the samples were heated

up to 350 °C in 50 °C steps at which a spectrum was measured.

It can be observed that the acidic sites of MoO3 and NiMoO4 are different in nature (see A-
32 and A-34). A strong vibrational absorption band at 1425 cm™ (v(NH4*)) is visible for
MoOs, which belongs to Brgnsted-acid (BA) sites.!® 203 NiMoO4 shows also BA sites with
an absorption band at 1425 cm™ but of much lower intensity. Additionally, vibrational
bands of Lewis-acid sites (LA) are observed at 3350 cm™ and 3270 cm (v(NH3)). They
can be observed until a temperature of 300 °C is reached. Compared to this, these LA sites
were not detected for MoOs. LA sites might be a key component of an active catalyst as
they are acting as adsorptions sites for oxygenates, while BA sites are important for
hydrogenolysis. Further it is discussed in literature, that LA sites could have a positive

influence on the MoOxCyH: formation and thus for the HDO itself.#!

4.2.2. Spent Catalyst Analysis by XRD

The diffractograms of spent catalysts after gas-phase HDO with anisole at 325 °C are
shown in Figure 22. Reflections at 10.1 nm, 22.9 nm™, 31.5 nm™* and 43.7 nm! can be
assigned to the MoOxCyH; phase and are visible for all catalysts except NiM0Q4.32/ 44, 161-163
MoO. was present in all samples, except NiMoOs, with main reflections at 18 nm,
25.7 nm* and 37 nm™. The reflections of NiMoOs4 and MoOxCyH. might overlap for the
samples Ni(1)MoOs to Ni(5)Mo0Os but the low amount of nickel cannot explain these intense
reflections and the existence is indicated by the observed reflections for the nickel free
sample MoOs (see Figure 22). However, MoOxCyH: is characterized by a low crystallinity
and in combination with the high detection limit of the PXRD (= 5 wt.%) hard to detect.3*
161, 163 Hence, the existence of minor MoOxCyH:; amounts for NiMoOs cannot be fully

excluded, even though it is not indicated directly by its reflections.

The formation of MoO2 and MoOxCyH: can be expected for all catalysts as their occurrence
is reported in literature during the HDO with M003.2> 32 Also for NiMoOa4 the reduction to
MoO:2 and Ni can be expected.0 202 Therefore, it is unclear why NiMoOs is fully oxidized
after 17 h under reductive reaction conditions. Since XRD is a bulk method, an incomplete

reduction of the NiMoOs bulk due to the large particle size could explain these results.
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Figure 22: Normalized XRD patterns of spent catalysts after pre-reduction in 100 % H, for 2 h
and gas-phase HDO reaction with anisole for 17 h at 325 °C. Reproduced from Ref.1%7 with
permission from the Royal Society of Chemistry.

Further, the exposure to air could be responsible for a reoxidation. The reactor was taken
out at higher temperatures (up to 175 °C) to save time. This could initiate a fast reoxidation
of nickel species and thus a reformation of NiMoO4. Another reason is reoxidation by the
oxygen containing anisole, which could prevent the catalyst from reduction. While the pre-
reduction was done in 100 % H3, only 30 vol.% H> were used during reaction, making the
atmosphere less reducing, which could increase the influence of the oxygenate. During the
cool down of the reactor, while the catalyst is flushed by N2, remaining substrate could

result in an oxidizing atmosphere.
Spent Catalysts of Liquid-Phase Anisole HDO

Catalysts, which were used in the liquid-phase HDO of anisole are reduced to MoO: in the
majority shown by intense reflections at 18 nm!, 25.7 nm™ and 37 nm™! (see Figure 23).
MoOxCyH; can be observed for all catalysts with reflections at ca. 10.1 nm™, 20.5 nm,
22.9 nm?, 26.7 nm, 31.5 nm™* and 43.7 nmt. Only NiMoOs seems to be not reduced
during reaction or was restored upon reoxidation while exposed to air. This is also indicated
by the reflections at 17.9 nm™ and 20.3 nm™ of Ni(5)Mo0Qs, which belong to the NiMoO4
phase and can be observed for the fresh catalyst as well (see Figure 19). A reoxidation
seems to occur in both, liquid- and gas-phase reactions favored by an increased nickel
amount as Ni° is highly oxyphilic and tends to reoxidize fast. For NiMoO4, MoO2 was not
detected but surprisingly some reflections of low intensity point to the presence of the
MoOxCyH: phase. The spent catalysts of the liquid-phase HDO using anisole show almost

identical results compared to the gas-phase experiments.
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Figure 23: Normalized XRD patterns of spent catalysts after liquid-phase HDO at 350 °C at
50 bar H; after 4 h reaction with 44.4 mmol anisole dissolved in 128 ml n-dodecane,
400 mg catalyst.

Spent Catalysts of Liquid-Phase Guaiacol HDO

Is guaiacol used as substrate, it can be observed that NiMoO4 is completely reoxidized after
reaction and no reflections of MoO2 or MoOxCyH: are visible (see A-36). For MoOs3,
Ni(1)MoOs and Ni(5)Mo0Os the reflections of MoO2 and MoOxCyH: are visible as for the
anisole HDO (compare Figure 23 and A-36). Additionally, a broad reflection at ca. 16.5 nm!
was detected for these three catalysts. A definite, precise identification by references is
not possible for it. Nevertheless, this reflection is typical for coke depositions and organic
polymers. Since a black residue was formed during the guaiacol HDO, which could consist
of coke or a carbonous polymer generated by acidic sites (see chapter 3.3), it is likely that

these depositions are responsible for this reflection.204 205
Spent Catalysts of Liquid-Phase Phenol HDO

In contrast to guaiacol, no residue was obtained in the HDO of phenol and no reflections
of carbonaceous deposits are visible for these samples (see A-37). The patterns do not
differ from those of the anisole HDO, resulting in reflections for MoO2 and MoOxCyH: for
MoOs3, Ni(1)MoOs and Ni(5)Mo0s. Again, NiMoOs is reoxidized but a reflection at ca. 31 nm!
which might belong to the oxycarbohydride is observable. CoMoO4 was also tested for the
phenol HDO exemplary but was not completely reduced and a Co2M030s phase has been

formed. MoOxCyH; reflections were not observed.
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In summary, no major differences were observed in the structure of the spent catalysts
after gas- and liquid-phase HDO. The oxycarbohydride was present in all samples except
in NiMoO4. The catalysts have been partly reduced to MoO2 and a MoOxCyH; phase was
formed, except for NiMoOa. This phase formation could explain the change of reaction rates
for the liquid-phase HDO (see chapter 4.1.2), as it is also observed for the gas-phase HDO
(see chapter 4.1.1). Small reflections which might belong to MoOxCyH: could indicate an
oxycarbohydride is formation for NiMoOs in the liquid-phase HDO with anisole and phenol.

However, a clear identification was not possible.

4.2.3. Spent Catalyst Analysis by XPS

XPS Analysis of Spent Gas-Phase Anisole HDO Catalysts

XP spectra were measured to analyze the surface oxidation states, since Mo>* is discussed
to be important for the reaction (see chapter 2.4). Because of limited capacities only MoOs3,
Ni(5)Mo0s and NiMoOs4 were selected as representative samples. For the fitting of the
Mo 3d region, a model with three components (Mo®*, Mo>* and Mo**) from Murugappan et
al. has been used.'®* From the Mo 3di/2 and Mo 3ds,2 doublet signal at E = 232.6 eV and
235.9 eV can be concluded that the surfaces of all catalysts expose 100 % Mo®* after
synthesis (see Figure 24). MoOs is the only sample for which approx. 2 % of Mo>* are found
with a doublet at E = 231.3 eV and 234.4 eV.

The spent catalysts after gas-phase reaction are significantly changed in oxidation states.
After 17 h TOS the MoOs catalyst contains 57 % Mo** (two doublets, E = 229.9 eV and
233.2 eV, and E = 231.15 eV and 234.5 eV), 10 % Mo>* and 33 % Mo®* at the surface.
Compared to this, on Ni(5)Mo0Os 20 %, 26 % and 54 % of Mo*", Mo°* and Mo®* were
formed during reaction, respectively. Surprisingly, the surface of NiMoO4 was just slightly
reduced and 4 % Mo**, 11 % Mo>* and 85 % Mo®* were detected. As already mentioned
before (see chapter 2.4), an increased amount of Mo>* is of special interest because it is
assumed to be part of the catalytically active phase. This partially agrees with the catalytic
results, according to which the Mo>* fraction for Ni(5)MoOs is increased compared to MoOs
thus represents a catalyst of enhanced activity (see Figure 13). It is also consistent with
the literature, where more Mo>* was found for Co and Ni modified catalysts.4! 42 174 For
NiMoOs it surprises that only small amounts of Mo®* have been reduced, as NiMoOs is
reduced easier compared to MoOs and is the most active catalyst.?°® But this result is in
agreement with the PXRD analysis of the spent sample showing NiMoO4 as major phase
(see Figure 22). Additionally, Ni** was found exclusively for Ni(5)MoQO3z and NiMoOas (4 %
Ni° for NiMoO4) showing the fast reoxidation of Ni even though reduced Mo is present (see

A-38 and A-39). Thus, reoxidation effects which are not considered here probably can
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explain these observations and the Mo>* content for NiMoOa4 could be higher under reaction

conditions.

An attempt was made to gain more information about the MoOxCyH; by analyzing the C
signal. Unfortunately, it was not possible to gain useful and reliable information since
contamination of the surface by other carbonous species could not be excluded after

handling the samples on air. For this reason, it is not discussed here.
Supporting Pseudo In-Situ XPS Experiment

However, further experiments are needed to understand these results and pseudo in-situ
XPS measurements were carried out for this. Therefore, the samples were treated for 2 h
at 325 °C in 100 % H2 at 1 bar pressure. This resembles the catalysts surface oxidation
state at the initial point of reaction at TOS = 0 min. This time, a significantly higher degree
of reduction could be observed compared to spent catalysts (see A-40 - A-42), with 94 %
Mo** for NiMoOas. For MoQs, still 70 % Mo** and 16 % Mo>* have been found. This was also
reflected by the Ni 2p spectra, showing only signals for Ni°. Here the degree of reduction
increased with the nickel content, suggesting a correlation between its content and an

improved reduction behavior (see A-43 and A-44).
XPS Analysis of Spent Liquid-Phase Anisole HDO Catalysts

The spent samples after liquid-phase HDO with anisole were analyzed as well and indicate
a similar reduction behavior. For MoO3 52 % Mo**, 25 % Mo°* and 22 % Mo®* have been
found (see A-45). Compared to the gas-phase reaction at 325 °C, more Mo®* was reduced
and Mo°* was formed. For Ni(1)MoOs, the amount of Mo** (43 %) and Mo°* (19 %)
decreased, while the amount of Mo®* (38 %) increased (see A-46). For Ni(5)MoOs, 45 %
Mo®*, 25 % Mo°* and 30 % Mo** were determined (see A-48). With 64 % Mo®*, 26 % Mo>*
and 10 % Mo**, NiMoOs is also more reduced compared to the gas-phase samples at
325 °C (see A-50). For all Ni containing catalysts, the nickel was oxidized to Ni2*
presumably because the samples were exposed to air (see A-47, A-49 and A-51).
Considering the increased temperature and H: pressure it does not surprise that the
catalysts are reduced more deeply in comparison to gas-phase experiments (see Figure
24). However, it is not clear to what extent the oxidation state changes after the reaction

due to reoxidation in air.
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XPS Analysis of Spent Liquid-Phase Guaiacol HDO Catalysts

Catalysts used for the liquid-phase HDO of guaiacol were in a comparable oxidation state
as observed for the liquid-phase anisole HDO. For MoOs 49 %, 26 % and 25 % have been
found for Mo%*, Mo°* and Mo®*, respectively (see A-52). Ni(5)Mo0O3 was slightly more
reduced with 37 % Mo**, 20 % Mo>* and 43 % Mo°®*, while the Ni was fully oxidized (100 %
Ni2*, see A-53 and A-54). NiMoO4 was almost completely oxidized with 14 % Mo>*, 86 %
Mo®* and 100 % Ni?* (see A-55 and A-56).

XPS Analysis of Spent Liquid-Phase Phenol HDO Catalysts

For catalysts which were used for the liquid-phase phenol HDO are more deeply reduced
compared to the liquid-phase anisole HDO, except MoOs which was with 38 % Mo**, 21 %
Mo>* and 41 % Mo®* in a higher oxidation state (compare A-57 and A-45). Surprisingly,
the Mo of NiMoO4 was with 30 % Mo**, 26 % Mo°* and 44 % Mo®* in a lower oxidation
state (compare A-50 and A-60), while 96 % of the nickel are present as Ni’* (see A-61).
This is in contrast to the XRD results, showing a NiMoO4 phase with one small reflection
which might indicate a MoOxCyH: phase (see A-37). An explanation for these different
results could be the fact that XPS is a surface method, while the bulk is analyzed by XRD.
A trend or fundamental oxidation state changes for the liquid-phase HDO with different

substrates was not found.
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Figure 24: Mo3d XP spectra of fresh and used catalysts after TOS = 17 h in the presence of
anisole in the gas-phase at 325 °C. The catalysts were pre-reduced in 100 % H, for 2 h before
reaction. a) fresh MoOs; b) spent MoOs; c) fresh Ni(5)Mo0Os3; d) spent Ni(5)Mo0s; e) fresh
NiMoOs; f) spent NiMoO4. Reproduced from Ref.1°7 with permission from the Royal Society of
Chemistry.
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4.2.4. Oxidation of Spent Catalysts monitored by TG-MS

TPO of Spent Gas-Phase Anisole HDO Catalysts

Temperature programmed oxidation (TPO) measurements in synthetic air were conducted
with a TG-MS to analyze deposited coke and to prove the existence/absence of the
MoOxCyH; phase. The decomposition of coke was tracked by the COz formation (M/Z = 44),
while the decomposition of MoOxCyH: is indicated by the formation of water (M/Z = 18)
and CO:2 as the same time.16% 162 For MoOs used in the gas-phase HDO at 325 °C the CO:2
formation started at a temperature of 350 °C, with a small, sharp peak at ca. 380 °C and
the evolution of additional minor amounts of CO2 until 400 °C (see Figure 25). Also at
380 °C, a rapid evolution of H20 starts with a maximum at 390 °C which decreased until
430 °C. The H20 formation could also be observed for Ni(1)MoOs, Ni(3)MoOs and
Ni(5)Mo0s, even though it was less pronounced (see A-62 and Figure 25). This confirms
the existence of MoOxCyH: and is in agreement with the XRD results (see Figure 22). For
NiMoO4 only the desorption of physisorbed water can be observed at low temperatures

(50-280 °C) confirming the absence of the oxycarbohydride phase.

Signal / a.u.

0 100 200 300 400 500 600
Temperature / °C
Figure 25: Normalized TG-MS profiles of spent catalysts after anisole HDO at 325 °C for 17 h

treated in syn. air, 10 °C/min. Reproduced from Ref.1°7 with permission from the Royal Society of
Chemistry.

However, in the case of the NiMoO4 sample a CO2 peak has been observed at about 435 °C.
This temperature is significantly higher compared to Ni(5)MoOs and MoOs. It points to the
decomposition of graphitic coke while for MoO3 the CO2 evolution started at temperatures

below 400 °C, suggesting a soft coke decomposition, followed by the decomposition of
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MoOxCyH; at 400 °C indicating two different carbon species.?> Since three peaks were
observed for Ni(5)Mo0s3, one below 400 °C, at 400 °C and above 400 °C, three carbon

species, soft coke, MoOxCyH: and graphitic coke are likely present.
TPO of Spent Liquid-Phase Anisole HDO Catalysts

For the liquid-phase HDO it is noteworthy, that not all spent catalysts that exhibit
reflections of MoOxCyH;, liberated H2O in the TG-MS analysis. In case of catalysts tested in
the anisole HDO, the formation of H20 and CO2 was observed only for MoOs at approx.
380 °C. An additional shoulder for CO2 formation could be identified at 350 °C (see A-63).
Ni(5)Mo0Os exhibits two peaks of CO2 formation at 400 °C and 430 °C with a reduced
intensity compared to MoQOs, indicating a shift to higher temperatures since it originated
from graphitic coke. The formation of H20 is not observable after physisorbed H20 desorbed
at low temperatures (T < 200 °C). Interestingly, the formation of CO2 occurred twice for
NiMoO4, at about 325 °C and 450 °C with a lower intensity compared to MoOs and
Ni(5)Mo0s.

