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Abstract

CO, hydrogenation is one of the various strategies for CO, reduction. Molybdenum
carbide is one of the heterogeneous catalysts that have been found catalytically active for
CO; hydrogenation. From the open literature, catalytic performance of molybdenum
carbide catalyst is linked with their crystal structure. However the characteristic
properties of different crystal structures still deserve further investigation. In this research,
two main phases of molybdenum carbide catalysts, a-MoC,;, and B-Mo,C were
synthesized for investigation. The conversion of a-MoCy, into active a phase was
achieved by slightly elevate the carburization temperature from 700°C to 720°C. The
catalytic activity of these molybdenum carbide nanowires materials was assessed in the
hydrogenation of CO,. Result showed the apparent activity of active a-MoC,, catalyst
synthesized at 720°C were 10% higher than B-Mo,C due to its 4 times larger surface area,
however the intrinsic activity of active a-MoC,, catalyst is still lower than p-Mo,C
catalyst. With In-situ XPS technique, we discovered the reducibility of p-Mo,C was
significantly higher than a-MoC,.,, which corresponded to -Mo,C catalyst high intrinsic
activity. We then conclude the reducibility difference, closely linked to crystal structure
difference, and strongly affected the catalytic performance. DRIFTS was used to study
the adsorption properties of molybdenum carbide nanowires catalyst. We proposed the
weak adsorption of CO on molybdenum carbide catalyst explained catalyst’s high

selectivity behavior.
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1. Introduction

Human activities have strong effect on altering the earth carbon cycle by increasing
the emission of CO, in the atmosphere." The increasing CO, concentration will have
significantly effect on the earth equilibrium environment. CO, hydrogenation to CO
(RWGS reaction) has been regarded as one of the most favorable processes for CO,
reduction.? In industry, with the development of Fischer—Tropsch synthesis, H, and CO
as syngas can be utilized to produce long-chain hydrocarbons.> RWGS reaction is one of
the most promising methods for CO production, and the design of the RWGS catalyst has
attracted intensive attention. Considering RWGS reaction is an endothermic reaction,
high operating temperature is required and the use of an efficient catalyst capable of
withstanding high temperatures and being selective to CO during the RWGS reaction is
necessity.

Precious metals are traditional active heterogeneous catalysts in RWGS reaction due
to precious metals are highly active for H, dissociation.® However, precious metal has
low abundance, which is not suitable for large-scale industrial processes.> These days,
Pt-like materials, which are composed of cheap and widely distributed elements, have
been developed as alternative catalysts to replace precious metals.’

Molybdenum carbides have been regarded as the most favorable alternative catalysts
to replace precious metals, due to their analogical electronic properties to Pt.” In the

particular case of hydrogenation reactions, molybdenum carbide (Mo,C) has been studied
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for over 40 years for its potential as a hydrogenating catalyst. Since Levy et al. reported
the Pt-like behavior of tungsten carbide.® As a catalyst for CO, to CO conversion, Chen et
al reported that Molybdenum carbide catalyst even outperform monometallic Pt, Pd and
Pt-Co, Pd-Co bimetallic catalysts.’

Utilizing Mo,C nanowires in RWGS reaction is highly attractive, with
organic-inorganic method, the as-obtained Mo,C nanowires are formed small
nanoparticles with large reactive surface area, leading to their superior activity. On the
other hand, catalytic performance of molybdenum carbide catalysts is linked with their
crystal structure. Even though molybdenum carbides catalysts with different phases have
been studied and developed for various applications, the characteristic properties of
different crystal structure still have not been fully understood. And also, molybdenum

carbide catalyst’s high selectivity behavior also not explained from the open literature.

1.1. Aims and objectives

1.1.1. Aims

The aims of this thesis are to gain a better understanding of the RWGS reactions,
develop active and stable molybdenum carbide nanowires catalysts for CO,
hydrogenation to CO, and investigate the characteristic properties of different crystal

structure.



1.1.2. Objectives

Two main phases of molybdenum carbide catalysts, a-MoC,., and B-Mo,C were
synthesized for RWGS reaction. Three mix phases of a-MoC;4 and -Mo,C were also
synthesized for evaluate the catalytic performance. Several characterization techniques
were utilized to study the structure, surface properties and CO,/CO adsorption of the

catalysts.

2. Literature review

2.1. Catalytic hydrogenation of CO, to CO

Reducing CO, emissions has been at the heart of countless research over the past 20
years. Utilizing CO, as feedstock is highly desirable in several potential
energy-producing applications, it can not only reduce the concentration of CO, but also
provides opportunities for industrial development.**

CO, is a thermodynamically stable molecule. Therefore, breaking the C=0 bond
requires high energy. In order to do so industrially, high temperatures, hydrogen and
catalysts are required. These demands are what limit the use of CO, as an efficient carbon
source in the industrial field.*?

Several ways to sever the C=0 bond exist. Electrocatalytic reduction of CO, has
been achieved at room temperature and pressure using carbon supported Pt

nanoparticles.”> However, high electrical requirements limit the current use of the
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electrocatalytic reduction of CO,. Other methods like, photochemical reduction,*
electrochemical reduction,” and use of enzymes,” to reduce CO, are small scale
developing technologies which limit their industrialization potential.

Hydrogenation of CO, has been extensively studied recently in the wake of
developments in catalysis surface science, nanotechnology and biology. Hydrogen
contains intensive high energy and can be used as raw material for CO, reduction. One of
hydrogen’s key problematic in developing hydrogen economy is hydrogen storage and
transportation. The reaction products of CO, hydrogenation will convert from gas to
liquid fuels and hydrocarbons, such as methanol and DME, methane, all of them are easy
for storage and transportation, and also they are remarkable components in internal
combustion engines,."’