TPO of Spent Liquid-Phase Phenol HDO Catalysts

MoOs3 and NiMoO4 used for the phenol HDO show similar results with two separated peaks
of CO2 formation observed at 350 °C and 400 °C for MoOs3 (see A-64). For NiMoO4 they
occurred at 340 °C and 440 °C. Interestingly, four peaks for COz at approximately 380 °C,
410 °C, 430 °C, and 460 °C have been observed for Ni(5)MoOs. These peaks might
originate from different carbon species, since carbides (275 - 355 °C), soft coke and
MoOxCyH: (355 - 455 °C) and graphitic coke (455 — 555 °C) can be expected.?* 162 A single
peak of low intensity for H20 indicates at 400 °C the MoOxCyH. decomposition for MoO3
and Ni(5)Mo0Os3, but was not observed for NiMoO4. These results are inconsistent with the
results of XRD analysis (see A-37), which revealed prominent reflections of MoOxCyH: for
Ni(5)Mo0Os and MoOs. Hence, a more intense H20 formation would be expected for these
samples. One potential explanation is the length of time the sample was stored before
conducting the TG-MS analysis, as previous reports have indicated that the sample is not
stable, if exposed to air.'®%: 207 Although no immediate decomposition was observed

following exposure to air, prolonged storage might result in a degradation of this phase.
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TPO of Spent Liquid-Phase Guaiacol HDO Catalysts

Differences between XRD results and TPO were not observed in the case of catalysts
employed for the guaiacol HDO. Here, the formation of CO2 was markedly pronounced and
persisted over a considerable temperature range (250 - 500 °C, A-65). Furthermore, the
formation of water can be observed across the entire range, with a pronounced peak at ca.
270 °C (250 °C for NiM00Oa4). Furthermore, a decline in intensity is evident when moving
from MoOs to NiMoOa4. These findings are consistent with the results of XRD measurements,
which indicate the polymerization of guaiacol, resulting in the formation of undefined
carbonaceous deposits (see A-36). The formation of water might be explained here by the

oxidation of these polymerization products, which might contain hydrogen as well.

4.2.5. TPR Analysis

TPR analyses have been done for MoO3s, Ni(5)Mo0O3 and NiMoO4 to understand the reduction
behavior and set them into context of the spent catalysts analysis. The reduction of MoOs3
started at ca. 630 °C with a large maximum at 777 °C and a shoulder at 705 °C (see Figure
26). This reduction peak belongs to the reduction of MoOs to MoQz. An explanation for the
observed shoulder could be the formation of a molybdenum bronze (HxMoOs) or the
formation of the intermediate M04011 phase.1%% 167,208 However, Matsuda et al. showed that
the HxMo0O3 phase is decomposed as well during the H2-TPR by the formation of additional
water and the amount of consumed H2 and formed H20 during the TPR of MoOs is equal.
This indicates that only the MoO:2 formation is responsible for the H20 formation and thus
the formation of the bronze seems to be improbable for Mo03.2% After reaching 800 °C a
third reduction process started until the experiment was stopped at 850 °C. This
corresponds to the reduction of MoO2 to metallic Mo®. For Ni(5)MoOs the reduction started
significantly earlier at ca. 400 °C. The first maximum was reached at 619 °C with a
shoulder of a second peak at 733 °C. Afterwards, at approx. 750 °C the reduction enhanced
again and continued until the experiment was stopped. For this sample all reduction
processes are shifted to lower temperatures compared to pure MoOs. Noteworthy are
smaller reduction processes between 400 °C and 620 °C, which could be related to a phase
separation of NiMoOa4 resulting in particles of metallic nickel embedded in a MoOx structure
as shown by in-situ TEM experiments (see chapter 4.4). It is not clear whether NiMoOQ4 is
first thermally separated into NiO/MoOs and subsequently a fast reduction of the NiO to Ni°
takes place or if the reduction directly results in a formation of Ni/MoOx. In literature it is
claimed that intermediate phases might be formed (Ni2M030Os, NiMoOs or NiMoOx), but

these have not been clearly identified.60 202
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For pure phase NiMoO4 the reduction starts even earlier at 300 °C with the first maximum
at 563 °C, in the same temperature range as the first reduction for Ni(5)Mo0O3 occurs. This
reduction process may belong to the formation of reduced intermediate phases, or to a
phase separation as already discussed for Ni(5)M0QOs. Between 300 °C and 450 °C a
shoulder in the TPR profile is visible indicating a preceding reductive decomposition process
until the bulk starts to be reduced. Afterwards, at 650 °C a reduction process takes place
which can be assigned to the formation of Mo°.1%% A hypothesis for the shift to lower
reduction temperatures could be a formation of Ni° in the early stage of reduction, which
explaining the shoulders in the TPR profiles of NiMoO4 and Ni(5)MoOs and this Ni can

activate hydrogen.
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Figure 26: TPR of fresh catalysts with 5% H, in Ar and 10 °C/min; m = 20 mg. Reproduced from
Ref.197 with permission from the Royal Society of Chemistry.

The results of the TPR are in agreement with those of the pseudo in-situ XPS investigation
(see chapter 4.2.3), suggesting an enhanced reduction behavior with increasing nickel
content. The fact, that this is contrary to the result obtained by XRD of spent catalysts,
which suggest that NiMoO4 is not reduced after reaction (see Figure 22 and Figure 23),
leads to the conclusion that a reoxidation must take place. However, it remains unclear
whether the exposure to air is responsible for it or the reaction with the substrate, which
might reoxidize the catalyst. It must be mentioned that the catalysts were taken out of the
reactor at ca. 175 °C and nickel is known for its pyrophoric properties. This could force a
fast oxidation, which could even more pronounced with increasing nickel amount. Since
only 30 % H: is used during the reaction, a less reductive atmosphere than in the pseudo

in-situ experiment must also be considered.
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4.2.6. DRIFTS Adsorption Test and Operando DRIFTS DME HDO

DRIFTS Anisole Adsorption

The adsorption of anisole was tested by DRIFT spectroscopy to understand a possible
influence on the substrate and an activation by adsorption. Therefore, the sample was
heated to reaction temperature (325 °C) and afterwards switched to a H> atmosphere
(100 %) to pre-reduce the sample for 2 h. Subsequently, it was changed to a He flow
(25 ml/min) and anisole was injected (2.5 pl/min) by a syringe pump into an evaporator
(230 °C) and transported by the He into the DRIFTS cell. After the intensity of the anisole
absorption bands did not further increase, the injection was stopped, flushed by He for

10 min to remove gas-phase anisole and switched to H2 (25 ml/min).

After 5 min TOS no significant changes of the band positions can be observed (see Figure
27). Clearly visible for each sample is the pronounced vibrational band at 1251 cm™ v(Ph-
0O-CH3) and the v(C=C) bands at 1495 cm™ and 1600 cm. An additional absorption bands
between 3000-2850 cm™ can be assigned to the v(CHs) vibration.?%° Moreover, the roto-
vibrational band at 3016 cm™ is visible for all catalysts and shows the formation of
methane. This can be expected, as the formation of methane should be favored if a
methoxy group is present. This can be explained by the different bonding energies, which

is lower for methoxy groups compared to hydroxy groups (see chapter 2.2.2).
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Figure 27: DRIFT spectra of catalysts after anisole adsorption at 325 °C in 100 % H;
(25 ml/min). Reproduced from Ref.1%7 with permission from the Royal Society of Chemistry.
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The slow intensity decrease (> 40 min) of the v(Ph-O-CHs) band at 1251 cm™ indicates a
strong adsorption, probably chemisorption, on the surfaces of CoMoO4, NiMoO4 and MoOs3
(see A-66). However, this effect is expected as the adsorption at Ov by e.g. ethers or

alcohols is known for metal molybdates and molybdenum oxide. 30 92
Operando DRIFTS of DME HDO

Operando DRIFTS experiments with dimethyl ether (DME) have been conducted to enable
more insights into the ongoing processes during reaction with oxygen containing
substrates. Surprisingly, unexpected behaviors of both MoOs and Ni(5)MoOs were
observed. The catalysts were reduced for 2 h in advance similar to the catalytic test and
afterwards H2/DME (1:1, 25 ml/min) was introduced into the DRIFTS cell. For the HDO of
DME the expected products should be methane and water. In case of an incomplete

conversion, the formation of methanol would be possible as well.

After switching to the DME feed, the formation of methane (1305 cm™ and 3016 cm™) was
observed and DME absorption bands at ca. 1200 cm™ and between 2750 cm™ - 3000 cm!
increased simultaneously for the MoOs catalyst (see A-67). This was even more pronounced
for Ni(5)Mo0Os, which showed very intense absorption bands of gas-phase methane,
including its rotational bands (see A-69). However, both catalysts started to form CO: and

CO at the same time. This was unexpected, since it was not reported for the HDO reaction.

To get further information about this oxidation, the DRIFTS experiment was repeated
without a pre-reduction and using a He/DME (1:1) feed (see A-68 and A-70). Again CO2,
CO and CH4 have been formed, even though in much lower amounts and more time was
necessary until the formation started. Ni(5)Mo0Os formed again more methane compared
to MoOs. It is not clear whether the CO and CO: is formed by the decomposition of the
MoOxCyH: phase or a direct oxidation of DME occurs. The formation of these products in
context of the HDO is, as far as we know, only reported three times.32 139 210 B4fero et al.
concluded that the CO: formation is attributed to the substrate decomposition at
temperatures above 400 °C. As the decomposition of DME, including the formation of
oxidation products, is also possible, this could explain the results. Since MoOs is known as
an oxidation catalyst, at these reaction temperatures (325 °C) the lattice oxygen could be
still active for oxidation reactions even in a reductive environment. The oxygen of the used
substrates could replace the oxygen of the defective sites and it could explain the formation

of water, methane and hydrogen by a complex system of reactions.

Additionally, the formation could be caused by the decomposition of MoOxCyH:. It is known
that this phase is only stable for temperatures up to 400 °C, but the products of
decomposition are not reported (see chapter 2.4). Further experiments are necessary to

obtain more insight into the ongoing processes.
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DRIFTS Benzene Adsorption

Because the desorption of products is important in heterogenous catalyzed processes, the
adsorption behavior of benzene was tested as well. For this, the benzene was adsorbed by
using a syringe pump and evaporator. The benzene was transported via gas-phase
(25 ml/min He) to the catalyst surface. Compared to anisole experiments, the benzene is
not chemisorbing at the catalyst surface. After the maximum intensity is reached, the
benzene dosage on MoOs was stopped, flushed with He and the adsorption bands of
benzene starting to decrease immediately (see Figure 28). Already 4 min after stopping
the addition, only a very small rest of absorption can be observed for the v(CH) vibrational
band at 3050 cm™. Subsequently it was switched to a Hz, which did not affect the spectra

as expected when no substrate is present at the surface.
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Figure 28: DRIFT spectra after a) benzene adsorption in He (25 ml/min) on MoOs is stopped at
325 °C and subsequently b) switch to H; flow (25 ml/min) at 325 °C. Reproduced from Ref.1°7
with permission from the Royal Society of Chemistry.

The same was done for the NiMoOs4 sample. Here the result regarding the benzene
desorption was the same as observed for MoOs. After 4 min of flushing with He, almost no
vibrational bands of benzene are visible and only the v(CH) at = 3050 cm™ is left (see
Figure 29a). Interestingly, after switching to Hz the result was different and after 2 min the
evolution of methane can be observed by the roto-vibrational band at 3016 cm™ (see
Figure 29b). The intensity was increasing further and after passing a maximum a slow
decrease was observed. For CoMoQOs4, this was found as well, but the methane formation
started some minutes later and the CH4 absorption band was less intense (see A-66).

Because the DRIFTS cells geometry forbids a quantitative comparison of methane
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evolution, these experiments have been repeated and methane (M/Z = 15) was tracked

by an online MS in parallel to the DRIFTS measurements.

When NiMo0O4 was used, the methane formation started immediately after H:z is introduced
into the chamber (see Figure 30). The relative intensity increases rapidly before it reaches
a temporary plateau after ca. 3 min and further increases until the maximum is reached
after 12 min. Subsequently, the intensity decreases for about 60 min until the
measurement was stopped. CoMoO4 was showing a comparable behavior with some small
differences. The intensity increases much slower for the first 3 min until a larger plateau
was reached. However, after 5 min and passing the plateau, it increases very fast, reaching
the maximum after ca. 15 min and decreases slowly afterwards. The height of maximum
is approximately at the same level as observed for NiMoO4 and it decreased also for more
than 60 min. In contrast to the DRIFTS result MoOs formed methane too, even though the
maximum relative intensity is reduced by a factor of three. After a moderate increase, the
maximum was reached after 20 min and it decreased afterwards. Additionally, a control
experiment with a SiO2 sample was conducted. As can be expected, no methane was

formed in this experiment and an unknown methane source can be excluded.
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Figure 29: DRIFT spectra after a) benzene adsorption in He (25 ml/min) on NiMoOs is stopped at
325 °C and subsequently b) switch to H» flow (25 ml/min) at 325 °C. Reproduced from Ref.1%7
with permission from the Royal Society of Chemistry.

That methane occurs after benzene adsorption surprises, as it indicates that benzene not
just adsorbs, but a chemical process must take place. The decomposition of the aromatic
ring was observed previously by a catalytic test with NiMoO4 in the fixed-bed reactor with
benzene instead of anisole but using the same protocol as used for the anisole HDO (see
chapter 4.1.1).
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It was shown that benzene can be decomposed under HDO conditions and Ni is active for
the C-C hydrogenolysis but might not be the dominating active phase which is driving the

catalyst selectivity.
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Figure 30: MS signal of DRIFTS/MS experiment with methane evolution (M/Z = 15) after
benzene adsorption and switch to a H, atmosphere at 325 °C. Reproduced from Ref.1°7 with
permission from the Royal Society of Chemistry.

A hypothesis for this behavior is the formation of a molybdenum oxycarbohydride
(MoOxCyHz) phase, which might be formed after pre-reduction by benzene. Subsequently,
this phase could be hydrogenated by hydrogen, which is activated at Ni°, forming MoOxH-.
This could explain the DRIFTS result as well as the results of the catalytic tests. As
discussed before, the occurrence of MoOxCyH: for the MoOs catalyzed HDO was already
described by Prasomsri et al. (see chapter 2.4).32 As this phase is assumed to be stable at
temperatures between 300-380 °C, it is matching our reaction conditions and making it
likely to occur. However, only in one publication a MoOxCyH; phase was observed for a
modified (there CoMo0O4) Mo0Os-based catalyst and no other reports existing in context of
the HDO.%' Nevertheless, Ledoux and co-workers described the phase already for the

isomerization of alkanes, but did not report the formation of CH4.44 161, 162

To understand the effect of methane formation, several things must be considered which
occur in this process. It is reported that mixed phases are formed for NiMoO4 and CoMoO4
or a phase separation occurs during reduction (see chapter 4.4 and 4.2.5). By this a
Mo0O3/Mo02 phase and metal particles are generated.6% 176, 178 Fyrther, the pre-reduced
MoOs phase can be seen as a molybdenum oxyhydride (MoOxHz), which can be further
transformed into the MoOxCyH:. Afterwards, hydrogen is activated at the nickel centers and
is diffusing by hydrogen-spillover to the MoOxCyH, phase.4? 156, 163, 179, 211 Thjs activated
hydrogen could hydrogenate the carbon atoms and thus form methane (see Figure 31).

This might also explain the absence of the MoOxCyH: phase in spent NiMoO4 catalysts after
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all experiments, which is contradictory to the Ni(5)MoO3 sample. The increased nickel
content could activate more hydrogen and thus the MoOxCyH; phase is decomposed faster
than it is formed, while for Ni(5)MoOs not enough activated hydrogen is provided and a

MoOxCyH: phase can be accumulated.

a)

O\  H, Cat
— » CH; + HO +

b)

St 1 H2 C6H6r He

P NiMoO; ———3= Mo0O3/Mo0, + NiO/Ni/NiMo ————= MoO,C,H, + NiO/Ni/NiMo
Step 2: i

ep e MoO,CyH, + NiO/Ni/NiMo ———= MoOH, + CH,

Figure 31: Simplified scheme for a possible pathway of the methane formation in nickel
molybdate catalyst. a) CH4 formation by HDO reaction b) CH4 formation by MoOxCyH;
decomposition. Reproduced from Ref.197 with permission from the Royal Society of Chemistry.