CO, hydrogenation to CO (RWGS reaction) has been regarded as one of the most
favorable processes for CO, reduction. In industry, with the development of Fischer—
Tropsch synthesis, H, and CO as syngas can be utilized to produce long-chain
hydrocarbons.'® RWGS reaction is one of the most promising methods for CO production,
and the design of the RWGS catalyst has attracted intensive attention.

Considering RWGS reaction is an endothermic reaction, high operating temperature
is required and the use of an efficient catalyst capable of withstanding high temperatures
and being selective to CO during the RWGS reaction is necessity if the process is to be
used industrially. The process requires standard equipment already available at most

processing plants creating a good opportunity to industrialize the hydrogenation of
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carbon dioxide through the RWGS reaction.

The selectivity of the catalyst is a requirement due to the nature of simultaneous side
reactions occurring during the hydrogenation process. Among possible species being
formed, methane is the most prominent. CH, is an undesired by-product for several
reasons. First, the methanation processes require 4 H, molecules. In addition, natural gas
prices will always be relatively low in comparison to the cost of H, manufactured from
CH,.

Instead of being considered a devil molecule, CO, could, with the proper initiative,
become a strategic molecule in the processing industry. Further research dedicated to
converting CO, to useful fuels parallel to the current research devoted to capturing the
gas can reduce CO, emissions, and in the long term, reduce atmospheric CO,

concentrations.

2.2. Theory of heterogeneous catalysis

This thesis focuses on heterogeneous catalysis, where the reactants originally is in
the gas phase but reacts on the surface of a solid catalyst. Such catalysis relies on
adsorption which is a phenomenon where molecules from the gaseous phase attach on to
the solid surface. The fundamental principles behind adsorption originate from the
thermodynamic driving force to decrease surface free energy. Strong adsorption involves
molecular bond breakage when the new bonds between the reactants and the solid surface

are created. This is called chemisorption in contrast to the weaker form of adsorption
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without bond breakage called physisorption. Figure 1 shows the relationship between the
two types of adsorption as a plot of the potential energy against the distance from a
surface for two atoms and one molecule.”® As expected the potential energy for the
molecule (A,) is zero far from the surface as it is unaffected by the attractive Can der
Walls forces. Upon approaching the surface, it reaches a minimum due to increased
electronic repulsion. In this dwell the molecule is physisorbed on the surface and can
diffuse over long distances if the temperature is not too low. If the physisorbed molecule
gains enough energy to approach the surface sufficiently close it can, depending on

internal bond strength, either dissociate into atoms or chemisorb molecularly.

Dissociation

JAN Az (g)
\/ Distance from surface

Physisorbed molecules

2A(g)

Potential energy

Chemisorbed atoms or molecules

Figure 1. Energy path for atoms (red) and molecules (blue) approaching a surface.*®
The chemical reaction efficiency can be improved by using an appropriate catalyst
that lowers the barrier for the reaction (activation energy, Ea). In figure 2 the activation

energy for a gas phase reaction is compared to that of a catalytic reaction.™ It is clear that
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the required energy to pass the barrier is lower when an appropriate catalyst is present. A
catalytic reaction follows a catalytic cycle starting with reactant adsorption, followed by a
surface diffusion and reaction and finally desorption of products into the gas phase. A
simplified explanation of the surface reaction as being more efficient than a gas phase
reaction is that the probability of the adsorbed species to collide when diffusing around
on to the catalyst surface (two dimensional) is higher compared to gas molecules free to
move in three dimensions. The results are formation of new molecules that could be
desired products, unwanted products or intermediates. Creation of intermediates with
otherwise unstable configuration is possible by stabilizing surface bonds. The total

energy difference between reactants and products are however the same for the two

reactions.

Intermediate state

Activation energies
Eg¢ = gas phase reaction
Ea=adsorption

Ee Es = surface reaction

Gas phase Ed4 = desorption

reactants I Ea

Enthalpy

Gas phase
products

Adsorbed Ed
reactants

Adsorbed
products

Figure 2. Plot of activation energies for an ordinary gas phase reaction (red) and the

same reaction with an appropriate catalyst present (green)."



2.3. Common Catalysts for RWGS reaction

In order to predict the catalytic activity, Zigarnik et al demonstrated a methodology
in which a computer program first determines a list of intermediate species for
reactions.”® Then they are able to calculate the activation energies of each step. They
determined that the metals should yield the following order of catalytic activity based on
kinetic simulations: Cu>Ni>Fe>Pt>Pd>Ag>Au.

Another way of predicting the efficiency of a catalyst for a specific reaction is to
observe how it does in other similar reactions.'? For instance, supported noble metals like
Pt, Rh, Ru etc are known as good hydrogenation catalysts because of their capability to
dissociate hydrogen. They could therefore show good activity for the RWGS reaction. In
fact, several have tested Pt group metals for the RWGS reactions and have shown
considerable conversion.*

It is well known that catalysts that are good for a forward reaction should also be
good for the reverse reaction. The water gas shift (WGS) reaction has been thoroughly
researched for decades. Several catalysts have been established as being efficient
depending on the operating temperature. For instance low temperature (<350 <C) WGS
reactions often involve Cu-ZnO-Al,Os catalysts while high temperature (>350 C) WGS
reactions take place over Fe,O;-Cr,0; catalysts.”

This section is dedicated to highlighting the most pertinent advances in catalysis

relevant to the field of research. These include catalysts containing Pt, Cu, and Ni



catalysts.?

2.3.1. Cu catalyst for RWGS reaction

Copper (Cu) has been most prominently used in both steam reforming and in the
WGS reaction. In fact, Cu has proven to be an effective catalyst for low temperature
systems like the ones mentioned previously. Cu-based catalysts are very popularly
studied in the RWGS reaction due to Cu catalysts are very active and favor CO formation
during reaction®,

Early research concerning hydrogenation of CO, over Cu metal catalysts was done
using ZnO and Al,Oe as a support. Work began on kinetic experiments attempting to
understand the mechanism over a Cu based catalyst. The CuO/ZnO/Al,O; catalyst often
used in WGS reaction was studied by Gines et al in an attempt to compare their
calculated results with experimental results in order to predict reaction rates.”* There was
a good agreement between both sets of data when they assumed that both the CO,
dissociation and the water formation determined the overall reaction rate.

Fujita et al.?® studied the RWGS reaction mechanism over Cu/ZnO,. They both
suggested that the mechanism proceeds by a surface oxidation of Cu to CuO. H, could
then reduce CuO to metallic Cu forming H,O. Campbell et al. also postulated the
formation of formate species as a major intermediate.

Chen et al.?

studied the kinetics of metallic Cu over Al,O; and SiO,. They also
suggested the impact of formate species. They discuss that formats are intermediate
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species caused by the association of adsorbed hydrogen atoms with CO,. In addition, they
showed the presence of Cu,O formed when oxygen atoms react with Cu.

Issues with Cu arise when operating temperatures increase consequently reducing its
catalytic activity. Iron was among the first Cu dopants successfully used in the RWGS
reaction. The reasoning behind tilizing Fe containing catalysts is taken from their
increased thermal stability as shown previously and its good activity towards the WGS
reaction.” In addition, Fe has a much higher melting point (1535 <C) than Cu (1083 <)
making it a good candidate for high temperature reactions.”® By the addition of Fe as
thermal stabilizer, the sintering of Cu particles can be effectively resisted. Chen et al*
also have successfully synthesized atomic layer Cu/SiO, catalysts by which effectively
improved catalysts’ thermal stability, claiming that the catalyst had different
characterization in contrast to standard Cu. What happens in this case is that the Cu
particles were prevented from contacting each other. Additionally, they mention that the
deposition method provides high catalytic activity for the transformation of CO, to CO.

This is because sintering was prevented causing no loss in copper surface area.

2.3.2. Ni based catalyst for RWGS reaction

Nickel is another transition metal with good hydrogenation behavior. Its stability at
high temperatures is similar to that of Fe with a melting point of 1455 <C.*® However Ni
is known for its capability to further hydrogenate CO to CH,4, making it a lesser candidate
for RWGS reaction.”” Hydrogenating CO is an undesired step because it inhibits the

10



application of the FT synthesis which utilizes a syngas mixture to make long chain
hydrocarbons or alcohols.

Ni remains a candidate as a catalyst for the RWGS reaction despite its high CH,
selectivity. This is in large part caused by the high operating temperature used in RWGS
reaction. According to Gibbs equilibrium calculations, the CO methanation reaction is
strongly favorable at lower temperatures (below 350 <T).* At high operating temperature
the methanation reaction is somewhat less favorable which accounts for the use of Ni as a
possible catalyst for the RWGS reaction.

Wang et al performed high temperature RWGS experiments using Ni/CeO, in order
to examine the preparation method and the metal loading effect on the RWGS reaction.
They operated at high temperatures (400-750 <C) and low reactant flow rates (50 mL/min)
fed stoichiometrically according to the RWGS reaction.?® In their work, they found that
both the preparation method and the metal loading influenced the results for the RWGS
reaction. First, they noticed that the high dispersion of Ni particles formed deficiencies
within ceria’s crystal lattice creating oxygen vacancies which increased conversion. They
also found that 2 wt% loading had the best conversion amongst a range of 0 to 20 wt%.
Their catalyst showed high CO formation and some CH, yields.

Other groups studied the reaction kinetics on Ni providing in depth analyses of the
production of formates on Ni surfaces.”® The group claims that formate species are a
“dead-end spectator molecule.” Goguet et al.* also suggested that formate species did not

actively participate in the reaction. Instead, the reaction pathway would go through a
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Eley-Rideal mechanism.

Research on dopants for Ni catalysts has been done in the hopes of increasing CO
selectivity. Potassium (K) was amongst the first dopants used with Ni for the RWGS
reaction. Campbell et al. looked into adding different weight loadings of K to a Ni/SiO,
catalyst. The researchers operated at low temperatures (280 <C) and increased H,:CO,
ratios (3.3:1).* They noticed an increase in the CO turnover number and a decrease in the
CHy, turnover number with loadings of up to 0.81 wt% K. Their work showed that doping

Ni with K can increase CO selectivity.