Additionally, the catalytic test with benzene and the Ni/a-Al203 (= 3 wt.% Ni) showed that
methane can be also formed by C-C hydrogenolysis (see chapter 4.1.1). Because the
selectivity to methane was much higher for Ni/a-Al203 compared to Ni(3)MoO3 and NiMoOa4,
the Ni does not seem to dominate the selectivities directly. This was not only observed for
the reaction with benzene but also for the anisole HDO at 325 °C. This might indicate that
another mechanism or phase is responsible for the CH4 formation for MoOx containing
catalysts and the Ni is not accessible for the substrate, which is also indicated by TEM
experiments (see chapter 4.4). The fact that the CH4 was formed in the second step during
the DRIFTS experiments and no surface species was observed indicates that this methane
cannot be formed directly by C-C hydrogenolysis. However, it must be assumed that

hydrogenolysis and the MoOxCyH: formation occur at the same time.

4.3. MoOxCyH, Formation and Regeneration Studies

MoOxCyH: Formation in MoOs

For gaining a better knowledge of the effect, which nickel has on the MoOxCyH: phase
formation in-situ XRD measurements have been conducted. To understand the behavior of
MoOs3, it was started with basic studies on the formation. In literature, MoOxCyH: is obtained
by a treatment of MoOs in a hydrogen/hydrocarbon mixture at temperatures around
350 °C.2> 44, 161, 162 However, heptane/butane has been used as hydrocarbons, which has
to be evaporated. This leads to challenges in preventing condensation within the set-up.

To address these challenges, methane was selected as the optimal candidate due to its
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well-defined chemical properties and its ability to be accurately dosed using MFCs.
Additionally, methane is not prone to condensation under the specified conditions, further
enhancing its suitability for this application (1 bar, 350 °C). Even though the catalytic tests
were conducted at 325 °C, first experiments have been done at 350 °C to make sure that
the temperature is sufficient to form the MoOxCyH; with an unreactive molecule like

methane.

In order to gain insight into the significance of reduction to form MoOxCyH;, the H2/CHa4
ratio was varied systematically in the order H2/CH4 = 9:1, 1:1 1:9. Starting with the ratio
H2/CH4 = 9:1, after 75 min TOS the first reflections of MoO; at 18.3 nm™tand 25.7 nm!
and at the same time the decrease of MoOs reflections can be observed (see A-72).
Afterwards, reflections of the MoOxCyH; phase at 26.7 nm™ and 31.5 nm™! became visible
after approx. 200 min TOS (see Figure 32). They further increased with time until a steady
state was reached after about 300 min TOS. Other changes or a reduction of MoOxCyH: to
MoO:> were not observed over a time of 1200 min. Because no reference data for MoOxCyH:
exist, molybdenum blue was treated with H2/CHs4 = 9:1 at 325 °C for 1200 min.
Molybdenum blue is a MoOs phase pre-reduced by nascent hydrogen (MoOxH:). It has been
used in literature to obtain phase pure MoOxCyH: and was synthesized as described by
Glemser et al.'>® As shown in Figure 32, the MoOxCyH: was not obtained phase pure and
MoO. was formed as well. Also, a reflection at 17.9 nm™ is visible, but there is no

explanation for this.
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Figure 32: Normalized in-situ XRD patterns for the MoOs treatment at 350 °C in a Hy/CH4
mixture (flow: 10 ml/min) at TOS = 300 min for H,:CH4 = 9:1 and 1:9, TOS = 305 min for
H2:CH4 = 1:1. Note, that the broad reflection at Q = 15 nm-! belongs to the SiO, capillary
reactor. Ex-situ diffractogram for MoOxH; treated in H2:CH4 = 9:1 at 325 °C for 1200 min
forming a MoOxCyH; phase (A) for comparison with the in-situ data. Heating up was carried out
in He for both experiments Reproduced from Ref.197 with permission from the Royal Society of
Chemistry.
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Nevertheless, the reflections at 26.7 nm™ and 31.5 nm™ have been identified in this
sample, providing evidence for the existence of MoOxCyH: for the in-situ treated MoOs.
These observations are also in agreement with literature. With a feed ratio of H2/CH4 =
1:1, the result was the same. After ca. 75 min TOS, the MoO: reflection at 25.7 nm!
appeared and after 125 min the reflections of MoOs started to decrease significantly until

a steady state was reached after 200 min.

Surprisingly, when the H2/CHs = 1:9 ratio was used, no reduction and therefore no
MoOxCyH: phase was observed up to 1200 min (see Figure 32 and A-74). From this it can
be concluded that a certain amount of hydrogen is necessary to reduce MoQs, to form Mo>*

and subsequently the molybdenum oxycarbohydride.
MoOxCyH: Formation in NiMoOg4

Because NiMoO4 showed a high catalytic activity and the assumption that MoOxCyH: is
responsible for the high methane selectivity, the reduction and treatment in H2/CH4 was
investigated by in-situ XRD. However, because of the high methane selectivity in the
reaction (see chapter 4.1.1) it is questionable whereas the MoOxCyH: phase can be
observed. Possible is a fast decomposition when the formation is not carried out stepwise.
With respect to the enhanced reducibility of NiMoOs4 compared to MoOs, the reaction
temperature was lowered to 325 °C. Initially, the reduction behavior is elucidated for
NiMoO4 as always and a pre-reduction is performed. After 120 min of NiMoO4 reduction,
only reflections at 26.8 nm!, 30.3 nm™!, 35.1 nm™ and 42.5 nm! belonging to Ni and NiO

are visible (see Figure 33).
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Figure 33: Normalized long-time scan ex-situ XRD patterns for NiMoO4 after in-situ reduction in
pure Hy for 120 min and treatment in Hy/CHs (1:1) at 325 °C for 1200 min after no further
changes in the diffractograms over time were observed. Heating up was carried out in He for
both experiments. Reproduced from Ref.1%7 with permission from the Royal Society of Chemistry.
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However, it is surprising that only a very small reflection at 18.4 nm™ of MoO:z has been
detected. Since molybdenum is present stoichiometrically its reflections should be much
more pronounced. Pseudo in-situ XPS measurements indicate that most of the nickel at

the surface is present as Ni° (see A-43).

When NiMoOs was treated with the H2/CHs (9:1) mixture, the XRD result was nearly
identical compared to reduction in 100 % Hz. But this time, no Mo species can be observed.
The reflection of MoO: is not visible anymore and only Ni/NiO are detected. A reason for
the absence of reflections of Mo containing species reflections could be a small crystallite
size and a low crystallinity resulting in weak or no reflections as observed before (see

Figure 32). Therefore, it is not clear if the MoOxCyH: phase was formed.

Next, the in-situ XRD experiment has been done with the Ni(5)Mo0O3 catalyst. In contrast
to the dominance of Ni in the diffractogram after the NiMoO4 treatment, the lower content
of only 5 wt.% Ni in Ni(5)Mo0Os should avoid this effect. Additionally, the high catalytic
activity combined with a favored selectivity for the anisole HDO makes this catalyst much
more interesting. This time the treatment was done stepwise. First the sample was pre-
reduced in 100 % H2 for 2 h at 325 °C and afterwards exposed to methane for several

hours.

The reflections of MoOs decreased directly, after the treatment started and reached a first
steady state after 120 min TOS (see A-77). After switching to methane, the MoOxCyH;
phase was built up immediately. After 420 min TOS the gas has been switched back to
hydrogen, to observe the decomposition of the MoOxCyH: phase. However, the reflection at
31.5 nm™! became more intense, while the remaining MoOs reflections decreased further
until they vanished completely. To obtain a diffractogram over the enlarged angle area with
improved intensity, a long-time scan was made after the reaction has been completed (see
Figure 34).

The reflections at Q = 27 nm™, 31.5 nm™ and 44.2 nm™ are in agreement with those of
the MoOxCyH: phase found during the reference measurement with molybdenum blue and
in literature (see Figure 32).2> 181 Even though the reflections of nickel species are
contributing to the diffractogram and are overlapping with those of the MoOxCyH: phase at
Q = 31.5 nm the major contribution of this reflection should originate from the
oxycarbohydride as the Ni content is only at 5 wt.%. Additionally, the reflections of MoO:
can be observed at 25.7 nm™ and 37 nmt. Compared to MoOs the amount of MoOxCyH:
seems to be higher in relation to MoO2. This matches the catalytic results and supports the
hypothesis that the MoOxCyH: phase and its quantity could be the reason for an improved

catalytic activity.
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Figure 34: Normalized XRD results from the stepwise treatment of Ni(5)MoO3 with 100 % H, for
2 hand 100 % CH4 for 7 h at 325 °C compared with MoOs. Heating up was carried out in He.
Reproduced from Ref.1°7 with permission from the Royal Society of Chemistry.

However, the addition of H2 after CH4 addition could not directly confirm the DRIFTS results
(see chapter 4.2.6). The addition of H2 should hydrogenate the MoOxCyH: phase to MoOxH:
while forming CH4. That the corresponding reflections were not decreasing, but became
more intense is in contrast with this. Bouchy et al. found that the molybdenum oxyhydride
(MoOxH.) is isostructural with the MoOxCyH; phase (see Figure 35).'%? This would lead to a
superposition of reflections and a further decrease of MoOs reflections upon by reduction
to the oxyhydride would explain the increase of the reflection at 31.5 nm-. The structural
model assumed by Bouchy et al. was an FCC structure, which, however, could not be

derived from in-situ XRD experiments due to the poor data quality and therefore cannot

be compared.

MoO>
Hy
H>
Isostructural H,
-CHy4

Figure 35: Structural changes of Mo species during in-situ XRD treatment of Ni(5)MoOs.
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Substrate Influence on MoOxCyH: Formation

Since the MoOxCyH: formation with methane was successful, propene was tested as a more
reactive hydrocarbon. The test was done with MoO3 as reference material at lower
temperature (325 °C) and with the same hydrogen/hydrocarbon ratio (H2/C3zHs = 9:1).
This experiment showed that reactive hydrocarbons can improve the oxycarbohydride
formation not only in regards to the quantity, which is indicated by a larger integral ratio
of MoOxCyHz/M0O2. The MoOxCyH: phase is also formed in a shorter period of time. The
data is presented in Figure 36 for comparison. Note that the time scale is different in the

figure and only important diffractograms are shown to obtain a better overview.

In in-situ XRD experiments, performed at 325 °C using CsHes, the reflections at
Q =31.5nmtand Q = 26.7 nm™! have been assigned to MoOxCyH: (see Figure 36a). They
were observed after 100 min TOS and a steady state has been reached after 170 min TOS,
in which intense reflections of the MoOxCyH: phase could be observed next to the reflections
of MoOz2, while MoOs was reduced completely. For the experiment with MoOs in Hz/CH4 at
350 °C (see Figure 36b) the formation of the MoOxCyH: phase began noticeably after
190 min TOS and a stationary state was reached after 230 min TOS. This change took
significantly more time compared to propene experiments. Additionally, much more MoO:
was formed compared to the MoOxCyH: phase. However, these results cannot only be
explained by the more reactive substrate, but several aspects must be considered. At first,
the slightly increased temperature (350 °C) for the reaction with methane could increase
the reduction rate to such an extent, that a reduction to MoO2 was forced. Once the inactive

MoO: is formed, it cannot be transformed into MoOxCyH-.
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Figure 36: Results from in-situ XRD investigations on MoOxCyH, formation in MoOsz with a)
H2:C3He = 9:1 at 325 °C and b) H>:CH4 = 9:1 at 350 °C. Heating up was carried out in He for
both experiments. Reproduced from Ref.197 with permission from the Royal Society of Chemistry.
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This is since MoOxCyH: is formed from MoOs-x (see chapter 2.4) and MoO: is already at a
deeper reduction state. Furthermore, the low reactivity of methane could be a reason.
When the carburization of the pre-reduced state (MoOsx) is hindered, the reduction
becomes relatively faster and more MoO: is obtained. As already shown for the Ni(5)Mo0Os3
catalyst, an improved reduction could promote the oxycarbohydride formation. Since
propene has a reducing effect on MoOs, the third reason could be an enhanced reduction
by the feed.!3? This suggests that an activation procedure with a reactive hydrocarbon and
hydrogen could be advantageous to accumulate an oxycarbohydride phase and

subsequently obtain catalysts with improved activity and stability.
Regeneration Studies

Since coking is one of the main deactivation processes for the gas-phase HDO, the catalyst
regeneration by calcination is an important aspect. As discussed before (see chapter 2.2.2),
the regeneration of MoOs is known to be facile and the catalytic activity can be recovered.?>
29,30 Therefore, the regeneration behavior of nickel modified molybdenum oxide catalysts
was tested. In case of nickel molybdate, the phase separation into Ni/MoOx resulting in Ni®
particle formation at the surface and an oxidation to nickel molybdate seems less likely.
However, according to a report the nickel molybdate formation is possible under oxidative

conditions.202

The regeneration capability was tested by in-situ XRD with Ni(5)MoOs by a sequential
reduction/oxidation. The reduction was conducted with a H2/C3Hs = 9:1 mixture at 325 °C
and after the MoOxCyH: phase formation was accomplished, the sample was oxidized at
325 °C in syn. air. Afterwards, it was switched again to the initial hydrogen/hydrocarbon
mixture under the same conditions, in order to form the MoOxCyH: phase again.
Subsequently, the sample was oxidized in syn. air at 400 °C. The exact time of each step
varied because an automatization was not possible with this set-up. Therefore, the
experiment was continued with the next step after reaching a steady state. The initial
diffractogram is dominated by MoOs reflections (Q = 16.5 nm™, 18.1 nm™, 19.3 nm™!) and
reflections of low intensity from NiMoO4 at Q = 20.3 nm™! (see Figure 37a). The reductive
treatment in H2/C3Hes lead to the decrease of MoOs and NiMoOs reflections, while the
formation of MoO: reflections became slightly visible after 30 min TOS. In parallel the
formation of the MoOxCyH; phase started and its reflections at Q = 26.7 nmt and 30.5 nm!
are dominating the diffractogram after 140 min TOS. Additionally, reflections of MoO: at
Q = 18.3 nm™* and 25.7 nm are visible, while MoO3 and NiMoOa reflections completely

vanished.

The oxidation at 325 °C was carried out until no further changes were observed after
70 min TOS. Is the gas switched to syn. air, the decrease of the MoOxCyH;: phase can be

observed immediately after 10 min (see Figure 37b). Surprisingly, the reflections of MoO:
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became more intense at the same time, which was not expected for an oxidation step. This
could be explained by a rearrangement after the oxidation of the carbon species of
MoOxCyH. In literature MoOxCyH: is discussed to prevent Mo from reduction to Mo** by a
blockage of the rearrangement due to the intercalated carbon.'®® Are parts of the carbon
oxidized to CO/COz2, it might leave the lattice and induce this rearrangement. The reflection
intensity of the MoO2 phase is changing only within the first 10 min and seems to remain
constant during the next 60 min. Nevertheless, the intensity of MoOs reflections is
increasing until 50 min TOS. The results demonstrate that MoO: is unable to undergo
complete oxidation at 325 °C. However, it can be further accumulated by the

decomposition of MoOxCyHz, which appears to form MoOs and MoO:2 simultaneously.

Following the reduction of the sample at the same temperature, a gradual reduction of
MoOs was observed, indicated by a decrease in MoOs reflections until 50 min TOS. (see
Figure 37c). After 60 min TOS the MoOs reflections almost vanished, MoO: reflections
became more intense and MoOxCyH: was formed again indicated by a reflection at

30.5 nm. In parallel the intensity of MoO: increased further, until approx. 70 min TOS.

Compared to the first reduction sequence, the amount of MoO2 was higher than the
MoOxCyH; phase, which can be explained by the fact that MoO> was not oxidized before
and cannot be converted into the oxycarbohydride phase (see chapter 2.4). In the last
oxidation step, at 400 °C, the oxidation was very fast and after 10 min the diffractogram
was dominated by MoOs (see Figure 37d). This time, reflections of MoO:2 decreased
significantly. After 30 min TOS reflections of MoO2 and MoOxCyH: are not detected anymore
and only MoOs is observed. Interestingly, after the first reduction step, NiMoO4 cannot be
observed and a regeneration to the initial state of Ni(5)MoOs is at temperatures up to
400 °C not observed. This agrees with the results of the in-situ TEM experiments, showing

that exposure to air after reduction did not oxidize the nickel (see chapter 4.4).