2.3.3. Pt based catalyst

Precious metals are traditional active heterogeneous catalysts in RWGS reaction due
to precious metals are highly active for H, dissociation.*® Researchers have been able to
successfully synthesize Pt nanoparticles of specific size and deposit them on varying
supports. Pt nanoparticles have been researched for other reactions and have proven to be
efficient at relatively small loadings (1 wt% metal, 99 wt% support).®

Supported metallic Pt in the micron scale has been tested for the WGS reaction
showing promising results. Among these, Pt/ZeO,, Pt/Fe,03, Pt/CeO, and Pt/TiO, have
all shown considerable yields within the 250-400 <T temperature range.”> These
supported catalysts are compared in Table 1 which demonstrates the activation energy
and the catalytic activity. Pt/TiO, demonstrates the best catalytic activity at 300 <C and
Pt/Fe,O3 shows the worst.
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Table 1. Apparent activation energies and catalytic activities (at 300 <C) of Pt over
supported reducible oxides.?*

Catalyst Ea (kJ/mol) Activity (mmol/kg cats)
2% Pt/Ce02 65 15
1.5% Pt/ZrO2 58 20
1.9% Pt/TiO2 23 39
1.5% Pt/FeO3 44 6

In the past 10 years, Pt nanoparticles have been tested for the RWGS reaction. These
are typically deposited on reducible supports like TiO, and CeO, with positive results.
The size of the supported Pt particles ranges from 1 nm to 400 nm depending on the
researchers conducting the experiments.

Kim et al tested Pt/TiO, at different H,/CO, feed ratios in a temperature range of
300 to 600 <C, with an attempt to modify the reaction conditions in order to form
valuable hydrocarbons directly.®* They used H,/CO, feed ratios of 1:1, 2:1 and 3:1. They
were able to shift the equilibrium slightly away from the methanation- which is formed
by hydrogenation of CO, by lowering the operating pressure and reducing the H,/CO,
ratio. They used a space velocity (SV) of 12000 h™, 500 mg of catalyst and 1 wt%
loading, Pt nanoparticles had an average size of 22 nm. They achieved near equilibrium
conversion for their temperature range with no CH,4 production. They also observed an
increase in conversion with an increase in H,:CO, feed ratio. However, CH, was
observed when the ratio was increased to 2. They also observed limited to no deactivation

for a period of 72 hours.
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The same researchers compared the support’s reducibility using Pt nanoparticles.”
They compared the use of titania (TiO,) as a reducible support with gamma-alumina
(y-Al,03) using 500 mg of catalyst. They observed a considerable increase in CO,
conversion when using PtY/TiO,. They suggest that the support’s reducibility is the main
cause of their observation.

Goguet et al worked with Pt/CeO, studying catalytic deactivation as well as
spectrokinetic investigation for the RWGS reaction.® In their work, they observed that
CO is the main cause of low temperature deactivation. In addition, high H,/CO, ratios
combined with extensive catalytic testing can cause an accumulation of coke on the
catalytic surface. Their spectrokinetic research concluded that formats are most entirely
spectator species in the formation of CO. They also found that Pt bound carbonyls are not
a major reaction route. Instead, they concluded that support surface carbonyls are the
main reaction intermediate. Figure 3 demonstrates their interpretation of their
intermediates formed over Pt/CeO, catalysts. These kinetic tests were performed at low

temperatures (225 <C) and high H,/CQO; ratios.
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Carbonyls Carbonates Formates
(minor route) (major route) (minor route)
COZ C02 C02
H,
CO N

H,0 coco co 0 H

PN H co | |
Diffusion of O or H .’/ c \ /7 C L

0

0 0 0 O
CeO,

Figure 3. Model for the reaction mechanism of the RWGS reaction over Pt/Ce0,.%
However, precious metal has low abundance which is not suitable for large-scale
industrial processes. Therefore, Pt-like materials, as alternative catalysts, which are

composed of cheap and widely distributed elements, have attracted extensive attention.

2.4. Molybdenum carbide catalysts

Molybdenum is an inexpensive and widely-distributed element, it could form
various compounds with the combination of carbide and nitride, from the open literature
combined materials will exhibit outstanding catalytic performance.*® Among them,
molybdenum carbide is an excellent choice and has been found superior active for a
range of chemical reactions, including CO hydrogenation, methane reforming,
isomerization and water gas shift reaction.

Molybdenum carbides have been regarded as the most favorable alternative catalysts

to replace precious metals, due to their analogical electronic properties to Pt.’
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Molybdenum carbides displayed excellent surface catalytic properties resulted from their
Pt-liked d-state density, lead to their outstanding catalytic performance and other superior
properties in thermal stability, mechanical hardness, superconductivity.*

In the particular case of hydrogenation reactions, molybdenum carbide (Mo,C) has
been studied for over 40 years for its potential as a hydrogenating catalyst. Since Levy et
al. reported the Pt-like behavior of tungsten carbide.® As a catalyst for CO, to CO
conversion, Chen et al reported that Molybdenum carbide catalyst even outperform
monometallic Pt, Pd and Pt-Co, Pd-Co bimetallic catalysts. Thus Molybdenum carbide as
a promising candidate for CO, conversion to CO still deserves further investigation.

This section is dedicated to highlighting the most pertinent advances in catalysis
relevant to molybdenum carbide catalysts, including the crystal structure of molybdenum

carbide catalysts, synthesis methodologies, nanowire materials, and possible mechanism.

2.4.1. Molybdenum carbides crystallographic structure

Transition metal carbides usually adopt simple crystallographic structures: face
centered cubic, hexagonal closed packed and simple hexagonal; with the carbon atoms
occupying the interstitial sites between metal atoms (Figure 4).*" The crystal structure
adopted depends on two factors, the first one geometrical, which states that the structure
is formed when the ratio of atomic radii between non-metal to metal is between 0.41 and
0.59 (Hagg’s rule),® the second one, electronic, states that bonding between s-p orbitals
from the non-metal and the s-p-d orbitals from the metal atoms is due to overlap and the

16



bond strength depends on the number of d electrons in the metal.

@ Carbon
O Molybdenum

Face centered cubic Hexagonal closed packed Simple hexagenal

Figure 4. Common crystallographic structures of transition metal carbides. *”

a-MoCy and B-Mo,C are traditional phases,’* a-MoC,, has face center cubic
structure while B-Mo,C has a hexagonal close-packed structure. a-MoC, is a metastable
phase while B-Mo,C is thermodynamically stable.