Another experiment was conducted where Ni(1)MoOs was reduced in H2/CsHs (9:1) at
325 °C and oxidized in O2/He (1:9) at 325 °C. After reduction and reaching a steady state,
MoOxCyH; and MoO2 were formed. MoOs was not observed and MoOxCyH; became again the
dominant phase (see A-80). Afterwards, the sample was oxidized and when the steady
state was reached, small reflections of MoO2 were observed again at Q = 18.3 nm™ and
25.7 nm-L. This agrees with the results obtained with Ni(5)MoOs. Interestingly, NiMoOs was
observed at Q = 20.3 nm™! this time. During the second time of reduction, the same
amounts of MoOxCyH: and MoO2 were formed and no indication for a significant MoO:
accumulation was given. However, compared to the experiment with Ni(5)MoQOs, only small
amounts of MoO2 were observed after oxidation and poor data quality made it challenging
to decide whether MoO: is accumulated or not. Nevertheless, it can be assumed that MoO:

is accumulated in high amounts after multiple regeneration steps at 325 °C.
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Figure 37: In-situ XRD measurements of Ni(5)MoOs a) reduction in Hy/CsHe (9:1) at 325 °C for
120 min and b) the subsequently oxidation in syn. air for 70 min at 325 °C; c) a second
reduction in Hy/CsHs (9:1) at 325 °C for 100 min and the d) oxidation in syn. air at 400 °C for

110 °C. Heating up was carried out in He for both experiments.
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In addition to these experiments the reoxidation behavior was studied by UV-Vis
experiments. Compared to the in-situ XRD setup, the UV-Vis setup allows to treat the
sample with a water containing feed. This is of particular interest since H20 is a coupled
product of the HDO and thus might reoxidize the catalyst again. During reduction, MoO3
turns blue to dark blue while Ov are formed. MoO:2 is black, which results in a strong,
undefined adsorption in the UV-Vis spectrum.!4® 212 This is indicating the proceeding
reduction. The reduction of MoO3 and Ni(5)Mo0O3 was conducted in a fixed-bed reactor with
a H2/CsHe (9:1) mixture at 325 °C for 1 h. Afterwards an oxidation was done with 30 %
H2>0 in N2 at 325 °C to test the influence of water for 1 h on the oxidation under applied
reaction conditions. Due to technical limitations, the amount of water could not be reduced
further to imitate the amount of water occurring during the HDO. Nevertheless, this
experiment can indicate if MoOx is reoxidized by water at all. The H20 treatment was

followed by oxidation with synthetic air, as well at 325 °C for 1 h.

It can be observed that the reduction of MoOs in H2/CsHe (9:1) is very fast within the first
20 minutes (see A-81). After 10 min reaction approx. 50 % of the total reduction degree
is reached. At the end of the 60 min reduction time, the reduction degree is increasing only
slightly. This is in accordance with the in-situ XRD experiments, showing that the reduction
is accomplished after a short period of time. Surprisingly, after the feed was switched to
the water containing feed, the oxidation could not be observed to a significant extent.
Subsequently, the oxidation performed at 325 °C in syn. air oxidized the sample rather fast

and after 15 min TOS the absorption decreased more than 50 %.

A similar behavior was observed for the reduction with 100 % H> and oxidation with H20
for Ni(5)Mo0Os3. While the sample reduced rather fast, the oxidation was not successful (see
A-82). Surprisingly, the oxidation with syn. air was also not possible at 325 °C for
Ni(5)Mo0Os. To exclude that an insufficient temperature is responsible for this, the
experiments have been repeated for MoOs3, Ni(1)MoOs and Ni(5)Mo0Os with a reduction in
H2/CsHes (9:1) at 325 °C and an oxidation in syn. air at 400 °C. As can be expected, MoO3
was reduced and oxidized fast (see A-83). Ni(1)MoOs was reduced fast as well as
Ni(5)Mo0s, but they are also not oxidized at an increased temperature (see A-84 and A-
85).

The reason for the incomplete oxidation of nickel containing catalysts in the UV-Vis
experiments is unknown. However, the absorption contributions of reduced NiMoO4 and
MoO: are not clear and a quantitative oxidation of the Ni component to form NiMoO4 might
be necessary to recover the initial absorption properties. Another reason could be an
increased amount of MoO:z due to an enhanced reduction behavior by Ni (see chapter 4.2.3
and 4.2.5). The significantly larger particle size (250 - 315 pm) and sample size
(m = 250 mg) compared to the in-situ XRD experiments (100 - 150 pm; m = 5-10 mg)

could have led to an insufficient oxidation afterwards within 1 h. A prolonged calcination
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time might be beneficial. Nevertheless, these experiments showed that the initial catalyst
cannot recovered by oxidation at 325 °C but at 400 °C. An MoOz accumulation is possible
due to incomplete oxidation and over several steps as shown for Ni(5)MoOs but an

regeneration might be possible, if the conditions are chosen correctly.
Promoting Effect of Ni on MoOxCyH: Formation

The beneficial role of the nickel on the oxycarbohydride phase formation was studied by
in-situ XRD experiments. MoOs and Ni(5)Mo0Os have been used as reference material and
are compared to a physical mixture of NiO/MoO3 and layers of NiO and MoOs. An improved
MoOxCyH: phase formation by nickel containing catalysts might indicate that the improved
reduction properties are beneficial for this. It must be mentioned that for pure phase
NiMoO4 no MoOxCyH: was found, probably caused by a fast hydrogenation under CHa4
formation. Thus, lower Ni contents seem to be beneficial enough for the molybdenum
oxyhydride (MoOxH:) formation. It is formed by activated hydrogen, which subsequently
forms large amounts of MoOxCyH:. However, the lowered Ni amount is not enough for a
fast hydrogenation of MoOxCyH.. When nickel particles are formed, they should by located
randomly distributed, but only at the NiMoO4 parts (see Figure 21 and Figure 40). This
means, that for the binary phase catalysts (Ni(5)Mo0Q3) the majority will not be covered by
nickel particles. But also, MoOs could obtain activated hydrogen from the Ni centers, which
is provided by the spillover effect. Experiments with bifunctional catalysts (Pt/H-erionite)
for hydroisomerization have shown, that the spillover can act over longer distances, when
the catalysts are separated but in contact.?!! The spillover effect it also known to be present
at MoOs surfaces, where the H atoms are adsorbed as single protons and electrons, which
are highly mobile because of H bonding at the surface and within the bulk. >¢ This could

enhance the MoOxH; formation not only for NiMoO4 but also for the MoOs particles.

At first, the experiment with two layers was conducted. The upper layer comprised NiO,
with a height of approx. 1 cm, and the subsequent layer consisted of MoOs3, also with a
height of 1 cm. Both layers were positioned within a quartz capillary. Because the X-ray
beam was placed in the MoOs layer, no nickel species are visible in this diffractogram. The
reduction of NiO was tested in an external experiment to prove a complete reduction (see
A-79). For the second experiment, a physical mixture was used to investigate differences
by the dispersion and to offer “short” ways for the hydrogen spillover. The amount of nickel
for the physical mixture was 5 wt.% as used for Ni(5)Mo0s. In case of the layered system,
the amount of nickel was increased for experimental reasons. As feed a mixture of Hz2/CsHs

= 9:1 was used at a temperature of 325 °C for 5 h.

77



To compare the results and the amount of MoOxCyH: which is formed, the integral ratios
for the reflections of the MoOxCyH: phase at 26.7 nm™t and for MoOz at 25.7 nm™ were
calculated at a fixed TOS (= 310 min). Therefore, the background was subtracted and a
pseudo-Voigt model was used. This indicates how much MoOs has been reduced to inactive
MoO:2. For all samples, the formation of the oxycarbohydride phase began directly with
start of the reduction (see A-78 - A-87) showing reflections at 26.7 nm™! and 30.6 nm! of
MoOxCyH.. But the reduction to MoO2 can be observed as well with reflections at
25.7 nmand 36.5 nm™ (see Figure 38).

As discussed before, the change from methane to propene as hydrocarbon will lead to a
significant increase of formed MoOxCyH: phase. For MoOs treated in a H2/CH4 mixture, a
ratio (R = A(MoOxCyHz)/A(M002)) of R = 0.1 was determined, while for the same sample
treated in H2/CsHes, @ ratio of 1.5 was observed (see Table 7). Is Ni(5)MoOs used, the
amount of formed MoOxCyH: is even bigger with R = 2.8 for a activation treatment in
H2/CH4. However, when Hz/CsHs is used with Ni(5)Mo0Os the ratio is with R = 4.4 much

more increased, indicating the importance of nickel for a good phase formation.

Interestingly, for the layered sample in H2/CsHs the ratio (R = 1.5) was the same as for
the unpromoted MoOs. This indicated that a H spillover is not working here over a longer
distance. For the test with the physical mixture, the ration remained nearly unchanged at
R = 1.7. Note, that a reflection at Q = 35.4 nm-! of the metallic nickel is visible. This shows
that long distances are not the reason for the absence of an improved MoOxCyH; phase
formation and probably other effects than the H spillover are the reason for the improved

MoOxCyH: phase formation.

Table 7: Ratio of integral values for reflections at Q = 26.7 nm-! (MoOxCyH;) and Q = 25.7 nm-!
(Mo03) of several in-situ XRD experiments.

Catalyst Gas mixture Ratio
A(MoOxCyHz)/A(Mo002)

MoOs H2/CH4 (9:1) 0.1

MoOs H2/C3Hes (9:1) 1.5
MoOs+NiO H2/C3Hes (9:1) 1.5
Mo0O3+NiO (phys. Mix) H2/C3Hs (9:1) 1.7
Ni(5)Mo0Os H2/CsHs (9:1) 4.4
Ni(5)Mo0Os3 H2/CH4 (9:1) 2.8
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Figure 38: In-situ XRD experiments of different samples at 325 °C in a gas mixture of Hy/C3He =
9:1 at TOS = 310 min. a) Ni(5)Mo0s3; b) two layers of NiO/MoOs; c) phys. mix of NiO/MoOs; d)

MoOs. Heating up was carried out in He for both experiments. Reproduced from Ref.1%7 with
permission from the Royal Society of Chemistry.
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Interestingly, the reflection of metallic Ni was only observed for the physical mixture and
not for the binary Ni(5)MoOs system. This is surprising, as the amount of nickel is with
5 wt.% the same in both experiments. An explanation could be the particle size, which
could be expected to be much bigger for the layered system and phys. mixture. The NiO
particles are pressed and sieved to a particle size of 100-150 uym and are mixed with the
MoOs3 particles of the same size. However, when the NiMoQ4 is reduced and Ni° is formed
at the surface, the particle size is expected to be much lower.178 It is possible that these
particles are too small to be detected by XRD. At the same time, a high dispersion of these
small particles could be an explanation for the improved MoOxCyH: phase formation. They
can provide a higher surface area and thus activate more hydrogen and good dispersion
result in a better coverage of the MoOx species. Additionally, during the reduction an
intermediate micro- and mesoporous MoOs-x structure could be formed, which could be

beneficial for the formation of mixed phases and the tendency to form MoOxCyH.163

These experiments demonstrate that improved reduction properties and H spillover cannot
be the only reason for an enhanced MoOxCyH: formation. It is rather a synergy of different
effects like H2 activation, metal dispersion, structural properties and substrate properties

and they are cumulative.

4.4. In-Situ TEM Study

To learn more about the pathway of the oxycarbohydride formation in Hz2/CsHs, in-situ TEM
measurements have been performed. As already described, Ni(5)Mo0Os consists of a binary
phase system, where NiMoO4 and MoOs exist in parallel (see chapter 4.2.1). The improved
MoOxCyH: formation cannot be explained exclusively by a quantitative transformation of
the NiMoO4 part since only 5 wt.% are nickel. This leads to the question, if nickel has a
“long distance” effect by hydrogen spillover or how the MoOxCyH: phase is formed in such
an extent (see Table 7). In literature, it is claimed that the MoOxCyH; phase is characterized
by a relatively poor crystallinity and an interlayer spacing of 0.24 nm and an angle of
70°.41, 161, 165 This could allow to observe the phase formation (MoOxCyH:) and differences
between catalysts with and without nickel. Moreover, it has been suggested that this phase
may be formed by intercalation of carbon into shear-planes (see chapter 2.4). Seeing this
could provide a better understanding of the formation mechanism. Further, the nickel itself
is of particular interest since it can be an active site in the HDO reaction and its state under
reaction conditions is unclear. Some reports indicate that metallic nickel particles are
formed during the reduction, acting as H: activation sites.*? 178 However, XRD

measurements of the present spent catalysts did not show any reflections of metallic Ni.
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For the in-situ TEM experiment, Ni(5)MoOs was transferred into an “in-situ chip” and after
fitting into the STEM it was kept in a N2 flow of 0.1 ml/min at 1.007 bar. The sample was
heated with 10 °C/min up to 325 °C, while the first changes were observed after the
temperature exceeded more than 200 °C. As Ni(5)MoOs is a binary mixture, two particles
with distinct morphology are shown in the image, one smaller particle at the right side
(NiMo0Oa4) which is located directly at a large MoOs crystallite on the left (see Figure 39a).
At about 240 °C the MoOs became slightly porous at two different independent parts
(Figure 39b, red circle). This effect became more pronounced with increasing temperature.
It continued until at 325 °C the crystallite became traversed by many small channels of ca.
2 nm diameter. During heating in N2 flow, this behavior is surprising, as such a destruction
would rather have been expected for the reduction process. Indeed, it has been observed
in MoOs samples which were pretreated in an external reactor in H2/CH4 flow at 325 °C for
several hours. After this treatment, MoOs showed the same porous morphology as
observed in the in-situ TEM experiment during heat up in N2 (compare Figure 39 and A-
88).

The reason for this channel formation in Figure 39 is unclear, but it seems likely that small
MoO: particles are formed by the reduction, although no H> was present during the heat
up.2t3 214 A beam damage effect that could reduce MoOs to M00>2!> can be excluded as
regions which had not been illuminated during heat up showed similar structural
modifications. MoOs is known to be reduced by thermal treatment and in vacuum, forming
Ov at the surface, but this occurs usually not below 350 °C.132 216, 217 pgssibly, such
reduction is facilitated already at lower temperature in a very small flat sample as used in

the in-situ TEM experiment.
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Figure 39: In-situ TEM in N> during heat up to a) 200 °C b) 238 °C (red circle shows the starting
point of channel formation) c) 325 °C and d) after holding at 325 °C for ca. 4 min.

After heating up the feed was switched to H2/C3Hs (9:1) at 325 °C for 140 min. This should
cause a reduction and the formation of a MoOxCyH: phase. However, no changes are visible
for the MoOs crystallite after this treatment (see Figure 40). This supports the thesis that
MoOs was already reduced in advance. In contrast to this, the NiMoO4 phase was further
reduced which can be concluded from the bright dots distributed over the whole particle
(red circles on the right side of Figure 40). This reduction process is fast and major changes
were achieved within the first minute. After 6 min TOS, up to 140 min, no further changes
were observable. It can be assumed that these particles contain a nickel enriched phase,
presumably Ni°,

82



Exp Time: 0.03:39:02.006

Figure 40: In-situ TEM during treatment in H2/CsHe (9:1) at 325 °C after a) 0 min and b) 1 min
after switch ¢) 6 min and d) 120 min TOS. Red circles show the places of Ni particles.

This is suggested by a post mortem EDX mapping of the same sample, which remained on
the chip but was transferred to an inspection holder, to clarify the elemental distribution
ex-situ. There it turned out that Ni is concentrated within the dots (see Figure 41). At the
same time the general structure remains intact. This means that during reduction the
NiMoOas phase is separated into a Ni°® and a MoOx phase and the Ni nanoparticles are
embedded into this structure and formed on top by agglomeration. These data show that
the accessibility of nickel by molecules in the dimension of anisole may be hindered, as it
is at least partly covered by an MoOx structure. Nevertheless, due to the porosity, H2 could
have access and its activation on the Ni° surface might be possible. The close contact
between the Ni and MoOx surfaces indicates that a migration of H atoms by spillover is
possible. Evidence for the presence of the MoOxCyH; phase or for its improved formation
were not observed, although the phase was observed already in literature.4 165
Surprisingly, a reoxidation as seen for air exposed spent catalysts by XRD and XPS (see
chapter 4.2.2 and 4.2.3) was not observed.
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Figure 41: a) Post mortem TEM imag after reduction in H,/CsHs (91) for 20 min combined
with the EDX mapping (spectrum shown in A-89) and b) the magnified area with single element
mappings, showing the existence of nickel particles.

4.5. In-Situ EPR Investigations of MoO,CH,

The possibility to detect Mo>* by EPR spectroscopy (see chapter 3.4.2) enables this
technique to elucidate both the MoOxCyH: and Mo°* formation. Therefore, in-situ EPR
experiments were conducted to reveal the influence of Ni on the reduction. The fresh
samples were measured at 105 K under argon atmosphere, resulting in a broad signal of
Mo>* with components between g = 1.957-1.942, which might arise from overlapping
signals of Mo>* species in different local environment (see Figure 42). In literature one can
find assignments of signals in this range to Mo®* species in specific coordination (see Table
8).2!8 However, due to the low signal-to-noise ratio in Figure 42, we do not want to follow
such a detailed assignment. Additionally, the signal G at g = 2.003, close to the g-value of
free electrons, might arise from defects such as F-centers or O species.?'® An intense,
narrow signal at g = 1.975 can be observed for MoOs but not for Ni(1)MoOs and Ni(5)Mo0O:s.
tabanowska assigned this to Mo>* ions without molybdenyl oxygen (M=0), surrounded by
oxygen ions situated at the corners of an elongated square pyramid with rhombic
distortion.?® The higher intensity of Mo>* signals for MoOs indicates that Ni can stabilize
Mo®* in Ni(1)MoOs and Ni(5)MoOs. This is in accordance with XPS results, which showed a
small Mo>* concentration (3 %) for MoOs and 100 % Mo®* for Ni containing catalysts (see
chapter 4.2.3).
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Figure 42: In-situ EPR spectra of the fresh samples after calcination (4 h at 450 °C) at 105 K
under Ar atmosphere.

Table 8: EPR parameters of different Mo>* sites in oxidized and reduced samples. Reproduced from
Ref.218 with permission from the Royal Society of Chemistry.

Signal Oxidized Reduced Assignment

A gr =1.942 g. = 1.942 Hexacoordinated Mo>* in axially distorted MoOs
gy =1.866 g, =188 octahedra

A 91 i 132(15 gL = 1.947 Hexacoordinated Mo>* in rhombically distorted
g§=_1 g7 91 =1.88  MoOs, typical for MoO; lattice
g1 = 1.957 — 1.950 Mo>* with one weakened Mo-0O bond or one

F g2 = 1.944 gL__ 1 .89 removed oxygen, or Mo>* with an oxygen vacancy
gs=1.866 I~ in the x-y plane of MoOs octahedron
gL =1.938 g.=1.937 . o -

E g = 1.89 g = 1.89 Hexacoordinate Mo>* in shear defects
g: = 1.975 _

C g2 = 1.973 gi__ 1189979 Mo>* ions without a molybdenyl oxygen
gs=189 9=+
g1 = 2.059

G g2 = 2.004 (Mo-0)>* - hole center
gs = 1.974

B ST: 113936 Mo>* in octahedra along the shear planes

The samples were reduced in-situ for 2 h in 100 % H2, which reflects the initial state of the
reaction. In comparison to other experiments, the reduction temperature was reduced to
300 °C due to technical limitations. To obtain a better signal-to-noise ratio, the spectra was
recorded after cooling to -168 °C (see Figure 43a). After reduction the signals at g = 2.003

of F-centers (Ov with a trapped single electron) as well as the broad signal around
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1.957 - 1.942 of Mo°* species increased strongly. This is due to a reduction according to
Eq.11. Similar changes were observed for Ni(1)MoOs and Ni(5)Mo0O3, yet the signal

intensity decreases with rising Ni content (see Figure 43b).
Mo®* — 0 — Mo®t > Mo®" —e™ — Mo®* 4+ 0.5 0, (1)

Since Mo** is an EPR inactive non-Kramers ion, the Mo®* concentration does not correlate
linearly with the reduction degree. This means that the highest signal intensity for Oy and
Mo>* in MoO3 might prove the lower reduction. The nickel containing samples showed lower
intensities for both the Ov and Mo®* species, which correlates with the nickel concentration.
The smallest intensity, which was found for Ni(5)MoOs after reduction in H2 suggests the
strongest reduction of Mo>* to the EPR inactive Mo**. This agrees with the results obtained
from pseudo in-situ XPS measurements (see A-40 - A-44), in-situ XRD (see chapter 4.3)
and H>-TPR (see chapter 4.2.5), showing a significantly increased formation of Mo** and a
MoO:2 formation for nickel containing catalysts. This can be explained by the formation of
metallic nickel particles (see chapter 4.4), which are located at the surface, activating H>
and providing it by H spillover to remove terminal oxygen in MoOs and subsequently

reducing the Mo>+,176
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Figure 43: In-situ EPR spectra of a) MoOs before and after H, reduction measured, b) all reduced
samples (in H, atmosphere) measured at 105 K with a modulation amplitude of 1.0G, after H;
(100 %) reduction for 120 min at 300 °C.

In a second step, the pre-reduced samples were exposed to a H2/C3Hs (1:1) mixture at
300 °C to investigate the influence on the MoOxCyH: formation. Spectra recorded
at -168 °C after this treatment showed a strongly increased intensity of the Oy signal and
Mo>* species in different environments compared to spectra obtained after pre-reduction
(see Figure 44). The EPR spectra of carbon-centered radicals is specified by an isolated

signal with g-values close to the free electron in dependence on the location of the radical
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inside the organic matrix. Carbon-centered radicals with neighboring oxygen atoms exhibit
EPR spectra with slightly higher g-values in the range of 2.003 - 2.004, compared to

completely carbon-centered radicals.22% 22t

Additionally, an interaction between carbon radicals and reduced paramagnetic Mo species
might result in a decrease of the spin lattice relaxation time, which could increase the line
width. For that reason, the signal at g = 2.003 with a line width of AB = 5.3 G for Ni(5)Mo00O3
could be assigned to carbon radicals with closely located paramagnetic Mo species, while
the signal of MoOs with a line width of AB = 3.7 G originates from carbon-centered radicals
(see Figure 45).1%! This interaction of paramagnetic Mo and carbon radicals may indicate
the formation of a MoOxCyH: phase and thus, an improved oxycarbide formation for nickel

containing catalysts.
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Figure 44: In-situ EPR spectra recorded at 105 K of a) MoOs, b) Ni(1)MoOs, c) Ni(5)Mo0Os as
fresh sample (black lines), after reduction in 100 % H; at 300 °C for 2 h (red lines) and after
treatment with a mixture of H,/CsHg (ratio 1:1) for 60 min (blue lines).

During reduction by Hz, Ni?* is reduced to Ni°, which could donate an electron to an Ow.
The electron is further transferred from the Oy to organic substrates (CsHs). This suggests
that Ov can serve as intermediate for electron transfer reactions and thus enhances the
electron transfer from Ni° to other species. Similar results have been found by Wang et al.
for Ni/ZrO2 catalysts for the dry reforming of methane.??? But not only H> can be
responsible for the Oy formation. Propene can adsorb on the Ni° sites and react with
neighboring oxygen to form oxygenated carbon compounds. Simultaneously, the surface
oxygen is consumed and Ov are formed. Moreover, in comparison to MoOs, the EPR signal
of Ni(5)Mo0s exhibits a shift in the g. to a smaller value (1.936), whereas no alteration in

the g; of both samples after treatment in the mixture of H2/CsHe indicating the formation

of new Mo>* sites.
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This was observed as well by M. Narayana et al. for the adsorption of probe molecules
(H20, CH30H, NH3, CH3CN) at in H2 pre-reduced Mo/SiO2. They assigned the Mo>* sites to
some with adsorbates in the first coordination sphere.??3 Consequently, the carbon might
coordinate to the Mo°*, resulting in the signal shift and indicating the formation of a

molybdenum oxycarbide (MoOxCy) phase.
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Figure 45: In-situ EPR spectra of MoOs and Ni(5)Mo0Os recorded at 105 K after treatment with a
mixture of H,/C3He for 60 min at 300 °C.

In a third experiment, the fresh MoOs and Ni(5)Mo0Os were reduced directly in a Hz2/CsHe
(1:1) mixture at 300 °C for 2 h. Afterwards measured spectra at -168 °C were comparable
to pre-reduced and subsequently in H2/CsHs treated samples with a strong signal at g =

2.003 and an broad signal of various Mo>* species in different environments (see A-90a).

For MoOs the intensity of g = 2.003 is again significantly higher with a smaller line width,
indicating that again more carbon radicals with interaction to paramagnetic Mo>* species
in the lattice are formed in Ni(5)M00s3. Moreover, the shift of g, to smaller values of Mo>*
sites of Ni(5)Mo0s3 supports an increased MoOxCyH; formation as well (see A-90b). After
the samples were subsequently treated in 100 % Hz, the intensity of the dominant signal
at g = 2.003 decreases, while the signal of different Mo>* species remained unchanged
(see Figure 46). This may indicate that parts of MoOxCyH; are hydrogenated. This agrees
with previously obtained results from in-situ DRIFTS results, where methane is formed by
a subsequent H2 treatment (see chapter 4.2.6). Furthermore, it is in accordance with the
literature suggesting that MoOxCyH: stabilize Mo>*, preventing it from reduction to inactive
Mo#+.2> These EPR results indicate that the carbon radicals might be reduced more easily

and Mo°* is reduced afterwards.
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Figure 46: In-situ EPR spectra of a) MoO3s and b) Ni(5)MoOs recorded at 105 K after reduction
with a mixture of H,/CsHe for 120 min at 300 °C (black lines), then flushing in Ar for low
temperature EPR measurements and following by heating under Ar and exposing to 100 % H, for
60 min at 300 °C (red lines).

4.6. TPR/TPD of H,/CsHe Treated Samples

As discussed before for the operando DRIFTS investigations of the DME HDO, it is not clear
if the MoOxCyH; phase can be decomposed and forms CO and CO: at reaction temperature
(see chapter 4.2.6). Therefore, TPD/TPR experiments have been carried out to investigate
the potential role of MoOxCyH: for this gas formation during the HDO. To avoid a carbon
and oxygen source by the feed gas, Ni(5)MoOs and MoOs were treated in a separate
activation reactor with H2/CsHs (9:1) for ca. 5h at 325 °C to form MoOxCyH: (see
chapter 4.3). Subsequently, TPR experiments in 5 % H2 and TPD experiments in Ar were

conducted for both samples with a heating rate of 10 °C/min.

The TPD experiment of Ni(5)Mo0Os showed that first a desorption of water occurs, which
seems to have two different reasons as the first maximum is at ca. 150 °C and a second
one approx. at 320 °C (see Figure 47). It is likely that the first desorption is related to the
physiosorbed water after the sample is exposed to air. The second one could be related to
water that desorbs at higher temperatures due to chemisorption effects and stronger
interactions with the surface like the Ov. The propene, which is adsorbed after the
treatment desorbs at 150 °C and no further propene can be observed. At 300 °C the
evolution of Hz started and increased until its maximum was reached at 450 °C. A second
maximum is visible at ca. 730 °C, but stopped at 850 °C. At 340 °C the formation of CO
and CO: started in parallel and reached the first maximum at 520 °C. At ca. 600 °C the
formation of CO and CO: started again to increase and reached a maximum at 700 °C.
Additional sharp peaks are visible at 700 °C, 750 °C and a large, intense peak at 870 °C

is observable. For MoOs, the same compounds have been found, except propene, whose
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desorption was observed (see A-91). Here the evolution of H2 started at 300 °C as well
with @ maximum at 400 °C. In comparison to Ni(5)Mo0Os an additional maximum of the
water formation at 450 °C occurred, but in accordance to it the CO and CO: formation
started at ca. 400 °C and a maximum existed at 720 °C and at 820 °C.

C;H; (M/Z = 41) H,0 (M/Z = 18) CO, (M/Z = 44) H, (M/Z = 2)
CH, (MiZ = 15) CO (M/Z = 28)
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Figure 47: TPD-MS of Ni(5)MoOs in Ar with a heating rate of 10 °C/min after 5 h treatment at
325 °Cin H21C3H6 (91)

For the TPR experiment with hydrogen, the result does not differ significantly. Ni(5)MoOs3
started to desorb a very small amount of propene at = 140 °C, while water started to
desorb at ca. 90 °C with two maximums at 130 °C and 190 °C, followed by a shoulder at
330 °C (see Figure 48). It decreased slightly until 500 °C is reached and the water
formation started to increase again. It can be assumed that this is related to the MoOx
reduction by H2. However, since several phases (MoOxHz, MoOxCyH;, MoOs-x) are present
and the water peaks are not clearly separated, it is difficult to distinguish between H:20O,

which desorbs at low temperatures and water formed by reduction.

CO and CO: started to form at ca. 350 °C with a first maximum ca. 530 °C. As observed
for the TPD experiments, several peaks at higher temperatures (720 °C, 780 °C and
880 °C) for the CO2 and CO evolution were observed again. Only very small amounts of
methane were formed between 380 °C and ca. 500 °C. This was also observed when MoOs3
is tested by H2-TPR (see A-92). However, between MoOs and Ni(5)Mo0Os were differences
visible, which were not observed in the TPD experiments (compare A-92 and Figure 48).
After the first desorption of water at ca. 150 °C, this signal started to decrease until it
increased again until a large maximum at 580 °C was reached. The formation of CO and
CO2 was only hardly observable in the range between 400 °C and 500 °C for MoOs but
started significantly at 650 °C (see A-92). It had two maximums, one at 830 °C and one

shoulder at lower temperatures (780 °C).

90



These obtained results can be explained by two effects, which might occur at the same
time. Frist, during the initial treatment in H2/CsHe a coke layer could be deposited on the
catalyst surface. This coke could be degraded at higher temperatures, which is done by an
oxidation making use of the lattice oxygen (see Eq. 12).2?% Because only a limited amount
of lattice oxygen can be provided, the oxidation slows down with increasing temperature.
Theoretically, the MoO:2 reduction by carbon forming metallic Mo® or MoC2 would be possible
as well and could explain the CO/CO2 formation at temperatures above 700 °C. The second
reason could be a decomposition of the formed MoOxCyH: phase (see Eq. 13).?° The
formation of hydrogen might originate from nascent hydrogen which is intercalated into
the lattice structure of the molybdenum oxycarbide or molybdenum oxide (see Eq. 14 and
Eq. 15).44 162,163 Dyring the H2-TPR it is not possible to distinguish between formed H: or a

decreasing reduction process.
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lon current / a.u.

T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Temperature / °C

Figure 48: TPR-MS of Ni(5)Mo0Os in H, with a heating rate of 10 °C/min after 5 h treatment at
325 °Cin H2:CsHe (9:1).

The CO is most likely generated by the MoOxCyH: degradation as the intrinsic oxygen could
also oxidize the carbon. This could cause CO: formation as well. The fact that CO is a MS
fragment of CO2 makes it difficult to differentiate between processes which form these
gases. Nevertheless, the TPD of Ni(5)MoO3 shows that they are formed simultaneously at
least in the range between 350 °C and 600 °C, since the signal intensity is equal and only
minor amounts of CO2 are fragmented to CO (see Figure 47). This matches the temperature
range at which the MoOxCyH; phase is decomposed according to literature.?> Additionally,
the absence of these peaks for MoOs, which is known for forming less MoOxCyHz, supports

this and is an explanation for the DRIFTS results (see chapter 4.2.6).
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Therefore, it can be assumed that CO and CO: are formed by a thermal treatment in either
inert atmosphere, oxidative or under reductive conditions. Presumably the decomposition
of MoOxCyH: is responsible for the formation at temperatures around 400 °C and at high
temperatures (= 700 °C) it is the degradation of carbonous deposits. It indicates that the

catalyst is working as an oxidation catalyst as well under working conditions.