In Brian M. Leonard’s work,*a, B, v and n phase nanowires has been successfully
synthesized (Figure 5). The catalytic performance was compared in Hydrogen evolution
reaction (HER), the B-Mo,C exhibited the highest HER activity, y-MoC shows similar

activity to p-Mo,C, while a-MoCy_ and n-MoC exhibit the lowest HER activity.
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Intensity

2 Theta / degree
Figure 5. X-ray diffraction (XRD) patterns of a) a-MoC,.x (JCPDS 01-089-2868), b)
n-MoC (JCPDS 01-089-4305), ¢) y-MoC (JCPDS 00-045-1015), and d) B-Mo,C (JCPDS
00-011-0608). The insets show the corresponding crystal structures.*

From the open literature, results showed that molybdenum carbide with p phase is
usually the most active in variety of reactions,*® while the activity of a phase is far less
than B phase. In shen et al.’s work,* the high activity of p phase was attributing to the
more coordinatively unsaturated Mo sites on the surface.

The crystal structure not only affects the catalytic activity but also the reaction
product distribution. In Xu’s work,”? 0-MoC, and B-Mo,C were synthesized for CO,
hydrogenation reaction, results showed that a-MoC., and B-MoC, both active as
catalysts for CO, hydrogenation. But the overall activity towards CO, CH,, and CH;OH

production is strongly affected by the crystal structure. f-Mo,C is more active than
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a-MoC,. for the conversion of CO, and mainly produce methane and CO as reaction
products. On the other hand, a-MoC,, is less active but more selective for methanol

production.

2.4.2.  Molybdenum carbide synthesis methodologies

Conventional preparation techniques involve the reaction of the metals, metal
hydrides, or metal oxides with C in reducing atmosphere at very high temperature (more
than 1500K). With low Sg and impurity, this synthesis method cannot be used for the
production of efficient catalysts.*®

TPRe method is also a popular method for preparation of Mo,C, the metallic powder
of the transition metal or its oxide is reacted with a carbon source under a stepwise
temperature increase protocol.* Usually, a gaseous mixture of hydrocarbons is enough to
entirely carburize the respective precursor under the temperature programmed method.
The disadvantage of this method is the surfaces easily contaminated in surface carbon
and the synthesis process requires very critical heating procedure and gas atmosphere.

Chemical vapor deposition involves the use of metallic halide vapors (mostly
chlorides) that are reacted with gaseous hydrocarbons and the carbide formed is deposited
on a heated filament.”® Typically, the reaction is carried out at 600 °C. The purity of the
species obtained is incredibly high as well as the control over the reaction.

Recently, a novel organic-inorganic hybrid method for synthesis molybdenum
carbide nanowires is reported,*® MoO,/amine was employed as nanocomposite precursor,
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with such organic-inorganic precursor, during carburization, quasi-homogeneous
reactions could happen uniformly. Compared with TPRe method, organic-inorganic
method avoids the interface reactions. The preparation of Mo,C nanowires were through
easily calcining MoOy /amine nanowires in the Ar atmosphere. The as-obtained large
surface area Mo,C porous nanowires will be composed of small nanoparticles, which lead

to their superior activity in many catalytic reactions.

2.4.3. Synthesis of molybdenum carbide nanowires

The formation of Mo030,¢(CsHsNH3), 2H,0 precursor was through a self-assembly
method to attach protonated aniline to trimolybdate anions, anisotropic growth of
anilinium trimolybdate forms 1D nano-rods at 50 °C.

The mechanism of the formation of Mo,C, is that amine molecules act as reducing
compound and resource of C during the carburization process. Molybdenum oxide is
reduced by the C and N atom in the precursor during carburization, finally form the

molybdenum carbide.
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Scheme 1. Molybdenum carbide nanowire formation mechanism

2.5. Mechanism of RWGS reaction on molybdenum carbide catalyst

In Chen’s work® proposed a mechanism of RWGS reaction on molybdenum carbide
catalyst. CO, easily dissociated on Mo,C catalyst with O atom on the catalyst, the
molybdenum carbide oxide then can be reduced by H,. They use in situ-XPS technique
confirmed oxycarbides species during reaction. The In situ-XPS measurements on Mo,C
do not show evidence supporting the presence of carbonate (COs3), carboxyl (CO,-) and
formate (HCOO) as the reaction intermediates.

In the work of Xu et al, they discovered on B-Mo,C, carbon dioxide probably

undergoes sequential decomposition.”” These trends are consistent with the results of

DFT calculations of CO, adsorption on a -Mo,C (001). The calculations show that the
cleavage of CO, C-O bond and formed CO and O on the surface. While the cleavage of

the second C-O bond can only happen at very high temperature. In principle, a Mo-rich
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surface makes Mo-C bonds from adsorbed CO, while a C-rich material may not, on the
C-rich a-MoC1-x product, methane is always a minority product, DFT calculations
examining the adsorption of CO, on MoC(001) surfaces show only chemisorption of the
molecule without cleavage of the C-O bonds, on these C-rich carbides, cleavage of the
first C-O bond in CO, occur only through hydrogenation and formation of a HOCO
intermediate, which eventually decomposes into CO that upon subsequent hydrogenation
yields methanol. In the case of o-MoC,,, the catalyst does not have exactly a
metal/carbon ratio of one and, thus, some of the adsorbed molecules still undergo a
C0O2—CO—C—CH, transformation, but the main chemistry is clearly that of C-rich
carbide yielding mostly CO and CH3;OH as products of the hydrogenation of CO..