AT
Mo0, +2C - CO, + CO + Mo0O,_, (12)
AT (13)
M00,CyH, = CO, + CO + H, + CH, + MoO,
AT
M00,C, + H, & Mo0,C,H, (14
AT
MoO, + H, & MoO,H, (15)
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5. Structure-Reactivity Relationships

The structure-reactivity relationships can be derived from the results obtained in this work,
which demonstrate that the MoOxCyH: phase is a crucial factor in the activity and stability
of nickel-modified MoOs-based catalysts in HDO reactions. Initially, it was demonstrated
that the introduction of nickel to MoOs catalysts did not result in a doped form of MoOs in
which lattice Mo atoms are substituted. Instead, a NiMoO4 phase was formed, composed
of small crystallites situated alongside larger MoOs crystallites. This was evidenced by XRD
and REM measurements. The addition of small amounts Ni (< 5 wt.%) significantly
enhanced the catalytic activity, while exhibiting minimal impact on selectivity. It was
observed that an increase in Ni content beyond a certain threshold resulted in an
enhancement of activity, accompanied by a notable rise in methane selectivity. This
phenomenon can be attributed to the decomposition of aromatic rings. The MoOxCyH; phase
was identified in all catalysts, whether in a liquid- or gas-phase reaction, by ex-situ XRD,
except for pure NiMoOa4. This suggests that MoOxCyH: is also present in the active phase of
nickel-added catalysts, as it has been previously identified in the literature for pure phase
MoO:s.

In liquid-phase experiments, MoOs exhibited low activity with regard to anisole and phenol.
The addition of Ni resulted in an increase in activity, although the selectivity shifted towards
hydrogenated products (cyclohexane). In the case of guaiacol, it was unexpected that MoO3
exhibited the highest level of activity, but the formation of a black reaction product was
observed. This phenomenon can be attributed to the Brgnsted acidity of the catalyst, which
facilitated the polymerization of guaiacol, a process that is not feasible for other substrates.
These results demonstrate that MoOs-based catalysts appear to be unsuitable for liquid-

phase HDO with guaiacol.

Catalytic tests conducted with Ni/a-Al20s (3 wt.% Ni) demonstrated that metallic Ni is
primarily active in the C-C hydrogenolysis. However, the activity and selectivity towards
methane was found to be increased in comparison to Ni(5)MoO3 and NiMoOs, indicating
that Ni is not a dominating active phase for nickel modified MoOs-based catalysts.
Furthermore, the deactivation of Ni/a-Al.0O3 was observed to occur rapidly, while almost no

deactivation was observed for nickel modified MoOs-based catalysts within 17 h TOS.

A systematic XRD study on the MoOxCyH; phase demonstrated that the addition of nickel
and reactive substrates are beneficial for its formation. Tests were conducted in a H2/CHa4
and Hz/CsHes mixture, which demonstrated that the use of a propene mixture resulted in a
significantly more pronounced formation of the MoOxCyH: phase. The reason for this
phenomenon is not yet fully clear. It may be explained by an improved reduction promoted

by propene and thus an improved carbon insertion. Nevertheless, the enhanced reduction
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of MoOs is beneficial for the MoOxCyH; formation, which explains the greater formation of

it in Ni-added catalysts.

For example, is Ni(5)Mo0Os (1) reduced, it results in the reduction of the NiMoO4 part, for
which a phase separation occurs forming Ni particles embedded in a MoOx matrix (2) (see
Figure 49). This was observed by TPR, pseudo in-situ XPS and in-situ TEM experiments.
The metallic nickel can activate hydrogen, which can migrate via H-spillover on and inside
the MoOx lattice and forms MoOxH: (3). MoOxCyH: (4) is formed in a carbon containing
atmosphere by inserting carbon and prevents the formation of MoO2. It has been
demonstrated in literature that pre-reduced MoOs forms the oxycarbohydride rapidly (see
chapter 2.4). In order to form MoOxCyH: without metallic Ni, the MoOs must be reduced to
Mo0O2, which is also able to activate hydrogen but does not catalyze the HDO reaction.
Because the MoO:2 cannot be transformed into MoOxCyH; this will result in a less active
catalyst with a higher amount of MoO2. However, the presence of Ni does not prevent MoO2
formation, but rather reduces its formed content. Therefore, it can be concluded that a

maximization of MoOxCyH: is directly related to a highly active catalyst.

Ha /\H*
H2 + CxHy \ Ni MoO, H2 + CxHy Ni MoO, H2 + CxHy Ni MoO,
NiM00,/M0O; —— 3= MoO5_y —_— MoOH, ————>  MoO,C/H,
300-400°C 300-400°C 300-400°C

1 2 3 4
Figure 49: MoOxCyH; phase formation with MoOs-based nickel modified catalysts. Reproduced
from Ref.197 with permission from the Royal Society of Chemistry.

In-situ DRIFTS experiments on pre-reduced NiMoOa4, Ni(5)MoOs and MoOs revealed that
methane is produced following the adsorption of benzene and the introduction of hydrogen
into the cell. As benzene desorbed completely before switching to the H> feed, a direct C-C
hydrogenolysis is not feasible and the only plausible explanation for the observed methane
evolution is the hydrogenation of the MoOxCyH: phase. Simultaneous mass spectroscopic
monitoring demonstrated that methane is formed by NiMoO4 and MoOs catalysts, with a
significantly enhanced CH4 production observed for nickel molybdate. This observation
explains not only the high methane selectivity but also indicates the formation of the
oxycarbohydride for NiMoO4, despite the absence of its identification in spent catalysts or
in-situ XRD experiments. It can thus be postulated that following reduction and subsequent
formation of MoOxCyHz, the concentration of nickel is so high that MoOxCyH: is hydrogenated

at a faster rate than it is formed.

Based on these results, an extended mechanism for the HDO with MoOs-based catalysts
can be postulated. Starting from MoOs (1), it includes the formation of an active phase by
the creation of a molybdenum bronze (2) (MoOxH;) by reduction and the subsequent

formation of the oxycarbohydride (3) MoOxCyH: (see Figure 50). This phase can be
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hydrogenated back to the bronze (2), which results in an equilibrium between both phases
and the formation of methane. Afterwards, the HDO is conducted at Ov of MoOxCyH: as
postulated in literature for MoOs. The substrate (here anisole) is adsorbing at the Ov (4)
and hydrogen forms an acidic hydroxyl and a hydride (5) by hydrogenating the M=0 group.
After hydrogenolysis of the methoxy group and methane formation, phenol is formed on
the catalyst surface and the M=0 group is restored (6). Subsequently, a hydroxyl group
and hydride are formed again by hydrogen addition, which deoxygenated the phenol (7)
and forms benzene. Finally, the second hydroxyl group is removed by a condensation
reaction (8) restoring the Oy and ending up in the initial state (3). There deoxygenation
can start again, or the MoOxCyH: can be hydrogenated. It needs to be mentioned, that the
exact structure of MoOxCyH: is not known and this catalytic cycle is a model. Additionally,

MoOxH: could have Ov as well and catalyze the HDO.

N
LOx N0

o %2
C,H,0,M0”" “MoO,H,C, C,H,O,M / “MoOxH,C,
4 5 CH,
—0
CHq H,
m H\O
Hy n _o.gd PeN
MoO5 W» MoOyH, C,H,0xM0” “MoOsH,C, 3 C,H, Oy Mo MoO H,C,
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! 2\\_/ /
CyH
xMy H,O O
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C,H,0,M0o” " “MoO,H,C, C2H,OxMo” ~MoO,H,C,
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Figure 50: Extended mechanism of HDO at MoOs-based catalysts. Reproduced from Ref.197 with
permission from the Royal Society of Chemistry.

For catalysts with a high concentration of Ni (e.g. NiMoO4), more H2 might be activated
and this shifts the equilibrium towards MoOxH:. However, this does not imply that MoOxCyH:
is not formed, rather it is hydrogenated immediately, thereby increasing the methane
selectivity. Furthermore, MoOxCyH; is discussed to protect Mo>* from reduction to inactive
Mo**. It is conceivable that this protection is achieved by a more reactive carbon atom
within the oxycarbohydride structure, which is hydrogenated at a faster rate than the lattice
oxygen, consuming available H.. These findings were corroborated by in-situ EPR
experiments, which revealed that the Ov concentration increases when samples are treated
in a H2/CsHe mixture at 300 °C. Additionally, the formation of a carbonous species and
distinct Mo°* species was observed, indicating that this oxidation state is crucial for Ov

formation and consequently for the HDO reaction.
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Operando DRIFTS and TPD/TPR experiments of activated samples in H2/CsHs at 325 °C
suggest that MoOs-based catalysts are still active for oxidation reactions under reductive
conditions. In both cases, CO and CO:2 have been found at temperatures above 300 °C. A
hypothesis is that MoOxCyH; is decomposing itself by oxidizing the carbon with lattice
oxygen. Nevertheless, it can be assumed that carbon species e.g. coke deposits and
reaction educts are oxidized as well and MoOz-based catalysts do not lose their oxidation
capabilities at reductive conditions. However, a gas-phase analysis under operando

conditions has not been done yet to prove this hypothesis.
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6. Outlook

Although progress has been made in the understanding of the structure-reactivity
relationships of MoOs-based HDO catalysts, further investigation is required in certain
areas. First, the impact of different reaction parameters, which were evaluated here solely
at 325 °C and atmospheric pressure, must be examined to identify the optimal operational
conditions. The influence of an increased pressure on the gas-phase HDO has not yet been
studied.

For more insights into the structure-reactivity relationships, catalytic test with a MoOxCyH:
enriched MoOs without the addition of nickel might be useful. This would help to understand
the single contributions to the catalyst performance of Ni and MoOxCyH:. It could be done
by selecting the right precursor and pretreatment. Molybdenum blue is discussed in

literature to form a pure phase MoOxCyHz.

Moreover, additional research is required to elucidate the gas-phase product composition
and the activity of MoOsz-based catalysts for oxidation reactions in a reductive atmosphere.
Consequently, in addition to the online GC, an MS must be coupled, and further
modifications to the test configuration are required. An additional product stream must be
incorporated, whereby the condensate products with high boiling points are directed
through a cold trap to protect the online gas analyzer. Nevertheless, this data is crucial, as

experimental findings suggest the existence of CO and CO2 compounds.

Finally, studies on catalyst improvements can be made. The influence of different support
materials has not been studied so far but would have the chance to increase the activity
by e.g. increased surface areas. Furthermore, the influence of alternative modifying metals
instead of nickel might enhance the catalyst performance. For this, metals like Cu, Re, Pt

or Fe can be used to study their influence on active phase formation and catalysts activity.

But not only the addition of these metals to form metal molybdates could provide promising
results. Doping by replacing the lattice position of Mo could be interesting, as dopants with
low valence (Ce, V, Zn, Cu) could have an influence on the Ov properties and concentration.
This could have an impact on the adsorption of organic substrates and intermediates. New
synthesis methods need to be found to obtain these doped catalysts, as the metal
molybdates are very stable and would be preferentially formed. This would subsequently
require the search for suitable reaction conditions to avoid the destruction of the doped

materials under HDO conditions.
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A-1: Overview about different typical compounds occurring in lignin pyrolysis oils, adapted with
permission from Ref.%°, Copyright 2020 Elsevier.
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A-2: Characteristic wavelengths of common anode materials, adapted with permission from Ref.184,
Copyright 2009 Springer Science+Business Media.

Wavelength (nm)

Anode material Ko?2 Kai Koz KB
Cr 0.229105 0.228975 0.2293652 0.208491
Cu 0.154187 0.15405929 0.154441 0.139225
Co 0.179030 0.178900 0.179289 0.162082
Mo 0.071075 0.07093171 0.071361 0.063230

a Weighted average value, calculated as Awverage = (2Aka1+2Aka1)/3

A-3: Chip for in-situ TEM experiments under a light microscope.
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A-4: Averaged conversion and selectivities of the relevant compounds for MoOs at T = 325 °C,
pre-reduced in 100 % H» for 2 h at 325 °C, WHSV = 0.31 ganisole'g"cat-h!, particle size = 600-
800 um, 200 mg cat. diluted with 2.3 g quartz.
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A-5: Averaged conversion and selectivities of the relevant compounds for NiMoO4 at T = 325 °C,
pre-reduced in 100 % H; for 2 h at 325 °C, WHSV = 0.31 ganisole'g 'cat-h™t, particle size = 600-
800 pm, 200 mg cat. diluted with 2.3 g quartz.
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A-6: Averaged conversion and selectivities of the relevant compounds for Ni(5)MoO3 at T =
325 °C, pre-reduced in 100 % H for 2 h at 325 °C, WHSV = 0.31 ganisole g *cat-h?, particle size
= 600-800 pm, 200 mg cat. diluted with 2.3 g quartz.
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A-7: Averaged conversion and selectivities of the relevant compounds for Ni(3)MoOz at T =
325 °C, pre-reduced in 100 % H; for 2 h at 325 °C, WHSV = 0.31 ganisole'g lcar-h™!, particle size =
600-800 pm, 200 mg cat. diluted with 2.3 g quartz.
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A-8: Averaged conversion and selectivities of the relevant compounds for Ni(1)MoOs at T =
325 °C, pre-reduced in 100 % H» for 2 h at 325 °C, WHSV = 0.31 ganisole'd-1car-h-1, particle size
= 600-800 pm, 200 mg cat. diluted with 2.3 g quartz.
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A-9: Conversion and selectivities of the relevant compounds for CoMoO4 at T = 325 °C, pre-
reduced in 100 % H; for 2 h at 325 °C, WHSV = 0.31 ganisole'd 'cath™?, particle size = 600-

800 pm, 200 mg cat. diluted with 2.3 g quartz.
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A-10: Conversion and selectivities of the relevant compounds for Co(5)Mo0Os at T = 325 °C, pre-
reduced in 100 % H; for 2 h at 325 °C, WHSV = 0.31 Janisole'g 'cat*h™!, particle size = 600-

800 um, 200 mg cat. diluted with 2.3 g quartz.
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A-11: Conversion of anisole and selectivities of the relevant products for Ni/a-Al,O3 (Ni content:
3 wt.%) as catalyst at T = 325 °C, pre-reduced in 100 % H> for 2 h at 325 °C,
WHSV = 0.31 ganisole'd 'cat*h™!, particle size = 600-800 um, 200 mg cat. diluted with 2.3 g quartz.
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A-12: Conversion of benzene and product selectivities for Ni(5)Mo0Qs as catalyst at T = 325 °C,
pre-reduced in 100 % H; for 2 h at 325 °C, WHSV = 6.30 gbenzene*g 1cat-h™!, particle size = 600-
800 um, 200 mg cat. diluted with 2.3 g quartz.
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A-13: Conversion of benzene and product selectivities for Ni/a-Al;03 (Ni content: 3 wt.%) as
catalyst at T = 325 °C, pre-reduced in 100 % H; for 2 h at 325 °C, WHSV =
6.30 ghenzene*g tcat-h!, particle size = 600-800 pm, 200 mg cat. diluted with 2.3 g quartz.
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A-14: Conversion of benzene and product selectivities for NiMoO4 as catalyst at T = 325 °C, pre-
reduced in 100 % H; for 2 h at 325 °C, WHSV = 6.30 gbenzene-g-icat-h!, particle size = 600-
800 um, 200 mg cat. diluted with 2.3 g quartz.
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A-15: Conversion and yields for the anisole HDO with Ni(1)MoOs in a 300 ml batch reactor, at
350 °C, 50 bar Hy pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml
n-dodecane with 400 mg catalyst..
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A-16: Conversion and yields for the anisole HDO with CoMoO4 in a 300 ml batch reactor, at
350 °C, 50 bar H; pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml

Conversion / %

100

n-dodecane with 400 mg catalyst.

80

60

40

20

Ni(5)MoO,

Ni(1)MoO,

50 75

T T T T T T T T T T T T T T T T
100 125 150 175 200 225 250
Time / min

A-17: Conversion over time for the liquid-phase phenol HDO at in a 300 ml batch reactor, at
350 °C, 50 bar H; pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml

n-dodecane with 400 mg catalyst.
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A-18: Conversion and yields for the phenol HDO with MoOs in a 300 ml batch reactor, at 350 °C,
50 bar H, pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-
dodecane with 400 mg catalyst.
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A-19: Conversion and yields for the phenol HDO with Ni(1)MoOs in a 300 ml batch reactor, at
350 °C, 50 bar H; pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml
n-dodecane with 400 mg catalyst.
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A-20: Conversion and yields for the phenol HDO with Ni(5)MoOs in a 300 ml batch reactor, at
350 °C, 50 bar Hy pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml
n-dodecane with 400 mg catalyst.
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A-21: Conversion and yields for the phenol HDO with NiMoO4 in a 300 ml batch reactor, at
350 °C, 50 bar Hy pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml
n-dodecane with 400 mg catalyst.
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A-22: M/Z = 15 trace of gas samples taken from the liquid-phase HDO of phenol with Ni(5)Mo0O3
at 350 °C and 50 bar H; pressure after 120 min and 180 min TOS. Note that the x-axis is
representing the time which the MS was running for injections and not the reaction time.
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A-23: M/Z = 15 trace of gas samples taken from the liquid-phase HDO of phenol with MoO3 at
350 °C and 50 bar H; pressure after 120 min and 180 min TOS. Note that the x-axis is
representing the time which the MS was running for injections and not the reaction time.
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A-24: Conversion and yields for the guaiacol HDO with MoOs in a 300 ml batch reactor, at
350 °C, 50 bar Hy pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml
n-dodecane with 400 mg catalyst.
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A-25: Conversion and yields for the guaiacol HDO with Ni(1)MoOs in a 300 ml batch reactor, at
350 °C, 50 bar H; pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml
n-dodecane with 400 mg catalyst.
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A-26: Conversion and yields for the guaiacol HDO with Ni(5)Mo0Os in a 300 ml batch reactor, at
350 °C, 50 bar Hy pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml
n-dodecane with 400 mg catalyst.
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A-27: Conversion and yields for the guaiacol HDO with NiMoO4 in a 300 ml batch reactor, at
350 °C, 50 bar Hy pressure, 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml
n-dodecane with 400 mg catalyst.
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A-28: Reaction produét afte
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A-29: Diffractogram of fresh Ni(1)MoOs after calcination.
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A-30: EDX-spectra of fresh Ni(5)Mo0O3 a) overlaid with the color image of the elemental
distributions of Mo (yellow) and Ni (cyan) calculated from the c) EDX spectra and the b) SEM
image.
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A-31: SEM overview images in SE mode of spent Ni(5)Mo0O3 a) SEM image b) overlaid with the
color image of the elemental distributions of Mo (yellow) and Ni (cyan) calculated from the EDX
spectra from the area of ¢) and d) the EDX spectra of spent Ni(5)Mo0s.
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A-32: NHs-adsoprtion transmission FTIR experiments of MoO3 after reduction at 325 °C for 2 h in
100 % Hs.
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A-33: NHs-adsoprtion transmission FTIR experiments of MoO3 after calcination at 325 °C for 2 h
in 100 % syn. air.
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A-34: NHs-adsoprtion transmission FTIR experiments of NiMoO4 after reduction at 325 °C for 2 h
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in 100 % Ha.
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A-35: NHsz-adsoprtion transmission FTIR experiments of NiMoO4 after calcination at 325 °C for
2 hin 100 % syn. air.
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A-36: Normalized XRD patterns of spent catalysts after liquid-phase HDO at 350 °C at 50 bar H»
after 4 h reaction with 44.4 mmol guaiacol dissolved in 128 ml n-dodecane, 400 mg catalyst.
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A-37: Normalized XRD patterns of spent catalysts after liquid-phase HDO at 350 °C at 50 bar H»
after 4 h reaction with 44.4 mmol phenol dissolved in 128 ml n-dodecane, 400 mg catalyst.
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A-38: Ni 2p XP spectra of a) fresh Ni(5)MoOs b) spent Ni(5)MoOs after 17 h TOS at 325 °C for
the gas-phase HDO.
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A-39: Ni 2p XP spectra of a) fresh NiMoO4 b) spent NiMoO4 after 17 h TOS at 325 °C for the gas-
phase HDO.
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A-40: Mo3d Pseudo in-situ XP spectra. a) fresh NiMoO4 b) NiMoO4 after reduction in 100 % H
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A-41: Mo3d Pseudo in-situ XP spectra. a) fresh Ni(5)MoOs b) Ni(5)MoO3 after reduction in 100 %
H, for 2 h at 325 °C.
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A-42: Mo3d Pseudo in-situ XP spectra. a) fresh MoO3 b) MoOs after reduction in 100 % H; for 2 h
at 325 °C.
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A-43: Ni2p pseudo in-situ XP spectra. a) fresh NiMoO4 b) NiMoO4 after reduction in 100 % H; for
2 h at 325 °C.
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A-44: Ni2p pseudo in-situ XP spectra. a) fresh Ni(5)MoO3 b) Ni(5)MoOs after reduction in 100 %
H, for 2 h at 325 °C.
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A-45: Mo3d spectra of spent MoO3 after liquid-phase reaction at 350 °C and 50 bar H; with
anisole.
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A-46: Mo3d spectra of spent Ni(1)MoOs3 after liquid-phase reaction at 350 °C, 50 bar H; pressure
with anisole and 4 h reaction.
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A-47: Ni2p spectra of spent Ni(1)MoOs after liquid-phase reaction at 350 °C, 50 bar H, pressure
with anisole and 4 h reaction.
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A-48: Mo3d spectra of spent Ni(5)MoOs3 after liquid-phase reaction at 350 °C, 50 bar H; pressure
with anisole and 4 h reaction.
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A-49: Ni2p spectra of spent Ni(5)Mo0Os; after liquid-phase reaction at 350 °C, 50 bar H; pressure
with anisole and 4 h reaction.
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A-50: Mo3d spectra of spent NiMoOy4 after liquid-phase reaction at 350 °C, 50 bar H; pressure
with anisole and 4 h reaction.
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A-51: Ni2p spectra of spent NiMoO4 after liquid-phase reaction at 350 °C, 50 bar H, pressure
with anisole and 4 h reaction.
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A-52: Mo3d spectra of spent MoO3 after liquid-phase reaction at 350 °C, 50 bar H; pressure with
guaiacol and 4 h reaction.
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A-53: Mo3d spectra of spent Ni(5)MoOs3 after liquid-phase reaction at 350 °C, 50 bar H; pressure
with guaiacol and 4 h reaction.
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A-54: Ni2p spectra of spent Ni(5)Mo0Qs; after liquid-phase reaction at 350 °C, 50 bar H; pressure
with guaiacol and 4 h reaction.

Mo™ =0 % - Mo™ -
Mo® = 14 % :
Mo®* = 86 % :
I
I
>
©
=
W
c
L
£
I T I ! I T
245 240 235 230 225

Binding energy / eV

A-55: Mo3d spectra of spent NiMoOg4 after liquid-phase reaction at 350 °C, 50 bar H; pressure
with guaiacol and 4 h reaction.
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A-56: Ni2p spectra of spent NiMoO4 after liquid-phase reaction at 350 °C, 50 bar H; pressure
with guaiacol and 4 h reaction.
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A-57: Mo3d spectra of spent MoOs3 after liquid-phase reaction at 350 °C, 50 bar H; pressure with
phenol and 4 h reaction.
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A-58: Mo3d spectra of spent Ni(5)MoOs3 after liquid-phase reaction at 350 °C, 50 bar H; pressure
with phenol and 4 h reaction.
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A-59: Ni2p spectra of spent Ni(5)Mo0O3 after liquid-phase reaction at 350 °C, 50 bar H, pressure
with phenol and 4 h reaction.
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A-60: Mo3d spectra of spent NiMoOy4 after liquid-phase reaction at 350 °C, 50 bar H; pressure
with phenol and 4 h reaction.
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A-61: Ni2p spectra of spent NiMoO4 after liquid-phase reaction at 350 °C, 50 bar H, pressure
with phenol and 4 h reaction.
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A-62: Normalized TG-MS profiles of spent catalysts after anisole HDO at 325 °C for 17 h treated
in syn. air, 10 °C/min.
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A-63: TG-MS profiles of spent catalysts after liquid-phase reaction at 350 °C and 50 bar H»
pressure for 4 h with anisole in n-Dodecane.
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A-64: TG-MS profiles of spent catalysts after liquid-phase reaction at 350 °C and 50 bar H;
pressure for 4 h with phenol in n-Dodecane.
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A-65: TG-MS profiles of spent catalysts after liquid-phase reaction at 350 °C and 50 bar H;
pressure for 4 h with guaiacol in n-Dodecane.
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A-66: Relative integral values of absorption band at 1250 cm™! for the reaction of anisole at
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A-67: Operando DRIFTS experiment showing the hydrodeoxygenation of DME at 325 °C with
MoOs. Sample is heated up in He to 325 °C and pre-reduction in 100 % H; for two hours.
Afterwards, the feed was switched to a H,/DME (9:1) mixture with a total flow of 25 mL/min.
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A-68: Operando DRIFTS experiment showing the hydrodeoxygenation of DME at 325 °C with
MoOs. Sample is heated up in He to 325 °C. Afterwards, the feed was switched to a H,/DME
(9:1) mixture with a total flow of 25 mL/min.
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A-69: Operando DRIFTS experiment showing the hydrodeoxygenation of DME at 325 °C with
Ni(5)Mo0Os3 and pre-reduction in 100 % H; for two hours. Sample is heated up in He to 325 °C
and reduced in 100 % H; for two hours. Afterwards, the feed was switched to a H,/DME (9:1)
mixture with a total flow of 25 ml/min.
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A-70: Operando DRIFTS experiment showing the hydrodeoxygenation of DME at 325 °C with
Ni(5)Mo00s3. Sample is heated up in He to 325 °C. Afterwards, the feed was switched to a H,/DME
(9:1) mixture with a total flow of 25 ml/min.
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and pre-reduction at 325 °C in 100 % H; for a) NiMoO4 and b) CoMoOa4.

A-71: Comparison methane evolution after benzene adsorption in He and switch to H; at 325 °C
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A-72: In-situ XRD of MoOxCyH; formation from MoOs in H2:CH4 (9:1) at 325 °C shown as a)
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waterfall plot and b) contour plot.
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waterfall plot and b) contour plot.
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A-73: In-situ XRD of MoOxCxH;, formation from MoOs in H;:CH4 (1:1) at 325 °C shown as a)
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A-74: In-situ XRD of MoOxCyH; formation from MoO3z in H>:CH4 (1:9) at 325 °C shown as a)
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waterfall plot and b) contour plot.
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A-75: In-situ XRD reduction of NiMoO4 in 100 % H» at 325 °C for 515 min.
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A-76: In-situ XRD of NiMoO4 in Hy/CH4 (9:1) at 325 °C for 1385 min.
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A-77: In-situ XRD measurement of Ni(5)Mo0O3 heated up to 325 °C in He and switch to H for
125 min followed by flushing with He and switch to CH4 for 240 min. Afterwards, the sample was

flushed again with He and treated for 160 min with H,. Shown as a) waterfall plot and b) contour
plot

150



a) ¢ MoO, 4 MoO,CyH,
S
@
}
2
2
=
400 -
£
S
~ 300 +
(0]
E
-
200

16 18 20 22 24 26 28 30 32 34 36 38 40
Q/nm™

A-78: In-situ XRD measurement of Ni(5)Mo0Qs in H2/C3Hes (9:1) at 325 °C for 492 min
shown as a) waterfall plot and b) contour plot.
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A-79: In-situ XRD measurement of NiO in Hz/C3sHe (9:1) at 325 °C for 492 min shown as contour
plot.

A MoO,CH,

Start Ni(1)MoO,

H,/C4Hg Ni(1)MoO,

S
@

E.- O,/He Ni(1)MoO,
©
o
i)
=

HZ'!CSHE Ni(1 )M003

| MoQ, ICDD PDF: 01-086-0135

||l i

NiMoQ, ICDD PDF: 01-086-0361

L | i 1 |. ale 1 || ||| 1 1 [T

| MoQ; ICDD PDF: 01-086-8446

_|I —L .'I". ||.| L | IR E TR . R

15 20 25 30 35 40

Q/nm!

A-80: Normalized in-situ XRD-results from the monitoring of a stepwise active phase formation
from Ni(1)MoOs3 with an intermittent reoxidation step at 325 °C for 4 h with 5 % O3 in He and an
H2/C3He (9:1) mixture. Reproduced from Ref. with permission from the Royal Society of
Chemistry.
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A-81: UV-Vis experiments on the a) reduction (H2/CzHe (9:1)), b) oxidation by H>0 (30 % in N3)
and c) oxidation by syn. air of MoOs at 325 °C for 1 h in a fixed-bed reactor (spectra in 5 min

steps).
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A-82: UV-Vis experiments on the a) reduction (100 % H3), b) oxidation by H,O (30 % in N2) and
c) oxidation by syn. air of Ni(5)Mo0Os3 at 325 °C for 1 h in a fixed-bed reactor (spectra in 5 min

steps).
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A-83: In-situ UV-Vis measurements for a) the MoOs3 reduction in H2/CsHe (9:1) at 325 °C for 60
min (5 min steps) and b) for the oxidation at 400 °C in 10 % O3 in Nz for 60 min (spectra in
5 min steps).
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A-84: In-situ UV-Vis measurements for a) the Ni(1)MoOs reduction in Hy/CsHe (9:1) at 325 °C
for 60 min (5 min steps) and b) for the oxidation at 400 °C in 10 % O3 in Nz for 60 min (spectra
in 5 min steps).
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A-85: In-situ UV-Vis measurements for a) the Ni(5)Mo0Os3 reduction in Hy/CsHe (9:1) at 325 °C
for 60 min (5 min steps) and b) for the oxidation at 400 °C in 10 % O3 in N3 for 6 min (spectra
in 5 min steps).
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A-86: Two layered system with NiO and MoOs layer in Hy/CsHe (9:1) at 325 °C for 542 min
shown as a) waterfall plot and b) contour plot.
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A-87: Physical mixture of NiO/MoOs in Hz:C3He (9:1) at 325 °C for 542 min shown as a) waterfall

plot and b) contour plot.
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A-88: TEM pictures of MoOs treated in H,:CH4 (9:1) at 325 °C for 8 h.
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A-89: EDX spectrum of Ni(5)MoOs; after in-situ TEM treatment in H,/CsHs at 325 °C for 140 min.