Jose et al. studied the kinetics of the WGS reaction.*® They found that the Oxygen
covered Mo-Mo,C (001) surface has the lowest activity due to O-Mo-Mo,C surface
cannot effectively adsorb CO or dissociate H,O. However, small amount of O on the
C-Mo,C promote the WGS reaction, due to the formation of Mo oxycarbide, in this wany

enhanced the catalytic performance.
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3. Experimental section

3.1. Experimental approach

This experimental approach in this thesis consists of three main parts, preparation of
catalysts, catalyst characterization and kinetic measurements for each catalyst. Here under,
each moment is described in more detail and some background information of

characterization method is given as well.

3.2. Catalyst preparation

3.2.1. MoOy/aniline Precursor preparation

Nanowires molybdenum carbide was prepared through an organic—inorganic hybrid
method under 5% Hy/Ar atmosphere. MoO,/aniline hybrid precursors (Mo3O4
(CsHsNHs), 2H,0) was prepared as follows: In detail, 2.48 g of (NH4)sM0;0,4 4H,0 and
3.34 g of aniline were dissolved in 120 ml of DI-water. Then 1.0 M HCL was dropwise
added with magnetic stirring until precipitate formed. Then it was heated at 50 °C for 6h,
afterwards the product was filtered and washed with ethanol for several times, and then

dried at 80 °C overnight.

3.2.2.  Molybdenum carbide nanowires preparation

MoO,/aniline precursor was carburized in a tube furnace in 5%H,/Ar atmosphere.
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Air in the quartz tube was purged out by 5%H,/Ar at room temperature for 4h, Then
heated to specific carburization temperature with a ramping temperature rate of 2°C /min,
and hold at final temperature for 3.5 h. Before exposure to air, the sample was quenched

to room temperature and naturally cooled down before taken out.

3.3. Characterization

Crystalline structure of the catalyst was determined by X-ray diffraction (XRD).
Characterization was conducted with a Bruker diffractometer employing Cu Ka radiation
(40 kV and 44 mA). Single-point Brunaeur—-Emmett-Teller (BET) surface area was
measured through nitrogen adsorption at liquid-nitrogen temperature(77 K) using an
ASAP-2000 Micromeritics instrument. Transmission electron microscopy (TEM) images
were taken using a JEOL-2011 microscope at 200 kV. In-situ X-ray photoelectron
spectroscopy (In-situ  XPS) experiments were carried out with aPHI-5300 X
photoelectron spectrometry employing a Al-Ka X-ray source, The binding energy of the
samples was corrected with the energy of Cls (284.6 eV) as the reference. DRIFTS
analysis was performed on a Digilab Excalibur FTIR spectrometer. The sample was
firstly reduced conditioned at 400°C in H,. Then, the sample was cooled to room
temperature, the CO, and CO were separately introduced in to the DRIFTS cell at room

temperature.
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3.4. Reaction experiments

The catalytic performance for each catalyst was analyzed in a continuous gas flow in
a fixed bed reactor. The reactor contains a coated monolith catalyst surrounded by two
uncoated monoliths, placed close to the outlet. 50 mg catalyst was packed and the
monoliths were wrapped in a thin layer of quartz wool to prevent bypassing of gas. One
thermocouple was placed in the middle of the catalyst and another one in the middle of
the first monolith. The tests started with 30 min of treatment in H, at 500°C. Each
catalysts was investigated in the temperature range of 200-500 °C with an almost 9. A gas
mixture of 75 % He/5 % CO, /20 % H, at a total flow rate of 200 ml/min under
atmospheric pressure. The effluent gas from the micro-reactor was analyzed by an online
gas chromatography with Flame ionization detector (FID). The CO, conversion was

based on the CO formation.
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4, Results

4.1. Pure phase study

This pure phase study in this thesis consists of three main parts, structural
characterization, catalyst performance and surface property study for each catalyst.
Herein, each section is described in more detail and some background information of

characterization method is given as well.

41.1. Structural characterization

Figure 6 shows XRD pattern and TEM images of the as prepared multiple phases of
molybdenum carbide nanowire. The B-Mo,C was prepared by carburizing the
Mo03014(CsHsNH3), 2H,0 precursor at 750 °C (denoted B-750) for 3.5 h under 5%H,/Ar
atmosphere. It exhibited characteristic diffraction lines of the p phase (JCPDS#35-0787)
and had a width of about 60 nm and lengths of 0.5-7 um. B-Mo,C had pores of about 2.2
nm on the surface and a surface area of 46 m2/g, which is comparable with the result from
literature.

While Figure 6a a-MoC,., was synthesized at 700 °C for 3.5 h under 5%H,/Ar
atmosphere (denoted a-700). The product showed diffraction lines of a-MoC,., the BET
surface area of a-MoC,., synthesized at 700°C was 161 mzlg. Figure 6d a-MoC,, was
synthesized by carburizing the Mo03010(CsHsNH3), 2H,0 precursor at 720 °C for 3.5 h

under 5%H,/Ar atmosphere (denoted a-720). The diffraction peaks of a-720 were similar
26



with a- 700. The BET surface area of a-720 was 216 m?/g, The lattice of a-720

(~0.238nm) was similar with a-700 (~0.239nm).
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Figure 6. XRD patterns, TEM images and HRTEM images of a 1 (a-c) a 2 (d-f) B (g-i)

and (inset of c, f and i) SAED patterns of the corresponding nanowires.

4.1.2. Catalytic performance

Catalytic performances of molybdenum carbide (o, B phase and commercial)
catalyst for the CO, reduction to CO were evaluated in details in a temperature range of

200 °C to 450°C with a GHSV 24000h™. The CO, conversion profiles of molybdenum
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carbide catalyst are presented in Figure 7. The CO yield increases with temperature as
expected by thermodynamics. From Figure 7a ,it is found that the catalytic performances
of the a-700 was very poor, which is comparable with commercial Mo,C, although «-700
has relatively larger surface area, the intrinsic activity of each active site on the a-700

was very low, the activity of a-720 were higher than that of $-750.
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Figure 7. Apparent activity test (a), surface area normalized activity (b).

From the BET results it is found that the surface area of a-720 is very high, 4 times
higher than B-750, it is anticipated that the intrinsic activity of B-750 is higher than a-720.
The suface area normalized conversion in Figure 5b showed the roughly comparison of
a-720 and B-750. It shows the intrinsic activity of B-750 is higher than a-720. For all 3
catalyst, CO is the main product in the out let gas, together with a small amount of CHy,
indicate the superior selectivity of molybdenum carbide catalyst, the 50 h stability test at

600 °C (Figure 8) shows molybdenum carbide is a very durable catalyst for CO, to CO

reaction.
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Figure 8. Stability test: conversion vs time.

4.1.3. Surface property

The In-situ XPS measurement is applied to investigate the surface properties and
reducibility of the molybdenum carbide catalysts upon reduction, and the corresponding
results of Mo3d and C1s of each sample are given in Figure 9 and 10.

From Figure 9, Mo®" is characteristic of oxidized phases, resulting from the ambient
oxidation in passivation step. The Mo®* content of a-720 is significantly lower than a-700
and B-750, indicating lower amount of MoO; structure exist in the sample. Conversely
the a-720 is rich in lower valence state of Mo>*, Mo*, Mo*, result from the past
demonstrated that lower valence state Mo®", Mo*" and Mo** also regarded as unsaturated
Mo metal centers which will alter the catalytic performance. Upon reduction, for all 3
samples, the amount of Mo®" species all significantly reduced, large amount of Mo®*
convert to Mo*" and Mo*" species, which can be found even without fitting. B-750

catalyst is the most easily to be reduced among the 3 catalysts. While a-700 is the most
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inert sample considering the reducibility. From the In-situ XPS results it can be

anticipated that the superior intrinsic activity of B-750 owing to its high reducibility

ability, although the surface area only 1/4 of a phase catalyst. The assignment area of

different valence state and surface atom content are listed in table 2 and 3.

For each C1s spectrum, the peak at about 284.6 eV is assigned to the C-C bonds,

before reduction, large amount of surface carbon on the molybdenum carbide catalysts.

Also C=0 species and low amount of C-Mo species existed on the surface. Upon

reduction, the amount of C-C species significantly reduced, and large amount of Mo-C

species generated on the catalyst surface. C=0 species disappeared after H, reduction.

For a-700, the amount of Mo-C generated on the surface is far less than B-750, which

may account for its low intrinsic activity. It can be anticipated that Mo-C species are the

active species on the catalyst, which served as active centers for CO, adsorption and

dissociation on the molybdenum carbide catalyst.
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Table 2. Quantitative analysis of Mozd signals for MoC catalysts (r for reduction)

Catalyst Assignment B.E. (eV) Area (%)
a-700 Mo®* 232.10 43.9
Mo®* 231.62 11.7
Mo* 229.21 19.3
Mo?* 228.47 25.1
a-700-r Mo®* 232.73 34.2
Mo** 231.23 15.6
Mo* 229.75 19.2
Mo? 228.86 31.0
0-720 Mo®* 232.47 29
Mo°* 231.75 24
Mo* 229.29 18.2
Mo? 228.54 28.8
a-720-r Mo®* 233.15 17.4
Mo** 231.56 25.2
Mo* 229.40 23.2
Mo? 228.74 34.2
- 0 . .
B-750 Mo®* 232.37 50.5
Mo®* 231.57 23.8
Mo* 229.22 10
Mo? 228.33 15.7
B-750-r Mo®* 232.70 115
Mo®* 230.90 22.2
Mo* 229.16 29.1
Mo** 228.53 37.2
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Table 3. Quantitative analysis of C1s signals for MoC catalysts (r for reduction)

Catalyst Assignment B.E. (V) Area (%)
a-700 Mo-C 283.4 6
Cc-C 284.61 59.1
C-0 285.85 28
C=0 288.78 6.9
a-700-r Mo-C 283.763 25.8
Cc-C 284.673 43.6
C-0 285.72 30.6
a-720 Mo-C 283.4 12.8
Cc-C 284.60 53.8
C-O 285.80 27.4
C=0 288.83 6
a-720-r Mo-C 283.62 64.2
C-C 284.6 17.6
C-0 285.8 18.2
B-750 Mo-C 283.4 10.8
Cc-C 284.57 54.3
C-0 285.81 26
C=0 288.72 8.9
B-750-r Mo-C 283.62 69.6
Cc-C 284.57 16.3
C-0 285.82 14.1
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Table 4. BET area and surface compositions of MoC

Catalyst Sger (M? g™h) Surface atom content (mol%)

XMO XC ><O
a-700 161 111 63.4 25.5
a-720 216 15.3 56.8 27.9
B-750 46 16.2 43.8 40.0

4.2. Mix phase study

4,2.1. Phase transformation

In order to have a further understanding of the relationship between the crystal
structures with the catalyst performance, we studied the phase transformation from pure a
phase to pure  phase. 3 key mix phases between o and B phase were captured, denoted as
a dominant, half mix, B dominant, respectively. The catalytic performance of
molybdenum carbide with mix phases also tested for comparison.

From the phase transformation and the XRD pattern of 3 key mix phases (Figure 11),
together with pure a and P phase. If set o phase status as a start point, during
carburization, the peak at 39.8 °C emerges primarily, which is the characteristic peak of B
phase Mo,C structure emerged. Then the 39.8 °C peak intensity become higher while a
phase characteristic peak 42.8 °C become weaker, the 34.8 °C peak secondly generated,
eventually the B Mo,C peak all significantly generated and with only small amount of a

phase remaining.
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4.2.2. Catalytic performance

The activity results showed that mix phase activity all in between of the pure o and
phase, the BET surface area of a dominant, half mix, p dominant were 117, 75, 50 m?/g
respectively. During carburization process, the surface area reduced, together with the

reaction sites become more active. (Figure 12).
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Figure 12. Apparent activity of mix phase molybdenum carbide catalysts.
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4.3. DRIFTS study on CO, and CO adsorption
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Figure 13. DRIFTS spectrum of CO adsorption (a) and CO, adsorption (b).

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) was used to
test the CO, and CO adsorption. The CO adsorption is very weak compared with CO,
adsorption on reduced molybdenum carbide catalyst, which account for molybdenum

carbide catalyst’s high selectivity behavior.
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5. Discussion

The main goal of the thesis was to investigate the characterize properties of
molybdenum carbide catalysts with difference crystal phases, synthesis durable
molybdenum carbide catalysts with enhanced catalytic performance, and gain further
understanding of RWGS reaction mechanism on molybdenum carbide catalysts.

Crystal-phase control and shape control synthesis of molybdenum carbide has
become significant approaches to improve molybdenum catalyst’s performance, cause the
catalytic properties of molybdenum carbide catalyst are closely linked with their crystal
structure, size and shape.

The physical characterization of molybdenum carbide catalysts produced several
important results. Generally a phase catalyst has superior surface area compared with 3
phase catalyst. The conversion of a-M0C,.4into active a phase was achieved by slightly
elevates the carburization temperature from 700 °C to 720°C. In-situ XPS result showed
the transformation of a-MoC,, into active a phase owing to active o phase catalyst’s
enhanced reducibility and generation of large amount of Mo-C active species.

From the In-situ XPS results it can be anticipated that the superior intrinsic activity
of B-750 owing to its high reducibility ability, although the surface area only 1/4 of a
phase catalyst. It can be anticipated that Mo-C species are the active species on the
catalyst, which served as active centers for CO, adsorption and dissociation on the

molybdenum carbide catalyst.
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DRIFTS was used to test the CO, and CO adsorption. The CO adsorption is very
weak compared with CO, adsorption on reduced molybdenum carbide catalyst, which
account for molybdenum carbide catalyst’s high selectivity behavior.

In Chen’s work® proposed a mechanism of RWGS reaction on molybdenum carbide
catalyst. CO, easily dissociated on Mo,C catalyst with O atom on the catalyst, the
molybdenum carbide oxide then can be reduced by H,. They use In situ-XPS technique
confirmed oxycarbides species during reaction. In our work we also confirm the
existence of Mo-C species upon H, reduction and Mo-C species serve as the active
species on molybdenum carbide catalyst.

In Ma et al’s work,*” XPS analysis indicated that the deactivation of molybdenum
carbide in SRM reaction is due to surface oxidation. We also synthesized molybdenum
carbide catalyst with oxide species, the activity about 10% lower, indicating that in order
to improve the catalytic activity, the amount of molybdenum oxide must be reduce for a

better catalytic performance.
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6. Conclusion & Future outlook

In this research, the most prominent results in this study is the discovery of the
reducibility difference of different crystal phases, Mo-C species serve as the active
species on molybdenum carbide catalyst. In-situ XPS result showed the transformation of
a-MoC, into active a phase owing to active o phase catalyst’s enhanced reducibility and
generation of large amount of Mo-C active species. With In-situ XPS technique, we
discovered the reducibility of f-Mo,C was significantly higher than a-MoC,., which
corresponded to B-Mo,C catalyst high intrinsic activity. We then conclude the reducibility
difference, closely linked to crystal structure difference, and strongly affected the
catalytic performance. DRIFTS was used to study the adsorption properties of
molybdenum carbide nanowires catalyst. We proposed the weak adsorption of CO on
molybdenum carbide catalyst account for high selectivity behavior. Molybdenum carbide
catalysts also serve as very durable catalysts for RWGS reaction considering the 50 h
stability test at 600 °C. We also synthesized series of mix phase molybdenum carbide
nanowires and compared the catalytic performance. During carburization process, the
surface area reduced, together with the reaction sites become more active.

Suggestions for future outlook, based on ideas emerged during this thesis, the future
works are the investigation of the surface property in detail, the exact amount of Mo, C,
O, N need to be tested for a further understanding. Also how the active species participate

in the RWGS reaction need to be investigated. In order to gain deeper understanding of
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RWGS reaction mechanism, despite of CO, adsorption, H adsorptions need to be
evaluated for the next step. CO chemisorption needs to be conducted for estimate the
amount of active sites on molybdenum carbide catalyst. In our previous work, although
we have removed the polymeric carbon and achieved a better catalytic property, the coke
on the surface still need to further removed, a proper duration of H, treatment will be
used for the coke removal. Electron paramagnetic resonance and Auger electron
spectroscopy will be used as characterization technique for quantify the coke on the

molybdenum carbide surface.
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