158



x108 x10%

3
(@) 2.003 6 AB=41G
2 .
. 4
3 3
L ©
; 1042 - 2 AB=6.1G
£ ‘ 9421 931 % Ak
E 04 % E 0 —
€ £ _,lf /
o -1 x 21
£ p—
T L § — i
wonres | S 7 oo
1 3
- MOOS —B - sm0 390 3360 330 3400 — 300K, MO,
. —— Ni(5)MoO, o —— 105K, MoO,
3200 3300 3400 3500 3600 3700 3340 3360 3380 3400
B/G B/G

A-90: In-situ EPR spectra of MoO3 and Ni(5)Mo0Os3 recorded at -168 °C after reduction with a

mixture of Hy/CsHe for 120 min at 300 °C; b) the corresponding signal at g = 2.003 of both

samples recorded at 25 °C and -168 °C with a modulation amplitude of 1.0G, after reduction
with a mixture of H2/CsHeg for 120 min at 300 °C.
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A-91: TPD-MS in Ar with a heating rate of 10 °C/min of MoO3 after 5 h treatment at 325 °C in
H22C3H6 (9:1) for 5 h.
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A-92: TPR-MS in H; with a heating rate of 10 °C/min of MoOQs after 5 h treatment at 325 °C in
H2:CsHs (9:1) for 5 h.
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	8. Appendix

	A-2: Characteristic wavelengths of common anode materials, adapted with permission from Ref.184. Copyright 2009 SpringerScience+Business Media.
�
	A-3: Chip for in-situ TEM experiments under a light microscope.
�
	A-4: Averaged conversion and selectivities of the relevant compounds for MoO3 at T = 325 °C, pre-reduced in 100 % H2 for2 h at 325 °C, WHSV = 0.31 ganisole∙g-1cat∙h-1, particle size = 600-800 µm, 200 mg cat. diluted with 2.3 g quartz.
�
	A-5: Averaged conversion and selectivities of the relevant compounds for NiMoO4 at T = 325 °C, pre-reduced in 100 % H2 fr 2 h at 325 °C, WHSV = 0.31 ganisole∙g-1cat∙h-1, particle size = 600-800 µm, 200 mg cat. diluted with 2.3 g quartz.
�
	A-6: Averaged conversion and selectivities of the relevant compounds for Ni(5)MoO3 at T = 325 °C, pre-reduced in 100 % H for 2 h at 325 °C, WHSV = 0.31 ganisole g-1cat∙h-1, particle size = 600-800 µm, 200 mg cat. diluted with 2.3 g quartz.
�
	A-7: Averaged conversion and selectivities of the relevant compounds for Ni(3)MoO3 at T = 325 °C, pre-reduced in 100 % H for 2 h at 325 °C, WHSV = 0.31 ganisole∙g-1cat∙h-1, particle size = 600-800 µm, 200 mg cat. diluted with 2.3 g quartz.
�
	A-8: Averaged conversion and selectivities of the relevant compounds for Ni(1)MoO3 at T = 325 °C, pre-reduced in 100 % H for 2 h at 325 °C, WHSV = 0.31 ganisole∙g-1cat∙h-1, particle size = 600-800 µm, 200 mg cat. diluted with 2.3 g quartz.
�
	A-9: Conversion and selectivities of the relevant compounds for CoMoO4 at T = 325 °C, pre-reduced in 100 % H2 for 2 h at325 °C, WHSV = 0.31 ganisole∙g-1cat∙h-1, particle size = 600-800 µm, 200 mg cat. diluted with 2.3 g quartz.
�
	A-10: Conversion and selectivities of the relevant compounds for Co(5)MoO3 at T = 325 °C, pre-reduced in 100 % H2 for 2  at 325 °C, WHSV = 0.31 ganisole∙g-1cat∙h-1, particle size = 600-800 µm, 200 mg cat. diluted with 2.3 g quartz.
�
	A-11: Conversion of anisole and selectivities of the relevant products for Ni/α-Al2O3 (Ni content: 3 wt.%) as catalyst a T = 325 °C, pre-reduced in 100 % H2 for 2 h at 325 °C, WHSV = 0.31 ganisole∙g-1cat∙h-1, particle size = 600-800 µm, 200 mg cat. diluted with 2.3 g quartz.
�
	A-12: Conversion of benzene and product selectivities for Ni(5)MoO3 as catalyst at T = 325 °C, pre-reduced in 100 % H2 fr 2 h at 325 °C, WHSV = 6.30 gbenzene∙g-1cat∙h-1, particle size = 600-800 µm, 200 mg cat. diluted with 2.3 g quartz.
�
	A-13: Conversion of benzene and product selectivities for Ni/α-Al2O3 (Ni content: 3 wt.%) as catalyst at T = 325 °C, prereduced in 100 % H2 for 2 h at 325 °C, WHSV = 6.30 gbenzene∙g�1cat∙h-1, particle size = 600-800 µm, 200 mg cat. diluted with 2.3 g quartz.
�
	A-14: Conversion of benzene and product selectivities for NiMoO4 as catalyst at T = 325 °C, pre-reduced in 100 % H2 for  h at 325 °C, WHSV = 6.30 gbenzene∙g-1cat∙h-1, particle size = 600-800 µm, 200 mg cat. diluted with 2.3 g quartz.
�
	A-15: Conversion and yields for the anisole HDO with Ni(1)MoO3 in a 300 ml batch reactor, at 350 °C, 50 bar H2 pressure,770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-dodecane with 400 mg catalyst..
�
	A-16: Conversion and yields for the anisole HDO with CoMoO4 in a 300 ml batch reactor, at 350 °C, 50 bar H2 pressure, 77 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-dodecane with 400 mg catalyst.
�
	A-17: Conversion over time for the liquid-phase phenol HDO at in a 300 ml batch reactor, at 350 °C, 50 bar H2 pressure, 70 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-dodecane with 400 mg catalyst.
�
	A-18: Conversion and yields for the phenol HDO with MoO3 in a 300 ml batch reactor, at 350 °C, 50 bar H2 pressure, 770 rm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-dodecane with 400 mg catalyst.
�
	A-19: Conversion and yields for the phenol HDO with Ni(1)MoO3 in a 300 ml batch reactor, at 350 °C, 50 bar H2 pressure, 70 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-dodecane with 400 mg catalyst.
�
	A-20: Conversion and yields for the phenol HDO with Ni(5)MoO3 in a 300 ml batch reactor, at 350 °C, 50 bar H2 pressure, 70 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-dodecane with 400 mg catalyst.
�
	A-21: Conversion and yields for the phenol HDO with NiMoO4 in a 300 ml batch reactor, at 350 °C, 50 bar H2 pressure, 770rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-dodecane with 400 mg catalyst.
�
	A-22: M/Z = 15 trace of gas samples taken from the liquid-phase HDO of phenol with Ni(5)MoO3 at 350 °C and 50 bar H2 presure after 120 min and 180 min TOS. Note that the x-axis is representing the time which the MS was running for injections and not the reaction time.
�
	A-23: M/Z = 15 trace of gas samples taken from the liquid-phase HDO of phenol with MoO3 at 350 °C and 50 bar H2 pressureafter 120 min and 180 min TOS. Note that the x-axis is representing the time which the MS was running for injections and not the reaction time.
�
	A-24: Conversion and yields for the guaiacol HDO with MoO3 in a 300 ml batch reactor, at 350 °C, 50 bar H2 pressure, 770rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-dodecane with 400 mg catalyst.
�
	A-25: Conversion and yields for the guaiacol HDO with Ni(1)MoO3 in a 300 ml batch reactor, at 350 °C, 50 bar H2 pressure 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-dodecane with 400 mg catalyst.
�
	A-26: Conversion and yields for the guaiacol HDO with Ni(5)MoO3 in a 300 ml batch reactor, at 350 °C, 50 bar H2 pressure 770 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-dodecane with 400 mg catalyst.
�
	A-27: Conversion and yields for the guaiacol HDO with NiMoO4 in a 300 ml batch reactor, at 350 °C, 50 bar H2 pressure, 70 rpm agitator speed and 44.4 mmol anisole dissolved in 128 ml n-dodecane with 400 mg catalyst.
�
	A-28: Reaction product after HDO with guaiacol at 350 °C and 50 bar H2 pressure.

	A-29: Diffractogram of fresh Ni(1)MoO3 after calcination.
�
	A-30: EDX-spectra of fresh Ni(5)MoO3 a) overlaid with the color image of the elemental distributions of Mo (yellow) and i (cyan) calculated from the c) EDX spectra and the b) SEM image.
�
	A-31: SEM overview images in SE mode of spent Ni(5)MoO3 a) SEM image b) overlaid with the color image of the elemental dstributions of Mo (yellow) and Ni (cyan) calculated from the EDX spectra from the area of c) and d) the EDX spectra of spent Ni(5)MoO3.
�
	A-32: NH3-adsoprtion transmission FTIR experiments of MoO3 after reduction at 325 °C for 2 h in 100 % H2.
�
	A-33: NH3-adsoprtion transmission FTIR experiments of MoO3 after calcination at 325 °C for 2 h in 100 % syn. air.
�
	A-34: NH3-adsoprtion transmission FTIR experiments of NiMoO4 after reduction at 325 °C for 2 h in 100 % H2.
�
	A-35: NH3-adsoprtion transmission FTIR experiments of NiMoO4 after calcination at 325 °C for 2 h in 100 % syn. air.
�
	A-36: Normalized XRD patterns of spent catalysts after liquid-phase HDO at 350 °C at 50 bar H2 after 4 h reaction with 4.4 mmol guaiacol dissolved in 128 ml n-dodecane, 400 mg catalyst.
�
	A-37: Normalized XRD patterns of spent catalysts after liquid-phase HDO at 350 °C at 50 bar H2 after 4 h reaction with 4.4 mmol phenol dissolved in 128 ml n-dodecane, 400 mg catalyst.
�
	A-39: Ni 2p XP spectra of a) fresh NiMoO4 b) spent NiMoO4 after 17 h TOS at 325 °C for the gas-phase HDO.
�
	A-40: Mo3d Pseudo in-situ XP spectra. a) fresh NiMoO4 b) NiMoO4 after reduction in 100 % H2 for 2 h at 325 °C.
�
	A-41: Mo3d Pseudo in-situ XP spectra. a) fresh Ni(5)MoO3 b) Ni(5)MoO3 after reduction in 100 % H2 for 2 h at 325 °C.
�
	A-43: Ni2p pseudo in-situ XP spectra. a) fresh NiMoO4 b) NiMoO4 after reduction in 100 % H2 for 2 h at 325 °C.
�
	A-44: Ni2p pseudo in-situ XP spectra. a) fresh Ni(5)MoO3 b) Ni(5)MoO3 after reduction in 100 % H2 for 2 h at 325 °C.
�
	A-46: Mo3d spectra of spent Ni(1)MoO3 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with anisole and 4 h reation.
�
	A-47: Ni2p spectra of spent Ni(1)MoO3 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with anisole and 4 h reation.
�
	A-49: Ni2p spectra of spent Ni(5)MoO3 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with anisole and 4 h reation.
�
	A-50: Mo3d spectra of spent NiMoO4 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with anisole and 4 h reactin.
�
	A-51: Ni2p spectra of spent NiMoO4 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with anisole and 4 h reactin.
�
	A-52: Mo3d spectra of spent MoO3 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with guaiacol and 4 h reactio.
�
	A-53: Mo3d spectra of spent Ni(5)MoO3 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with guaiacol and 4 h rection.
�
	A-54: Ni2p spectra of spent Ni(5)MoO3 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with guaiacol and 4 h rection.
�
	A-55: Mo3d spectra of spent NiMoO4 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with guaiacol and 4 h reacton.
�
	A-56: Ni2p spectra of spent NiMoO4 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with guaiacol and 4 h reacton.
�
	A-57: Mo3d spectra of spent MoO3 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with phenol and 4 h reaction.�
	A-58: Mo3d spectra of spent Ni(5)MoO3 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with phenol and 4 h reacion.
�
	A-59: Ni2p spectra of spent Ni(5)MoO3 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with phenol and 4 h reacion.
�
	A-60: Mo3d spectra of spent NiMoO4 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with phenol and 4 h reactio.
�
	A-61: Ni2p spectra of spent NiMoO4 after liquid-phase reaction at 350 °C, 50 bar H2 pressure with phenol and 4 h reactio.
�
	A-62: Normalized TG-MS profiles of spent catalysts after anisole HDO at 325 °C for 17 h treated in syn. air, 10 °C/min.

	A-63: TG-MS profiles of spent catalysts after liquid-phase reaction at 350 °C and 50 bar H2 pressure for 4 h with anisol in n-Dodecane.
�
	A-64: TG-MS profiles of spent catalysts after liquid-phase reaction at 350 °C and 50 bar H2 pressure for 4 h with phenolin n-Dodecane.
�
	A-65: TG-MS profiles of spent catalysts after liquid-phase reaction at 350 °C and 50 bar H2 pressure for 4 h with guaiacl in n-Dodecane.
�
	A-66: Relative integral values of absorption band at 1250 cm-1 for the reaction of anisole at 325 °C in H2 after adsorbig anisole at 325 °C in He.
�
	A-67: Operando DRIFTS experiment showing the hydrodeoxygenation of DME at 325 °C with MoO3. Sample is heated up in He to325 °C and pre-reduction in 100 % H2 for two hours. Afterwards, the feed was switched to a H2/DME (9:1) mixture with a total flow of 25 mL/min.
�
	A-68: Operando DRIFTS experiment showing the hydrodeoxygenation of DME at 325 °C with MoO3. Sample is heated up in He to325 °C. Afterwards, the feed was switched to a H2/DME (9:1) mixture with a total flow of 25 mL/min.
�
	A-69: Operando DRIFTS experiment showing the hydrodeoxygenation of DME at 325 °C with Ni(5)MoO3 and pre-reduction in 100% H2 for two hours. Sample is heated up in He to 325 °C and reduced in 100 % H2 for two hours. Afterwards, the feed was switched to a H2/DME (9:1) mixture with a total flow of 25 ml/min.
�
	A-70: Operando DRIFTS experiment showing the hydrodeoxygenation of DME at 325 °C with Ni(5)MoO3. Sample is heated up in e to 325 °C. Afterwards, the feed was switched to a H2/DME (9:1) mixture with a total flow of 25 ml/min.
�
	A-71: Comparison methane evolution after benzene adsorption in He and switch to H2 at 325 °C and pre-reduction at 325 °Cin 100 % H2 for a) NiMoO4 and b) CoMoO4.
�
	A-72: In-situ XRD of MoOxCyHz formation from MoO3 in H2:CH4 (9:1) at 325 °C shown as a) waterfall plot and b) contour plt.
�
	A-73: In-situ XRD of MoOxCxHz formation from MoO3 in H2:CH4 (1:1) at 325 °C shown as a) waterfall plot and b) contour plt.
�
	A-74: In-situ XRD of MoOxCyHz formation from MoO3 in H2:CH4 (1:9) at 325 °C shown as a) waterfall plot and b) contour plt.
�
	A-75: In-situ XRD reduction of NiMoO4 in 100 % H2 at 325 °C for 515 min.
�
	A-77: In-situ XRD measurement of Ni(5)MoO3 heated up to 325 °C in He and switch to H2 for 125 min followed by flushing wth He and switch to CH4 for 240 min. Afterwards, the sample was flushed again with He and treated for 160 min with H2. Shown as a) waterfall plot and b) contour plot
�
	A-79: In-situ XRD measurement of NiO in H2/C3H6 (9:1) at 325 °C for 492 min shown as contour plot.
�
	A-80: Normalized in-situ XRD-results from the monitoring of a stepwise active phase formation from Ni(1)MoO3 with an intrmittent reoxidation step at 325 °C for 4 h with 5 % O2 in He and an H2/C3H6 (9:1) mixture. Reproduced from Ref. with permission from the Royal Society of Chemistry.
�
	A-81: UV-Vis experiments on the a) reduction (H2/C2H6 (9:1)), b) oxidation by H2O (30 % in N2) and c) oxidation by syn. ir of MoO3 at 325 °C for 1 h in a fixed-bed reactor (spectra in 5 min steps).
�
	A-82: UV-Vis experiments on the a) reduction (100 % H2), b) oxidation by H2O (30 % in N2) and c) oxidation by syn. air o Ni(5)MoO3 at 325 °C for 1 h in a fixed-bed reactor (spectra in 5 min steps).
�
	A-83: In-situ UV-Vis measurements for a) the MoO3 reduction in H2/C3H6 (9:1) at 325 °C for 60 min (5 min steps) and b) fr the oxidation at 400 °C in 10 % O2 in N2 for 60 min (spectra in 5 min steps).
�
	A-84: In-situ UV-Vis measurements for a) the Ni(1)MoO3 reduction in H2/C3H6 (9:1) at 325 °C for 60 min (5 min steps) andb) for the oxidation at 400 °C in 10 % O2 in N2 for 60 min (spectra in 5 min steps).
�
	A-85: In-situ UV-Vis measurements for a) the Ni(5)MoO3 reduction in H2/C3H6 (9:1) at 325 °C for 60 min (5 min steps) andb) for the oxidation at 400 °C in 10 % O2 in N2 for 6 min (spectra in 5 min steps).
�
	A-86: Two layered system with NiO and MoO3 layer in H2/C3H6 (9:1) at 325 °C for 542 min shown as a) waterfall plot and b contour plot.
�
	A-87: Physical mixture of NiO/MoO3 in H2:C3H6 (9:1) at 325 °C for 542 min shown as a) waterfall plot and b) contour plot
�
	A-89: EDX spectrum of Ni(5)MoO3 after in-situ TEM treatment in H2/C3H6 at 325 °C for 140 min.
�
	A-90: In-situ EPR spectra of MoO3 and Ni(5)MoO3 recorded at -168 °C after reduction with a mixture of H2/C3H6 for 120 mi at 300 °C; b) the corresponding signal at g = 2.003 of both samples recorded at 25 °C and -168 °C with a modulation amplitude of 1.0G, after reduction with a mixture of H2/C3H6 for 120 min at 300 °C.
�
	A-91: TPD-MS in Ar with a heating rate of 10 °C/min of MoO3 after 5 h treatment at 325 °C in H2:C3H6 (9:1) for 5 h.
�
	A-92: TPR-MS in H2 with a heating rate of 10 °C/min of MoO3 after 5 h treatment at 325 °C in H2:C3H6 (9:1) for 5 h.
�

