UNIVERSITY OF
Southampton

University of Southampton Research
Repository

Copyright © and Moral Rights for this thesis and, where applicable, any
accompanying data are retained by the author and/or other copyright owners. A
copy can be downloaded for personal non-commercial research or study, without
prior permission or charge. This thesis and the accompanying data cannot be
reproduced or quoted extensively from without first obtaining permission in
writing from the copyright holder/s. The content of the thesis and accompanying
research data (where applicable) must not be changed in any way or sold
commercially in any format or medium without the formal permission of the

copyright holder/s.

When referring to this thesis and any accompanying data, full bibliographic

details must be given, e.g.

Thesis: Author (Year of Submission) "Full thesis title", University of
Southampton, name of the University Faculty or School or Department, PhD

Thesis, pagination.

Data: Author (Year) Title. URI [dataset]






UNIVERSITY OF SOUTHAMPTON

FACULTY OF ENGNIEERING AND THE ENVIRONMENT

Energy technology Group

DESIGN OF CERIA SUPPORTED NICKEL-BASED CATALYSTS FOR
SELECTIVE HYDROGENATION OF MALEIC ANHYDRIDE

by

XIN LIAO

Thesis for the degree of Doctor of Philosophy

11/2017






UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND THE ENVIRONMENT

Engineering

Thesis for the degree of Doctor of Philosophy

DESIGN OF CERIA SUPPORTED NICKEL-BASED CATALYSTS FOR
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Xin Liao

This thesis presents my efforts in the design and development of novel ceria
(Ce0O,)-supported Ni-based catalytic materials to realise effective and highly
selective liquid phase hydrogenation of maleic anhydride (MA), an important
process in producing crucial platform chemicals. In my research, metallic Ni and
defective ceria (CeQ,.s) are defined as an efficient metal catalyst and active support,
respectively, and tuning the properties of the Ni/CeO,.s catalysts through different
strategies is verified to be effective in controlling selectivity of succinic anhydride
(SA) via preferential hydrogenation of C=C or gamma butyrolactone (GBL) via C=0
hydrogenolysis. We made great efforts to correlate the improved performance with

various influential properties of the novel catalysts.

A thorough survey of recent advances in MA hydrogenation processes and
catalysts (Chapter 1) clarified that MA conversion and selectivity on the catalysts
depended on the active metal species and their interaction with support. The well-
explored impacts of crystalline and textural structures of catalyst supports are also
important. We therefore proposed the Ni/CeQ,s catalysts to be novel, low-cost and
green catalysts in order to address the great challenges in the industrial MA
hydrogenation process. The rational experimental methodologies and the

theoretical background were presented and justified in Chapter 2.

Firstly, through the comparative investigation into the liquid phase MA
hydrogenation on Ni/CeO,s and Ni/Al,O; catalysts (Chapter 3), the defective ceria
(Ce0,) support was defined as an active support, which offered desirable oxygen
vacancies (Ovac) and interaction with Ni responsible for the promoted activity and
selectivity. Meanwhile, the outstanding performance of Ni and its unique

interaction with CeO,.s were specified via a comparative study of MA hydrogenation



on CeO,s-supported transition metals (Chapter 4), where the electronic interaction

between Ni and CeO,; was stressed.

The fine-tuning of Ni loading on CeO,.s support allowed me not only to optimise
the catalysts but also to define the active sites, underlining the contributions of
Ovac, metallic Ni species, and the Ni-CeO, interface to MA hydrogenation on the
xNi/CeO, catalysts (Chapter 5). Through quasi-quantitative analyses, we
established that Ovac played pivotal roles in SA selectivity, while the Ni species and
the Ni-CeO; interface dominated the yield of GBL.

The Ni/CeOQ,s catalysts with 5 wt% Ni loading (in avoidance of the influence of
significant surface coverage) were prepared using different-shaped CeO, supports
which terminated with different percentage of predominant crystal surfaces and
possessed different Ovac levels. We found that their catalytic performance of MA
hydrogenation was dependent on the specific morphology. Peculiarly, the CeO,s
nanorod-supported Ni catalyst showed the highest activity due to the highest Ni

dispersion and Ovac concentration (Chapter 6).

In order to further tune the performance of MA hydrogenation, CeO,s
supported bimetallic Ni-based catalysts were prepared through the incorporation
of a second transition metal, including Fe, Co, Cu and Zn, with a different number
of outer shell d electrons (Chapter 7). It was found that only Cu can effectively
improve MA conversion and the selectivity to SA. Qualitative and quantitative
characterisation revealed that Cu perturbed the valance electronic structure of Ni,
thus altering the hydrogenation activation ability. The formation of the Ni-Cu alloy
also modulated the metal-support interaction. Thus, the CeO,ssupported
bimetallic Ni-Cu alloy catalysts displayed enhanced MA hydrogenation performance,

particularly SA selectivity.

CeO, was applied as a promoter to modify the surface of 15 wt% Ni/SiO;
catalysts, in order to further validate the roles of CeO, (Chapter 8). MA
hydrogenation was affected by the coverage of CeO., with higher activity and
selectivity on the 3CeO,@15Ni/SiO, catalyst with 3 wt% CeO,s loading (versus
Ni/SiO, weight). The surface CeO, species can improve C=0 adsorption and
activation on the CeO,-decorated Ni/SiO, catalyst, which contributed to the

excellent catalytic activity in C=0 hydrogenolysis.

Overall, the thesis reports a systematic study of the design and application of
Ce0,5 support, the Ni-CeO,s interaction, and the optimisation of active metal for
developing green and robust MA hydrogenation catalysts. The roles of Ovac, the

Ni-CeO,.s electronic interaction and Ni species in MA hydrogenation have been



summarised in Chapter 9. The research will be facilitating the future development
of novel and effective catalysts for industrial MA hydrogenation processes.
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Chapter 1 Overview of Maleic Anhydride Hydrogenation Processes and Catalysts

Chapter 1T Overview of Maleic Anhydride

Hydrogenation Processes and Catalysts

1.1 Introduction

Since Paul Sabatier, the Nobel Prize Laureate, discovered the hydrogenation
process wherein a small amount of metallic Ni can facilitate the addition of
hydrogen to unsaturated compounds in 1897, the knowledge of hydrogenation
processes has continuously accumulated. Nowadays, catalytic hydrogenations have
been widely applied in the petrochemical industry (hydrodesulphurisation, oil
refining, etc.), ammonia synthesis, the conversion of syngas (CO+H,) to liquid fuels,
environmental protection (deNO,, removal of SO, and CO, etc.), food processing
industries (fat hardening), and many more laboratory-scale research and
development areas. The scientific and technological fundamentals of
hydrogenation have been discussed in several books®* and literature reviews,®®
whereas the hydrogenation of compounds containing multiple unsaturated bonds
still faces great challenges regarding the product yield, selectivity, operational
process and cost. These issues closely relate to catalyst performance (activity,

selectivity and stability) and its operational conditions.

In the widespread industrial processes for fine chemicals and valuable
pharmaceuticals, the chemo-selective removal of a specific group represents the
prominent challenge in the upgrading of organic feedstock, which usually contains
multifunctional groups of chemically reactive C=C, C=0, C=C and C=N bonds, a
cyclic structure or fragments, or heteroatoms, etc.” ' In those hydrogenation
processes, indiscriminate hydrogenation is prone to occur, thus generating mixed
products, which causes additional cost, energy penalties and environmental
concerns with respect to purifying the targeted products. Therefore, it is highly
desired to develop an efficient and economic hydrogenation process to achieve the
highly efficient conversion of specific chemical bonds rather than multifunctional

groups of the raw reactants.

The effective catalytic hydrogenation process primarily relies on the catalyst
because the presence of the catalyst can open a different path with lower activation
barriers. As the catalytic hydrogenation pathway presented in Figure 1.1 (A), the
catalytic route (the blue line) can reduce the activation barrier by adsorbing and
coordinating the reactants on the surface of catalysts, thus opening a more

energetically favourable route than the non-catalytic reaction route (the red curve),
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which must overcome a considerably higher energy barrier (E,). According to the
Arrhenius law, the hydrogenation process over the catalyst will be accelerated while
lowering the activation energy. Moreover, active sites of the catalyst can precisely
control the adsorption and activation of specific groups, which alter activation
energies and modify the kinetics of the catalytic system, giving rise to different
selectivity in the reaction (Figure 1.1(B)). However, the control of catalytic selectivity
has been hampered by both a lack of understanding of the structure and the
properties of catalysts that define such selectivity and the limited range of synthetic

tools available to prepare catalysts with the required specific properties.
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Figure 1.1 Potential energy diagram for the catalytic and non-catalytic reactions

In general, hydrogenation catalysts can be simply classified into homogeneous
catalysts""” and heterogeneous catalysts®. Homogeneous catalysts usually display
high activity and selectivity in the hydrogenation reactions because the catalyst and
reactants remain in the same phase, thus offering all of the active sites accessible
to the reactant. However, the major difficulty in separating the homogeneous
catalysts from the reaction mixture restricts their utilisation in industrial practice.!™
Additionally, the organic ligands of the homogeneous catalysts represent serious
concerns because they are generally not environmentally friendly. In comparison
with homogeneous catalysts, the solid heterogeneous catalysts have many
advantages, e.g. being eco-friendly, stable (a long lifespan) and easy to separate
and regenerate. Therefore, the heterogeneous catalysts are preferred for large-

scale application in industry.

The most common heterogeneous catalysts for hydrogenation are supported
catalysts, comprising active metals and supports. The active metals can be costly
noble metals (such as Pt, Pd, Ru, etc.) and/or cost-effective non-noble metals

(mainly Ni, Cu, Co, etc.), which are dispersed on various supports with a desired
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surface area and porosity. The support can be oxides (acidic, neutral and basic

oxides), carbon materials, zeolites, clays and other mesoporous materials.

For the metal/support catalysts, metal species usually play core roles in
determining the catalytic activity and selectivity in hydrogenation reactions. For
example, platinum and nickel are extensively used for the addition of hydrogen to
olefins, aldehydes and ketones, aromatic compounds and so on, though they
generally suffer from low selectivity in the hydrogenation of multifunctional
molecules."” Pd is very active in C=C hydrogenation but rather weak in the
saturation of the C=0 group due to the small d bandwidth of Pd that restricts the
adsorption of the reactants.'? The Ru-based catalysts are considered effective
catalysts for the selective hydrogenation of benzene to cyclohexene.' Copper-
based catalysts prefer hydrogenation of C=0 in esters to generate corresponding
alcohols;® Co-based catalysts are more selective to C=0 hydrogenolysis than C=C
hydrogenation in the a, B-unsaturated carbonyl compounds, but such selectivity is
still not high enough to meet the industrial requirements due to their poor
activity.'¥ Besides monometallic catalysts, bimetallic catalysts are also widely used
for hydrogenation processes. Considering intimate contact between the two metals
or alloy formation, geometric effects (a change in metal dispersion, decoration of
the main metal by the second metals via surface enhancement) and an electronic
effect (an electron transfer between the two metals with different electronegativity)
are recognised to significantly influence the catalytic behaviour of bimetallic

catalysts in hydrogenation reactions.

Besides the choice of metal species, the selectivity of catalysts is also
significantly affected by the particle size of the active metal, the support, the metal-
support interaction and the presence of promoters.®'? Furthermore, the processes
for the preparation and activation of catalysts, the selection of reaction conditions
and the operational modes (liquid or gas phase) also play important roles in
selective hydrogenation. Taking these complicated factors into account, the
development of active and selective catalysts for the hydrogenation of

multifunctional molecules remains a challenging task.

In all, because selectivity for the hydrogenation of an organic compound
containing multifunctional groups is primarily dependent on the catalyst, the
development of a robust and highly selective catalyst requires the consideration of
a number of key influential factors, such as the active species, the catalyst structure,

the nature of supports and their interaction with active species, etc.
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In my PhD research, due to the desirable activity and relatively low cost, Ni-
based catalysts are designed and developed for the liquid phase hydrogenation of
maleic anhydride, a cyclic molecule containing multifunctional groups of a C=C
bond, two C=0 bonds and an anhydride group (O=C-O-C=0). Through correlation
of their catalytic performance with the structure of catalysts, the active sites for
selective C=C and C=0 hydrogenation are investigated and defined. The research
outcomes are expected to update the state-of-the-art catalysts and fundamentals
for industrial MA hydrogenation. We hope the research outcomes may favour the
rational design of novel and robust catalysts for various selective hydrogenation of
unsaturated aldehydes, ketones and biomass-derived intermediates, which contain
C=C and C=0 functional groups in their molecules.

1.2 The socioeconomic importance of MA hydrogenation
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Figure 1.2 The global market of MA from 2015 to 2024"!

Maleic anhydride is an important feedstock in the chemical industry in
fabricating unsaturated polyester resins, fine chemicals, copolymers and additives
for lubricating oil."® The relevant products are extensively used in the construction,
automotive and marine industries.®'® As shown in Figure 1.2, the global demand
for maleic anhydride was 1,845.0 kilotonnes in 2015 and is expected to arrive at
2,987.2 kilotonnes by 2024 with a compound annual growth rate (CAGR) of 5.5%.'"
The global MA market was valued at US$2.3 billion in 2015 and is expected to grow
to 4.11 billion in 2024 with a CAGR of 10.1% from 2015 to 2024.'" Besides the
huge global marketing demands, the resources of raw materials and the
advancement of more efficient technologies also stimulated the massive
production of MA. Currently, MA is mainly produced by the partial oxidation of n-

butane!® and benzene®, both of which are facile and economic routes for the large-
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scale production of MA. In addition, a new technology that transforms renewable
biomass resources to MA has also been developed, for example, the oxidation of
furfural and 5-hydroxymethylfurfural”®2", which can provide sustainable access to
MA production.

The breakthrough in the economically massive production of MA offers a vast
opportunity to convert MA into highly value-added intermediates in the chemical
industry. Indeed, MA is an essential C, building block to synthesise a variety of
valuable intermediates, such as succinic anhydride (SA), gamma-butyrolactone
(GBL), 1,4-butanediol (BDO) and tetrahydrofuran (THF), via a hydrogenation process.
Figure 1.3 schematically presents a few key processes relevant to MA
hydrogenation. Succinic anhydride, generated via selective hydrogenation of the
C=C bond in the MA molecule,?? is an important industrial intermediate, owing to
its wide application in the manufacture of polymeric materials, pharmaceuticals,
agrochemicals, dyes, photographic chemicals, flavours, and fragrances.?? The
Energy Department of the USA has described SA as a compound of strategic
importance in the future chemical industry.? In particular, SA is a critical starting
material to produce polybutyrate succinate (PBS), a biodegradable polyester which
is expected to grow with a CAGR of 38.9% from 2014 to 2020 because of its
potentially high demand in packaging.? The market volume of SA in 2015 was
about US$346 million and is subject to fast expansion. It is forecasted that the
market of SA in 2020 will reach approximately US$1.9 billion with a fast CAGR of
27.8%.2
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Figure 1.3 Schematic pathways of MA hydrogenation (adapted from Ref.®®)
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GBL is another widely applied product from the partial hydrogenation of MA
without breaking the five-membered ring structure. GBL is an excellent solvent with
a high boiling point, which is widely used in polymer and paint industries and can
be an eco-friendly alternative to the hazardous trichloroethane solvent. Based on
its unique oxygen-containing five-membered ring structure, GBL is also an
important intermediate for production of N-methylpyrrolidone®”’ and N-
vinylpyrrolidone®. The present annual marketing volume of pyrrolidones is more
than GBP 100 million, mainly arising from their wide utilisation as eco-friendly
chemicals and green solvents for water treatment.?! Moreover, GBL is preferably
used as a cell electrolyte in replacing the strongly corrosive acid liquid.®®3" It is
anticipated that the demand for GBL will be blooming due to the fast development

of the battery industry.

Besides SA and GBL, further hydrogenation of MA can produce BDO and THF,
which also find extensive applications in the chemical and polymer industries.?*
Actually, many important chemical companies have taken MA as a low-cost
feedstock to manufacture BDO and THF. For example, the Davy process held in
Johnson Matthey provides a flexible way to produce BDO, THF and even GBL from
MA, in which the product ratio can be varied easily according to market
requirements.k? In addition, DuPont, Standard Oil, BASF and BP also have also
developed their industrial processes to produce GBL, BDO and THF from MA. B3
However, as shown in Figure 1.3, some hydrogenation processes can crack the
ring-structure MA into low-value by-products such as propionic acid/alcohol,
butyric acid/alcohol, and even greenhouse gas CH,. Although multifunctional
groups in the MA molecule give facile accessibility to different high-value products,
it should be made aware that the various products could derive from MA
hydrogenation simultaneously, inevitably causing mixture generation. To produce
the high-quality product, the subsequent purification requires excessive energy,
processes and cost. Therefore, an efficient and effective MA hydrogenation process
with high activity and selectivity is highly desirable in the chemical industry for
reducing the energy penalty from such purification and hindering the production

of chain compounds.

1.3 Advances of supported catalysts for MA hydrogenation

The appropriate choice of catalysts plays pivotal roles in determining the
product distribution of MA hydrogenation. Various types of catalysts, such as
homogeneous catalysts®* 3%, bare metal catalysts®®*” and supported catalysts® '® ¢

32,33, 38431 have been extensively reported in open literature. Compared with
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homogeneous catalysts and bare metal catalysts, supported catalysts are the
prevailing choice in MA hydrogenation due to their long lifespan, easy separation,
collection and regeneration as well as flexibility in modulating the selectivity of
products. This section critically reviewed the supported catalysts for MA

hydrogenation in line with the active metallic species.

The metal species applied in hydrogenation include noble metals such as Pd,
Pt, and Ru, as well as transition metals such as Ni and Cu. These metals displayed
distinct catalytic performance in MA hydrogenation due to their different electronic
structures. The intrinsic electronic properties of the metal species were reported to
be crucial factors in dominating the activation and dissociation of hydrogen.®*
Moreover, the electronic structure can also affect the adsorption of reactants, which
is a prerequisite of any catalytic reaction, and subsequent surface reactions.
Besides the intrinsic properties of metal species, geometric structures of metal
species, like crystallite size, shape and morphology, as well as surface defects were
found to be exerting significant influence on the adsorption phenomenon.®** This
section reviewed catalytic performance of different metal species in MA
hydrogenation and addressed their geometric and electronic properties in order to
elucidate the effects of metal species on catalytic activity and selectivity as well as

to provide clues as to the design of novel robust catalysts.
1.3.1 Pd-based catalysts

Pd-based catalysts are widely applied in the hydrogenation process, especially
for C=C and C=C hydrogenation.*"' However, metallic palladium (Pd°) is relatively
ineffective for C=0 hydrogenolysis because of its fully occupied d band (4d') which
weakens the adsorption and activation of carbonyls under the reaction
conditions.®" As shown in Table 1.1, the monometallic Pd/C catalyst was active
for MA hydrogenation to SA, while it displayed low selectivity for GBL production.®*®
In contrast, the Pd/TiO, catalyst displayed higher activity in GBL production®“”,
which was supposed to arise from the important roles of TiO, support in C=0
hydrogenolysis. Infrared spectroscopy evidenced that the partially reduced Pd-TiOx
interface synergistically enhanced C=0 adsorption, thus favouring the reactivity of
the C=0 group.*® However, the strong interaction between the Pd-TiO, interface
and the C=0 group may lead to over-hydrogenation. For example, the Pd/TiO;,
catalyst catalysed MA to butyric acid under 240°C and 3 MPa of H, pressure, with
100% of MA conversion and a 93.5% yield of butyric acid (BA).*" Therefore, the
suitable strength of C=0 adsorption on the catalyst is a crucial factor for MA

hydrogenation to GBL.
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Besides the support effects on C=0 adsorption, adding a second metal is
another main strategy to tune C=0 adsorption on the surface of Pd-based catalysts.
As shown in Table 1.1, the industrial Pd-based catalysts modified with Re and Zr
considerably altered the activity in MA hydrogenation and selectivity to GBL, BDO
or THF, suggesting that the additional metallic species plays an important role in
C=0 hydrogenolysis. Nevertheless, only limited information can be acquired on
these catalysts reported in patents. To understand the role of Re in Pd-based
catalysts, Tapin and co-workers carefully characterised the structure of Pd-Re/TiO,
catalysts and found that Re species in contact with Pd remained in the oxidation
state (Re*), which synergistically enhanced the capability of Pd in C=0
hydrogenolysis.t”

Table 1.1 Pd-based catalysts used in the MA&SA hydrogenation

Reactions Catalysts T (°C) P(MPa) S (%) Ref.

Industrial catalysts

MA—THF 3%Pd-3%Re/C 190-200 17 90(THF) )
SA—GBL 1%Pd-4%Re/TiO, 200 3.5 90(GBL) 01
SA—BDO 1%Pd-4%Re/TiO, 200 6.9 90(BDO) 01
SA—GBL 5%Pd-5%Zr/C 225 17 92(GBL) (521
MA—BDO 3%Pd-3%Ag-6%Re/C 175 9 74(BDO) B3]
MA—GBL fﬁﬂg%Ag'?’%Re/ TiO: 330.260 5-8 98(GBL) 54
Journal reported catalysts
MA—SA+GBL  1%Pd/SiO; 240 5 23(GBL) 1461
1%Pd/C 240 5 9.7(GBL) t461
19%Pd-0.5%Sn/SiO; 240 5 33.2(GBL)  ©d
MA—GBL+BA  1%Pd/TiO, 270 3 93.5(BA) 9]
SA—GBL 2%Pd/TiO, 160 15 80(GBL) 7

Note: T and P represent the temperature and pressure. S stands for the selectivity.

BA is an abbreviation for butyric acid

Jung and co-workers found that the introduction of Sn into the Pd/SiO, catalyst
can improve MA conversion to GBL under 240°C and 5 MPa of hydrogen pressure
in comparison with the Pd/SiO, catalyst.*® They assigned the formation of the Pd-

Sn alloy to the enhanced GBL selectivity. Though CO chemical adsorption results
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suggested that additional Sn masked Pd atoms and decreased the number of Pd
atoms exposed on the surface, Sn modified the electronic property of Pd by
donating electrons to Pd, as evidenced by x-ray photoelectron spectroscopy (XPS).
The Pd-Sn alloy not only enhanced C=0O adsorption but also weakened the
interaction between Pd and C=C and thus retarded the polymer formation and
deposition on the surface of catalysts, which improved stability of the Pd-Sn/SiO,

catalyst in MA hydrogenation.®*

Chio and co-workers added Mo, Zn and Zr into Pd-Ni/SiO, catalysts in order to
enhance MA hydrogenation to GBL.®® In particular, very high selectivity to GBL
(96.4%) was found over Pd-Mo-Ni/SiO, catalysts with 98% conversion of MA under
235°C and 9 MPa.b® These results verify the significant role of dopants in facilitating

C=0 hydrogenolysis.

Changing the reaction conditions is another way in which to modulate the
activity of MA hydrogenation over Pd-based catalysts. In 2002, Pillai and co-workers
took advantage of supercritical CO, (scCO,) as a reaction medium for MA
hydrogenation on Pd/Al,O:.*" They realised 100% MA conversion with more than
80% selectivity to GBL at 200°C and 2.1 MPa H; and 12 MPa CO,. In comparison with
a conventional organic solvent, the use of scCO; as a solvent for hydrogenation can
enhance the dissolution of H, due to the miscibility of H, in scCO, and decrease the
mass transfer resistance for the lower viscosity and higher diffusivity of scCO,"®,
thus giving rise to high hydrogenation activity and selectivity. In addition, the
authors supposed that under supercritical conditions, the geometry of MA on the
surface of Pd via the di-o mode can be tuned with additional interaction of the C=0
groups with the surface.*? In addition, Wang and co-workers claimed that the small
particle size of Pd promoted the reaction rate of MA hydrogenation and facilitated
GBL selectivity in scCO..” Although the sustainable supercritical CO, solvent is a
greener alternative to toxic organic solvents, the extremely high operational

pressure would bring about security risks in large-scale application.
1.3.2 Ru-based catalysts

Recently, Ru-based catalysts have attracted great attention for their application
in MA hydrogenation due to their high catalytic activity under mild conditions.®” In
some patents, metallic Ru species serve as active components for MA
hydrogenation, as summarised and referred to in Table 1.2. It is notable that the
metallic Ru species on the carbon nanotube (CNT) displayed 99.2% conversion of
MA and approximately 100% selectivity of SA at 150°C and 1.5 MPa of H, pressure

within 1.5 h.®® Furthermore, Hong and co-workers prepared different carbon
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materials so as to support Ru nanoparticles for hydrogenating succinic acid to GBL
in the aqueous phase.®" They correlated the enhanced catalytic performance with
the higher surface area of metallic Ru nanoparticles, which were supposed to offer
more active sites for SA adsorption and activation.® However, it should be noted
that metallic Ru catalysts enabled catalysing the hydrogenolysis of SA to propionic

acid (PA) due to the intrinsic nature of Ru in the C-C cleavage.®?

As shown in Table 1.2, the introduction of Re, Sn and Mo into Ru-based
catalysts was active for MA and SA hydrogenation to BDO and THF with the removal
of two C=0 groups in the MA molecules. However, little knowledge on the additives

in Ru-based catalysts is able to be obtained from open patents.

Table 1.2 Ru-based catalysts for MA&SA hydrogenation

Reactions Catalysts T (°C) P(MPa) S %) Ref.

Industrial catalysts

SA—THF 1%Ru-4%Re/C 250 8.3 83 (THF) [63]
MA—BDO 7%Ru-5%Sn/ZrO, 225 14 96 (BDO) [64]

4%Ru-1.3%Mo- (651
MA—THF 1.4%Sn/C 250 13.9 85 (THF) 5

Journal reported catalysts

[62]

SA—BDO 1%Ru-3%Re/C 180 8 71 (THF)
MA—SA 0.2%Ru/CNT 150 1.5 99 (SA) ool
SA—GBL 2%Ru/C 240 6 67 (GBL) el

Note: CNT represents carbon nanotube

Di and co-workers systematically investigated the performance of bimetallic Re-
Ru/C catalysts in the aqueous hydrogenation of succinic acid in order to shed light
on the roles of Re and Ru in the bimetallic catalyst. As characterised by TEM, high-
angle annular dark-field STEM (HAADF-STEM), and XPS, the bimetallic Ru-Re/C
catalyst exhibited high dispersion of the bimetallic Ru-Re phase and strong Ru-Re
interaction, which promoted the activation and adsorption of hydrogen and
succinic acid. Their kinetic studies showed that the bimetallic Ru-Re/C catalyst
decreased the apparent energy barrier of SA—~GBL, whereby leading to superior
activity of SA—GBL to monometallic Ru/C and Re/C catalysts.*? Furthermore, the

bimetallic Ru-Re phase was able to hinder the hydrogenolysis of SA to propionic
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acid, thereby enhancing the selectivity of GBL on the bimetallic Ru-Re/C catalyst in

the hydrogenation process.®?
1.3.3 Pt-based catalysts

Pt-based catalysts are also widely investigated in MA hydrogenation. For
instance, Regenhardt and co-workers prepared a series of Pt-based catalysts
supported on Al,O;, SiO, and SiO,-Al,0;.%% These Pt-based catalysts exhibited high
activity in MA hydrogenation, while the main product was propionic acid (PA)
(selectivity of PA > 80%) over these three catalysts.®® In addition, they found that
the selectivity of SA on the three Pt-based catalysts depended on the acidic strength
of the supports: the increase of acidity reinforced the adsorption of MA on the
catalysts, which led to the decomposition of MA into small molecules like methane,

and decreased the selectivity of PA.c®
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Figure 1.4 Plausible reaction pathway for selective GBL formation over Pt-Sn/Al,O;

catalyst®?

Fabrication of bimetallic catalysts is a promising method to suppress the over-
hydrogenation over Pt-based catalysts. Vaidya and co-workers added Sn into
Pt/Al,O; to fabricate the bimetallic Pt-Sn/Al,O; catalyst and found that the Pt-
Sn/Al,O; catalyst was very selective to GBL (98%) in the liquid phase hydrogenation
of diethyl succinate at 240°C and under 13.8 MPa of H, pressure.*? Combined with
the XPS results, the ionic Sn (Sn* and/or Sn*) was defined as a Lewis acid site in
activating the C=0 bond, as shown in Figure 1.4. However, the coverage of Sn on
the Pt surface decreased the diethyl succinate hydrogenation conversion (~
17.4%).142

It was reported that the Pt-Au/TiO, catalyst displayed high selectivity of GBL,
arriving at 95% within 5 h in SA hydrogenation at 240°C and 5 MPa of H, pressure.®”
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The authors claimed that the metallic Pt species enhanced hydrogen dissociation
on the gold surface and thus improved the activity of Au in the hydrogenation.®”
Although Pt-Au/TiO, catalysts were not effective for GBL production due to the long
MA conversion time (5 h), the work evidencing the synergistic effects of the
bimetallic Pt-Au species may play profound roles in enhancing selectivity;

unfortunately, the authors did not define the nature of the synergistic effects.

In summary, noble metals such as Pd, Ru and Pt have been widely applied in
MA hydrogenation due to their high activity in hydrogen activation. However, the
intrinsic drawbacks of noble metals, either the weak adsorption of C=0 on Pd,
cracking the ring structure of MA into small molecules on Pt, or C-C cleavage over
the Ru surface, are not beneficial for MA hydrogenation to high value-added
products. Therefore, some additives, like Re, Sn and Zr, are added to tune surface
properties of noble metals in order to block the side reactions and reduce the
generation of less-value products. However, little research has been carried out to
elucidate the effect of additives on the structure of catalysts, their interaction with
the main active metal and to understand the catalytic mechanism at the molecular
level, which play crucial roles in the design and development of effective catalysts

for MA hydrogenation.

1.3.4 Cu-based catalysts

SA
SA A\ GBL

W% ﬂ

O\ GBL
ZnO

SA -BDO ~ BDO

MA

Figure 1.5 Pathway of MA hydrogenation to GBL and BDO over Cu-ZnO catalyst
(adapted from Ref."®)

Cu-based catalysts have been extensively investigated for the gas phase
hydrogenation of MA. For example, Meyer group reported that the Cu/SiO, catalyst
displayed high selectivity to SA (> 97% yield) in gas phase MA hydrogenation under
ambient pressure and in the temperature range of 170-220°C, and the increase of
temperature improved MA conversion on the Cu/SiO, catalyst.*” In contrast, Cu-
ZnO catalysts exhibited excellent activity in C=0 hydrogenolysis, which facilitated
MA hydrogenation to GBL and THF in the temperature range of 180-300°C at
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atmospheric pressure.® ® Furthermore, Herrmann and co-workers conducted
kinetic analysis of MA hydrogenation over Cu-ZnO catalysts and verified that, as
shown in Figure 1.5, the presence of ZnO enhanced SA adsorption on the catalyst
surface and facilitated SA diffusion to adjacent Cu species which acted as active
sites for SA hydrogenolysis to GBL and BDO."*® The Zn** species not only gave rise
to an increasing yield of GBL but also led to the subsequent transformation of GBL

into other by-products at high temperature.®

Except for the Zn* ions, other ionic species, such as Cr** and Cd*, were
introduced to Cu-based catalysts to investigate their effects on the selectivity of
GBL in MA hydrogenation.® Castiglioni and co-workers found that the Cr** species
remarkably enhanced GBL production due to the strong inhibition of over-
hydrogenation of GBL to other by-products, while Cd* diminished GBL production
and resulted in a considerable deactivation of the Cu-based catalyst.®” Since toxic
Cris unfavourable in the view of environmental protection, environmentally friendly
alternatives to Cr were explored. For example, Cu-Zn-M-O (M=Cr, Al, Ga) catalysts
were prepared to identify a suitable alternative to toxic Cr." It was found that the
catalysts containing Al and Ga were more active in MA hydrogenation to GBL than
the Cr-containing catalyst.”® Considering the high cost of Ga, Al is an economic
and promising alternative to Cr for the hydrogenation catalyst. They further
optimised the ratio of Cu/Zn/Al in the Cu-Zn-Al-O catalysts and found that the
catalyst with an atomic ratio of Cu:Zn:Al=41.5:41.5:17 displayed the best catalytic
performance of MA hydrogenation to GBL."

Jiang group prepared a series of Cu-Zn-M-O (M=Ti, Zr and Ce) catalysts and
compared their catalytic performance in the gas phase hydrogenation of MA within
220-280°C."72 They found the introduction of M,0, (M=Ti, Zr and Ce) into the Cu-
Zn-0O catalyst promoted the reduction of CuO and enhanced the dispersion of Cu°.
The presence of M,O, (M=Ti, Zr and Ce) also reinforced the adsorption of MA
molecules on the surfaces of the catalysts, leading to the high activity of MA
hydrogenation over Cu-Zn-M-O (M=Ti, Zr and Ce) catalysts.”"7? It is noteworthy that
Cu-Zn-Ti-O and Cu-Zn-Zr-O catalysts favoured the hydrogenation of MA to THF,
while the presence of CeO, preferred hydrogenation of MA to GBL."" 72

It was reported that the Cu-based catalysts possessed excellent initial activity
in MA hydrogenation but suffered from fast deactivation.** ¥ For example, the
Cu/Al,O; catalyst exhibited relatively high selectivity to GBL (25%) with 50%
conversion of MA in the initial 1h course of the gas phase MA hydrogenation at 140
°C, while the GBL yield rapidly dropped down to ~ 5% as the reaction was prolonged
to 7 h."® Yu and co-workers reported that Cu-CeO,-Al,O; (molar ratio of Cu:Ce:Al
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=1:1:2) showed excellent catalytic performance in the gas phase hydrogenation of
MA to GBL at 220-280°C, where both the conversion of MA and the selectivity of
GBL remained 100% within 2h hydrogenation, but the catalysts also deactivated
rapidly.” The severe deactivation was due to serious coverage of active Cu sites

by wax-like polymers as observed by scanning electron microscopy (SEM).t

There are three main causes of the catalyst deactivation: (a) the carbon
deposition on the surface of the catalyst during the reaction; (b) very strong
adsorption of the reactant (MA) and/or main product (SA) on the surface of
catalyst; (c) sintering of the accessible metallic fraction. To obtain more details
on the deactivation of Cu-based catalyst, Meyer and co-workers conducted kinetic
modelling using a deactivation model with residual activity (DMRA) to investigate
the deactivation mechanism of the Cu/SiO, catalyst in the gas phase MA
hydrogenation. They claimed that the severe deposition of carbonaceous
compounds on the copper surface was responsible for catalyst deactivation.®”
According to DMRA modelling, the authors revealed that the type of MA
adsorption on the Cu surface dominated SA production or coke formation. In
detail, if MA interacted simultaneously with two neighbouring Cu° sites in di-o
mode (see Figure 1.7), SA production was preferential because the C=C bond was
preferentially activated. However, if MA strongly adsorbed on a single Cu°® site as
n adsorption, the MA molecule preferred to polymerise to the coke precursor that

masked the active sites and led to the deactivation of the catalyst.

In summary, a Cu-based catalyst, particularly Cu-Zn composites, can effectively
convert MA molecules to GBL, THF and BDO. To tune the activity of selectivity,
various additives, including Ti, Zr, Ce, Al and even toxic Cr, have been introduced
to the Cu-Zn catalyst. The problem related to the complicated components of Cu-
based catalysts is that the certain active sites and synergistic roles of the additional
promoters in catalytic hydrogenation cannot be clearly identified, which restricts
an in-depth understanding of the catalytic mechanism of MA hydrogenation over
Cu-based catalysts. The other drawback of the Cu-based catalyst is the rapid
deactivation due to coverage of polymers on the Cu® sites, observed on both
monometallic Cu/SiO, catalyst and the Cu-CeO,-Al,O; catalyst with multiple
components. The severe deactivation limits the industrial application of Cu-based
catalysts. Therefore, it is highly desirable to synthesise a novel structure of the Cu-

based catalyst with fewer components and higher stability for MA hydrogenation.
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1.3.5 Ni-based catalysts

For MA hydrogenation, the Ni-based catalyst is deemed an eco-friendly and low-
cost alternative to expensive noble metal catalysts. Because Ni is the fourth most
abundant transition metal on the earth just after Fe, Ti and Zr, its price is much
lower than that of noble metals (11.83 USD/kg, 1/2569 of the price of Pd)."" More
importantly, Ni-based catalysts are very active in the hydrogenation reaction due to
the powerful ability of Ni in hydrogen activation.“* Great efforts have been made
to investigate the catalytic reactivity of Ni in MA hydrogenation and develop new
Ni-based catalysts.

Raney Ni was the simplest nanoparticle Ni catalyst that can catalyse MA
hydrogenation to SA in acetic anhydride at 100°C and 2.5 MPa of H, pressure,
achieving 99.6% conversion of MA and 100% selectivity of SA in 360 min.5” The
activity of Ni nanoparticles is highly relevant to the synthesis methodology. Ni
nanoparticles prepared by the reduction of nickel acetate using hydrazine hydrate
displayed superior catalytic performance to Raney Ni with 99.8% MA conversion
and 100% selectivity of SA at 80°C and 2 MPa of H, pressure. The superior catalytic
performance of the novel Ni nanoparticles was mainly due to the smaller particle

size and larger surface area.B”

Relative to the bare metallic Ni nanoparticles, various supported Ni catalysts
were more preferential in MA hydrogenation, including Ni/Clay”, Ni/SiO,"® and
Ni/Al,O;%, displaying high activity in MA hydrogenation to SA under mild reaction
conditions. Compared with other supported transition metals, the Ni-supported
catalysts possessed higher catalytic activity in MA hydrogenation, as shown in
Figure 1.6. The supported TM/CeO, catalysts showed higher activity but very
similar activity trend to that observed on the TM/AI,O; (see Chapter 4), suggesting

that Ni species are more active in MA hydrogenation.

100 —————w—— g —————m
o) . -
90 -

:\?80 i —— .\“./A1203

< —e— Co/Al,04

£70

2 —h— Cl]/A1203

§ 601 o

g 504 \t“.&_‘_*

i -‘“-1_‘_

< —

S 40 - 1\_1 o
304 A .,
20 T T T T T T T T T T T T

| 2 3 4 5 6 7

Time on stream (h)

Figure 1.6 Comparative study of MA hydrogenation over Co/Al,O;, Ni/Al,O; and
Cu/Al,O; catalysts at 140°C and 0.5 MPa™
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One of the most important aspects in the design of the supported Ni-based
catalysts is to determine the optimal Ni-loading amount. Li and co-workers
prepared a series of xNi/HY-Al,O; catalysts with different Ni loading. They found
that the selectivity of MA hydrogenation over xNi/HY-Al,O; catalysts was dependent
on the amount of Ni loading: the 5Ni/HY-Al,O; catalyst was inactive for GBL
production, but the 30Ni/HY-Al,O; catalyst exhibited the highest activity in GBL
production.®’ The formation of large Ni particles with a dense surface in the large
Ni loading catalysts was likely devoted to the high selectivity of GBL. Similar results
were observed in the hydrogenation of crotonaldehyde on the Pt/SiO. catalyst,
where the large Pt particles with a dense surface can provide a greater fraction of
a closed-packed structure of the (111) surface to adsorb the C=0 group.?” Similarly,
Gao and co-workers also found that the increasing Ni content can improve the GBL
selectivity over the Ni/ZrO,-SiO, catalyst, where 13Ni/ZrO,-SiO, showed low
selectivity to GBL (0.98%) at 100% MA conversion, while the GBL selectivity on the
30Ni/Zr0O,-SiO; catalyst was remarkably improved (14.98%) under the same reaction
conditions.”® Moreover, Meyer claimed that the loading-dependent selectivity of
MA hydrogenation was related to the nickel particle size and Ni-support interaction:
the small metallic Ni nanoclusters strongly interacted with the SiO,-Al,O; support
and favoured improving SA selectivity, whereas the large Ni nanoparticles weakly
bounded to the support which preferred to enhance GBL selectivity.” The Ni
particle effects also related to the support and synthesis methodologies applied.
For example, Bertone found that the Ni/SiO, catalyst of smaller Ni particles
exhibited higher selectivity to GBL than the Ni/SiO, catalyst of larger Ni particles,
where the former was prepared by the precipitation-deposition method and the
latter by the impregnation method.” This result implied that many other properties
besides the particle size of the Ni-based catalysts would affect their performance

in MA hydrogenation.

Besides the size of nickel species, the catalyst support represents another
crucial factor in determining the catalytic activity and selectivity of Ni-based
catalysts for MA hydrogenation. Table 1.3 summarised several typical results
extracted from recent publications. For example, Torres reported that the product
selectivity of MA hydrogenation was not dependent on the Ni loading for Ni/TiO.,.
They found that all of the Ni/TiO, catalysts with varying Ni loading (5 wt%, 10 wt%
and 15 wt%) showed nearly 100% selectivity to SA even though higher MA

hydrogenation rates were displayed on the samples with higher Ni loading.®
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Table 1.3 Comparison of the liquid-phase maleic anhydride hydrogenation over

Ni-based catalysts on different supports

S (%)
Catalysts Reaction condition C%) Ref
SA GBL

T=210°C, P=5 MPa,t=8 h
15Ni/SiO, 100 88.0 12.0 Chapter 8
0.1 g catalyst

T=210°C, P=5 MPa,t=8 h
10Ni/AlO; 100 85.0 15.0 1261
0.1 g catalyst

T=240°C, P=5 MPa,t=6 h
10Ni/TiO,-SiO, 100 95.1 4.6 180)
0.1 g catalyst

T=180°C, P=6 MPa,t=4 h
30Ni/ZrO,-Si0; 100 31.6 69.4 1
0.1 g catalyst

T=210°C, P=5 MPa,t=8 h
10Ni/CeO, 100 65.0 35.0 1261
0.1 g catalyst

Tailoring the support surface properties is an appropriate and effective
strategy to tune the Ni-support interaction, which significantly affects their catalytic
performance in MA hydrogenation. Regenhardt and co-workers comparatively
studied the influences of different supports on Ni catalysts, where three classical
supports-SiO,, SiO,-Al,0; and zeolite H-BEA, were adopted for Ni catalysts in the gas
phase MA hydrogenation.®® Through estimating the H, consumption of three
catalysts in the H, temperature-programmed reduction, they compared the
reduction degree of Ni species in the three catalysts, and then ranked the strength
of the Ni-support interaction as the following pattern: Ni/HBEA > Ni/SiO,-Al,O; >
Ni/SiO,, according to the reduction degree of Ni species. The Ni/H-BEA catalyst with
the strongest metal-support interaction was more active in GBL production than the
Ni/SiO,-Al,O; and Ni/SiO, catalysts which possessed medium and low degrees of Ni-
support interaction.® However, the strongest Ni-support interaction contributed to
the rapid deactivation of the Ni/H-BEA catalyst.®® The quantitative analysis of the
metal-support interaction and the nature of the interaction remain unsolved,
leading to weak firmness in guiding catalyst development via tailoring metal-

support interaction.

The researchers from the same group further investigated the surface
properties of the supports for the Ni-based catalysts and correlated with their
activity and selectivity of MA hydrogenation.” They found that the Ni/SiO,-Al,O;
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catalyst promoted GBL production in comparison with Ni/SiO,. Based on NH;
temperature-programmed desorption (TPD) results, the authors suggested that
the strong Lewis acidity of the SiO,-Al,O; support was a key factor in enhancing
GBL production.® In general, the Lewis acid sites can coordinate with O atoms
in the carbonyl group and decrease the electron density of the C=0 bond, thus

improving the reactivity of the C=0 bond.® '@

Some researchers have suggested that the surface defects on the catalyst
supports can interact with the C=0 group and reinforce the adsorption of C=0, and
consequently enhance the GBL selectivity. A typical example is that the ZrO,
modified Ni/SiO, catalyst showed better GBL selectivity than the Ni/SiO, catalyst,
which was assigned by the authors to the presence of Zr*-defects that selectively
activated the C=0 group.®" Interestingly, the TiO, modified Ni/TiO,-SiO, catalysts
also exhibited superb performance of MA hydrogenation to GBL, in which the
enhancement of TiO, was attributed to the strong Ni-TiO, interaction and the
presence of Ni-TiO, sites.®” However, it is worth noting that the product selectivity
of Ni/TiO,-SiO, catalysts is different from Ni/TiO, catalysts.®

Ni-based bimetallic catalysts have also found widespread employment in MA
hydrogenation. Compared to the monometallic Ni/Al,O; and Pt/Al,O; catalysts, the
bimetallic Ni-Pt/Al,O; catalysts exhibited higher catalytic activity and selectivity in
the hydrogenation of MA to SA due to the formation of the Ni-Pt alloy.®¥ In addition,
Bertone and co-workers reported that adding a small amount of Cu into the Ni/SiO.-
Al,O; catalyst facilitated the conversion of MA to GBL.®" They found that the
additional Cu?* species improved the dispersion of Ni species with small particles
and favoured the formation of the Ni** phase that strongly interacted with support.
The strong Ni-support interaction favoured the formation of Ni** species that acted
as the active sites for hydrogenolytic SA to GBL.® Due to the distinct physical and
chemical properties of monometallic Ni catalysts, the bimetallic Ni-based systems
have been extensively applied in the selective hydrogenation reactions,”® ' however,
little knowledge on MA hydrogenation over bimetallic Ni catalysts has been

correlated between the catalyst structure and surface properties.

In summary, Ni-based catalysts showed great promise for MA hydrogenation
under relatively mild conditions. The individual Ni species display high activity in
C=C hydrogenation, whereas the selective hydrogenolysis of C=0 depends on the
particle size of nickel, the metal-support interaction, dopants and support

properties.
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1.3.6 Catalytic challenges

The open literature and patents documented extensive efforts to develop
effective catalysts in MA hydrogenation, particularly using various metals and
oxides to tune the activity and selectivity of the catalysts for MA hydrogenation.
However, the rational design of active and selective heterogeneous Ni-based
catalysts is still a challenging task due to multiple interdependent factors
determining the catalyst performance, including the metal and support selection,
metal precursor, catalyst preparation and activation, as well as the reaction

conditions and operational modes (e.g. gas or liquid phase hydrogenation).

Based on the above critical review of the present catalysts, three main
challenges are concluded below:

(A) to develop economic and effective alternatives to noble metal catalysts.
Current industrial catalytic systems involve precious metals, such as Pd, Ru, Pt and
Re, but they are too expensive for large application. The Cu-based and Ni-based
catalysts are regarded as potential alternatives to the costly noble metal catalysts;
however, their activity, selectivity and stability need to be further improved. It has
been realised that Cu-based catalysts possessed high activity and selectivity in the
initial hydrogenation process, but they suffered from rapid deactivation, even in
the 2h hydrogenation operation.” Ni-based catalysts are not very stable in
hydrogenation either. For example, the Ni/HY-Al,O; completely converted MA to SA
with 95% selectivity at 190°C and 1 MPa H, flow in a fixed bed reactor for around
20h, whereas the SA yield and MA conversion dropped from 95% to 76% and 100%

to 83%, respectively.®!

(B) to correlate the catalytic performance with the structure of the catalyst. It
is very important to rationalise the design of novel catalysts for MA hydrogenation.
In the literature, many strategies, including adjusting the preparation of catalysts,
the introduction of additives and promoters, and the modification of support
properties, have tentatively proven effective methodologies to improve activity and
selectivity of catalysts. For supported catalysts, the metals with various electronic
configurations can exhibit different properties in hydrogenation. On the other hand,
the nature of the support, such as porosity, acidity/basicity, and reducibility can
play important roles in the catalytic performance. When catalysts contain diverse
metals, it is difficult to define the active component for the hydrogenation reaction.
Thanks to the complexity of catalysts, it is challenging work to establish a clear
relationship between the catalytic performance and catalyst structures and

properties.
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(C) to unfold the mechanism of hydrogenation and catalytic deactivation. The
rational design of active catalysts with specific selectivity relies on the solid
knowledge of reaction mechanisms. A clear catalytic mechanism is conducive to
define the active sites for C=C hydrogenation and C=0 hydrogenolysis. Previous
research has proven that catalytic hydrogenation is a multistep process, including
adsorption, surface reactions and desorption of products.® Each step is rather
complicated and involves many factors. For example, on adsorption,
competitive/non-competitive adsorption or dissociative/non-dissociative
adsorption should be taken into account. The adsorption geometries of reactants
play a decisive role in the subsequent surface reactions. A surface reaction involves
various intermediates and determines the selectivity of the reaction. Besides the
evolution of intermediates, the energy change is also important which determines
the energy barriers and rate-limiting step in the hydrogenation process. However,
the single conventional experimental method usually fails to gain insights into the
surface reaction, as the surface reaction is a transient process. Therefore,
comprehensive methodologies, including experiments and computational ways are

highly required to unfold the mechanism of hydrogenation.
1.4 The mechanism of MA hydrogenation

Based on the literature review of MA hydrogenation on various metal surfaces,
MA hydrogenation involves multistep reactions, in particular two important
reactions relate to C=C hydrogenation and C=0 hydrogenolysis with their

enthalpies as listed below.®®

MA + H, = SA AfHeMA95A=']33.8 kJ/mol (1.2)

SA + 2H2 —~— GBL AfHes/.\—)cBL =-108.7 k_J/mOl (] 3)

It is revealed that the hydrogenation of the C=C bond has high exothermicity
of around 133.8 kJ/mol, while the C=0 hydrogenolysis process releases slightly
less heat (~ 108.7 kJ/mol). According to the van’t Hoff equation:®”

InK = —AH® /(RT) + AS® /R (1.4)

where K is the equilibrium constant, R is the universal gas constant, roughly
8.314 J/(mol-K), T is the absolute temperature and AH® and AS® are respective to the
standard enthalpy and entropy of the reaction. Because the values of AH® for C=C
hydrogenation and C=0 hydrogenolysis are both negative, a decrease in the

reaction temperature will increase the K, namely promoting the hydrogenation
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reactions. Moreover, the increase of H, pressure can also promote C=C
hydrogenation and C=0 hydrogenolysis according to Le Chatelier's principle.®” The
above discussions of MA hydrogenation thermodynamics reveal low reaction
temperature and high H, pressure are beneficial to MA hydrogenation for higher

MA conversion.

In practice, in order to control the selectivity of the reaction product, kinetic
issues, including adsorption, transition states and desorption of products, which
significantly affect the activity and selectivity of MA hydrogenation, should be
carefully investigated. The recent advances in kinetics for MA hydrogenation are

thus critically reviewed following.
1.4.1 MA adsorption on metal surface

After systematic investigations into the behaviour of MA adsorption on the
metallic Pd surface through computational simulations, Pallassna and co-workers

proposed three primary chemisorption modes: (1) atop (n') adsorption, (2) m

adsorption and (3) di-o adsorption, which are shown in Figure 1.7.18 8

atop ' adsorption 7 adsorption di-c adsorption

Figure 1.7 The proposed different adsorption modes of MA on metal surface®

In the atop (n') adsorption mode, the ring oxygen of MA is binding to the Pd
surface. The 1t adsorption is binding of MA via a m bond through the ethylenic
moiety where the cyclic plane of the MA is parallel to the Pd surface. For this mode,
there likely exist additional interactions between the C=0 groups and the catalyst
surface. In the di-o adsorption mode, maleic anhydride is binding to different Pd
sites via two o bonds from the ethylenic moiety, in which the cyclic molecular plane

of MA is nearly parallel to the surface.®” Owing to various geometric and electronic
structures of metal surfaces, MA adsorption may display different configurations

with varying binding energy (BE), as summarised in Table 1.4.

Based on the simulation results, Pallassana et al. proposed that the preferential

adsorption mode of MA on the surface of Pd was di-o adsorption with an adsorption

energy of -83 kJ/mol, which is higher than the adsorption energies of n! and n
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modes. The results suggested that di-o adsorption is the most stable mode and can
lower the overall energy of the MA/Pd system.®® However, for MA adsorption on
Re(0001), m adsorption became the most favourable mode with the highest
adsorption energy of -210 kJ/mol relative to n* and di-c adsorption. The strongest
nadsorption was due to additional interactions between carbonyl groups and the
Re(0001) surface.®

Table 1.4 Binding energies of MA adsorption on different metal surfaces

BE of adsorption mode

Metal surface  atop (n!) adsorption madsorption di-o adsorption Ref.
(kJ/mol) (kJ/mol) (kJ/mol)

Pd (11T1) -28 -34 -83 s8]

Re(0001) -38 -210 -200 (89]

Pdu./Re(0001) 22 72 (89]

Pdw./Mo(110) -65 -66 (89]

Pt(111) -29 -80 [91]

Note: the results were based on the monolayer (ML) adsorption

The same group also constructed bimetallic overlayers of Pdw/Mo(110) and
Pdu./Re(0001) and found that the adsorption energies for MA on the bimetallic
Pdw./Re(0001) and Pdw./Mo(110) surfaces were 10-20 kJ/mol weaker than that on

monometallic Pd(111).% It is notable that the atop (n') adsorption mode on the

bimetallic surface was even absent. The weaker interplay between C=C and the
bimetallic surfaces was attributed to the strong Pd-Re and Pd-Mo interaction. The
strong bimetallic interaction shifted the d band centre of the Pd layer away from
the Fermi level.®® These simulation results unravelled a crucial concept wherein
the electronic structure can significantly influence the adsorption mode of MA on

the metal surface and corresponding binding energy.

Sinha et al. gave an example of MA adsorption on the Pt(111) surface. They
suggested that MA desorbed from the Pt(111) surface at 240 K and that the MA
would decompose to produce C,H,, CO and CO, at 360 K.®" The preferential
adsorption of MA on the Pt(111) surface also followed the di-o adsorption mode,
bridging the two nearest neighbour Pt atoms. Unlike parallel adsorption of MA on
the Pd surface, the MA adsorption on Pt(111) displayed a buckling effect, pushing
the O atom in the C=0 group far away from the Pt(111) surface.®" This discrepancy
was assigned to the different chemical properties of Pd and Pt surfaces.
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1.4.2 MA adsorption on oxide surface
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Figure 1.8 MA adsorption and decomposition on ZnO surface

Besides the chemical adsorption of MA on the metal surface, the support
surface can adsorb the MA more or less, which would influence the catalyst
performance. Girol and co-workers explored the adsorption behaviour of MA on
the (1010) surface of ZnO using in situ XPS and NEXAFS spectra.’® The results
revealed the MA adsorption mode was dependent on temperature, as schematically
shown in Figure 1.8. As the temperature was below 180 K (region a), the MA
adsorption on the crystal surface of ZnO was via oxygen of the carbonyl group and
the ring structure of MA remained intact. Increasing the temperature to 220 K
(region b), a fraction of the MA monolayer adsorbed on ZnO underwent
decomposition: the first step was assumed to be a ring-opening reaction promoted
by surface hydroxyl groups, and then proceeded via intermediary formed
decarboxylation and decarbonylation products, respectively, giving rise to stable
adsorbed surface species like ethenolate. Within the 180-220 K temperature regime,
more complex surface reactions such as oligomerisation and polymerisation
processes probably occurred too, leading to deactivation of the catalysts. The
decomposition proceeded as the temperature increased above 220 K (regime ¢)
until total decomposition at 600 K. They found the above adsorption modes highly
depended on the sub-surface oxygen of ZnO. The near-stoichiometric surfaces
exhibited only low reactivity, while the defect-rich surface showed the highest

reactivity.®”

Additionally, Johansson and co-workers deposited MA onto (101), (100), and
(001) TiO, single crystal surfaces in an ultra-high vacuum and investigated the
surface binding with electron spectroscopy.”®® They found that the MA ring opened
when MA molecules adsorbed on both (101) and (100) surfaces to form bindings
similar to two carboxylic groups on TiO,. In contrast, a different adsorption
geometry was evidenced by XPS, in which the oxygen atom directly bonded to a Ti

atom without a ring-opening reaction on the TiO,(001) surface.” The discrepancy
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in the MA adsorption on these surfaces was due to the different coordination of Ti
atoms on the individual surfaces. On the (101) and (100) surfaces, fivefold
coordinated Ti atoms can provide an extra O atom and react with the anhydride
group (O=C-0-C=0) to form two carboxylic groups, while fourfold coordinated Ti
atoms on the (001) surface can offer active sites to directly bind to the oxygen
atom in the MA molecule.®® These results suggest that the surface adsorption
geometry of MA on the oxide surface is tuneable via selective exposure of the
crystal faces of the supports.

The above research suggests that the MA molecule prefers to bind onto the
oxide surface via the C=0 group and anhydride group (O=C-O-C=0) rather than the
C=C group, which is different from MA adsorption on metal surface via C=C
bonding. Therefore, oxide supports play pivotal roles in C=0 adsorption and
activation, and thus affect the product selectivity. Furthermore, creating surface
defects of reducible oxide supports (ZnO, ZrO,, TiO,, etc.) is expectable to exert

profound effects on the MA adsorption behaviour of carbonyl and anhydride groups.
1.4.3 Mechanism of C=C hydrogenation

In terms of C=C hydrogenation, the Horiuti-Polanyi mechanism, which is used
for C=C bond hydrogenation in ethylene, has been taken into consideration for MA
hydrogenation to SA.# % |n this path, SA forms through two sequential C-H bond
formation elementary steps after MA adsorption and hydrogen dissociation, as

presented below:

MA + * < MA* maleic anhydride adsorption
H, + 2% < 2H* dihydrogen chemisorption
MA* + H* <> MAH* + C-H bond formation
MAH* + H* < SA + 2% C-H bond formation

where * represents the active site for MA hydrogenation and MAH* means the

maleic anhydryl intermediate.
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Figure 1.9 DFT-computed reaction energetics for the hydrogenation of maleic
anhydride to succinic anhydride on a Pd(111) surface®®

According to the Horiuti-Polanyi mechanism, Pallassana and co-workers
simulated the pathway of MA hydrogenation to SA on the Pd (111) surface.®® As
shown in Figure 1.9, the calculated energies for individual elementary steps
indicated that the hydrogen dissociation (-97 kJ/mol) and MA adsorption (-84
kJ/mol) on the surface of Pd were energetically more favourable (releasing energy).
In contrast, the hydrogenation of maleic anhydride to maleic anhydryl possessed
the highest intrinsic barrier (+95 kJ/mol) on Pd (111). The d band of Pd was found
to be close to the antibonding o+ orbital of maleic anhydryl, being able to
strengthen the adsorption of C-H at Pd (111). As a result, extra energy was

necessary for C-H desorption from the Pd (111) surface.

Furthermore, they compared the intrinsic barriers of hydrogenation of maleic
anhydride to maleic anhydryl over Pd(111), Re(0001) and Pdw./Re(0001) surfaces
and correlated the activation barrier with the d band position of three surfaces.®®®
They found that the intrinsic barriers decreased as follows: Re(0001) (+118 kJ/mol) >
Pd(111) (+95 kJ/mol) > Pdw/Re(0001) (+89 kJ/mol), contrary to their d band
position relative to the Fermi level: Re(0001) (-1.16 eV) < Pd(111) (-1.98 eV) <
Pdw./Re(0001) (-2.70 eV). The bimetallic Pdw/Re(0001) surface possessed the
deepest d band position, which reduced the interaction between the C-H bond and
the Pd-Re bimetallic surface, thus giving rise to the smallest C-H formation energy.
Based on these results, the authors concluded that the average d band position of
the surface metal layer far away from the Fermi level would benefit in decreasing
the activation energy (Ea) of C-H bond formation.® They supposed that group IB
metals, such as Cu, Ag and Au with full filled d orbitals (d'°), would exert profound
influence on C-H formation.® However, the group IB metals were often not active

enough for hydrogen activation®, which restricted the overall reaction rate of MA
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hydrogenation. To date, there are no theoretical insights available into MA

activation on other transition metals in publications.
1.44 Mechanism of C=0 hydrogenolysis

There are few studies which have explicated the pathways for the C=0
hydrogenolysis in MA hydrogenation over the heterogeneous catalysts. Hara and
co-workers proposed a plausible pathway of SA hydrogenolysis to GBL over a
homogeneous Ru-complex catalyst, as shown in Figure 1.10, wherein the C=0
group coordinated with RuHP; and then anhydride ring opened to form a 3-
formylpropionato Ru complex.?“ The 3-formylpropionato Ru complex was reduced
by H, to form 3-formylpropionic acid which was subsequently subject to ring
closure and forming GBL.5“ The authors noted that there was no solid experimental
evidence proving the MA ring-opening process that they proposed; however, the
presumed mechanism offered a clue with respect to unfolding the pathway of the
C=0 hydrogenolysis in MA hydrogenation. Interestingly, the MA ring-opening
reaction mechanism for the homogeneous MA hydrogenation process was
successfully applied to interpret the MA adsorption and decomposition on the
ZnO" and TiO,®.

Figure 1.10 Presumed reaction mechanism over the Ru-based complex®*

Although the mechanism of C=0 hydrogenolysis in MA hydrogenation is not
very clear, some crucial factors in C=0 hydrogenolysis can be defined from studies
on the selective removal of C=0 groups of the multi-unsaturated aldehydes and
ketones.®'? The research efforts showed that the adsorption strength of the C=0
group on the catalyst dominated the C=0 reactivity in hydrogenation. As
exemplified for the metallic Pd surface, the fully occupied orbitals (4d'®) of Pd are
detrimental to the C=0 adsorption, thus leading to the low activity of Pd in C=0
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hydrogenation.®* In contrast, the introduction of cationic promoters, such as Sn,
Fe and Ge into Pd-based catalysts remarkably enhanced their catalytic activity in
C=0 hydrogenation’\. The promotion effect of the cationic dopants was related to
the activation of positively charged species M® towards the C=0O group, thus
enhancing its reactivity in the hydrogenation reaction, as shown in Figure 1.11. A
similar phenomenon is observed in the case of cupric chromite catalyst, wherein
the C=0 group strongly bonded with positive Cr** species and then showed high
reactivity in C=0 hydrogenation.'? Based on these results, adding cationic species
into supported catalysts was proven to be an effective strategy to enhance the

reactivity towards C=0 hydrogenolysis.®
CH,=CH-CH=0---
AR —PRl—RA—PR— R
M* = Fe, Ge, Sn...

Figure 1.11 Schematic representation of the activation of the C=0 bond in a , B -

unsaturated carbonyls on Pd-M? 4!

As mentioned above, Re-, Sn- and Mo-modified Pd- and Pt-based catalysts have
considerable activity in MA conversion to GBL, BDO and THF likely due to the
enhancement of the cationic promoters in C=0 activation.“® ¢ Besides the
synergistic role of cationic promoters in C=0 adsorption, the effect of promoters
on the geometric and electronic structure of the main active metals and their
subsequent impact on surface reaction, including hydrogen activation, insertion of
atomic H into C=0 bond and desorption, are highly desirable to unfold the

structure-activity relationship in the selective hydrogenation.
1.5 Strategies for promoting MA hydrogenation catalyst

1.5.1 Active support-cerium oxide

As mentioned in the previous part, the catalyst support can exert a pivotal
impact on the activity and selectivity of MA hydrogenation. In general, an important
task for the support is to disperse the metallic active sites with a high proportion
of surface atoms and protect them from sintering and aggregation during the
reaction. A typical example is that mesoporous carbon with a high surface area
promotes Ru dispersion and enlarges the metal surface area, and the resultant
Ru/C catalysts showed excellent catalytic performance in converting SA to GBL."*"
Besides the surface area effects, the other properties of supports including pore

volume, shape and morphology, acidity and basicity, and surface defects are crucial
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as well. From an atomistic and electronic mechanism point of view, the surface
geometric configuration and the electronic properties of the support can modulate
the properties of active metal, including the particle size, structure and component,
shape, and chemical state, thus changing the catalytic reactivity. For example, the
Ni/ZrO, catalyst promoted MA conversion to GBL due to the presence of ionic Zr*-
0% bonds, which preferentially adsorbed the electron-rich C=0 group.®" Therefore,
a suitable support choice is very important in tuning the activity and selectivity of

MA hydrogenation.

Some reducible supports can offer active sites to activate the reactants and
synergistically promote the conversion of reactants. These supports usually are
reducible oxides, like TiO,, ZnO and CeQ,, which easily form non-stoichiometric
structures with surface defects. Such surface defects can coordinate with reactants
and then enhance the catalytic performance®*® as evidenced by extensive
characterisation using advanced electronic spectra, particularly for the uses of ZnO
and TiO, oxides used as either additives or supports in MA hydrogenation catalysts.
The XPS and near-edge x-ray absorption fine structure (NEXAFS) spectroscopy
evidenced that a defect-rich ZnO surface can enhance MA adsorption and improve
the reactivity of MA.®? The FTIR characterisation indicated that TiO,, with defects
enhanced MA adsorption via linking the C=0 group to the oxygen vacancy (Ovac)
on the surface.*® Moreover, the improvement of ZnO and TiO, in MA conversion to
GBL was experimentally proven for the Cu-Zn®® and Ni/SiO,-TiO,®% catalysts.
Another important reducible oxide CeO, was used as the additives to promote MA
hydrogenation, enhancing the selectivity of GBL over the Cu-CeO,-Al,O; catalyst."
The survey of literature only found very few works which discussed the roles of the
CeO; support in MA hydrogenation, although there have long been a plethora of

studies in academia and in industry.®”

CeO,, as one of the most widely studied rare earth oxides, possesses a cubic
fluorite structure with lattice constant a = 5.41134 A and the space group Fm3m.
As shown in Figure 1.12(A), fluorite CeO, consists of a face-centred cubic (fcc) unit
cell, wherein Ce cation coordinates with eight oxygen anions but each O atom
coordinates with four Ce cations and occupies the tetrahedral interstitial site. The
unique electronic configuration (4f?6s?) of cerium confers CeO, with a fast
transformation of cerium cations (Ce**2Ce*) and a remarkable capacity of oxygen
storage. Owing to the special structure and electronic configuration, CeO,-based
materials have been widely used as catalysts or as non-inert supports for catalysts
in various chemical reactions, such as CO oxidation®®'% water-gas shift reaction®*

191 soot combustion”” and various reforming reactions.!''*""3
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Figure 1.12 The perfect fluorite structures of CeO,""™ and defects on the (111)
surface of CeO, material (white large balls are on the top O* layer; grey large ones
are on the third O* layer; yellow and orange ones are on the second Ce cation
layers. Yellow indicates a Ce* cation and orange indicates a Ce* cation. Black ones
are on the forth Ce* layer).!"

One of the most important features of CeQ; is its rich various oxygen vacancies
(Ovac), as shown in Figure 1.12 (B), which can enhance the adsorption of oxygen-
containing reactants on the surface of catalysts. The investigation by Albrecht and
co-workers suggested that the chemical adsorption of methanol over the CeO, (100)
and (111) surfaces resulted in the formation of methoxyl species"'® whereas the
amount of stable methoxyl species on the former was almost two times that of on
the latter. The authors attributed these to the more under-coordinated Ce cations
and O anions on the CeO, (100) surface than those of the (111) surface. The surface
states and the number of defect sites (Ovac population), probed by Wu et al. using
mass spectra and in situ IR and Raman techniques, were evidenced to determine
the adsorption modes (on top, bridging and three-coordinate modes) and the

reactivity of methoxyl species on the CeO, surfaces.!''”
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Figure 1.13 Acetone adsorption on the (A) fully oxidised and (B) reduced
CeO,(111) thin film e

Senanayake and co-workers comparatively investigated the acetone adsorption
on the fully oxidised CeO, (111) and reduced CeOx (111) thin films using XPS and
NEXAFS."'® They found that acetone weakly bonded with the stoichiometric CeO,
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(111) surface via the n! mode (Figure 1.13 (A)), while the adsorption of acetone on
the O-defective CeOx (111) surface was much stronger due to the formation of
ketone carbanion via coordination of carbonyl group with Ce cations, as shown in
Figure 1.13(B). The spectroscopic evidence confirmed that the Ovac-rich defective
CeOx (111) surface stabilised C=0 adsorption through enhancing carbanion
coordination with Ce cations, but the exact roles of Ovac and coordination states
were unclear. Soon after, Overbury’s group further investigated the adsorption and
transformation of acetic acid on the CeO, (111) surface and found bridge bonded
acetate species coexisted with the Ovac trapped acetate via acetic acid
dehydrate." Taking the strong interaction between Ovac and the anhydride group
into account, Ovac in the reduced CeOQ,s is expected to enhance the adsorption of

the carbonyl group and thus facilitate GBL production in MA hydrogenation.

Due to the strong interaction with oxygen species, Ovac in the CeO, materials
can serve as active sites for the catalytic reactions. For example, Liu and co-workers
shed light on the reaction pathway for CO oxidation over CeO, nanorods, revealing
that Ovac on the CeO, nanorods facilitated the activation and transportation of
active oxygen species whilst providing effective adsorption sites for CO.!'2%
Moreover, Wang and co-workers unravelled the important roles of Ovac in the CO,
methanation on the Ru/CeO, catalyst through in situ IR characterisation. They
verified that CO, methanation over the Ru/CeO, catalyst underwent the formate
route: CO,~>CO,>*>HCOO(formate)->CH,OH->CH, due to the presence of Ovac.’*
Compared with the CO dissociation route on the Ru metal surface, the formate
route remarkably decreased the activation temperature of CO, methanation (190°C
versus 250°C), accounting for the excellent catalytic performance of the Ru/CeO,

catalyst in the reaction.®
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Figure 1.14 Diagram of H adsorption on the surface of CeQ,""

Besides the activation of oxygen-containing functional groups, recent research
has shown the considerable potential of CeQ, in activating H; in the hydrogenation
reaction due to its strong interaction with hydrogen. DFT simulation indicated that

the dissociation of H, on the stoichiometric CeO,(111) surface was an exothermic
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process due to the formation of the OH group with strong interaction between H
and the CeO; surface,"?? as shown in Figure 1.14. This result indicates CeO; is able
to activate and dissociate the hydrogen molecule, and the lattice oxygen in the

CeO, matrix can stabilise atomic hydrogen via the formation of the hydroxyl group.

Furthermore, Bernal and co-workers found that hydrogen species desorbed
from the CeO, surface as H, (reversible adsorption) and H,O (irreversible
adsorption), where the reduced CeO; facilitated hydrogen desorption as molecular
H."#! Wu et al. employed spin-polarised DFT+ U calculations with the GGA-PW91
function to simulate the hydrogen diffusion and reaction over stoichiometric and
reduced CeO,(111) surfaces using the Vienna ab initio Simulation Package (VASP).
Their results suggested that the reduced CeO,(111) facilitated H diffusion and the
reversible H, adsorption because the presence of Ovac weakened the strength of
the O-H bond and diminished the energy barrier of H diffusion.l'2* 25

H o
2
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Figure 1.15 lllustration of H, interaction with CeO, with the formation of surface
OH and Ce-H""#

Through in situ inelastic neutron scattering characterisation, Wu and co-
workers gained vibrational insight into hydrogen dissociation over the ceria surface
and highlighted the significant roles of Ovac in the H-ceria interaction."?® As shown
in Figure 1.15, the homolytic cleavage of the hydrogen molecule occurred on the
stoichiometric CeO, surface with the formation of two O-H bonds. Once the CeO,
was reduced with formation of Ovac, one Ce-H intermediate was realised instead
of the O-H group on the reduced CeO,s surface after hydrogen dissociation.
However, the vibration feature of Ce-H disappeared when the reduced CeO, was
exposed to O, atmosphere, suggesting that the presence of Ovac played a crucial
role in stabilising the Ce-H intermediate."*® Furthermore, the authors claimed that
the existence of Ce-H in the reduced CeO,s sample facilitated the diffusion of
atomic H on the surface or in the bulk, which can offer the active H species for the

hydrogenation reaction.!*
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Owing to the capability of CeO, in hydrogen activation, the application of CeO,
as catalysts towards hydrogenation reactions is attracting increasing attention. For
example, Gianvito and co-workers reported that individual CeO, had high activity
and selectivity in the partial hydrogenation of alkynes to olefins."?” They further
employed DFT to study the reaction mechanism at the molecular level. The results
revealed that surface oxygen species played important roles in the hydrogenation:
(@) in adsorbing and stabilising atomic H species; and (b) in facilitating the
transformation of adsorbed acetylene to B-C;H, radical species (the intermediate

species in the acetylene hydrogenation) with a low activation barrier.'?®

Zhou and co-workers employed pure CeO, nanorods with well-defined (110)
planes to hydrogenate various nitroaromatics, revealing that CeO, nanorods were
economic, environmental and active catalysts for this reaction. They further
suggested that CeO, materials showed facet-dependent activity in this
hydrogenation, wherein the nanorods with (110) planes efficiently catalysed the

reaction, while other shapes of CeO, with (100) or (111) planes showed lower

activity.l'??
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Figure 1.16 Kinetic data Arrhenius-type plots for CO oxidation over (A) Al,O; and
(B) CeO, supported catalysts!"*”

Besides being used as catalysts, CeO, materials have been extensively
employed as active supports in catalysis. In comparison with the catalysts
supported on inert, non-reducible supports such as SiO, and Al,Os;, CeO, supported
catalysts displayed enhanced catalytic performance. As presented in Figure 1.16,
CeO, supported catalysts had higher catalytic rates of CO oxidation than their
alumina-supported counterparts, as evidenced by the much lower temperatures
needed to completely oxidise CO.'" The distinctive catalytic activity of CeO.-

supported catalysts was attributed to the promotion of metal dispersion,'*" '3 the
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strong metal-support interaction,”> ' metal-support synergistic effect,*” and

electronic structure modification.!33 134

CeO; support can maintain small metal particles and improve metal dispersion
through strong metal-support bonding."* It was reported that Cu/CeO, catalysts
displayed high catalytic performance in methanol production from the
hydrogenation of dimethyl carbonate because Cu subnanoparticles (<1 nm) were
readily formed in the Cu/CeO, catalysts due to their strong interaction with the
CeO, surface."? Moreover, Farmer and Campbell compared the Ag nanoparticles
supported on respective CeO, and MgO and reached the conclusion that Ag
nanoparticles localised on reduced CeO,(111) displayed higher stability than that
on MgO(100) as a result of their strong binding to both defects and terraces of
Ce0,."3" Owing to the strong binding of metal on the surface, the supported metal
species on CeO; exhibited high thermal stability and unusual resistance to sintering
during high-temperature operation.™" ' Ta and co-workers provided visual
evidence through environment transmission electron microscopy that CeO, layers
intimately contacted with gold particles through buried interfacial atoms, leading
to the reconstruction of a gold-ceria interface in the reduction atmosphere. As a
result, Au strongly anchored on the surface, maintained the interface and,

consequently, possessed high stability in the reaction.!*®

With respect to CeO, supported catalysts, the metal-ceria interface has
attracted considerable interest of scientists due to its significant promotion on the
catalytic properties."*” For example, through tailoring the perimeter of Pd-ceria
interface, Cargnello and co-workers defined the Pd-ceria interface as the active sites
and clarified its pivotal role in the enhancement of CO oxidation over the Pd/CeO,
catalysts.” Mudiyanselage and co-workers reported that a CeO,/Cu(111) system
with the presence of a Cu-CeO, interface increased more than one order of
magnitude in the activity of the WGS reaction relative to the bare Cu(111) surface.®
The in situ ambient-pressure XPS results pointed out that Cu-CeO, interface acted
as active sites in facilitating H,O dissociation to the OH group.®” Their DFT
simulation results further confirmed that the Cu-CeO, interface opened an efficient
pathway for H,O dissociation with a low activation barrier (+0.22 eV) in comparison
with the same procedure on the Cu (111) surface with a high activation barrier (1.0-
1.4 eV).b!

To elucidate the electronic properties of metal at the M-ceria interface, Bruix
and co-workers conducted valence photoemission experiments (UPS and XPS) on
small Pt nanoparticles deposited on CeO,(111) and CeO,/TiO,(110) surfaces. They

found that the Pt-ceria contact produced large electronic perturbations for small Pt
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particles but this perturbation drastically decreased with the increasing size of Pt
particles. Combined with DFT simulation, this strong Pt-ceria electronic interaction
was devoted to significant enhancement of the Pt-ceria interface in dissociating the
O-H bond in water. In addition, a similar electronic perturbation was also
observed in the Cu/CeO, system, leading to various Cu species with different
valence states (Cu’, Cu" and Cu%).'*® Such electronic interaction of Cu/CeO;
catalysts improved the adsorption and dissociation of water molecules,

contributing to its excellent catalytic performance in the WGS reaction.!'3®

In summary, active CeO, supports can improve metal dispersion and prevent
the supported metal species from sintering during the thermal operation. The
strong metal-ceria interaction can change the geometry and tune the electronic
structure of the supported metals at the interface. Thus, it is expected that the

CeO; support would impart distinguished catalytic activity for MA hydrogenation.
1.5.2 Modification of surface metal active species

Based on the mechanism of MA hydrogenation on metal surfaces, tuning the
activity and selectivity of MA hydrogenation is feasible by modifying the surface
properties of metal species, which significantly determines the adsorption of MA
and surface reactions. For example, the addition of Sn to Pd/SiO, modified the
electronic structure of Pd species, which improved the selectivity of MA conversion
to GBL."® The bimetallic Ni-Pt/Al,O; catalyst displayed higher catalytic activity and
selectivity of MA hydrogenation to SA than monometallic Ni/Al,O; and Pt/Al,O; due
to the formation of the Pt-Ni alloy.®¥ In addition, the supported Ni-Pt alloy on the
Al,O; support showed the similar activity to the homogeneous RuCl,(TPP); catalyst
in MA hydrogenation. Other bimetallic catalysts like Pt-Au/TiO,*”" and Ru-Re/C*?
displayed higher catalytic performance in comparison with monometallic catalysts
in MA hydrogenation. These results indicate a profound role of bimetallic species

in MA hydrogenation.

From an electronic point of view, the introduction of a second metal is an
important approach to engineering the electronic and geometric structures of
catalysts to enhance their catalytic activity and selectivity to products.'” The
introduced metal can exist as an adatom,"* in an alloy"” or ionic state®”, or
isolated species on the surface of the main metals,?® which dominates the
geometric and electronic structure of bimetallic catalysts. The surface structure is
dependent on the formation enthalpy of bimetallic species, which is summarised

as follows!!:

® The mixing enthalpy is very close to zero, which would lead to the formation
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of alloys that behave like ideal solutions;
® The small and negative mixing enthalpy can give rise to ideal or regular alloy

formation. This case occurs when the radii of two metals are quite similar, e.qg.

the Pt-Cu alloy®;

® The large and negative mixing enthalpy would result in the formation of
intermetallic compounds or ordered solution, which could possess some
covalent features instead of the metallic state®;

® |n the case of small and positive mixing enthalpy, such a system is mono or
biphasic, according to the temperature of equilibration. A typical example is
the Ni-Cu alloy in which the surface component of the Ni-Cu alloy relies on
temperature?;

® When the mixing enthalpy is large and positive, only surface alloying is
possible, often under the formation of clusters of the additive, like with Ru-

Cu®,

Because of the varied formation enthalpies, the bimetallic catalysts could
exhibit completely different physical and chemical properties and give rise to
distinctive catalytic activity. For example, the Rh@Pt bimetallic catalyst with core-
shell structure showed the highest activity in CO oxidation at 70 °C compared with
the nano scale Rh-Pt alloy and monometallic Rh+Pt catalyst."*! The Pt-Ni-Pt(111)
structure was much more active and selective than the surface Ni-Pt-Pt(111)
structure in the hydrogenolysis of the C=0 group in the hydrogenation of acrolein,
which was due to different electronic structures between Pt-Ni-Pt(111) and Ni-Pt-
Pt(111)." To meet requirements in efficient conversion of MA to desirable

products, it is important to establish a clear structure-activity relationship for

bimetallic catalysts.

Metallic Ni species have been extensively applied to develop a composition-
dependent bimetallic system for various catalytic applications, because of its
alloying efficiency with all noble metals and many transition metals with wide mass
ratios.""” For MA hydrogenation, Ni-based catalysts are more active for hydrogen
activation and C=C hydrogenation yet less selective to the products in comparison
with other inexpensive metals.* 7> Therefore, modulating the surface properties
of Ni species by introducing other metals is crucial for the rational design of
effective catalysts for MA hydrogenation. However, it still necessitates establishing
the correlation between the catalytic structure and the performance of

hydrogenation.
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1.6 Aims and methodologies of this thesis

1.6.1 Objectives

Novel catalysts for MA hydrogenation

Metal choice Suppart choice Bimetallic Ni-M/CeO, Surfgce Ce0, decorated
catalyst Ni-based catalysts
Surface engineered Ni/Ce0, catalysts
Ni loading ‘
’ Ni/Ce0, catalysts ‘ Active sites ‘
CeO,
morphology

Figure 1.17 The research flowchart for the PhD thesis

In my thesis, the core research objectives are as follows: (a) to design and
develop novel and robust catalysts for liquid phase MA hydrogenation; (b) to define
the active sites for H, activation, C=C hydrogenation and C=0 hydrogenolysis; and
(c) to establish a correlation between the catalyst reactivity and their synthesis and

structure for a rational design of novel and desirable industrial catalysts.

To these ends, the main research tasks are proposed and illustrated in Figure
1.17. Firstly, through comparative studies on the CeO, and Al,O; supported
catalysts and various M/CeQ, (M= Co, Ni and Cu) catalysts in MA hydrogenation,
Ni/CeO, is chosen to be an effective material for MA hydrogenation. Then, via
tuning the Ni loading and morphology of CeO, supports, the active sites for C=C
hydrogenation and C=0 hydrogenolysis will be defined. Based on knowledge of the
active sites in C=C hydrogenation and C=0 hydrogenolysis, the Ni-CeO, catalytic
system will be further optimised by the surface engineering method so as to

improve the activity and selectivity of MA hydrogenation.
1.6.2 Methodologies

A wet impregnation method is employed to prepare all catalysts in the thesis
because impregnation methodology is widely used for industrial catalyst
preparation and is flexible in adjusting the components of catalysts. The
fundamental concepts of the impregnation method have been well documented in
the review"*! and book"® . In my thesis, the impregnation method is employed to
minimise the influence of preparation methods on the catalytic performance of all
the catalysts.
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Liquid phase hydrogenation is used to evaluate the catalytic reactivity of
catalysts in MA hydrogenation. Compared with the gas phase MA hydrogenation
being operated at 210-280°C, the liquid phase hydrogenation is usually conducted
at a lower temperature (190-210°C), in order to hinder the over-hydrogenation and
decarbonylation of MA to by-products and the cracking of the MA molecule to small
organic compounds, and even to CO, and CH."" In addition, liquid phase
hydrogenation can resist coking in comparison with gas phase hydrogenation
because solvent facilitates the removal of adsorbed hydrocarbons on the catalyst

surface.

Diverse characterisation techniques are employed to study the physical and
chemical properties of the catalysts. X-ray diffraction and Raman spectroscopy are
used for structure determination, and x-ray photoelectron spectroscopy is applied
to detect the electronic structure of catalysts. The redox properties of supported
catalysts are determined by H, temperature-programmed reduction, while
information on hydrogen activation over catalysts is obtained using H, temperature
programmed desorption. These techniques have been well documented in the
books? > #1471 and literature® %% Details on the characterisation are presented in
Chapter 2.
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Chapter 2

The following chapter summarises the materials used for catalyst preparation,

Chapter 2 Experimental methodologies

Experimental methodologies

methodologies for catalyst characterisation and catalyst evaluation procedure.

2.1

All the materials used for the catalysts preparation and catalytic evaluation are

Materials

summarised in Table 2.1.

Table 2.1 Materials for catalyst preparation and evaluation

Chemicals

Molecule

Grade

Producer

Cerium(lV) nitrate
Nickel(ll) nitrate

Aluminium (lII)

hitrate

Copper (Il) nitrate

Ce(NOs)s- 6H,O Analytical (> 99%)

Ni(NOs),- 6H,O Analytical (> 99%)

AI(NOs);- 9H, O Analytical (> 99%)

Cu(NOs),- 3H,0 Analytical (> 99%)

Analytical (> 99%)
Analytical (> 99%)
Analytical (> 99%)
Analytical (> 99%)
Analytical (> 99%)
Analytical (> 99%)

< Tu s/cm

Sigma-Aldrich Co.
Sigma-Aldrich Co.

Sigma-Aldrich Co.

Sigma-Aldrich Co.
Sigma-Aldrich Co.
Sigma-Aldrich Co.
Sigma-Aldrich Co.
Sigma-Aldrich Co.
Sigma-Aldrich Co.

Sigma-Aldrich Co.

Ltd

Ltd

Ltd

Ltd

Ltd

Ltd

Ltd

Ltd

Ltd

Ltd

Citric acid CeH:O;
Sodium hydroxide NaOH
Maleic anhydride C,H;0;
Succinic anhydride C,H.,O;
y-butyrolactone C4HqO;
Tetrahydrofuran C.HsO
Deionized water H.O

2.2 Methodologies

2.2.1 Powder X-ray Diffraction

Powder X-ray diffraction is a powerful technique used to characterise the crystal
structure and the crystallite size of poly-crystalline or powder solid samples. This

method is also applied to identify unknown substances via comparing the obtained
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XRD patterns with a database provided by the International Centre for Diffraction
Data. XRD is also employed to characterise heterogeneous solid mixtures to
determine their components in the crystal structure. The fundamental theory about
XRD technology is presented in Appendix A.

| . . = CeO,
(A) | (B) . e
| .
U. || ﬁ lhl "|| . =
-~ | . . - I a U\
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Figure 2.1 Typical XRD patterns of (A) NiO/CeO, precursors and (B) Ni/CeO,s

catalysts adapted from Ref.['s%

Figure 2.1 presents XRD patterns of NiO/CeO, precursors and Ni/CeO,s
catalysts. Besides the detection of crystal phase, XRD can provide additional
information about the structure of catalysts. The lattice parameter (a,) of CeO, can
be estimated using interplane distances (d spacing) and Miller indices (h k ).1"*" The
interplane distance (d) can be calculated by the Bragg equation, and the formula to

calculate lattice parameters of cubic crystal phase is presented as following

a=dyy X VRZ +kZ+ 12 =2 x VRZ+ k2 + I .1)

2sinf

In addition, the mean crystallite size of particles can be estimated using the

Scherrer equation*?;
D = KA/ (BcosB) (2.2)

where K is the Scherrer constant, A is the wavelength of x-radiation, 6 and B are
respective to the diffraction angle and the line broadening at half the maximum
intensity (FWHM, in radian angle scale), D is the mean size of crystalline domains.
The Scherrer equation is an approximation method, exclusively providing a finite
boundary on the crystallite size (below 200 nm) due to a variety of factors, such as
stacking, twin faults and sub-grain structures that influence the width of a

diffraction peak.*?

Besides the crystallite size, x-ray diffraction peak profiles can reflect
dislocation structure of crystallite particles. The ideal powder diffraction consists

of narrow and symmetrical peaks, positioned according to a well-defined unit cell.
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The aberrations from the ideal powder pattern can be conceived as: (i) peak shift,
(ii) peak broadening, (iii) peak asymmetries (iv) anisotropic peak broadening and
(v) peak shape changing.' According to the theory of kinematical scattering, the
broadened diffraction peak is related to either crystallite smallness or the presence
of microstrain."*® The microstrain can be arisen from lattice imperfection, including

dislocation and various defects in the forms of step, kink, terrace and point.

(B)

- v

Figure 2.2 Simplified representation of a crystal (A) without and (B) with

microstraint>#

As shown in Figure 2.2(A) , the positon of each shell in a crystal free of any

. . 2> 2 2> . -
defects is described by the vector: ? =ua + vb+w C. With respect to their original

position, the defects in a crystal can cause the displacement of the three-

dimensional repetition of identical cells, which is characterised by vector g .The
microstrain corresponds to atom displacements with respect to their positions in
perfect crystal that is free of any defects."** The contribution of the microstrain to
the width of XRD peak can be described as:"*

[BR+n)-8(R)] _ Ad _ B
5(R) " d  4tand

(%) = (2.3)

where € represents the microstrain, 6 and B are the diffraction angle and the FWHM
of the peaks. In general, the microstrain of CeO, are used to estimate the density
of defects in the unit cell of CeO., which is caused by lattice imperfection with

discrimination of dislocation, step, kink, terrace and different point defects.!'>' "5

Using the crystal lattice constants of the alloy into the Vegard’s Law, one can
estimate the approximate concentration of the two constituents in an alloy phase.
1571 For example, one can calculate the ratio of Cu/Ni in the Cu-Ni alloy using the

following equation in cubic crystal phase:
Acuni = Xay; + (1 —x)acy (2.4)

where acwi, aw and ac, are the lattice parameters of Cu-Ni alloy, Ni and Cu phase,

respectively, and x represents the molar ratio of Ni in the Cu-Ni alloy. It is
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noteworthy that the Vegard’s law is not limited to metallic alloys and cubic crystal

phase but a general principle suiting various parameters along crystal vectors.

In my thesis, the XRD measurements for all the relevant samples were
conducted on a Bruker D8 advance diffractometer using Cu Kal radiation (A =
0.15418 nm) equipped with a Ni filter at University of Southampton. Analysis was
carried out within the 26 region of 10-80° by a continuous scan mode at 2°/min
with a step size of 0.006°.

2.2.2 Raman spectroscopy

FZg Cel'XGdXOZ-X/Z

Intensity (a.u.)

T - T v

T T . T i T
250 500 750 1000 1250 1500 1750

Raman shift (cm-1)

Figure 2.3 Raman spectra of Gd-doped CeO, samples adapted from Ref.[158]

Raman spectroscopy is a powerful tool to detect structural properties of
nanomaterials, due to the strong sensitivity of the phonon characteristics to the
crystalline nature of the material. Hence, Raman has been widely employed to
characterise structures and defects of ceria-based nanomaterials.®®'*-1587% For the
NiO/CeO. system, the changes of the bands, including position, intensity and full
width at half maximum can provide information pertaining the structure evolution
of CeO, arisen from the introduction of NiO."*"-'*"The fundamental theory about

Raman spectroscopy is briefly described in Appendix A.

For a typical Raman spectrum of CeO, as shown in Figure 2.3, a dominant
vibration (F,;, mode) is observed at ~460 cm” due to the symmetrical stretching
vibration of Ce-O bonds in the fluorite structure.®® The serial LO bands, as 2LO
band at ~1170 cm™ and 3LO band at ~1750 cm™, are characteristics of multiphonon
relaxation by the resonance Raman effect.'*® The weakest band (D band) at ~600

cm™ is activated by the defects and oxygen vacancies in the matrix of the CeO,
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samples.'® After Gd doped into CeO, as shown in Figure 2.3, the F,; and 2LO bands
got progressively broader, and the D band around 600 cm” became pronounced,
indicating that Raman modes are sensitive to atomic scale disorder and defects in
solids."® Additionally, Taniguchi and co-workers claimed that I/l was sensitive
to the defect density, whereas l.,o/ly Was comparable among the Gd-doped
samples.'*® Based on their work, the relative intensity ratio of Ilp/lr, is widely

employed to estimate the Ovac concentration in the CeO,-based samples.['s" 160 16%.

163, 164]

In my thesis, the Raman scattering is also employed to investigate the structure
of CeO; and its evolution induced by H, reduction and loading metal or metal oxides.
The estimation of the Ovac concentration relies on the relative intensity of
corresponding Raman peaks. Raman spectra of all the catalysts in the thesis were
recorded at University of Southampton, using a HORIBA Raman microscope with a
laser wavelength of 532 nm (LabRAM HR Evolution) and the laser power of 20 mW.

2.2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique that measures the elemental composition, chemical state
and electronic state of the elements at the surface of a material.'*' The fundamental
theory of XPS is described in Appendix A. For the CeO,-containing samples, XPS
spectra are often used to detect the Ce3* and Ce* components and quantitatively
analyse their ratio at the surfaces.’* °? In addition, the oxygen species on the
surface of samples can be distinguished by fitting the O1s core level spectrum.®”
Based on the concentrations of the Ce and lattice O species, the surface amount of

structural Ovac can be estimated as well.1®# 99151166l

Ni2p
853.0} 8523
.
10Ni-Si0, i
A
'y
!
:|II?I'
10NIS0CU-SiO, |
M/\,\'-",M\. : : |II
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e \_,_.m;..ﬂ'f\\‘ S - i
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Figure 2.4 The core level XPS spectra of Ni2ps/, in the bimetallic Cu-Ni/SiO,

catalysts adapted from Ref.l'¢”
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The relative intensity or integrated XPS peak areas can provide the surface
concentration of the element in question, while the chemical shift of core-level XPS
peaks can deliver important information on its electronic state and chemical
environment. Figure 2.4 presents typical XPS spectra of Ni species, where the
binding energy (BE) of Ni in the bimetallic samples shifts to low energy compared
with that in the monometallic sample.'®” The chemical shift indicates the changes
of electronic structure of Ni species in the bimetallic samples. In principle, the blue
shift of BE of the main peak for Ni is associated with the decrease of electron density
of the nickel species. Versus vice, the red shift of BE of the main peak for Ni is due

to increased electron density of nickel species.!®8 169

In my thesis, all the XPS spectra were collected from a Thermo Scientific
Escaplab 250 using monochromatized Al Ka as the X-ray source (1486.8 eV) at a
constant dwell time of 100 ms and pass energy of 40 eV. The X-ray source was
running at a reduced power of 150 W (15 kV and 10 mA). The working pressure in

the analysis chamber maintained at 2x10° mbar.

Differing from the normal sample preparation, the atmosphere-sensitive
catalysts containing reduced metallic nanoparticles or defective CeO; are stored in
inert gas environment and transferred immediately into a vacuum desiccator to
prevent the catalysts from re-oxidation. Thereafter, the reduced catalysts mounted

on the standard sample stubs with double-sided adhesive tapes.

All the determined binding energies were referenced to the C 1s hydrocarbon
peak at 284.70 eV, which was pre-calibrated. Spectral data were processed using
XPEAKS 4.1 software using a combination of Gaussian and Lorentzian peak

functions after subtracting Shirley background.
224 Hydrogen temperature programmed reduction/desorption

Temperature-programmed reduction (TPR) is an important technique to define
the efficient reduction condition for the reduction of a given oxide, which was
developed by John Ward Jenkins in order to develop heterogeneous catalysts at the
Shell Oil company.'” By analysis of the redox behaviour, one can extract crucial
information on the examined catalysts, such as chemical states of metal species

and their interaction with the support.

Temperature programmed desorption (TPD) is a useful method for monitoring
the desorption behaviour of the pre-adsorbed molecules from the surface along
increasing temperature. When molecules or atoms deposit onto the metal and/or
oxide surface, they prefer to bind onto the specific position via a physical

interaction or chemical bonds to minimize the system energy. The binding energy
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varies with the adsorbate and surface. As heated up to certain energy level, the
adsorbed species will leave from the substrate surface due to heat energy transfer
to overcome the adsorption energy. The desorption temperature corresponds to

the adsorption energy.

The obtained TPD profiles are very useful to recognise the different adsorption
conditions of the same molecule from the different adsorption sites, for instance,
terraces and steps on the surface of catalysts.'”" The area of a desorption peak can
reveal the amount of adsorbed species, which related to the population of active
sites. Therefore, one can estimate the metal dispersion on the supported catalysts
using desorption peak area only if the adsorption on the metal is unique or the
support is inert in adsorption of the adsorbate.

In this thesis, H,-TPR experiments were carried out using the Micromeritics
AutoChem Il 2950 automated catalyst characterization system equipped with a
thermal conductivity detector (TCD). In a typical experiment, 30 mg of fresh sample
was heated from ambient to 300°C at 10°C /min in argon and maintained at this
temperature for 1 h to remove adsorbed moisture and air. After cooling down to
ambient temperature in argon, the sample was heated to 800°C at a ramp of
10°C/min under a H,/Ar (10 vol% H, in argon, 50 mL/min) flow, followed by
naturally cooling down. The TPR profiles was recorded by TCD.

H,-TPD measurements were conducted on the same apparatus. In the H,-TPD
test, 100 mg catalyst was first reduced at 350°C for 1 h in a pure H, flow, followed
by purging with Ar for 1T h at 360°C to remove the excess hydrogen adsorbed on
the surface and cooling down to 50°C in an argon flow. At the temperature of 50°C,
the catalyst was exposed to the mixed H,/Ar(10% H, in argon) gas with a flow of 50
mL/min for 60 minutes, followed by flushing in argon for another 60 minutes in
order to remove physicosorbed hydrogen, and then heated in argon to 600°C at a

heating rate of 10°C/min.

The correlation of TCD signal to hydrogen volume data follows the method,
which is provided in the manual book of the AutoChem 2950 Automated Catalyst
Characterization System. Prior to the H,-TPR and H,-TPD experiments, the
instrument calibration is necessary to conduct using H,/Ar mixture gas with known

concentration.

The metal dispersion can be estimated according to the volume of chemisorbed

H, using the following simplified equation!”":

) _ ZXVad XMmetal XSF

Metal Dispersion (% X 100% (2.5)

mXPXVM
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where m is the weight of sample (g), P is the weight fraction of metal in the sample
as determined by ICP-OES, V., is the molar volume of H, (22414 mL/mol) at standard
temperature and pressure (STP); V.. (mL) is the volume of chemisorbed H, at STP
measured in the TPD procedure. M... and SF are respective to the molecular weight
of metal and the stoichiometric factor (M:H molar ratio in the chemisorption is
taken as 1).

2.3 Auxiliary characterisation

The surface area and pore size for each catalyst was determined using a
Micrometrics ASAP 2020 Surface Area Analyser. Approximately 0.1 g of the catalyst
was degassed in a flow of N, at 250°C for 8 h in order to remove any adsorbed
species from the surface. Measurements were used nitrogen as the adsorbate and
conducted at -196°C.

The morphology of the materials was observed using a JEOL JEM-2010
transmission electron microscope (TEM) operated at 120.0 kV. The samples were
dispersed in ethanol under 10 min ultrasonication. The TEM images were collected

at Shanxi University.

The chemical analysis of the catalysts was conducted by inductively coupled
plasma (ICP) spectroscopy with the iCAP 7400 ICP-OES (Thermo Fisher Scientific)
equipment, which is settled in Shanxi University. The error of analysis for each
element was Ni + 0.70% and Ce + 0.08%.

2.4 Catalyst evaluation

Mechanic stirring
Thermocouple
inlet valve

Batch lid

Batch body
Condensation pipe
. Stirrer

. Heating system

. Outlet valve

L=

[=))

m
2
<} =
=
-
O 0

MA/THF
mixture

Figure 2.5 (A) lllustration and (B) photo of the batch reactor for MA hydrogenation

The performance of the liquid-phase hydrogenation of MA on the relevant
individual catalyst was evaluated at Shanxi University, using a batch reactor (as

shown in Figure 2.5). Before hydrogenation of MA, the catalyst was reduced in a
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quartz tubular reactor under a pure H, flow (20 ml/min). The reduced catalyst (0.1
g) was added into an autoclave (100 ml) containing mixed solution of THF (40 ml)
and MA (4.9 g). This mixed process was carried out in a glove box to avoid
oxidation of the reduced catalyst.

The autoclave containing the catalyst and reactants was purged five times with
nitrogen to remove air before pressurising up to 4.0 MPa using hydrogen. Then,
the reactor was heated to 210°C with the H, pressure up to 5.0 MPa. Diffusion
restrictions due to internal and external diffusions were ruled out by sieving
catalyst with confined particle sizes of 0.425-0.250 mm and stirring the mixed
system at 500 rpm. Figure 2.6 presents the optimization of the reaction conditions
to avoid the diffusion limits, where the optimal conditions were chosen in the
catalyst evaluation experiments.
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Figure 2.6 Conversion of MA against the stirring rate (A) and particle size of
catalysts (B) over 15Ni/CeO,s catalyst. Reaction condition: 4.9 g MA, 0.1 g
catalyst, 40 ml THF as solvent, 210°C and 5 MPa for 20 min

In the same evaluation system, the stability test of catalysts was conducted by
cycling activity tests for 20 times of the MA hydrogenation reaction. After one circle
of MA hydrogenation, the catalyst was separated by centrifugation and reused in
the next hydrogenation cycle without further treatment. After the stability test, the

used catalyst was calcined at 500°C in a N, flow to remove the surface adsorbed

organic species.

The composition of the reaction effluent was analyzed using a gas
chromatograph (7890A, Agilent, USA) equipped with a  SE-52
(30mx0.32mmx1.0um) capillary column and a flame ionization detector (FID). The
temperature program of column chamber was set starting from 100°C to 120°C
with a ramp of 5°C/min in order to ensure the complete separation of individual

component of the effluent. The temperatures of the injector and detector were set
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at 260°C and 190°C, respectively. The respective concentrations of MA, SA and GBL

in the effluent were measured three times to obtain their average concentrations

of individual components, in order to minimize errors from both GC instrumental

errors and tests.

One can read the respective concentrations of MA, SA and GBL of the effluent
from their standard curves (Figure 2.7) with very high accuracy. The standard

curves were plotted using the GC peak areas versus corresponding concentrations

of individual components, which were determined using MA/THF, SA/THF and

GBL/THF solutions with certain concentrations. The typical GC diagram for MA, SA

and GBL are presented in Figure B1 (Appendix B).
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Figure 2.7 The calibration curves of MA, SA and GBL concentration

The MA conversion, yield and selectivity of the hydrogenation system were

calculated by inserting the obtained concentrations of MA, SA and GBL into the

following equations:

CepL+C
XMA(%) — _ “GBLTHSA

CepL+Csa+Cpma

X 100%

Sea(%) = —S4 % 100%

Csa+CeBL

68

(2.6)

(2.7)



Chapter 2 Experimental methodologies

Ysu (%) = CGBCL;:‘CSA X Xy4 X 100% (2.8)
Y6p1,(%) = CGZLC,;%SA X Xya X 100% (2.9)

where the Cus, Csiand Cen represent relevant concentrations of MA, SA and GBL,
respectively. The Xwa, Ssa, Ysaand Yeu are respective to the MA conversion, SA

selectivity and yields of SA and GBL, respectively.

The turnover frequencies of MA hydrogenation to SA (TOFuasss) on Ni species

were calculated using the following equation:

TOFypssa = n(MA)ine. X Xpypa/ (& X n(ND)torar) (2.10)

where the n(MA).. is denoted the initial number of C=C (one C=C in per MA
molecule), Xua is the conversion of MA to SA at low MA conversion (<40%) and t is
the reaction time (min). The n(Ni)... represents the total number of surface Ni atoms
which were calculated using the hydrogen uptake data on nickel species and
assuming H../Ni=1. The data of hydrogen uptake on Ni atoms were estimated from

the H,-TPD profiles.

The turnover frequencies of SA hydrogenolysis to GBL (TOFssscs) Over the

metallic Ni species are estimated using the following equation:
TOFSA_)GBL = n(SA) X YGBL/(t X n(Nl)b) (2.] ] )

where n(SA), Ye and t are denoted to the number of SA (mol) converted to GBL, the
yield of GBL (%) and the reaction time (min) for conversion SA to GBL, respectively.
The reaction time for conversion of SA to GBL is counting from the time of 100%
MA conversion, which is varying on the dependence of catalyst. The n(Ni), denotes
the number of surface Ni° atoms of the catalyst, which is calculated from the
hydrogen uptake on the surface of Ni° species based on the corresponding peak in
the H,-TPD profiles.
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Chapter 3 The comparative studies of
10Ni/Ce0O.s and 10Ni/Al.O; catalysts on MA

hydrogenation

3.1 Introduction

Catalytic hydrogenation of maleic anhydride (MA) is an important chemical
process for mass-production of high-value intermediates and solvents, such as SA,
GBL and THF, which are in high demand in the chemical, polymer, pharmaceutical
and textile industries."® However, the pathway of MA hydrogenation can involve
simultaneous C=C hydrogenation and C=0 hydrogenolysis under similar condition,
which can likely bring about mixed products.” Therefore, efficient and selective
catalysts are highly desirable to reduce the energy penalty for product purification.
The recent progress on MA hydrogenation reveals that supported Ni-based
catalysts can be exceptional candidates for this process. For the industrial
applications, the eco-friendly Ni-based catalysts are more appealing than both the
expensive noble metal catalysts and toxic copper chromite catalysts. For supported
Ni catalysts, the selected supports can significantly influence the catalytic
performance. In general, supports have different properties, like surface area, pore
volume, surface acidity and surface defects, which can modulate the geometric and
electronic structure of active metal and tune the metal-support interaction. '
Therefore, suitable selection of support is of importance in rational design of

selective catalyst for MA hydrogenation.

Compared with traditional supports like SiO,, Al,O; and zeolite, the ceria
materials are generally featured with the swift redox cycles of cerium cations
(Ce**—Ce*), structural Ovac and remarkable capacity in oxygen storage, which
confers CeO, with outstanding performance in catalytic CO oxidation"®" "2 water-
gas shift reaction”* ' and reforming reactions."'® " The CeO, support with Ovac
can effectively promote metal dispersion and prevent sintering of the active metals
during the thermal operations."*" With increasing knowledge of CeO, material, CeO,
has been regarded as an excellent candidate for hydrogenation due to its
outstanding power in hydrogen adsorption and diffusion.'?*'2¢" DFT simulation
suggested that hydrogen dissociation on CeO,(111) crystal plane is a strong
exothermic process with a relatively low barrier energy (-2.82 eV).'?” Additionally,

Ovac in CeO; also can enhance hydrogen diffusion and migration, which can offer
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abundant reactive H atoms for the hydrogenation. Moreover, Ovac is also
demanded in MA hydrogenation in previous research that Ovac on catalytic support
plays crucial roles in selectivity of MA hydrogenation.®® It is reasonable to

anticipate that Ni/CeO, will have an excellent performance in MA hydrogenation.

In this section, a novel Ni/CeO, catalyst was prepared through facile incipient
wetness impregnation and was compared with the conventional Ni/Al,O; for the
liquid phase hydrogenation of MA at 210°C and 5 MPa of H, pressure. The catalysts
were well characterised by XRD, N, adsorption-desorption, XPS, H,-TPR, and H,-TPD
techniques to correlate MA hydrogenation performance with their physicochemical

properties.
3.2 Experimental

3.2.1 Catalyst preparation

All chemical reagents, Ce(N03)3'6H20, NI(N03)26H20, A|(N03)39H20,
concentrated ammonia solution, were at analytic grade and used as-purchased

without pre-purification.

The CeO, support was prepared via a simple decomposition of Ce(NOs);-6H,0
in a quartz tube under the air flow (50 ml/min) at 500°C for 3 h.

& > stirring
Ni(NO;),(aq) i —)

3h

CeO;,
120 °C drying

H, reduction 500 °C
- e = [ I I J
Catalyst {e— = Z. G S

350°C
Precursor

Figure 3.1 The schematic procedure for preparation of 10Ni/CeO,s catalyst

The obtained CeO, support was used to prepare the 10Ni/Ce0Q,.s catalyst via a
wet impregnation with Ni(NOs),-6H,0 solution. The pH of the Ni(NOs),-6H,0 solution
was not measured. The same Ni(NOs), solution was used to prepare the 10Ni/Al,O;
catalyst too. The detailed procedure is illustrated in Figure 3.1. The CeQ, support
was wetted with certain amount of Ni(NO;), solution in order to achieve the
theoretical Ni loading of 10 wt%. The hydrated precursor was dried at 120°C for 8h
followed by calcination in air at 500°C for 3h to produce NiO/CeO,. The Ni/CeO;
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was finally obtained through reduction of the NiO/CeO, in H, at 350°C for 3 h,
denoted as 10Ni/CeO,s.

The 10Ni/Al,O; reference was prepared via the wet impregnation of Al,O;
support synthesised by the sol-gel method. Briefly, dilute ammonia solution (5.0
wt%) was added slowly into the AI(NOs);-9H,0 solution under continuous vigorous
stirring at room temperature and controlled pH within 8-9. The obtained hydrogel
was aged at 60°C for 8 h before washing with distilled water and absolute ethanol
alternatively. The received hydrogel was dried at 80°C for 8 h before annealing in
an airflow at 500°C for 3 h. The 10Ni/Al.O; catalyst was obtained through similar
impregnation procedures for 10Ni/CeQ,s except for reduction at 450°C for 3 h.

3.2.2 Catalyst characterisation and evaluation

The as-prepared 10Ni/CeO,s and 10Ni/AlLO; catalysts and their oxide
precursors were characterised by XRD, H,-TPR, N, adsorption-desorption, XPS and
H,-TPD techniques. The detailed procedures were described in Chapter 2. The
catalytic performance of 10Ni/CeO,s and 10Ni/Al,O; catalyst were evaluated at
210°C and 5 MPa hydrogen pressure in a batch reactor within 0.1 g catalyst, 4.9 g
MA and 40 mL THF as a solvent, which was also detailed in Chapter 2.

3.3 Results and discussion

3.3.1 Structure and texture of catalysts

(A) = CeO, (B) " ALO,

® NiO
¥ Ni

Intensity (a.u.)

Intensity (a.u.)

r T T T T T T
10 20 30 40 50 60 70 80

10 20 30 40 50 60 70 80
2 theta (°)

2 theta (©)

Figure 3.2 XRD patterns of (A) the CeO,-based samples and (B) the Al,Os-based
samples: (1) CeO,, (2) TONiO/CeO., (3) 10Ni/CeO,5 and (i) Al,Os, (ii) 10NiO/Al.Os,
(iii) TONi/Al,Os

The XRD patterns of the as-prepared CeO, and Al,O; supports are shown in

Figure 3.2 A(1) and B(i). The Bragg diffraction peaks of the CeO, sample located at
28.5,33.1,47.5,56.3,59.1,69.4 and 76° can be indexed to the well defined (111),
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(200), (220), (311), (222), (400) and (311) planes of the crystalline ceria of cubic
fluorite-type phase (JCPDS file 34-0394, Fm3m space group)."”” No other diffraction
peaks due to impurity can be observed. On the other hand, the XRD pattern of sol-
gel Al,O; only shows diffraction peaks at 26 = 37.2, 45.9, and 60.6° belonging to
the y-Al,O; phase.'” The broadening and weak diffraction indicates poorly
crystalline alumina existing in the Al,O; support synthesised by the sol-gel

method.!'"®

The diffraction patterns of 10NiO/CeO, and 10NiO/Al,O; are shown in Figure
3.2 A(2) and B(ii). Besides the characteristic diffraction of y-Al,Os;and CeQO, supports,
the diffraction peaks at 37, 45 and 60° can be well attributed to the (111), (200),
(220) faces of polycrystalline NiO species (JCPDS file 044-1159). Although the peaks
of NiO diffraction appear at the identical 26 for the 10NiO/CeQ, and 10NiO/Al,Q;,
the intensity of NiO diffraction for the 10NiO/CeO, is much weaker than that for
the 10NiO/Al,Os;, suggesting that NiO species in the T0ONiO/CeO, has lower
crystallinity than that in 10NiO/Al,Os. The calculated mean crystallite size of NiO in
10NiO/CeO; is approximately 10 nm, smaller than that of TONiO/Al,O;(Table 3.1).
Compared with the 10NiO/Al,O; sample, the T10NiO/CeO, possesses smaller
crystallite size of NiO, indicative of higher dispersion of NiO species. Considering
the similar NiO loading amount, the different dispersion of NiO in the 10NiO/CeQ;
and 10NiO/Al;O; catalysts may be arisen from the different interaction between NiO

and the supports.

The XRD patterns of reduced the catalysts 10Ni/Ce0Q,s and 10Ni/Al,O; are
shown in Figure 3.2 A (3) and B (iii). In both cases, the peaks of CeO, and Al,O;
remain unchanged, revealing that CeO, and Al,O; supports keep their own
structures. However, the peaks of NiO vanish after H, reduction and Ni diffraction
emerges, suggesting the supported NiO species are completely converted to Ni by
hydrogen reduction. More importantly, in comparison to the 10Ni/Al,O; catalyst,
rather weaker and broader Ni diffraction peaks are seen in the XRD pattern of
10Ni/Ce0,s, indicating the Ni species anchored on CeO, are smaller and highly
dispersed.

Because ion diffusion can occur during thermal treatment, it is reasonable to
expect the surface loading of NiO would change the structural parameters of ceria,
for example, crystallite size (D) and lattice parameter (a).'”” '7® The structural
parameters of the catalysts retrieved from XRD analyses are listed Table 3.1. It can
be clearly seen that the loading of NiO reduced the d-spacing (dq.:) and lattice
parameter (ac.o) of ceria in TONiO/CeO,. Because the radius of Ni** cation (0.072

nm) is smaller than that of Ce* (0.087 nm),"*" a small fraction of Ni** cations would
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diffuse into the CeO, lattice to form Ni,Ce;.0,, solid solution on the NiO-CeO;
interface, and thus dq1) and acc, of 10NiO/CeO, become smaller than those of the
bulk CeO,. However, the increased crystallite size of ceria in the TONiO/CeO, can
be attributed to CeO, sintering during the thermal treatment with enhancement of
ceria crystallinity. Adopting Kroeger notation, the doping may be interpreted by the

dissolution of NiO into the CeO, matrices as shown in the following equations:!'”®

NiO + 2Ce* > Ni(Ce**) + 2Ce* + 1/20, (3.1)
NiO + 2Ce*— Niy+ 2Ce*+ 1/20; (3.2)
NiO + 2Ce*—Ni(Ce3*) + 2Ce* + Ovac (3.3)

where Ni,is divalent nickel ions retained in the interstitial positions; Ni(Ce*) and
Ni(Ce**) are divalent nickel ions located in the positions hosting tetravalent cerium
ions in the CeO, lattice and Ovac represents oxygen vacancy. According to the
above notation, NiO dissolved at the surface of CeO, support via Reactions (3.1)
and (3.2) with some Ce* ions transforming to Ce* ions (r(Ce*)=0.102 nm and
r(Ce*)=0.087 nm)"”. These processes led to the decrease of the lattice constant

and the formation of Ni.Ce,.O., solid solution penetrated to subsurface of CeO.,.

Table 3.1 The structure parameters of the CeO, and metallic Ni.

sample  “0" Gy o om_omyom)
CeQ, 28.56 0.3139 0.5437 9.1 - -
10NiO/CeO, 28.63 0.3131 0.5424 9.6 15.6
10Ni/CeO;s 28.54 0.3141 0.5441 10.1 - 12.2
Al,O;

10NiO/Al,O; - - - 24.0
10Ni/AlLO; - - - - 16.5

Note: *The interplanar spacing (d) is calculated using the equation: 2dsiné=nA. °
The lattice parameter (a) of CeO, is estimated using the equation: a=

Vh? + k? + 12 x d based on the (111) crystal plane of cubic CeO.,. “The crystallite size

is calculated using the Scherrer equation.

In addition, it is worth noting the crystallite size and lattice parameter of CeO,
(Table 3.1) for the 10Ni/CeQ.s become bigger after H,-reduction treatment. The
increasing lattice parameter of ceria (ac.,) for the 10Ni/CeO,s sample may arise

from the removal of active lattice oxygen species by hydrogen and the
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transformation of the Ce* ions to larger Ce** with formation of negatively charged

Ovac which distorts the CeO, lattice, as a consequence, the ac.; is raised.

Specific surface area (SSA) and porosity play crucial roles in determining the
diffusion and transportation of the reactants in the heterogeneous catalytic MA
hydrogenation reaction. Figure 3.3 displays the N, adsorption-desorption
isotherms of 10Ni/CeO,s and 10Ni/Al,O; catalysts. The two materials display
classical type IV isotherms with H1 hysteresis loops, which is typical isotherm shape

for mesoporous materialss,

350

Adsoprtion Volume (cc/g)

O T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure(P/P)

Figure 3.3 N;adsorption-desorption isotherms patterns of 10Ni/CeO.s and
10Ni/AlLO;
Table 3.2 The textual properties of supports and catalysts

sample Specific surface area Average pore Pore volume
(m?/9g) diameter (nm) (cm3/g)
CeO, 80.4 12.3 0.24
Al,O; 200.5 10.7 0.62
10Ni/CeO;.s 60.6 11.2 0.17
10Ni/Al,O; 150.7 9.0 0.46

The obtained textural properties of the supports and catalysts are summarized
in Table 3.2. As expected the loading of Ni on the supports significantly reduces
the SSA and pore volume of the support materials because the H,-reduced Ni
species cast on the external surfaces of catalysts and also the internal surface of
the pores, leading to declining SSA and pore volumes. The reduced Ni particles
might also block a fraction of the support pores and contribute to the decrease of
SSA and pore volumes for the Ni-based catalysts with respect to supports. The SSA
and pore volume of 10Ni/Al,O; and Al,O; support remain nearly 2.5 times of those
of 10Ni/CeOQ,; catalyst and CeO,, though the 10Ni/CeO,sand CeO, support possess
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larger average pore sizes in comparison to 10Ni/Al,O; and Al,O; support, within a

range of 9.0-12.3 nm that further prove they are mesoporous materials.
3.3.2 Redox properties of the catalysts

The H,-TPR profiles of NiO, NiO/CeO, and NiO/Al,O; samples are shown in
Figure 3.4 where all the H,-consumption peaks were fitted through the Gaussian
multi-peaks fitting program embedded in Origin software. The broad TPR profile of
the bulk NiO within 300 and 330°C can be attributed to the single step reduction
of NiO to metallic Ni (Figure 3.4). This TPR profile can be fitted into two H,
consumption peaks corresponding to the reduction of small NiO particle sizes low
temperature (~300°C) and the reduction of bulk larger particles at ~330°C.I"¢"
However, the reduction behaviour of the NiO species on the CeO, and Al,O;

supports exhibits significant difference from the bulk NiO reduction.

/+\ 0.1 times to original intensity

@

H, consumption (a.u.)

100 200 300 400 500 600 700
Temperature (°C)

Figure 3.4 The H,-TPR profiles of (a) NiO, (b) T0NiO/CeO, and (c) 10NiO/Al,O;

For the 10NiO/CeQ, sample, there are three H, consumption peaks centring at
190, 200 and 260°C in the TPR profiles presented in Figure 3.4. The fitted major
H, consumption peak centring at 260°C is due to the reduction of the isolated NiO
on CeO,. The temperature of maximum reduction of this peak is much lower than
the reduction of bulk NiO yet closer to the small NiO particles (Figure 3.4),
suggesting the CeO, supported free NiO possesses smaller particle sizes and/or
takes special interaction with CeO, support. The H, consumption peaks centring at
lower temperature of 190 and 200°C can be ascribed to the reduction of surface
adsorbed oxygen species linked to the surface Ovac of the catalysts.'® As
discussed in the XRD section, Ovac would be generated once Ni incorporated CeO,
lattice and partially substituted Ce* and/or Ce3* cations to form solid solution. The
Ovac would result in charge unbalance and lattice distortion of CeO, which can

adsorb oxygen molecule on the oxide surface. The adsorbed oxygen molecules are
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very reactive and ready to be reduced by H, at the relatively low temperature, within
100 to 200°C as shown in our case of TONiO/CeO..

After H, reduction treatment, the negatively charged oxygen vacancies in the
10Ni/Ce0O,s catalyst would be exposed, neighbouring to metallic Ni and thus
strongly interact with the metallic Ni species, accordingly, which enhances the
ability of Ni as an electron donor in hydrogenation reaction. Theoretically, in the
reduced CeO, materials, there would be excess H, adsorbed on the CeO; surface to
form hydroxyl group,'®! leading to expansion of CeO, unit cell. Indeed, the
increased crystal parameters of the 10Ni/Ce0O,s materials are determined by XRD
analysis. The reduction of bulk CeO, usually occurs at higher temperature,’s!
starting at around 600°C in our case.

The H, reduction of TONiO/Al,O; occurs at higher temperature and displays a
distinctively different TPR profile (Figure 3.4) in comparison to those of NiO and
10NiO/CeO.,. The three reduction peaks centring at 390, 445 and 500°C can be due
to the highly dispersed NiO, isolated bulk NiO and NiO species with the strong
interaction (chemical bonded) with support, respectively.'®* The major NiO
reduction of the 10NiO/Al,O; maximizes at 445°C. The reduction at 500°C may be
induced by the reduction of spinel NiAl,O, or other impurity.'® In comparison to
10NiO/CeO,, the TPR peaks of 10NiO/Al,O; appear at rather higher temperatures,

revealing there is stronger interaction between NiO and Al,O:.

3.33 Surface properties of 10Ni/CeO,s catalyst

Ce3d u (A) (B) O 1s 5294
~ S
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Figure 3.5 The core-level XPS spectra of the reduced 10Ni/CeO,s catalyst (A) Ce
3d and (B) Ols.

The Ce 3d and O1s core level XPS spectra of the reduced 10Ni/CeO,s catalyst
are shown in Figure 3.5 (A) and (B), respectively. As shown in Figure 3.5 (A), the Ce
3d core-level XPS spectrum was deconvoluted into 10 Gaussian peaks and labelled

in accordance to the deconvolution performed by Burroughs et al."®! The observed
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peaks marked as u, u”, u”, (v, v", v refer to 3ds., (3ds) and are characteristic of
Ce* 3d final states; while u’ and u, (v' and v,) refer to 3ds/, (3ds,.) for Ce* 3d final
state.®® The corresponding B.E. values are listed in Table 3.3. The peaks
corresponding to Ce* are the u” (916.7 eV, 3d;;,) and v" (898.2 eV, 3ds,,) which
result from Ce (3d°4f%) O (2p°) final states. The additional peaks of Ce* locating at
907.3 (u", 3d;/,) and 888.8 eV (v", 3ds,;) can be assigned to Ce (3d°4f') O (2p°) final
state, while the peaks of u and v at 901.2 (3ds,.) and 882.4 eV (3ds,,) are result of
Ce (3d°4f?) O (2p*) final state. In the case of Ce 3d of Ce**, BE peaks of Ce 3d consist
of two pair of doublets (uo, Vo, u’ and v'). The highest BE peaks u’ (3ds,;) and v' (3ds,)
appear at 903.4 and 885.02 eV, respectively, corresponding to Ce (3d°4f') O (2p°)
final state. The lowest BE peaks u,(3ds.) and v,(3ds.,) appear at 880.2 and 898.2
eV, related to Ce (3d°4f%) O (2p°) final state.

Table 3.3 Quantitative analyses of the fitted Ce 3d core level XPS peaks

Valance Ce* 3d Ce3*3d

Label u” V" u” v u \% u' \a Uo Vo
Pe(ae'\‘,)BE 916.7 8982 907.3 888.8 901.1 8825 903.7 885.2 899.3 880.8
Attribution 3d3/2 3d5/2 3d3/2 3d5/2 3d3/2 3d5/2 3d3/2 3d5/z 3d3/2 3d5/2

Area 2739.4 3775.6 1860.9 2468.9 2183.9 3544.0 533.7 1200.4 672.2 707.9
FWHM 2.5 2.8 3.79 3.81 2.6 2.55 2.75 3.15 3.55 2

Employing the Ce 3d XPS peak areas (Table 3.3) into the following equation,

Ce (o) S, +S . +Su, +5y,
Z(Su +SV)

the relative concentration of Ce?* cation ([Ce*]) was acquired to be 15.8 atm% of
the overall Ce cations. In order to balance the charges of Ce cations, the required
oxygen is determined according to the following equation:

[0]

X = e+ [ 1.5[Ce3*] + 2[Ce**] = 1.88

However, the experimental [0]/[Ce] ratio is 1.77 (calculated from the areas of
relevant XPS peaks) that is 4.9% lower than the theoretical value 1.88, revealing the
existence of Ovac (estimated as ~5.9%) in the ceria support. The quantitation
results of the Ce 3d core level XPS verify the existence of trivalent Ce** cations either

in the sesquioxide Ce,0; or around Ovac in CeO..

The oxygen species existing in the TONi/CeO, catalyst was determined via
assessing its core level O1s XPS. As shown in Figure 3.5, the O1s XPS was fitted
into four peaks and the obtained data are summarised in Table 3.4. The two lower

energy peaks locating from 529 to 530.6 eV are attributed to lattice oxygen species
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(0?) binding to Ce* and Ce*,"®* whereas those peaks at higher BE side are assigned
to surface oxygen species.'® The peak centring at 532.5 eV is usually assigned to
Ovac,"®® which is accounting for 4.7 atm% of the overall oxygen. The Ovac
concentration here is slightly less than the above estimated Ovac value (5.9%),
suggesting there might be more Ovac signal turning up at other BE position. The
other locates at 531.4 eV may be associated with surface hydroxyl group (Oson),
Ovac and surface adsorbed oxygen (O, linked to Ce3* cations.'*® Because the
catalyst was well reduced, the O., can be excluded, hence, we can conclude that
the peak at 531.4 eV is mainly related to the surface OH groups and oxygen

vacancies.

Table 3.4 Quantitative analyses of the fitted O1s core level XPS peaks

O 1s XPS Peaks Deconvoluted peaks

Peak BE (eV) 528.8 529.6 531.4 532.5
Area 799 2245.6 936.0 199
FWHM 1.4 1.87 2.24 2.2
O species Opai!'*7) Opai!'*") Osont, Ovac, Oqdl "7 18] Oy

3.3.4 Hydrogen activation on the catalysts

H-desorption (a.u.)

10Ni/CeO,

100 260 3(I)O 4(I)O 500
Temperature (°C)

Figure 3.6 H,-TPD profiles of (a) the 10Ni/CeO.sand (b) the 10Ni/Al,O; catalysts

Hydrogen temperature-programmed desorption (H,-TPD) is an effective
measure to analyse the ability of H, activation of the hydrogenation catalysts. Figure
3.6 comparatively shows the H,-TPD profiles of the 10Ni/Ce0O,.s and 10Ni/Al,Os. The
10Ni/Ce0O,s displays three-staged H, desorption, suggesting there are three sorts
of active sites for H, dissociation. The peak centring at 80°C is assigned to the
desorption of hydrogen filled in the Ovac.'”” Moreover, the other two peaks locate
at higher temperature can be related to the desorption of strongly chemisorbed
hydrogen on the surface of nickel species. The peak at 120°C is associated with

dissociative H-species uptake at highly dispersed Ni species with a large density of
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surface defects which can enhance the hydrogen diffusion and reduce energy
barrier for hydrogen dissociation.s The peak at 178°C is associated with hydrogen
chemisorption on isolated metallic Ni nanoparticles."® The 10Ni/Al,O; catalyst
displays a distinct H,-TPD profile from 10Ni/CeQO,s catalyst. There is no H,-TPD
signal observed at 80°C for the 10Ni/Al,O; (Figure 3.6), probably because of the
absence of Ovac in the Al,O; support. In addition, a broad and overlapped peak
starting at 100°C and tailing to 300°C can be attributed to hydrogen desorption

from the Ni species!™,

In order to understand the difference in the ability of hydrogen activation
between the two catalysts, quantitative analysis of H desorption was carried out
and the results are listed in Table 3.5. The H, desorption amount of the two samples
was calculated and it is 65.55 umol/g (including 28.35 umol/g vacancy-adsorbed
H,, 22.6 umol/g interface-adsorbed H, and 14.6 umol/g chemically adsorbed H, on
free Ni) for 10Ni/CeO,.s catalyst, 2 times of that on 10Ni/Al,Os (32.3 umol/g). The
high H, uptake amount for the metallic Ni on the 10Ni/CeQ,.s suggests it has higher
dispersion and smaller particle size, which is in accordance with the XRD results.
As discussed in the XRD and TPR sections, the H,-TPD results here further reveal
the stronger interaction existing between free Ni and CeO, as compared to metallic
Ni and Al,O:;.

Table 3.5 H, chemisorption capability of the reduced samples

Ni loading He Hg Hy N(Nisurr) dispr:rision
Sample %) (umol/g)  (umol/g)  (umol/g) (umol/g) Ky o
10Ni/CeOxs 9.8 28.35 22.6 14.6 74.4 4.4
10Ni/Al,0; 10.2 - - 32.3 64.6 3.8

Note: Ni loading was measured by ICP-OES technique. H,, Hg and H, represent the
estimated amount of adsorbed hydrogen, which were calculated based on the areas
of a, p and y peaks, respectively. The percentage of Ni dispersion was calculated
using the equation: Ni dispersion was calculated using the Equation 2.5 in Chapter

2 with the amount of H, uptake at metal surface.

The quantitative analysis of H,-TPD data in Table 3.5 also suggests the
10Ni/Ce0O,.s catalyst would have either greater capability to adsorb and activate
hydrogen in comparison to 10Ni/Al,O; in the low temperature region (due to Ovac)
or high temperature (associated with smaller Ni particles). The synergism of the

Ovac, the high dispersion of Ni species and the Ni-CeQO, interaction would promote
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H, dissociation on T0ONi/CeO,s. In addition, through the comparative analyses of
H,-TPR and H.-TPD for the two catalysts, one can conclude that the 10Ni/CeOQ.s
catalyst possesses more active sites for reversible adsorption-desorption of H
species, leading to a fast conversion between H, and the dissociated H species on
the catalyst in the MA hydrogenation process, thus facilitating the MA conversion

rate. Hence, the 10Ni/CeQ,.s catalyst is more active in hydrogenation reaction.

3.3.5 Catalytic performance
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Figure 3.7 Conversion of MA (A) and yields of SA (B) and GBL over 10Ni/Ce0Q,s and
10Ni/Al,O; catalysts at 210°C under 5 MPa for 8h duration.

The hydrogenation of MA on the 10Ni/Ce0O,s and 10Ni/Al,O; catalysts was
performed in a batch reactor at 210°C and the pressure reached 5.0 MPa during
hydrogenation reaction due to elevated temperature. The results of MA conversion
and yields of SA and GBL are plotted in Figure 3.7. It can be clearly seen that MA
was completely converted into SA on the 10Ni/CeQO.s catalyst within 1.0 h MA
hydrogenation reaction. In contrast, less than 20% of MA converted on the
10Ni/Al,O; under similar conditions and MA hydrogenation duration. Additionally,
in terms of the initial conversion per unit surface area, the specific activity of MA

hydrogenation on 10Ni/CeO,sis 12.5 times that on the 10Ni/Al,O; catalyst. The
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TOFuassa for 10Ni/Ce0O,5is 118.1 min', while the TOFyasss for 10Ni/Al,O;is 35.29
min™. It is worth noting that the TOFya>s» on 10Ni/CeO,;s catalyst is 3.3 times that
over 10Ni/Al,Os;, which is higher than the Ni dispersion ratio between 10Ni/CeO,.s,
and TONi/AlLO; (Dioniyceoz/Dionyazos=1.57, Table 3.5). In terms of the specific property
ratios between 10Ni/CeQ, and 10Ni/AlO;, it is apparent that the TOFuassa ratio (3.3
times) and specific apparent activity ratio (12.5 times) are remarkably higher than
the Ni dispersion ratio (1.57 times), suggesting there should be other factors
besides the high Ni dispersion that enhance MA conversion rate on 10Ni/CeO.
catalyst. We suppose that it is the Ovac on 10Ni/Ce0Q.,s that significantly contributes
to the enhanced activity of MA hydrogenation to SA since its surface area is fairly
lower than that of 10Ni/Al.Os.

It is worth noting there were no other side products only SA produced in the
initial 1.0 h MA hydrogenation, thereafter GBL generation started (Figure 3.7 B and
C). The results reveal that MA hydrogenation is a multiple step reaction and SA
generation is a fast reaction. GBL can be thought as a derivative from SA in the
subsequent hydrogenation. The selectivity of the two catalysts differs in the
prolonged hydrogenation process of 8.0 hours. As shown in Figure 3.7 B and C,
the initial yield of GBL over the two catalysts remains similar in the initial 3.0 hour
on stream, though the generation of GBL on the 10Ni/Ce0Q.s increases faster after
the 3h hydrogenation course. 37% selectivity of GBL was achieved over the
10Ni/Ce0,s catalyst but only 12.5% on the 10Ni/AlLO; in the continuous
hydrogenation for 8.0 hours. The gradually enhanced selectivity may be associated
to the increased concentration of oxygen vacancies of CeQO, in 10Ni/CeQO,s along
with prolonged MA hydrogenation time. Meanwhile, the calculated TOFsuscs for
10Ni/CeO,5 is 3.89 min', which is 1.69 times that for 10Ni/Al,O; (TOFsx>ce. = 2.29
min"'), much closer to the Ni dispersion ratio (1.57 times) between the two catalysts.
Obviously, Ni dispersion is a key factor in determining the conversion of SA to GBL
and thus the apparent GBL selectivity yet the oxygen vacancies on TONi/CeO,s

would also favour GBL production.

Based on the different ratios between TOFuass» and TOFsasce Over the two Ni-
based catalysts, we proposed that the hydrogenation of MA to SA and GBL take
different mechanistic paths that involve different active sites or require different
properties of support surface. The TOF data also suggest that Ovac would be
paramount in SA generation and help subsequently produce GBL. However, we

cannot exclude the contribution of different energy requirements for C=C
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hydrogenation and C=0 hydrogenolysis to the selectivity since the C=C bond (1.33
A, 611 kJ/mol) is weaker than the C=0 bond (1.20 A, 728 kJ/mol ).t

The different activity and selectivity results along with time on the stream
suggest the support also plays vital roles in determining the initial activity and
selectivity of MA hydrogenation to SA yet the metallic Ni dispersion dominates the
performance of SA to GBL. The support plays pivotal roles in promoting the MA
hydrogenation rate in terms of the TOFs (MA—SA) and specific activity for the two
catalysts. Combining the comparative characterisation results in our cases, we can
conclude that CeO, may improve the dispersion of metallic Ni species, offer Ovac
and stronger interaction between Ni and the support. As a consequence, the
10Ni/Ce0,s catalyst shows much better reactivity in MA hydrogenation than the
10Ni/Al,O; catalyst.

The generation of GBL can be viewed as a subsequent process of MA
hydrogenation to SA that is featured with selective hydrogenolysis of one C=0 bond
but remaining another in SA.®! The previous reports in the literature proved that
Ovac in nonstoichiometric oxides, such as ZnO®? and TiO,®% can selectively adsorb,
polarise the C=0 bond and consequently reduce the activation energy of its
hydrogenolysis. In comparison to ZnO and TiO, supports, CeO, is much easier to
generate and tune Ovac due to its swift shift between the Ce3* and Ce* oxidation
states. Owing to the excess hydrogen existing in MA hydrogenation process, the
CeO; support would be further reduced and generate more Ovac and lead to more
active hydrogen species, in particular the active hydrogen corresponding to the
first-stage H,-TPD peak around 80°C. The increasing concentration of oxygen
vacancies in TONi/CeO.s would accelerate SA production and display higher yield
of SA in the prolonged hydrogen duration. However, Al,O; cannot generate more
oxygen vacancies in MA hydrogenation process, so that the enhanced SA yield
during hydrogenation can only be attributed to the increased active hydrogen
species on 10Ni/Al,QO:;.

3.4 Conclusion

A novel 10Ni/Ce0Q,s catalyst was prepared via a simple impregnation of
mesoporous CeO, followed by the H, reduction process. In comparison with the
10Ni/Al,O; catalyst with larger surface area, the 10Ni/CeQ,s catalysts exhibited
faster rates in hydrogenation of MA to SA at the initial hydrogenation stage, and
higher selectivity to GBL in the prolonged hydrogenation process. Through analyses

of the reactivity and the crystal structure, porosity and redox properties of the
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catalysts collected from effective characterization by XRD, N, isotherm, H,-TPR/D
and XPS techniques, we conclude that the superior performance of 10Ni/CeQ,sto
10Ni/Al,O; was closely related to the high dispersion of metallic Ni species, the
existence of oxygen vacancies and large pore sizes of the CeO.s support, and

strong interaction between Ni and CeO,s.

The highly dispersed Ni species and their strong interaction with the CeO,s
support facilitated higher conversion rate of MA to SA, meanwhile, Ovac also
favoured the production of GBL during hydrogenation of SA to GBL process. Ovac
in the CeO,s support may be generated by H, reduction in the pre-treatment of the
catalysts, the MA hydrogenation process as well as partial incorporation of Ni into
its matrix across the Ni-CeO,s interface. The time-on-stream tests of MA
hydrogenation over our Ni-based catalysts process enabled us to conclude MA
hydrogenation is a multiple-step process in which the Ni species determines the
initial reactivity and support promotes reaction rate, which offers great potential to

control the product selectivity through tuning the catalyst composition.
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Chapter 4 MA hydrogenation over CeO,;

supported transition metal catalysts

4.1 Introduction

For MA hydrogenation, current catalysts widely applied in the MA
hydrogenation process are noble metal catalysts, such as Pd,* %% Ru® and Pt,©¢ 93
though they are either costly or limited resources. For developing low-cost
alternative MA hydrogenation catalysts, great efforts have been made on exploring
active transition metal catalysts, such as Ni®”4:8! Co®" and Cu"?'** based catalysts.
For example, Meyer and co-workers compared the catalytic performance of Ni/SiO,
and Co/SiO; catalysts in MA hydrogenation and found the Ni/SiO,catalyst displayed
higher activity and more selective to GBL than the Co/SiO, catalyst.”" Furthermore,
the Co/SiO, catalyst suffered from the rapid deactivation in comparison with
Ni/SiO, due to the deposition of carbonaceous species on the surface.*" Li and co-
workers prepared supported Ni/Al,O;, Cu/Al,O; and Co/Al,O; catalysts for MA
hydrogenation and found that the Ni/Al,O; catalyst exhibited higher catalytic
activity and stability in MA hydrogenation compared with Co/Al,O; and Cu/Al,O;
catalysts.” It is tentatively shown that metallic Ni seems to exhibit higher catalytic
performance in MA hydrogenation, however, previous research advances in MA
hydrogenation catalysts revealed that their activity and selectivity depend greatly
on the proper selection of metal, the selected support and the corresponding
metal-support interaction. For understanding the roles of transition metals in MA
hydrogenation, it is necessary to extend the support selection and investigate their

catalytic performance in the hydrogenation.

In the previous chapter, 10Ni/CeO,.s catalyst displays the superior activity and
selectivity in MA hydrogenation to 10Ni/Al,O; catalyst due to the high Ni dispersion,
the strong Ni-CeO,s interaction and the presence of Ovac. This result indicates that
structure-defective CeO, support plays a profound role in the hydrogenation
reaction. In theory, Ovac in CeO,s may modify the geometric and electronic
structure of the active metal™* ¥ as well as enforce the metal-support
interaction." On the other hand, the property of Ovac in the CeO, supported
catalysts is significantly related to the metal species because the supported metal
species can diffuse into the CeO, lattice and modulate the population of Ovac in
mixed oxides with dependence of the ionic radius and the valence state of the

metal species.'®! Although M/CeO,s catalysts have been examined in various
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catalytic reactions, there is very limited knowledge of the metal influence on the

CeO,s supports, particularly for the activity and selectivity in MA hydrogenation.

In this chapter, various transition metals (Co, Ni and Cu) supported on ceria
were prepared by a simple wet impregnation method and employed in the liquid
phase hydrogenation of MA at 210°C and 5 MPa of H, pressure. Through careful
characterization, the catalytic activity and selectivity in MA hydrogenation on the
M/Ce0O,s catalysts were investigated and correlated with the properties of the

materials.
4.2 Experimental

All chemical reagents, citric acid (CA), Ce(NO;);-6H,0, Ni(NOs),-6H.0,
Cu(NO:s),-:3H,0 and Co(NOs),:6H,0 were at analytic grade and used as-purchased

without pre-purification.
4.2.1 Preparation of ceria support

Ceria supports were prepared by a sol-gel process. First, 5.00 g Ce(NOs);-6H,0
was dissolved into 20 ml deionized water containing 6.56 g CA under rigorous
stirring. The solution was heated in a water bath at 80 "C until porous dry gel was
obtained. During this process, the colourless solution became light yellow and
finally brown. The obtained gel was then dried at 120°C for 8 h to form a spongy
material, which is subject to calcination for 3 h at 500°C with a heating ramp of
3°C/min. The resulting cerium oxide was used as the support to prepare

corresponding catalysts.

4.2.2 Preparation of M/CeO,.s (M=Co, Ni and Cu) catalysts

& 2 stirring

Ni(NOs), + CA i —
) s
f
CeO,
H, reduction 500 °C

Catalyst (um—— = =

Precursor
Figure 4.1 The scheme of catalyst preparation for the Ni/CeO,.s catalyst

The M/CeO,s (M=Co, Ni and Cu) catalysts (metal loading=10 wt%) were
prepared by a CA-assisted wet impregnation method developed in the University of

Southampton. The process for preparation of the Ni/CeO,s catalyst is shown in
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Figure 4.1. In detail, 1.01 g Ni(NOs),-6H,0 and 0.667 g CA (mole ratio of CA/Ni=1)
were dissolved in 10 ml the ethanol/DI water (1:1 volumetric ratio) solution, and
then 2.00 g of CeO, support was added into the mixed solution. The pH of
impregnation solution for the M/CeQ,s catalysts was not measured because the
amount of CA depended on the metal amount to keep the mole ratio of CA/M
constant (CA/M=1). The mixed solution was heated on a hotplate at 80°C under
rigorous stirring to evaporate the solvent before drying at 120°C for 8 h in a
convection oven. The obtained sample was calcined at 500°C for 3 h in a muffle
furnace with the heating ramp of 3°C/min. The received oxide sample was reduced
at 350°C (heating ramp of 2°C/min) in a H, flow for 3 h to obtain the Ni/CeQO,s
catalyst for MA hydrogenation. The Cu/CeO,s and Co/CeQ,s catalysts were
prepared using the similar procedure, but Cu/CeO,.s and Co/Ce0O,.s were reduced
at 250°C and 450°C, respectively, which ensured all the transition metal species
were fully reduced at optimum temperature as determined by H,-TPR. The catalysts
are denoted as 10Co/Ce0,.5, 10Ni/Ce0O,s and 10Cu/CeO,.swith their metal loading

amount.
4.2.3 Catalyst characterisation and evaluation

The as-prepared M/CeO,s catalysts and their oxide precursors were
characterised by XRD, H,-TPR, N, adsorption-desorption, XPS and H,-TPD techniques.
The detailed procedures were described in Chapter 2. The catalytic performance of
M/CeO,.s catalysts were evaluated at 210°C and 5 MPa hydrogen pressure in a batch
reactor within 0.1 g catalyst, 4.9 g MA and 40 mL THF as a solvent, which was also
detailed in Chapter 2.

4.3 Results and discussion

4.3.1 Structure and morphology

Figure 4.2 shows the XRD patterns of CeO, and MO,/CeO, (M=Co, Ni, Cu,
respectively) precursors. For the CeO, and MO,/CeO, samples, the major Bragg
diffraction peaks at 28.5, 33.1 and 47.5° are clearly resolved and attributed to the
diffraction from (111), (200) and (220) planes of the cubic fluorite-type ceria JCPDS
file 34-0394), respectively. The weak diffraction peaks are associated with isolated
metal oxides and indexed to CuO (JCPDS file 48-1548), NiO (JCPDS file 78-0643)
and Co;0. (JCPDS file 43-1003) (Figure 4.2(A)). The diffraction peaks of CeO; in the
MO,/CeO; catalysts slightly shift to greater 26 angles than those of bare CeO,,
revealing that small portions of the M®* ions have diffused into the ceria matrix and

partially substituted cerium cations (r(Ce*)=0.084 nm). Indeed, the metal doping
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induces lattice distortion and shrinkage of CeQO, lattice to the different level (Table
4.1), due to the smaller radii of the doping cations (r(Co*)=0.074 nm and
r(Co*)=0.063 nm, r(Ni*)=0.072 nm and r(Cu®*)=0.073 nm). The changes of the
lattice parameters for CeO, in the samples are insignificant because of the low
metal doping levels.

A) Cud0 0 NiO V Co0, ® CeO, (B) e vV Co 0 Ni UCu ® CeO,;

[ ]
| (002) (111
Cuo/Ce0, [[i &

(111) (200)

NiO/CeO, || 10Ni/CeO,.

Intensity (a.u.)

Intensity (a.u.)

: 10Co/CeO,_
C0;0,/Ce0, /|

20 2'5 3b 3'5 4'0 4'5 5'0 55 20 2IS 3IO 3I5 4IO 4IS 5I0 55
2 theta (%) 2 theta (°)
Figure 4.2 XRD pattern of (A) the MO,/CeO, precursors and (B) the M/CeQ,

catalysts (M= Co, Ni and Cu, respectively).

The calculated mean crystalline sizes of Co;0., NiO, CuO and CeO, are listed in
Table 4.1. It is found NiO possesses the smallest crystallite size, while CuO has the
largest crystallite size. The CeO, supports exhibit different crystallite sizes even
though the MO, are loaded at the similar amount. The varying crystallite sizes of
MOy and CeO; are due to their different MO,-CeO; interaction and the corresponding

lattice distortion.

Table 4.1 Properties of the MO,/CeO, precursors and corresponding M/CeO,.s

catalysts
a(Ce0,) a'(Ce0,s) Loading Crystallite size (nm)
Sample
(nm) (nm) (wWt%)
CeO;, 0.5438 0.5438 - 12.5 12.9
10Co/Ce0,5 0.5430 0.5442 10.3 14.3 15.2 15.7 12.8
10Ni/Ce0,5s 0.5424 0.5441 9.8 12.5 16.5 13.2 9.8
10Cu/Ce0,5 0.5413 0.5442 9.7 13.2 15.7 16.7 13.4

Note: The lattice parameter (a(Ce0Q,) and a'(Ce0,)) of CeO, was estimated using the
equation: a=+vh? + k? + 12 x d, based on the (111) crystal plane of cubic CeO,. The
amount of metal loading was measured using ICP-OES. The crystallite sizes of CeO,,

MOy and metal species were estimated using the Scherrer equation.
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Figure 4.3 The dependence of metal crystallite sizes on those of metal oxides

After H, reduction treatments, metal phases of Ni, Co and Cu emerge in the
XRD patterns of the reduced M/CeQ,s catalysts (Figure 4.2(B)), while the MO,
diffraction peaks vanish since the crystalline MO, species are converted to
corresponding metals. Compared with Co and Cu, Ni species display relatively
weaker diffraction, suggesting that Ni might be highly dispersed on the surface of
CeO,.s with smaller crystallite size. Furthermore, a reliance of metal crystallite sizes
on their corresponding metal oxides is proportional, as presented in Figure 4.3,
suggesting the interaction between M and CeO,s largely inherit that in the
MO,/CeO, samples.

As shown in Table 4.1, the lattice parameters of ceria in the M/Ce0Q,.s catalysts
appear quite similar but become larger than those of MO,/CeO, samples. The
increasing crystallite sizes of ceria in M/CeO,s catalysts may be induced by
comprehensive factors, including a fraction of Ce* cations being reduced to Ce?*
with larger ionic radius (r(Ce*)=0.102 nm#®!) that expands the ceria lattice
parameter, the thermal sintering of ceria and the metal exiting from ceria matrices

during the reduction process.

Figure 4.4 TEM images of M/CeQ,s samples. (A) 10Co/Ce0Q,s, (B) 10Ni/CeO,.s and
(C) 10Cu/Ce0ys.
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Figure 4.4 shows TEM images of reduced M/CeQ,s catalysts. It is found that
most CeO, observed in the M/CeQO,.s samples are of spherical or random polyhedral
morphologies, independent of the deposited metals. From the TEM images, it is
difficult to distinguish the metal particles because the sizes of metals are quite
similar to the CeO, support (shown in Table 4.1).1°¢ In addition, larger CeOQOys
particle is seen in the 10Co/CeO,s catalyst compared with 10Ni/CeO,s and
10Cu/CeO0.5, which is likely associated with the slight sintering of the ceria support

during the reduction at higher temperature.

4.3.2 Reduction behaviour of the MO,/CeO. precursors
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Figure 4.5 H,-TPR profiles of MO,/Ce0O, samples

Figure 4.5 shows the H,-TPR profiles of MO,/CeQO, samples. The TPR profiles at
the temperature below 400°C are due to the reduction of supported MO, in the
three MO,/Ce0O, samples. For the CuO/CeO, sample, the strong peak centred at
160°C is attributed to the reduction of isolated CuO species with weak CuO-CeO,
interaction, while the shoulder peak located at 130°C is due to the reduction of
adsorbed O species on Ovac sites and the highly dispersed CuO with strong CuO-
CeO; interaction." For the NiO/CeQ, sample, the reduction of surface adsorbed O
species starts from an even lower temperature (~ 100°C) with a sharp reduction
peak at 195°C, which can be related to the reduction of highly dispersed NiO on
Ce0,."®? The main TPR peak at 260°C is assigned to reduction of NiO clusters
aggregated on the CeO, surface.™ For the Co;0./CeO, sample, three distinct TPR
peaks are observed, ascribed to the reduction of Co;0,—CoO (220°C), CoO—Co
(270°C) and isolated CoO species (380°C), respectively.'® |t is worth noting that
the CeO, reduction occurs at lower temperature for Cos;0./CeQO; relative to other
samples, because CoO, can enhance H, spillover from the reduced Co species

towards CeO, which decreases the CeO, reduction temperature.'® The different
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interaction between MO, and CeO, of MO,/CeQ, samples, as indicated by their
distinct TPR profiles, would determine the dispersion of the metals with CeO,s in

the M/CeO,s catalysts and thus affect their ability to activate hydrogen.

The two broad reduction peaks located at 530 and 705°C for CeO, are
attributed to the respective reductions of surface oxygen species and the bulk
lattice oxygen within ceria."®” However, for the three MO,/CeO, samples, their
reduction peaks due to the removal of lattice oxygen from CeO, support display in
very similar temperature region (600~800°C), suggesting the different MO, species
impact slightly on the reducibility of lattice oxygen within CeQ,. In contrast, the
reduction of surface oxygen (~530°C) is absent for the MO,/CeO, since the metal
species can improve the surface oxygen removal from CeO, support due to their
strong M-ceria interaction™ and the H, spillover from metal onto the vicinity

oxygen species on the ceria surface.

43.3 Surface structural analysis
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Figure 4.6 Raman spectra of (A) MO,/CeO; precursors and (B) reduced M/CeOQ,.s
catalysts

Raman spectroscopy was employed to investigate the surface structure of the
MO,/CeO; precursors and the M/Ce0O,;s catalysts. As shown in Figure 4.5 (A), the
strong vibration mode (F,;, ~466 cm™), due to the symmetrical stretching vibration
of Ce-O bonds, dominates the Raman spectrum of Ce0,.?*® Upon metal loading, the
F., modes red shift to 454 cm™ with peak broadening due to the strong interaction
between MO, and CeO, that gives rise to distortion of the CeO, lattice and creates
electron-rich Ovac for maintaining the system charge neutrality.”* Besides the F,
band, two broadening bands within the 600~700 cm™ and 1100~1250 cm™ regions
are observed on the MO,/CeO, samples, which can be attributed to the Frenkel
defect-induced modes (D band) and second-order longitudinal optical mode (2LO

band), respectively.®®
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The D and 2LO bands are related to Ovac that originated from reducing Ce* to
Ce?*. Compared to Ce0O,, MO,/CeO, samples show broader and stronger vibrations
of D bands and 2LO modes, suggesting that loading of MO, species facilitates
creation of Ovac thanks to metal substitution of lattice Ce, which is in good
agreement with the discussion of XRD results. The density of Ovac in the ceria
supports due to metal incorporation are quantified tentatively through the relative
ratios of Ip/lrg, Which are inserted in Figure 4.6 (A). The Ip/l, in the MO,/CeO,
samples are more than 3 fold that in bare CeO., namely, Ovac density descends in
the order of NiO/Ce0Q, > Cu0O/Ce0, > C0;0,/Ce0,>>Ce0,. The results clearly reflect
that the Ovac concentration created by MO, loading highly depends on the metal

species, likely due to their different ionic radius and valence state of the dopants.!**

The modes of F,,, D band and 2LO can be clearly identified in the reduced
M/CeO,.s catalysts and CeO,.s sample, as plotted in Figure 4.6 (B), but much weaker
than those of the MO,/CeOQ, precursors, in particular the F,, modes. Moreover, the
F., modes of M/CeO,.s catalysts red shift further from 454 to 444 cm’. The relative
changes of Raman signals for the M/CeO,s catalysts to their precursors are the
consequence of the decreased structure symmetry of the M/CeO,s catalysts.
However, the Ip/lg, ratios of the M/CeO,.s catalysts and CeO,.s are much greater than
those in the corresponding oxides (as compared in Figure 4.6 (B)), suggesting that
reduction process significantly promotes the Ovac density. It is worth noting that
the Ovac concentration of the metal loaded catalysts is enhanced approximately
nine- to ten-fold that of CeO,s, further confirming that metal introduction can
dramatically improve the Ovac formation. The results are in good accordance to
the TPR characterization. It is also noted that the Ovac density variation for the
M/CeO,.s catalysts follows the descending order of 10Ni/CeQO,s > 10Cu/Ce0Q,s >
10Co/Ce0,5 >> CeO,s5 which inherits the Ovac concentration order of their

precursor oxides.
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4.3.4 Hydrogen activation on the M/CeQ..s catalysts
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Figure 4.7 H,-TPD profiles of CeO,sand M/CeQO,s catalysts

Figure 4.7 shows the H,-TPD profiles of the M/CeOQ,s, which are deconvolved
into three peaks. The a peaks for the M/CeQO,s catalysts appear at very similar
temperature to that of the single H,-TPD peak of unsupported CeQ,s. Such a peaks
are therefore assigned to desorption of H,, which takes up the surface Ovac sites
of Ce0,5."® The areas of a peaks (Table 4.2) are related to the Ovac density of the
M/CeQ,s catalysts which depends on the supported metal species. The Ovac
density on the 10Ni/Ce0O,s and 10Cu/CeQO,s is almost the same, which is much
larger than that of the 10Co/Ce0O,s and CeQ,s support. The variations of Ovac
density and its dependence on metal species well agree with those observed by

Raman and TPR characterisation.

Table 4.2 H, uptake, metal dispersion and hydrogenation rate constants on
M/CeOQ,s catalysts

Ha Hp H, 2(Hg+H,) :H 0 Kuassa

Sample (mol/g) (mol/g) (umol/g) (mol/g) mol/g) O**  (min

10C0/Ce0ys  17.2 24.1 11.8 35.9 53.1 3.9  0.0216

10Ni/Ce0,5  28.4 22.6 14.6 37.2 656 4.4  0.0588
10Cu/Ce0s5  28.7 14.2 8.2 22.4 52.1 2.9

CeOus 7.8 / / / 7.8 /  0.0037

Note: H,, Hs and H, represent the estimated amount of adsorbed hydrogen, which
were calculated based on the areas of a, B andy peaks, respectively. Dy represents
the metal dispersion of the examined M/CeQ,s catalysts, which was calculated
using Equation 2.5 in Chapter 2. kua-sa is the rate constant of MA hydrogenation to

SA over the M/CeO,.s catalysts.
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The B and y peaks located within 100-250°C region are due to the H, desorption
from the different corresponding metal species. The B peaks are due to the
dissociative H, adsorbed on the highly dispersed metal species that resides close
to surface defects with large density. The previous research showed that surface
defect can reduce the energy barrier for hydrogen dissociation and enhance
hydrogen diffusion on the metal surface.'® The y peaks are associated to the
chemisorbed hydrogen on the isolated metal clusters of large particle size.'" The
areas of B and y peaks of the 10Co/Ce0Q,s and 10Ni/CeQ,s catalysts are comparable,
but much greater than that of 10Cu/CeQ,s, as presented in Table 4.2. The low
uptakes of Hs and H, on 10Cu/CeO,s suggest the capability of Cu to activate
hydrogen is relatively weak because its valence electron shells mainly comprise of
fully filled 3d orbitals (3d'?).%2o"!

According to the assignments of the H,-TPD peaks, the metal dispersion (Dw)
can be quantified using only the metal-related hydrogen activation (Hg and H,)
rather than the overall H, uptakes on the catalysts. As listed in Table 4.2, the metal
dispersion of the M/CeO,s catalysts is found to be decreasing in the order of
10Ni/CeO,.s > 10Co/Ce0,5 > 10Cu/Ce0,.

4.3.5 Catalytic hydrogenation of maleic anhydride
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Figure 4.8 (A) Conversion of MA over the M/CeQ, catalysts at 210°C and 5 MPa

for 8 h and (B) kinetic curves of the M/CeO,.s catalysts for MA conversion

Figure 4.8 (A) presents MA conversion (Xus) on the M/CeQ,s catalysts in a batch
reactor at 210°C and hydrogen pressure of 5.0 MPa. Among the examined catalysts,
10Ni/Ce0,.s showed the highest activity of MA conversion, reaching ~ 100% MA
conversion in one hour. However, the MA conversion on 10Cu/CeO,s and
10Co/Ce0,5 in one hour only achieved 50.3% and 70%, respectively. The MA

transformation completed in 3 hours on 10Co/CeO,.s and 4 hours on 10Cu/CeO,..
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Moreover, the estimated TOFuasss values of MA transformed to SA over M/CeO,s
catalysts further distinguished the activity of the catalysts. The TOFusssa Of
10Ni/CeO,s catalyst is 61.7 min', nearly twice that of 10Co/Ce0Q,.5 catalyst (TOFuassa
=31.2 min') and five-fold that of 10Cu/CeO,s (TOFuaxssx=13.2 min'). The
considerable difference of MA conversion on the M/CeQ,s catalysts cannot only be
attributed to the particle size or metal dispersion effects. We speculate there exist
other factors, such as intrinsic properties (e.g. electronic configuration) of
individual metals, M-support interaction and the amount of Ovac, to influence the

catalytic performance synergistically.

Figure 4.8 (B) presents the curves of -In(1-Xua) versus time within the initial one
hour which are fitted according to the first order kinetic law in terms of MA
conversion on the M/CeQO,s catalysts.® The linear kinetic plots over 10Ni/CeQ,s
and 10Co/Ce0,s catalysts suggest the C=C hydrogenation follows the quasi first-
order reaction in terms of MA conversion, while the non-linear kinetic plot on
10Cu/Ce0,s suggests its initial hydrogenation follows a complicated kinetic
mechanism. The MA hydrogenation rate coefficients (kuassa) on the 10Ni/Ce0Q,.s and
10Co/Ce0,s catalysts are determined according to the gradients of their linear
plots. As listed in Table 4.2, the kuassa for TONi/CeO,5 is much greater than that for
10Co/Ce0,, indicating that 10Ni/Ce0Q,;s is more active than 10Co/CeOQ,s in the
hydrogenation of MA to SA.

In principle, the electronic configurations of the active metals are profound in
the activation of MA for hydrogenation reaction. Previous DFT simulation
demonstrated the adsorption and activation of MA on the metal surface is primarily
controlled by the back-donation of electron from the metal onto the anti-bonding
T orbital of maleic anhydride.® Therefore, the metallic Cu possesses filled 3d'°
electronic configuration without unpaired electron, thus having weak capability of
electron-donation to the MA molecule. In contrast, the unpaired electrons of Co
(3d”) and Ni (Ni 3d® favour the coordination and activation of MA, so as to exhibit

much higher activity.

Besides the intrinsic properties, the Ovac density is regarded as another factor
to enhance C=C hydrogenation because Ovac can enrich the electron density of
active metals that promotes electron-donating ability and facilitates H,
dissociation."*! In this study, the 10Ni/CeO,.s catalyst possesses more Ovac, thus
donating more electrons to metallic Ni in comparison to 10Co/CeQO,s. Further, the
smaller particle size of Ni also strengthens the short-range electron transfer from

Ovac onto the adjacent metal clusters. Hence, both the abundant Ovac and stronger
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Ovac—>M electronic donation are responsible for the higher activity of 10Ni/CeQ,.s
than 10Co/Ce0,s in MA hydrogenation. However, 10Ni/Ce0O,s and 10Cu/CeO,s
catalyst have similar Ovac density but display different activity, suggesting that

intrinsic electron structure of active metal dominates MA hydrogenation.
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Figure 4.9 (A) Selectivity of SA and (B) yield of GBL over M/CeQ,.s catalysts at
210°C and 5 Mpa for 8 h

Figure 4.9 shows SA selectivity of the M/CeQ,.s catalysts in the prolonged MA
hydrogenation for 8 hours. One can see that the 10Cu/CeO,s and reduced CeO.s
sample exhibit 100% selectivity to SA in the 8 h continuous MA hydrogenation
without GBL in the products, indicating they are inert for SA hydrogenolysis to GBL.
The estimated TOFs.scs values over 10Ni/Ce0Q,s5, 10Co/Ce0Q,5 and 10Cu/CeO,;5 are
3.08 min', 0.87 min'and 0, respectively, where 10Ni/CeO,s shows the highest
hydrogenation rate for the SA>GBL transformation. It is worth noting that the
generation of GBL occurs on the 10Ni/CeO,s unless it fully converts MA to SA, as
evidenced by the fact that 100% SA selectivity remains on the 10Ni/CeO,.s catalyst
in the initial 40 min time-on-stream of MA hydrogenation before declining due to
the following GBL generation. The generation of GBL on 10Co/CeQ,s also
commences when the conversion of MA to SA is complete. The yield of GBL (Figure
4.9) reaches ~25% on the Ni/Ce0O,s and ~5% on 10Co/Ce0O,5 in 6 hours with much
slower rates than those of MA-> SA transformation. The results suggest that MA
hydrogenation on M/Ce0O,.s is a multiple-step process: MA conversion to SA is a
rapid process that occurs then GBL starts to generate from hydrogenolysis of SA

without the existence of MA exists in the system.

There were a few accessible investigations of MA adsorption and
hydrogenation on noble metals,®® % though the mechanism of the MA
hydrogenation on the M/CeO,.s systems remains inexplicit owing to the complexity.

However, the theoretical and experimental understanding of the H, adsorption,
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activation and cycling on CeO, and supported metal catalysts in various redox
reactions can provide useful clues.'” 2 Based on our experimental
characterization data and the reported fundamental data regarding
thermodynamics and kinetics of MA hydrogenation reaction, we attempted to
rationale the stepwise MA hydrogenation with distinct reaction rate and selectivity

on the M/CeO,s catalyst systems.

From the thermodynamic point of view, MA hydrogenation to SA and GBL is

possible to involve the following reactions:

MA + H, = SA AH yassa = -133.8 kJ/mol 4.1)
SA+ 2H2 = GBL+ Hzo AfHGSAQGBL = '] 087 kJ/mOl (42)
MA + 3H, = GBL+ H,0  AH’wasca = -241.7 kJ/mol (4.3)

Here, AH%assa and AH%5ce are adopted from literature®, while the AH%wasce Of
the global reaction (3) is calculated applying Hess’s law to reaction (4.1) and (4.2).
Applying Gibbs-Helmholtz equation, one can easily realise that their standard
Gibbs’s formation free energy (AG°= AH®-TAS’) would be less negative than the
corresponding AH°, namely, the spontaneous tendency of the individual reactions

can be roughly judged from their AH°.

The present research adopted the reaction conditions of constant pressure and
elevated temperature higher than standard conditions, thus reaction 4.1 is
thermodynamically more favourable than reaction 4.2 because of the greater
enthalpy (more negative) of reaction 4.1. In the present research, there was no GBL
produced in the initial stage of MA hydrogenation, which verifies the above
inference and suggests reaction 4.3 less favourable in spite of the highest AH® of

reaction 4.3.

From the molecule reaction kinetics perspective, it is the number of active
molecules involved in the reaction determining the rate and selectivity. The
proceeding of Reaction 4.1 apparently requires the least number of reactants so
that MA->SA transformation is more favourable and faster than the SA>GBL and
MA->GBL transformations that request more molecules. Indeed, previous research
the C=C group is kinetically more active than the C=0 group.®?°? This interpretation
from kinetics aspect is reliable, as evidenced by the fact that GBL generation

commenced unless MA->SA transformation completed on the M/CeQ.s catalysts.

As for the distinct selectivity of the chosen M/CeQ,s systems, we supposed that
the surface electron configurations of the metal catalysts play pivotal roles, in

particular the electrons on the outermost d shells of the transition metals. The H,
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activation on the supported transition metal usually depends on the configuration
of the outermost electronic shell, which generally determined the overall
hydrogenation reaction.®®'?” In this work, the H,-TPD data (Figure 4.6 and Table
4.2) show that the smallest amount of Hgs and H, species on the 10Cu/CeO,s
displays its weakest ability to activate hydrogen due to its 3d'° outermost electronic
configuration. The amount of metal-activated H species on 10Ni/CeO.s is identical
to that of 10Co/Ce0Q,s, so that the higher activity and selectivity of 10Ni/CeQO,s is
also relevant to the greater amount of active H, species due to Ovac on the CeO,s

support (Table 4.2).

The surface adsorption of the C=0 group is another crucial factor to determine
SA->GBL transformation.'? Previous research showed that the Cu® surface is not
active in the C=0 group activation®, because the fully filled 34" shell of Cu leads
to weak binding of C=0 on Cu° surface. Therefore, it is reasonable that the
10Cu/CeO0, is not active for SA>GBL transformation from the adsorption energy
point of view. In contrast, metallic Ni and Co with partially filled 3d-orbitals facilitate
the coordination between metal and C=0 group, which benefits C=0
hydrogenolysis.® Therefore, the d band electronic configurations of Ni and Co also
contributed to the higher activity of 10Ni/Ce0Q,s and 10Co/CeQ,s catalysts.

The beneficial contributions of Ovac in C=0 hydrogenolysis have been widely
accepted.*®%8 Qvac in the non-stoichiometric oxides, such as ZnO®?and TiO,%®" can
polarise and activate the C=0 group and thus reduce the energy barrier of C=0
conversion to display reasonable hydrogenolysis selectivity. In this work, the
amount of Ovac in the 10Ni/Ce0Q,s catalyst is around 1.5 times that in the
10Co/Ce0,s catalyst, suggesting CeO,s support of 10Ni/CeQO,s can offer more
active sites for C=0 activation. However, the calculated TOFs.>ce. of TONi/CeOy5 is
nearly triple that of 10Co/Ce0,.s, which is larger than relative Ovac ratio between
the two catalysts. Therefore, the electronic configuration of the transition metal
outermost d shells is the dominant factor to determine the catalytic hydrogenolysis
of SA to GBL, meanwhile, the Ovac on CeO,;s can facilitate C=0 conversion on

10Ni/Ce0O,.s due to the electron donating and selective adsorption effects of Ovac.

4.4 Conclusion

In this chapter, three M/CeO,s catalysts, 10Ni/CeQO,s, 10Co/CeO,s and
10Cu/Ce0,5, were prepared via a CA-assisted wet impregnation method. The

catalysts were well characterised applying XRD, TEM, Raman, TPR and TPD
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techniques, in order to unravel the dependence of MA hydrogenation performance

on the redox properties and the M-CeQ, interactions.

It was found that metal dispersion of M/CeQ,s catalysts declined in the order:
10Ni/Ce0,5 > 10Co/Ce0,5 > 10Cu/Ce0,s, in the opposition to the order of metal
crystallite sizes. The small metal crystallite sizes of the M/Ce0Q,s catalysts were
proportional to those of the oxide precursors, revealing the strong MO,-CeQ;
interaction played crucial roles to govern metal dispersion and particle sizes of the
M/Ce0,.s catalysts. In addition, the concentration of Ovac in the M/CeQ,s catalysts
was enhanced more than one magnitude relative to that of CeO,, in the increasing
sequence of 10Cu/CeO,s > 10Ni/Ce0O,s > 10Co/Ce0,5s > >Ce0,5. The increased
Ovac concentration in M/CeQ,s catalysts is mainly due to H, spillover from the

metals to ceria that favours creation of Ovac in the ceria matrices.

The Ce0,.s support showed notable activity in MA hydrogenation to SA but inert
for hydrogenolysis of SA towards GBL, evidencing it is an active support for SA
generation. The metal loading greatly enhanced the activity of MA hydrogenation
and SA selectivity on the M/CeOQ,s catalysts. The apparent activities and turnover
frequencies of MA hydrogenation to SA (TOFussy) increased following the trend of
10Ni/Ce0,.5> 10Co/Ce0,.5> 10Cu/Ce0,.s >> Ce0,5. Among the examined catalysts,
10Ni/CeO,.sdisplayed the highest activity and selectivity to SA in the initial 40 min.
The TOFuassa (61.7 min') for 10Ni/CeO,s was twice and five times that for
10Co/Ce0,5 (TOFwa>s2=31.2 min') and 10Cu/CeO,s (TOFur>s»=13.2 min?),
respectively. 10Ni/Ce0O,s also showed higher activity and selectivity than
10Co/Ce0,.s in SA> GBL transformation, while no GBL produced on 10Cu/CeO,s
and CeO, catalysts.

MA hydrogenation to SA on the 10Ni/Ce0Q,.s and 10Co/Ce0Q,.s catalysts followed
the first order kinetic law, but 10Cu/CeO,s took a more complex Kkinetics
mechanism. The defective CeO,.s support was active for catalytic conversion of MA
to SA due to Ovac in CeO,s. Ovac of the CeO,s support favoured the MA
hydrogenation on the 10Ni/CeO,s catalyst, though Ovac was not the dominant
factor to the enhanced SA hydrogenolysis to GBL, which was evidenced by the fact
that both CeO,s and the Ovac-richest 10Cu/Ce0O,s catalyst were inert in SA
hydrogenolysis. The electronic configurations of the transition metals were
supposed to be crucial for the activation and adsorption of H, and hydrogenation
of MA and SA. In all, the distinct catalytic hydrogenation behaviour on the catalysts
arose from the synergistic contributions of the metal dispersion, Ovac

concentration and the electronic configurations of metal outermost d electron
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shells, which determined the activation of hydrogen and surface adsorption of MA
and SA.
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Chapter 5 Loading effect of Ni on MA

hydrogenation over xNi/CeO,; catalysts

5.1 Introduction

It is well known that the MA molecule is a multifunctional compound and its
hydrogenation process involves C=C hydrogenation and C=0 hydrogenolysis.
Distinguishing the roles of catalytic active sites in catalytic hydrogenation of MA is
critical for developing robust and highly selective hydrogenation catalysts. For the
Ni-based catalysts, it is highly desirable to specify and understand the intrinsic
active sites, including Ni nanoparticles, Ni-support interaction and support defects
and their contribution to MA hydrogenation.

Li and co-workers found the selectivity of MA hydrogenation over xNi/HY-Al,O;
catalysts was dependent on the particle size of Ni species, where small Ni particles
facilitated SA production while large ones enhanced GBL generation.”?! Meyer and
co-workers suggested the size-dependant selectivity related to the varying Ni-
support interactions. They found that small metallic Ni nanoclusters, which
strongly interacted with SiO,-Al,O; support favoured SA selectivity, whereas GBL
selectivity was enhanced on the large Ni nanoparticles weakly bound to the
support.” However, Bertone and co-workers reported that the Ni/SiO,-Al,Os;
catalyst with smaller Ni° particles was more active to GBL generation than the
Ni/SiO, catalysts of bigger Ni particles. They assigned the difference to the
presence of Lewis acid sites on the SiO,-Al,O; support that enhanced C=0
adsorption.” Their results manifest that besides the nature of Ni, the support

properties can tune the selectivity in MA hydrogenation.

For the modified catalysts without significant change to surface acidity, the
surface electronic effects were thought to be responsible for the modulated
catalysts performance. Superior activity and selectivity were achieved on the ZrO;,
modified Ni/SiO, catalyst to that of Ni/SiO, catalyst, which was attributed to the
presence of Zr*-defects that selectively activated the C=0 group.” In generally,
metal catalysts supported on the partially reduced oxides with abundant surface
defects, like Ni/TiO. enabled to promote GBL production in the prolonged MA
hydrogenation duration.® The IR spectral data evidenced that the
nonstoichiometric Ni-TiOx interface stabilised the C=0 group, thus promoting C=0

hydrogenolysis in crotonaldehyde hydrogenation.””
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The previous chapters showed that CeO,s support with rich Ovac can promote
the catalytic activity of Ni species in MA hydrogenation in comparison with Al,Os;
support. For the ceria-supported catalysts, the Ni/CeO,s catalyst exhibited higher
activity than the Cu/CeO,.s and Co/Ce0O,.s catalysts in the MA hydrogenation to SA
and enhanced SA->GBL transformation by hydrogenolysis. These results indicate
that Ni-CeO, catalytic system is suitable for MA hydrogenation. However, the
specific contribution of the intrinsic active sites (Ni nanoparticles, Ni-support

interface and support defects) in the Ni/CeO, catalyst are still obscure.

In this chapter, a fine control of Ni loading on xNi/CeO,.s catalysts (x denotes
Ni loading, varying from 0 to 30 wt%) were synthesized via our modified wet
impregnation method and evaluated by the liquid phase hydrogenation of MA at
210°C and 5 MPa of H, pressure. The catalysts were well characterised to gain
insights to the synergistic effects between Ni and CeO, on MA hydrogenation.

5.2 Experimental

5.2.1 Catalyst preparation

The CeO, support was prepared by the same sol-gel method as that detailed in
Chapter 4. The xNi/CeO,s catalysts with varying amount of Ni loading were
prepared by the CA-assisted impregnation method, which is illustrated in Figure

4.1. The recipe for the xNi/CeQ,5 catalysts are summarised in Table 5.1.

Table 5.1 Recipe for preparation of xNi/CeOQ,s catalysts

Sample m(Ce0)/g m(Ni(NOs), 6H,0)/g m(citric acid)/g Ethanol-DI water

(1:1)/mL
2Ni/CeO,s 2.00 0.202 0.146 10
5Ni/CeO;.s 2.00 0.521 0.377 10
10Ni/CeO;.s 2.00 1.101 0.796 10
15Ni/CeO,s 2.00 1.748 1.263 10
17.5Ni/CeO,s 2.00 2.102 1.518 10
20Ni/CeO.s 2.00 2.477 1.789 10
30Ni/CeO,s 2.00 4.246 3.068 10

To briefly the preparation procedure, the 5Ni/CeO,.s catalyst was chosen as an
example. 0.521 g Ni(NOs), 6H,O was dissolved in a 10 ml ethanol/DI water (1:1
volumetric ratio) solution, and then 2.00 g CeO, support and 0.377 g CA (mole
ratio of CA/Ni=1) were added into the mixed solution to form a slurry. The slurry

was stirred using a magnetic stirrer and heated at 80°C to evaporate the solvent,
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then subject to drying at 120°C for 8 h in a convection oven. It should be noted
that the pH of the precursor solutions to prepare the xNi/CeO,s varied slightly
because different mount of CA added in line with the Ni loading to keep a constant
molar ratio of CA to Ni (CA/Ni=1). The obtained dry gel was calcined at 500°C
(heating ramp of 3°C/min) for 3 h in a muffle oven to receive the xNiO/CeQ,
samples.

The xNiO/CeO, samples were reduced at 350°C (heating ramp of 2°C/min) with
a flow of 10 vol% H, in argon for 3 h before MA hydrogenation. Other catalysts were
prepared using the similar procedure. All the catalysts were denoted 2Ni/CeQ,s,
5Ni/Ce0O,s, T0Ni/CeO,s, 15Ni/Ce0,5, 17.5Ni/Ce0,5 20Ni/Ce0,5 and 30Ni/CeO,5 in
accordance with Ni loading. The reduced CeO,s support was considered as a

catalyst with zero Ni loading.
5.2.2 Catalyst characterisation and evaluation

The as-prepared xNi/CeO,s catalysts and their oxide precursors were
characterised by XRD, H,-TPR, TEM, XPS, Raman and H,-TPD techniques. The
detailed procedures for the characterisation were described in Chapter 2. The
catalytic performance of xNi/CeQO,-s catalysts were evaluated at 210°C and 5 MPa
hydrogen pressure in a batch reactor within 0.1 g catalyst, 4.9 g MA and 40 mL

THF as a solvent, which was also detailed in Chapter 2.

5.3 Results and discussion

5.3.1 Structure evolution of the xNi/CeO,s catalysts
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Figure 5.1 (A) XRD patterns of calcined xNiO/CeO, samples and (B) the enlarged
pattern at the range of 26-31°

The XRD patterns of the xNiO/CeO, samples are presented in Figure 5.1. One

can see the ceria phase in the xNiO/CeO, remains the face-centred cubic phase
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same as the fluorite structured CeO, (JCPDS file 34-0394, Fm3m space group).
However, the characteristic (111) Bragg diffraction peak shifts slightly to a higher
angle after Niloading (Figure 5.1(A)), suggesting a lattice contraction that is caused
by the incorporation of the smaller Ni cation (r?*=0.72 nm) into CeO, (r.*=0.81
nm) to form a NiO-CeO:; solid solution."”® The calculated crystallite sizes of ceria in
the xNiO/CeQ, samples are larger than that of the pure CeO, due to the NiO-

induced lattice distortion of CeO, or thermal sintering."

Besides the peaks related to the cubic CeO, phase, NiO diffraction peaks in the
xNi/CeO, samples are observed at 37.0, 43.0 and 62.9°. For the 2NiO/Ce0Q, sample,
the absence of NiO peaks suggests that NiO species either highly disperse on the
CeO; surface or incorporate into the CeO; lattice.'® As the Ni loading rises from 5
to 30 wt%, the NiO diffraction peaks are gradually enhanced. The calculated NiO
sizes increase from 10.1 to 35.1 nm (Table 5.2), which could lead to different NiO-
CeO, interaction as well as affect their reducibility and surface structure of the

xNi/CeO,; catalysts.

Table 5.2 The surface areas (Ss1), Ni loading and the average crystallite sizes of

CeO,, NiO and metallic Ni in the reduced catalysts

. ) Ni . N .
CeO, 11.6 35.6
2Ni/Ce0,5 13.4 35.2 1.9 - - 16.9
5Ni/Ce0,s 13.4 35.8 4.8 10.1 - 9.3
10Ni/Ce0O,5 13.8 37.5 10.2 21.6 10.7 5.2
15Ni/Ce0y5 13.3 34.2 15.3 24.7 15.2 4.7
17.5Ni/Ce0Oy5 13.8 32.1 17.2 28.2 17.5 4.1
20Ni/CeO,s 13.7 28.4 20.5 30.5 18.9 3.2
30Ni/CeO, 13.1 22.2 29.1 35.1 36.6 1.4

Note: ® The crystallite size of CeO,, NiO and Ni particles were calculated using the
Scherrer equation. ® The surface area was measured by N, adsorption-desorption. ¢
The Ni loading is determined by the ICP-OES technique. The percentage of Ni
dispersion was calculated using the equation: Ni dispersion was calculated using

the Equation 2.5 in Chapter 2 with the amount of H, uptake at metal surface.
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Figure 5.2 XRD patterns of reduced xNi/CeO,.scatalysts

Figure 5.2 shows the XRD patterns of the H,-reduced xNi/CeOQ,s catalysts,
where the metallic Ni® JCPDS 01-1258) and CeO, phases can be identified. There is
no NiO phases in the XRD patterns, suggesting all the reduction of the crystallite
NiO species was complete at 350°C. The diffraction peaks of Ni° are absent for
2Ni/Ce0,.s and 5Ni/Ce0O,.s catalysts because their crystalline domains are too small
(< 4 nm) to be resolved by XRD." The intensity of Ni° diffraction increases as
increasing Ni loading amount and the calculated Ni° crystallite sizes become larger
(shown in Table 5.2).

Figure 5.3 TEM images of typical catalysts (A) 5Ni/CeO,.s; (B) 10Ni/CeO,s; (C)
17.5Ni/CeO,s and (D) 30Ni/CeO,s catalysts

TEM observations further confirm that the particle size of Ni nanoparticles
increases with rising Ni content. As shown in Figure 5.3 (A), small black dots in the
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5Ni/CeOQ,s catalyst, with the diameter about ~3.5 nm, are due to Ni nanoparticles,
which are highly dispersed on the surface of ceria. The TEM images shown in Figure
5.3 (A-D) reveal, as the Ni loading on CeO,.s up to 10 wt%, 17.5 wt% and 30 wt%,
the average sizes of the Ni° particles grow up to 10.8 nm, 28.4 nm and 44.1 nm as
measured, respectively. The dependence of Ni particle size on the Ni loading

amount as observed by TEM is consistent with the XRD results.
5.3.2 The reducibility of xNiO/CeO, sample

Figure 5.4 (A) presents the H,-TPR profiles of the xNiO/CeO, samples. The weak
peaks (denoted as peak a) at ca. 150°C observed for all the oxide precursors can
be attributed to the removal of oxygen species on the CeO, support surface, in
particular those adsorbed on the intrinsic surface Ovac sites.*®'#? In principle, a
small amount of NiO can penetrate into the CeO, matrices that leads to the lattice
distortion and creates Ovac for readily absorbing oxygen species. Therefore, the

intensity of peak a can reflect the population of Ovac on the oxides.

As shown in Figure 5.4(B), the 2NiO/CeO, and 5NiO/CeO, samples show
stronger a peaks, while a peaks of 15~30NiO/CeO, samples appear much weaker.
The Ovac is due to the highly dispersed NiO species that can strongly interact with
the CeO, support. The strong interaction would lower the symmetry of CeO, unit
cell and thus promote Ovac formation. However, increase of Ni loading leads to
larger NiO clusters residing on the CeO, and the reduction of the Ovac density of

CeO; supports, so that smaller a peaks are shown in their TPR profiles.
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Figure 5.4 (A H,-TPR profiles of xNiO/CeO, precursors and (B) closer observation
to the TPR profiles of the 2NiO/CeO,, 5NiO/Ce0, and CeO,

The sharp peaks (denoted as peak B) observed at ca 200°C are due to rapid
hydrogen consumption. Similar result was observed in the TPR of the Ce,.NiO,,

solid solution oxides,"® where the abrupt hydrogen consumption was assigned to
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H, dissociating and forming the OH group at the surface of CeO,. The sharp H,-TPR
peaks reflected the rapid H. reduction kinetics that promoted by the Ovac and/or
the interface sites between the local Ni and Ce moieties on the Ni/CeO, catalysts.
In the present research, the peak B gradually shifts to a high temperature and
becomes weaker as increasing Ni loading, suggesting that excess Ni species hinder
hydrogen activation and dissociation, which is due to Ovac being masked by large

NiO particles.

The reduction of the isolated NiO supported on CeO, occurs in the 200-300°C
temperature region. Their temperature of maximum reduction gradually increases
from 235 to 270°C with increasing NiO loading up to 15 wt%, then remains
unchanged (~275°C). The asymmetric NiO reduction peaks can be fitted into two
peaks at ca. 240°C (peak y) and 270°C (peak &), respectively. The y peaks are
ascribed to the reduction of NiO species closely affinity at NiO/CeO, interface,
where strong NiO-CeO; interaction facilitates the reduction of NiO.'* The & peaks
are due to the reduction of aggregated NiO particles. One can see the reduction of
the aggregated NiO particles on the surface of CeO, support occurs at a lower

temperature compared to that of bare NiO (330°C).

The lower reduction temperature of y peaks reflects the enhanced reducibility,
due to the preferentially reduction of Ni species at Ni-CeO, interface and Ovac. The
preferential reduction at interface and near Ovac can facilitate hydrogen
dissociation to atomic H and enhance the hydrogen spilling over to the large
isolated NiO particles (through adjacent O atoms). The H spillover eventually
catalyses the reduction of larger NiO particles isolated on CeO, (6 peaks), which is
responsible for the lower reduction temperature of NiO on CeO, than that of
unsupported bulk NiO. However, the & peaks shift gradually to the high
temperature as increasing Ni loading, which is due to the lower Ovac amount and

larger NiO size that would block the H-spilling path and hinder NiO reduction.
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5.3.3 The surface properties of xNi/CeO.;s catalysts
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Figure 5.5 Raman spectra of (A) the xNiO/CeO, precursors and (B) reduced
xNi/CeO,. catalysts: (a) CeO,.s; (b) 2Ni/CeO,.s; (c) 5Ni/CeO,.s; (d) TONi/CeO,.s; (e)
15Ni/CeO,s; (f) 17.5Ni/CeO.s; (g) 20Ni/CeO,s; (h) 30Ni/CeO,s

Figure 5.5 (A) and (B) show the Raman spectra for the xNiO/CeO, precursors
and xNi/Ce0Q,5 catalysts, respectively. The Raman shifts at 462 cm™ (F,, mode) are
due to a symmetrical stretching vibration of eight Ce-O bonds in the fluorite
structure, which dominates the Raman spectrum of CeQ,.?°® Upon NiO loaded, the
Raman vibration due to F,, modes becomes weaker, broader and red-shifted,
because the strong interaction between Ni and CeO, gives rise to distortion of CeO,

lattice and creation of Ovac.®®

Besides the F,, vibration, the broadening bands at 550~600 cm’ and at
1000~1300 cm™ regions are attributed to the defect-induced mode (D band) and
second-order longitudinal optical modes (2LO band at ~1170 cm™), respectively.b®
Generally, the D band is induced by the presence of the Ovac.™® In our samples,
the D bands in the 2Ni/Ce0O,s and 5Ni/CeO,s catalysts are much stronger than
those in other catalysts, which is due to higher Ovac density. However, the intensity
of D bands in other xNi/Ce0Q,s catalysts decreases with increasing Ni loading,
suggesting that the existence of larger Ni particles reduces the surface Ovac

density.
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Figure 5.6 Ratios of Ip/lr, for the xNiO/CeO, precursors and xNi/CeO,.s catalysts

The relative intensity ratio of Ip/ls can empirically reflect the Ovac density.!">®
The obtained ratios for the xNiO/CeO, samples and xNi/CeO,s catalysts are plotted
in Figure 5.6. All the NiO/CeO, samples show greater Iy/ls, ratios than the CeO,,
suggesting Ni loading enhances Ovac formation. The Ovac density reaches the
maximum at relatively low doping level of 5NiO/CeQ., indicating that only a small
fraction of NiO penetrates into CeO; lattice but creates significant amount of Ovac.
The increasing NiO content from 5 wt% to 20 wt% is thought to reduce Ovac,
because the gradual formation of large isolated NiO particles that mask the surface

Ovac sites.

Compared with the xNiO/CeO, samples, the xNi/CeO,.s catalysts display larger
Io/l2g ratios with respective to their Raman peaks, indicating that H, reduction
facilitates the formation of Ovac. It is notable in Figure 5.6 that H, reduction creates
greater Ovac on the catalysts with low Ni loading below 10 wt%, whereas the
majority of Ovac is inherited from oxide precursors as further increasing Ni loading
over 17.5 wt%. The evolution of Ovac density with Ni loading indicates that a small
fraction of Ni can significantly promote the reduction of CeO, and favour the
formation of Ovac due to the strong Ni-CeO, interaction. However, excess Ni

loading can weaken the Ni-CeO; interaction and thus hinder the reducibility of CeO..

111



Design of ceria supported nickel-based catalysts for selective hydrogenation of maleic anhydride

Intensity (a.u.)

862 860 858 856 854 852 850 848
Binding Energy (eV)

Figure 5.7 XPS spectra of Ni2ps,, for reduced xNi/CeO.s catalysts

The chemical oxidation states of the Ni species in the four typical catalysts
(5Ni/Ce0O,s5, 10Ni/Ce0,s5, 17.5Ni/Ce0,5 and 30Ni/Ce0O,s were detected by XPS.
Except for the shake-up peaks of Ni2ps, state at binding energy of 861 eV, the
major XPS spectra of Ni2ps;, for the xNi/CeO,s catalysts were fitted into three
groups, which were denoted as peak a, peak B and peak y as shown in Figure 5.7.
The a peaks at ~852.8 eV are assigned to metallic Ni° species, while B peaks at
~854.1 eV and y peaks at ~856.5 eV are thought to pertain to ionic Ni*"" and
Ni01 respectively. The Ni2ps,, XPS results confirm that besides the presence of
metallic Ni species, ionic Ni species (Ni®") could also exist on the surface of CeO,s
support due to strong electronic interaction between Ni and ceria, which is justified

below.

Although the Ni** species due to the re-oxidation of metallic Ni° species during
the catalyst characterisation cannot be ruled out, the Ni° re-oxidation should not
be the major reason because the samples were well protected before XPS
measurements. Previous reports showed that metallic Ni species on CeO, can be
oxidised to Ni* species by the adjacent Ce* due to the strong electronic
perturbation from Ce* towards Ni species.'® ** Therefore, the Ni** species in the
reduced samples are due to Ni species that intimately contact with CeO,s at the
Ni/CeO. interface and such interface Ni species take Ni** state stabilised by strong
metal-support interaction. The Ni** species (y peaks) in these catalysts are thought
to originate from the Ni atom penetrating into the subsurface of the CeO,5 to form

a thin layer of Ni,Ce;.O., solid solution.!"®"

The calculated relative ratios of the three Ni species using the peak areas of

the Ni components are listed in Table 5.3. The rising concentration of Ni°species
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is considered reasonable as more metallic Ni are exposed and aggregated on the
CeO,s surface with increasing Ni loading. However, the Ni* concentrations for
5Ni/CeO,s and TONi/CeOQ,s catalysts with high Ni dispersion are higher relative to
those for 17.5Ni/CeQ,s and 30Ni/CeO,.s catalysts. This result agrees with the
previous findings that small Ni particles in close contact with ceria support exist in
oxidation state owing to electronic interaction between Ni-CeO,.s, whereas large Ni
particles can weaken the electronic Ni-CeO,.s interaction®® '*¥  leading to less Ni*

species but more Ni°.
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Figure 5.8 (A) Ce3d and (B) O1s core-level XPS spectra of the xNi/CeO, catalysts
(@) CeO,.5, (b) 5Ni/Ce0,.5, (c) 10Ni/Ce0,.5, (d) 17.5Ni/Ce0,5 and (e) 30Ni/CeO,s

Figure 5.8(A) displays the Ce3d core-level spectra of reduced CeO,s and the
5Ni/Ce0O,s, 10Ni/CeO,5, 17.5Ni/Ce0,s and 30Ni/Ce0O,s catalysts. The complex
spectra of Ce 3d, plotted in Figure 5.8 (A), were fitted into five pairs: three pairs of

3ds,>3ds, spin-orbit-split doublets (denoted as u and v, u” and v", u" and v")

attributed to Ce* ions and two doublets (u’' and V', u, and v,) attributed to the
presence of Ce* ions."% Compared to the reduced CeO,ssample, it is worth noting
that all the three doublets related to Ce* in the examined catalysts are blue-shifted,
indicating the strong electronic interaction between Ni and Ce*. It is due to the
short-range Ni=>Ce electron transfer on the Ni-CeOy interface. Similar M—>Ce
electron-transfer phenomena have been observed on the Pt/CeQ,"** and Cu/CeQ,"*

catalysts.

The molar ratios of Ce3*/(Ce3*+Ce*) for the xNi/CeO,s catalysts differ from that
of CeO,s sample (Table 5.3), suggesting that a fraction of Ce* existing in the
xNi/CeO,.s catalysts are created due to Ni loading. The existence of Ce** induces the
formation of Ovac, so that the concentration of Ce* and Ovac in the xNi/CeOQ,s

catalysts are dependent on the Ni loading, which is consistent with the Raman
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analysis. The concentration of Ce* increases up to 5 wt% Ni loading then declines
as increasing Ni loading, suggesting that excess surface Ni species can mask the
surface Ce** or large Ni particles weaken the Ni-CeOQ,s interaction that hinders the

formation of Ce* species.

Table 5.3 XPS analysis of the xNi/CeO,s catalysts

Sample Ce**/(Ce*+Ce*) 0,/(0+0,+0,) 0,/(0+0,+0y) Ni° Ni2*:Ni3

CeOxs 0.162 0.207 0.047
5Ni/CeO:s 0.178 0.414 0.056 0.12:0.64:0.24
10Ni/CeO. 0.164 0.374 0.046 0.25:0.56:0.19
17.5Ni/Ce02s 0.146 0.364 0.042 0.34:0.45:0.20
30Ni/CeO2s 0.139 0.334 0.034 0.43:0.39:0.18

The O1s XPS spectra of the representative catalysts were fitted into three
groups due to different oxygen species. As shown in Figure 5.6(B), the O, and O,
peaks are ascribed to lattice oxygen in different coordination environments. The
O, band (~529.5 eV) is due to O-Ce*-0 , while the O, band (~529.0 eV) is assigned
to oxygen species bound to Ce?* (0-Ce*-0) that emits photoelectrons at lower
energy.'® The O, and O, peaks for the xNi/CeO,s catalysts blue shift relative to that
of the CeO,s sample. Combined with blue shift as observed in Ce3d XPS of
xNi/CeO,.s catalysts, one can conclude the loading Ni on CeO,s surface can tune
the surface electronic structure of CeO,s due to strong electronic interplay between
Ni and CeO,s As shown in Table 5.3, the ratios of O,/(0+0,+0.) decrease with the
increase of Ni loading, which is consistent with variation of Ce**/(Ce3*+Ce*) for the
xNi/CeOQ,.s catalysts, confirming that excess Ni species reduce the amount of Ce*

species.

The O, peak at 531.4 eV is assigned to surface hydroxyl groups and adsorbed
O, species anchoring at Ovac sites with low coordination.'" The estimated molar
ratios of 0,/(0+0,+0,) related to adsorbed O species suggest that the population
of surface oxygen species is dependent on Ni loading too. The concentration of
surface oxygen species of the xNi/CeO.scatalysts, as listed in Table 5.3, is greater
than those of CeO,s, because Ni species can facilitate the formation of Ovac, which

promotes the adsorption of oxygen species.

In summary, the Ni-dependent variation of Ce* amount and Ovac density

obtained by quantitative analysis of Ce3d and O1s XPS peak is consistent with the
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Raman results. This result confirms that Ni species can enhance the formation of
Ce* and Ovac at low Ni loading level due to the strong Ni-CeO,.s interaction, while
increased Ni loading reduces the Ni-CeO,s interaction and masks Ce* sites, thus

decreasing the surface amount of Ce** and Ovac density.

5.3.4 Hydrogen activation on the xNi/CeOQ. catalysts
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Figure 5.9 H,-TPD profiles of (A) the unreduced and reduced CeO, and (B)
xNi/CeO,.s catalysts

As shown in Figure 5.9 (A), the hydrogen desorption behaviour observed on
the stoichiometric CeQ, differs from that on the CeO,s sample. A sharp H.
desorption peak displays at 80°C on the CeO,s sample while a broad peak is
observed on CeO; in the 150-400°C region. The results agree with the previous
report that CeO, can dissociate H, to atomic H and form surface hydroxyl group
but the Ovac significantly affects the adsorbed hydrogen species on the CeO,s
surface. In order to characterise different behaviour of hydrogen desorption
from the two surfaces, we applied GC-Mass to monitor the effluents from the H,-

TPD experiments on the CeO, and CeO,.s samples.

In the H-TPD profiles recorded by GC-MS, as illustrated in Figure 5.10, a broad
peak within 150-400°C for the CeO; is attributed to H.O desorption, suggesting
irreversible hydrogen desorption occurs due to strong O-H bond (in form of OH
group) formation at the CeO, surface.' In contrast, the sharp desorption peak at
80°C for the CeO,s sample is due to H, releasing. These results suggest that the
presence of Ovac facilitates the recombination of atomic H to H,, because the
negative electrons trapped by Ovac can reduce energy barrier of H, generation from

the hydroxyl species and block the O-H bond formation.!?
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Figure 5.10 H,-TPD-MS profiles of (A) unreduced CeO, and (B) reduced CeOQ,s

samples

The H,-TPD profiles of xNi/CeO,s catalysts (Figure 5.9 (B)) were fitted to three
groups of peaks at ~80, 128 and 178°C, denoted as a, B and vy, respectively, due to
three different sites taken up hydrogen. The H-TPD peak a, at the same temperature
as that of CeO,.s sample, can be assigned to the Ovac-induced hydrogen desorption
from the surface of Ce0,.5.[*** The peak y is associated with hydrogen chemisorption
on isolated Ni° nanoparticles, which shows similar features in the H,-TPD profiles
of Ni/Al,O; and Ni/SiO, catalysts regardless of support types.'*® The peaks B located
between peaks a and y can be ascribed to dissociative H, residing at the Ni-CeO,
interface which nickel species strongly interact with CeO,s. These interface Ni
species possesses strong Ni-ceria interaction that perturbs the electronic
interaction between Ni species and dissociative H atom, so that their H, desorption
occurs at low temperature, corresponding to low H, activation barrier.?%! It is worth
noting that the H,-TPD, H,-TPR and XPS results verify consistently that there exist
distinct Ni species in the xNi/CeO,s catalysts, whereas the H,-TPD results can reflect
the H-activation and surface chemistry of the catalysts, very crucial for

hydrogenation reactions.
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Figure 5.11 Total (A) and site-defined (B) hydrogen uptake on the xNi/CeQ,s

catalysts

Figure 5.11 (A) depicts a volcano-like curve of the global H, uptake on the
xNi/CeO,.s catalysts. Compared with CeO,s, 2Ni/Ce0O,.s shows a dramatic increase
of H, uptake (300% increase) with 2 wt% Ni loading on the defective CeO,.s. As
gradually increasing Ni loading amount to 17.5 wt%, the H, uptake on xNi/CeOQO,s
rises linearly up to the maximum on the 17.5Ni/Ce0Q,s catalyst then declines as
further increasing Ni loading. Low H, uptake, namely low H, activation ability, is

observed on the xNi/CeO.s with aggregated Ni°® species (see XRD and Table 5.1).

Such a volcano-like H,-uptake dependence on Ni loading should not be arisen
from the Ni° dispersion only, but also should consider the Ni species and their
synergistic interaction with Ovac, because varying Ni amount in a wide region only
causes relatively smaller changes of H, desorption amount. Based on the
attributions of different H-TPD peaks, we suppose the large Ni° particles would
hinder Ovac formation and reduce the Ni-CeO.s interaction, thus reducing H,

adsorption and activation on the xNi/CeQ,s catalysts.206-207

The H, uptakes on different active sites (Ovac, highly dispersed Ni° with strong
Ni-CeO, interaction and the aggregated Ni°) for xNi/CeQO.s catalysts were further
qguantified and presented in Figure 5.11 (B). 2Ni/Ce0Q,.s has the largest a-H amount
that declines systematically as increasing the Ni loading. The variation of a-H
suggests that a small amount of Ni loading can greatly enhance H, activation, while
H., activation will be suppressed by greater Ni° particles which either reduces Ovac-
Ni interaction or Ovac concentration. The concentrations of B-species and y-H
species showed the similar evolution trends, with the maximum H-uptake on the

sample with 17.5 wt% loading.
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The quantitative analyses unravel that H, can be activated at different sites on
the xNi/CeO,.s catalysts: aggregated Ni° particles, highly dispersed Ni° clusters with
strong Ni-CeO,s interaction, and the Ovac that greatly promote hydrogen

adsorption through Ni-Ovac interaction.

5.3.5 Catalyst performance
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Figure 5.12 (A) MA conversion over the reduced xNi/CeO, catalysts in 1h and (B)

the specific MA conversion over the xNi/CeO,;s catalysts at 30 min

Figure 5.12 presents the hydrogenation of MA on the xNi/CeO,s catalysts in a
batch reactor at 210°C and under 5.0 MPa hydrogen pressure. One can see that MA
completely converted into SA within 1 h on the xNi/CeO,.s catalysts, without other
side products being detected apart from SA. The CeO,s without Ni loading can
catalyse MA conversion to SA, suggesting that CeO,sis an active support for MA
hydrogenation. The 2Ni/Ce0Q,s catalyst with only 2 wt% Ni loading shows a
remarkable enhancement of MA conversion of 85% in 40 minutes, which is 6-fold
that on the CeO.,s. The increase of Ni loading from 5 wt% to 17.5 wt% only slightly
enhances MA conversion in the initial hydrogenation stage (Figure 5.12(A)),
whereas MA hydrogenation is depressed as the Ni loading over 17.5 wt% (Figure
5.12(B)). The results presented in Figure 5.12 indicate that the Ni species is the
major active species relative to the CeO,.s support, while the different Ni species

and the surface properties of catalysts may be crucial for MA hydrogenation.

Figure 5.13 (A) shows the selectivity of SA in the 8 h continuous MA
hydrogenation on the catalysts. The reduced CeO,s displays 100% selectivity to SA
in the 8 h time-on-stream of hydrogenation. The xNi/CeO.s catalysts exhibit 100%
selectivity to SA in the initial 40-60 min on the dependence of the Ni-loading. Once
the MA conversion completed, SA selectivity dropped due to GBL generation. Figure
5.13(B) shows the yield of GBL (< 40%) grew slowly in the rest 7 h hydrogenation
process. The results suggest that MA hydrogenation on the xNi/CeQ, catalysts is
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a multiple-step process: the hydrogenation of MA to SA occurs firstly and quickly

while the sequential SA hydrogenolysis to GBL is a very slow process.
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Figure 5.13 (A) Selectivity of SA and (B) yield of GBL over the reduced xNi/CeO,s
catalysts at 210°C and 5 MPa for 8 h

As shown in Figure 5.13(B), no GBL was detected on 2Ni/CeQOs and CeO,s in
the 8 h hydrogenation process. However, GBL yield on the xNi/CeO,.s was enhanced
as Ni content increasing from 5 wt% and reached the highest GBL yield (36.5%) on
17.5Ni/CeO,s. The yield of GBL dropped down to 28.5% and 15.5% on 20Ni/CeOQ,s
and 30Ni/Ce0,s, respectively. The results imply that SA hydrogenolysis are
governed by the Ni species, the active sites distinct from those for MA
hydrogenation to SA. It was reported that the large Ni° particles*® and strong
surface acidity” promoted GBL selectivity. However, the 17.5Ni/Ce0O,s catalyst
does not have the largest Ni° particle and the CeO,.s support is an electron donor
(more Lewis basic than acidic). Furthermore, the 2Ni/CeO,s catalyst with rich Ovac
concentration cannot catalyse SA>GBL transformation, implying that Ovac is not
key active sites for C=0 hydrogenolysis. Therefore, besides the suitable Ni particle
size, the strong Ni-CeO,;s interaction rather than Ovac determines the GBL

selectivity in the long-time hydrogenation process.

5.4 Discussion

5.4.1 C=C hydrogenation over xNi/CeO,.; catalysts

In the present research, it was found that SA was produced by hydrogenating
MA on the reduced CeO,s sample, suggesting that CeO,s can catalyse C=C
hydrogenation. A similar catalytic phenomenon was reported by Vile and co-
workers!"?” that CeO, can effectively hydrogenate alkynes to olefins due to the
excellent ability of CeO, in hydrogen activation. The previous DFT simulation

showed that the adsorption of dissociative H on the pristine CeQ, is an exothermic
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process (-2.82 eV) due to the formation of O-H bond on the surface.In contrast,
CeO0ys with H:-induced Ovac can weaken the surface O-H bond and facilitate H
diffusion due to the electron donation ability of Ovac.* The H,-TPR and H.-TPD
results in this study suggested that Ovac in the xNi/Ce0O,s catalysts can enhance
hydrogen activation and diffusion. Combined the H,-TPD results and MA
hydrogenation on the CeO,.s, we can conclude that Ovac in CeO.s can offer active
H species to the MA->SA transformation, which is crucial for C=C hydrogenation on
the CeO,s and xNi/CeO,.s catalysts.

2H,,-2H,0

Maleic anhydride Succinic anhydride y-Butyrolactone

Figure 5.14 Pathway of MA hydrogenation with low unoccupied molecular orbital,

charge and bond length

Besides the crucial role of Ovac in hydrogen activation, the anionic Ovac can
play a pivotal role in the C=C adsorption and activation due to the strong electron
donating character of Ovac.?*® In order to understand the interaction of Ovac with
the reactants and products, the electronic structure of MA, SA and GBL molecules,
including low occupied molecular orbitals, element charge and bond length were
simulated using the MM2 module embedded in the Chem3D software. The
simulated electronic structures of the three molecules are illustrated in Figure. 5.14.
The C moieties of the C=C bond in the MA molecule are positively charged, which
would strengthen MA adsorption on the CeO,s surface through their strong
interaction with anionic Ovac. Such strong interaction is possibly attributed to the
partial transfer of electron from the anionic Ovac into the antibonding n* orbital of
C=C in the MA molecule.?* In contrast, the C-C bond in both SA and GBL possesses
negatively charged carbon moieties, so that such C-C bonds of SA or GBL would
leave or weakly adsorb on Ovac. Combined the enhanced H, activation and
preferential adsorption of C=C groups on the Ovac site, we suppose that Ovac
served as active sites for MA hydrogenation to SA over the CeO,.s surface. However,
CeO,.s possessed relatively low activity in MA hydrogenation because of the limited

density of Ovac, as seen in Figure 5.11(A).
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Figure 5.15 (A) Comparison of MA conversion over representative catalysts and

(B) nickel loading dependence of TOFuassa and Ovac-induced hydrogen desorption

Despite the fact that Ovac is the major active sites on CeO,.s, as shown in Figure
5.15(A), adding only 2 wt% of Ni on CeO,.s can considerably enhance MA conversion,
much more active than 10Ni/Al,O; catalyst, indicating a significant role of Ovac in
enhancing C=C hydrogenation on Ni species. For in-depth understanding of the
C=C hydrogenation on the xNi/CeQO,s catalysts, the turnover frequencies of MA
hydrogenation to SA (TOFuasss) Over Ni species were calculated using the Equation
(2.10) in Chapter 2. The conversion of MA in the initial 10 min with only SA
generation was used for calculation of TOFu.ssa (see Figure B1, Appendix B). As
comparatively presented in Figure 5.15 (B), the Ni-loading dependence of TOFuassa
well matches Ovac-induced hydrogen activation rather than the overall H, activation
on the xNi/CeO,.s(see Figure 5.11(A)) in the whole Ni loading region, verifying the

crucial enhancement of Ovac in the C=C hydrogenation on the xNi/CeQ, catalysts.

In the open literature, the electron-donating character of Ovac to its adjacent
metal species has been regarded as a crucial factor in enhancing the C=C
hydrogenation. For example, the Pd/CeO.s catalyst with abundant Ovac displayed
high activity in the styrene hydrogenation because the surface Ovac enriched the
electron density of Pd, thereby improving the H, dissociation and the affinity of
styrene on Pd.?* The electron-rich gold particles supported on ZrO, and TiO, gave
considerable activity of C=C hydrogenation in the hydrogenation of acrolein on the
Au/ZrO; and Au/TiO; catalyst due to the electron-donating feature of Ovac to Au.®?%?
Therefore, the Ovac-enhanced C=C hydrogenation over the xNi/CeO..s catalysts can
be interpreted by the Ovac-Ni interaction, in which Ovac would donate electrons to
the supported Ni species®® and facilitate the adsorption of MA and H,(see H,-TPD

section).
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Based on the analyses of the Ovac>Ni charge transfer and the charge
population of MA, in particular the C=C bond (Figure 5.14), a mechanism for MA
hydrogenation over the xNi/CeO,.s catalysts is proposed, as illustrated in Scheme
5.1. The mechanism supposes the C=C bond prefers to adsorb on the Ni species in
the di-c mode by which the positively charged C atoms of C=C bond accept
electrons from the electron-enriched Ni species arisen from Ovac>Ni° charge
transfer. Such adsorption mode favours the insertion of adjacent H species

activated by either Ni° or Ovac on the catalyst.

vacancy

Scheme 5.1 The enhancement of Ovacin C=C hydrogenation

Besides the significant roles of Ovac and Ni-Ovac in C=C hydrogenation, the
crystallite size of Ni species plays important roles in the MA hydrogenation, though
the reported impacts of Ni particles size on MA hydrogenation activity and product
selectivity were controversial in the literature.” % Figure 5.16 (B) compares the Ni-
loading dependence of TOFuassa With crystallite sizes of Ni particles. The Ni loading
was chosen from 10 wt% to 30 wt% because the x-ray diffraction of the Ni species
was absent in their XRD patterns for the xNi/CeO,.s catalysts of low Ni loading (2~5
wt%). It is clearly seen that the TOFuassavalues decline drastically with increased
mean crystallite sizes of Ni species, suggesting that small crystallite size of Ni
benefits the C=C hydrogenation activity. This phenomenon is reasonable because
large Ni particles would mask Ovac and weaken the Ni-Ovac interaction, as
evidenced by Raman, H,-TPR and H,-TPD results, then suppress the electron
donation from Ovac to Ni species.?® Since the electronic perturbation between
Ovac and Ni may exist in relatively short distance, the samples with smaller Ni
crystallite sizes and more Ovac (low Ni loading) exhibit stronger Ovac>Ni electron
donating effect and thus higher activity (greater TOFuassa). In contrast, the C=C
hydrogenation activity on xNi/CeO.; with larger Ni loading (x >17.5 wt%) decreases
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because their larger Ni particles mask Ovac and weaken the interaction between Ni

and Ovac.
5.4.2 C=0 hydrogenolysis over xNi/CeO,s catalysts

In terms of C=0 hydrogenolysis, previous research showed that increased
metal particle size can enhance the C=0 hydrogenolysis. For example, a
considerable increase of selectivity towards the unsaturated alcohol with increasing
Pt particle size has been observed in the hydrogenation of crotonaldehyde over the
Pt/SiO, and Pt/TiO, catalyst.”” Similarly, the larger gold nanoparticles gave higher
formation rates of the allylic alcohol than smaller gold particles in the
hydrogenation of acrolein.?®? The large metal particles can provide more fraction
of closed-packed structure of the (111) surface, on which the C=0 group can adsorb
in a di-oco mode and be preferentially activated.”” For MA hydrogenation, large Ni
particles can improve the selectivity of GBL, as observed in the study of MA
hydrogenation on Ni/HY-ALO;** Ni/SiO,-Al,O;"" and Ni/ZrO,-Si0,®", likely due to
the fact that large metallic Ni particles can offer high fraction of dense (111) surface
for C=0 activation. In our case, the effect of increased Ni particle size can be
effective to explain the enhanced GBL selectivity with Ni loading up from 5 wt% to
17.5 wt%, as shown in Figure 5.13(B); however, it is insufficient to interpret the
reduced GBL selectivity of 20Ni/CeO,.s and 30Ni/CeO.swith larger Ni particles. This
result indicates that other crucial factors dominate GBL selectivity besides the

particle size of Ni on the xNi/CeQ,s catalysts.

To understand C=0 hydrogenolysis on the xNi/Ce0Q,s catalysts, the TOFsscs ON
metallic Ni species was estimated using the Equation (2.11) in Chapter 2. As shown
in Figure 5.16 (A), the Ni-loading dependence of TOFs\see is a volcano-like curve,
distinct from the curve of the TOFuassa (Figure 5.16(B)), revealing that active sites
for C=0 hydrogenolysis differ from those for C=C hydrogenation in the same
xNi/CeO,.s catalysts and the C=0 hydrogenolysis is sensitive to Ni loading amount.
However, the plot of TOFs.sce versus Ni loading agrees neither with the H; activation
on Ni° nor with Ni° dispersion, which is different from the results reported in some
literature®7°#3 suggesting other factors determine the C=0 hydrogenolysis on the

xNi/CeO,.s catalysts.
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Figure 5.16 (A) Ni loading dependence of TOFssce against H, uptake on nickel
species for the xNi/CeO,.s catalysts and (B) effect of nickel crystallite size on the
TOFuassa and TOFsascar

As seen in Figure. 5.16 (A), the variation of TOFs.scs well agrees with the total
H, activation on the metallic Ni° and highly dispersed Nispecies on the xNi/CeO,
catalysts, indicative of their synergistic role in C=0 hydrogenolysis. As increasing
nickel loading in xNi/CeO,s, the total amount of H, activated by isolated Ni® and
highly dispersed Ni species increases and reaches the maximum at 17.5 wt% Ni
loading, so that 17.5Ni/Ce0O,s displays the highest TOFs,sc. The result suggests
that adjacent binary Ni active sites, metallic Ni® and highly dispersed Ni species,

may play a synergistic role in the hydrogenolysis of SA to GBL.

In the case of xNi/CeO,.s catalysts, the highly dispersed Ni species can strongly
interact with CeO, support, thus facilitating the formation of coordinative CeOy
species with unsaturated Ce cations (Ce*), as evidenced by the Raman and XPS
results. Moreover, the H,-TPD results show that highly dispersed Ni species possess
weaker interaction with dissociative H atom in comparison with bulk Ni° species
due to the strong metal-support interaction that perturbs electronic structure of
these Ni species.?' The electronic interaction between Ni and CeO, support has
been investigated by DFT simulation, showing that nickel atoms in close contact
with CeO. support can donate their electrons to the localized f-states of
neighbouring Ce cation, leading to the formation of cationic Ni® species!% ¢!,
Based on experiment and simulation results, it is reasonable to indicate that the
highly dispersed Ni species could be surrounded by coordinative CeOy species with
unsaturated Ce cations and be cationised (Ni°) to some extent due to the strong

Ni-CeO, interaction.

With respect to the C=0 hydrogenolysis, the carbonyl group can strongly

interact with the cationic metal species and/or coordinative metal oxide by
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donating a lone pair of electrons of oxygen to the electron deficient sites. As a
result, the coordination decreases the electron density of the C=0 bond, hence,
increases its reactivity. For example, the presence of coordinative TiO, with
unsaturated Ti cations on Pt/TiO,** 7" and Ni/TiO,"® strengthened the adsorption
of the carbonyl group, leading to the enhancement of C=0 hydrogenolysis in
crotonaldehyde hydrogenation. Additionally, the Ni/TiO, catalyst displayed high
selectivity of cinnamyl alcohol in cinnamaldehyde hydrogenation because a small
amount of cationic Ni®* at the surface can adsorb and activate the C=0 group, thus
enhancing the selectivity.?'" Therefore, it is reasonable to define the highly
dispersed Ni species surrounded by the coordinative CeO, species as active sites to
strongly interact with negative O atom in the C=0 group, thus facilitating C=0
adsorption on the catalysts. However, it is worth noting that these active sites are
not active for C=0 hydrogenation, as evidenced by the negligible SA-> GBL
transformation activity on the 2Ni/CeQ,s catalyst with the greatest Ni dispersion.
The highly dispersed Ni species can polarize and activate C=0 bond, however, the
strong Ni-CeO, interaction increases the strength of C-O bond, as evidenced by
simulating CO adsorption and dissociation on Ni,/CeO.(111) surface®”, making
significantly difficult to cleave the C-O bond. In contrast, the bulk Ni species can
strongly interact with C moieties in the CO molecule that enhances the CO
dissociation.?*” Hence, metallic Ni species is required to cleave the C-O bond.
Therefore, the synergy between highly dispersed Ni species and metallic Ni active
sites can be envisaged in Scheme 5.2: highly dispersed Ni species (Ni*") with
coordinative CeOx species can adsorb and activate C=0 group and thus facilitate

hydrogenolysis on adjacent Ni°.

: H ‘Nigy H O E

€ Ce3* Ced+ Ced )ei

Oxygen Interface

vacancy

Scheme 5.2 Synergy between ionic and metallic Ni active site in C=0

hydrogenolysis over xNi/CeQ,; catalyst

It is worth noting that the TOFs\scs reaches the maximum as Ni loading up to
17.5 wt%, then drastically declines at higher Ni loading (20 wt% and 30 wt%) with
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larger Ni° particle size. This result suggests that the oversized Ni particles hinder
the synergism in enhancing C=0 hydrogenolysis. The synergistic interaction
between bulk Ni° and highly dispersed nickel species only presents in short
distance, and it is inevitably reduced by long distance from the surface metallic
species of the large Ni particles to the highly dispersed Ni species that are in close
contact with CeO, support. Therefore, it is reasonable to note that the 30Ni/CeO,s
catalyst of the largest Ni crystallite size and least amount of highly dispersed Ni

species, showed the lowest GBL yield.

The dominant role of Ovac in C=0 hydrogenolysis can be ruled out because no
GBL generated on CeO.s and 2Ni/CeQ,s with abundant density of Ovac, as shown
in Figure 5.13(B), and the Ni loading dependence of TOFssce is distinct from Ovac
variation along Ni loading as discussed in Raman, XPS and TPD sections. The weak
activity of CeO,.sand 2Ni/CeO,5catalyst in SA >GBL can be due to the repulsive
interaction between anionic Ovac and the negative oxygen moieties of the carbonyl
group, which retards the C=0 adsorption and activation. Moreover, it was reported
that Ovac prefers to interact with the oxygen atom in the maleic anhydride ring
rather than the carbonyl oxygen, as observed MA adsorption on the Mo(110)?'?
Re(0001)®® and TiO,”* surfaces. However, as evidenced by H,-TPD characterisation,
Ovac can enhance H, dissociation and provide active H species for C=0
hydrogenolysis, so that Ovac could be beneficial to GBL production to some

marginal content.

5.5 Conclusion

The xNi/CeO,s catalysts with varying Ni loading were prepared via the
impregnation method and were assessed in MA hydrogenation. The catalysts were
well characterised by XRD, H,-TPR, TEM, XPS, Raman and H,-TPD. Ovac, Ni° and Ni-
CeO:; interface were defined as active sites in MA hydrogenation and their different

roles in C=C hydrogenation and C=0 hydrogenolysis were specified.

For C=C hydrogenation, reduced CeO,s with Ovac can catalyse MA conversion
to SA due to the electron donating character of Ovac to activate hydrogen and MA
molecule, but low activity was limited by the concentration of Ovac on the CeO,s
surface. On the other hand, introducing Ni on CeO.ssurface greatly improved the
activity of MA hydrogenation and the activity depended on Ni loading amount over
the xNi/CeQ,s catalysts, indicating a pivotal role of Ni species in MA hydrogenation
to SA. Among the xNi/CeO,.s catalysts, 2Ni/CeO.s displayed the largest TOFuassa

due to the strongest Ni-Ovac interaction with electron donation (Ovac>Ni), while
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the increase of Ni loading reduced TOFusssa because the isolated Ni° would mask

the short-range electronic Ovac>Ni interaction.

In terms of C=0 hydrogenolysis, the yield of GBL depended primarily on Ni
loading in the xNi/CeO,.s catalysts and the specific activity of SA hydrogenolysis to
GBL per Ni atom (TOFssc) showed a volcano-like relationship with Ni loading.
Despite the fact that Ni°® was indispensable for GBL production, the coexistence of
Ni® and highly dispersed Ni species synergistically governed the GBL yield: the
highly dispersed Ni species can adsorb and activate C=0 group and thus facilitate
hydrogenolysis on adjacent Ni°. Such synergism was dependent on the nickel
loading and only presented in a short range on the xNi/CeO,s. This finding well
interprets that the maximum GBL yield turned on 17.5Ni/CeOQ, but it declined with

further increasing Ni loading and larger Ni° particle size.
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Chapter 6 The effects of CeO. morphology on
MA hydrogenation over the Ni/CeO,.; catalysts

6.1 Introduction

In ceria involved heterogeneous catalysis, whatever as a catalyst or a support,
the morphology of ceria has been considered as a crucial parameter to remarkably
influence the performance of the catalysts.?'*2'¥ For example, CeO, nanorods that
mainly expose (110) and (100) crystal planes exhibited higher catalytic activity in
CO oxidation than CeO; nanoparticles that expose (111) crystal planes due to much
better reducibility and higher Ovac density of CeO, nanorods.?'™ Another
morphology-dependent catalytic performance of CeO, was reported by Tana et al.
that CeO, nanowires displayed higher oxygen storage capacity and catalytic CO
oxidation activity in comparison with CeO, nanorods and nanoparticles due to
larger portion of (110) and (100) planes exposed on CeO, nanowires.?'® Such
morphology related phenomena come from selective exposure of crystal planes on
a uniform shaped ceria that determine the surface composition and structure.?'722%
Based on the previous DTF simulation, the structure of three low index surfaces
(111),(110) and (100), which are predominantly exposed on CeO, nanocrystals, are
summarised in Table 6.1. The different structures of three crystal planes with
varying Ovac formation energy contribute to the morphology-dependent

reducibility, Ovac density and catalytic activity of nanocrystal ceria.

Besides the morphology effect on Ovac density and reducibility, the
morphology of ceria significantly affects the metal-support interaction and thus
catalytic performance of the CeO, supported catalysts. Si and co-workers
investigated the shape and crystal-plane effects of ceria on the Au/CeQO; catalyst.
Their results showed that Au®** and Au* species were the main species on the CeO,
nanorod or polyhedron samples, while metallic Au® was prevailing on the CeO,
nanocube.™® Such results indicated that the morphology of CeO, dominated the
chemical state of supported Au species, which consequently led to their different
activity in water-gas shift reaction with a decreasing order: Au/CeO,-nanorods >
Au/CeO;-polyhedra >» Au/CeO,-cubes.'® Tan and co-workers found that Pd/CeO,
nanocube is a promising catalyst for ambient oxidation of formaldehyde with high
activity and stability because CeO, nanocube can stabilise metallic Pd species and
prevent Pd® species from being oxidised in the oxygen atmosphere.®*?" Zhang and

co-workers observed high activity of alkene hydrogenation on the Pd/CeQ, nanorod
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catalyst, which was attributed to high dispersion of Pd and the rich Ovac on the
nanorod surface.? Their DFT studies deduced that Ovac can enrich the electron
density of Pd, thus enhancing its capability of H, dissociation. These results inspire
us to investigate the effects of CeO, morphology on the metal-ceria interaction and

their catalytic hydrogenation activity.

Table 6.1 The structure of three low index surfaces of ceria and their Ovac

formation energy

Coordination number®'”

Structure Ovac formation energy®'®

Crystal plane il .
illustration Ce o) (eV)
(171) plane
7 3 +3.30

(110) plane 6 2 +2.69
(100) plane  #=ctzeze 6 3 +2.97

.‘.“‘.‘.

In this chapter, a hydrothermal method was employed to fabricate CeO,
supports with rod, cube and irregular morphologies, following with the wet
impregnation of Ni salts to prepare the Ni/CeO,.s catalysts for MA hydrogenation.
The detailed characterisation revealed that the morphology-dependent MA
hydrogenation on the Ni/CeO, catalysts are due to their different surface Ovac

density and the Ni-ceria interaction.
6.2 Experimental

6.2.1 Preparation of CeO, supports with different morphology

Ce0; nanorods (CeO,-NR), nanocubes (CeO,-NC), and nanoparticles (CeO,-NP)
were prepared by a hydrothermal method as reported previously.?' Typically, 1.96
g of Ce(NQO:s);-6H,0 was dissolved in 40 ml of deionised water, and 16.88 g of NaOH
was dissolved in 30 mL of deionised water. Then, the NaOH solution was dropped
into the Ce(NOs); solution under vigorous stirring at room temperature. The
solution was stirred for 30 min at room temperature and then transferred the milky
solution into a 100 mL Teflon bottle. The Teflon bottle was tightly sealed in a

stainless-steel autoclave and heated at 180°C for 24 h. After cooling down to
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ambient temperature, the obtained white precipitate was collected, washed with
water and then dried at 80°C for 12 h. Then the acquired yellow powder was
calcined in a muffle oven at 500°C for 3 h to fabricate CeO, cubes. The procedure
for CeO, rods was the same as that for CeO, cubes except that the hydrothermal
treatment temperature was 100°C. The CeO, nanoparticles was synthesised by the

hydrothermal temperature at 100°C with the NaOH concentration of 0.1 M.
6.2.2 Preparation of Ni/CeO,.s catalysts

All three Ni/CeO, catalysts were prepared using a wet impregnation method.
The Ni loading amount was 5 wt%. Typically, 0.505 g of Ni(NO;), 6H.0 were
dissolved in 10 ml deionized water, and then 2.00 g of CeO, and 0.348 g of CA
(mole ratio of CA/Ni=1) were added into the mixed solution. The sample was
continuously mixed using a magnetic stirrer whilst being heated on a hotplate at
80°C aiming to evaporate the solvent, then transferred to a convection oven and
heated at 120°C for 8 h. The obtained dry gel was calcined at 500°C (heating ramp
of 3 °C/min) for 3 h in a muffle oven. The sample was reduced at 350°C (heating
ramp of 2 °C/min) with a flow of 10 vol% H,/Ar for 3 h before MA hydrogenation.
The catalysts related to their morphologies were denoted as 5Ni/CeO,.s-NP,
5Ni/Ce0,s-NR and 5Ni/Ce0O,sNC.

6.2.3 Catalyst characterisation and evaluation

The as-prepared 5Ni/CeQO,s catalysts with different morphologies and their
oxide precursors were characterised by XRD, TEM, H,-TPR, XPS, Raman and H,-TPD
techniques. The detailed procedures for the characterisation were described in
Chapter 2. The catalytic performance of 5Ni/CeQO,s catalysts were evaluated at
180°C and 5 MPa hydrogen pressure in a batch reactor within 0.1 g catalyst, 4.9 g
MA and 40 mL THF as a solvent, which was also detailed in Chapter 2.
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6.3 Results and discussion

6.3.1 Morphology and structure of various CeO, supports

0.19 nm
IGe0, (220)

Ce0, (200

Figure 6.1 TEM, HRTEM and FT images of CeO,-NP (A, D), CeO,-NR (B, E) and CeO,-
NC (C, F) supports

Figure 6.1 presents TEM images of the CeO, supports synthesised using the
hydrothermal method. The TEM image shown in Figure 6.1 (A) indicates the CeO,-
NP samples possess irregular shapes, with particle sizes of about 10-20 nm. Figure
6.1 (B) shows the CeO,-NR particles are nanorods with uniform diameter of ~ 10
nm but varied length from 20 to 150 nm. As observed in the TEM image of the
CeO,-NC samples (Figure 6.1(C)), they possessed cubic morphologies with sharp
edges and the particle sizes in the range from 10 to 50 nm. The respective BET
surface areas of the CeO,-NP, CeO,-NR and CeO,-NC are 60.3 m?/g, 80.2 m?/g and
15.4 m?/g, as listed in Table 6.2. The results indicate that the specific surface areas

of the CeO, samples are relevant to their morphologies.

These ceria samples with different morphologies were closely observed using
HRTEM. Figure 6.1 (D) corresponds to the CeO,-NP sample, which shows the (111)
lattice fringe with an interplanar spacing of 0.32 nm, suggesting the nanoparticles
of the CeO,-NP sample are mainly enclosed by the (111) crystal planes. The rings
presented in the Fast Fourier Transform (FFT) image (inset of Figure 6.1 (D)) of
selected region are due to the multiple orientations of selected ceria crystallites.
The rings corresponding to 0.32, 0.28, 0.20 and 0.16 nm are related to the (111),
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(200), (220) and (311) crystal planes of the face-centred CeQO, structure. Although
the CeO,-NP shows various crystal planes in its FFT and HRTEM images, the (111)

terminations are dominant as observed in the Figure 6.1 (D).

Figure 6.1 (E) shows the HRTEM image of CeO,-NR sample, where the
interplanar spacing of 0.19 and 0.28 nm on the typical ceria nanorod are due to
(220) and (200) crystal planes. These results are well consistent with the previous
results for the CeO,-NR support with predominant exposures of the (220) and (200)
crystallographic planes.'" The FFT image inserted in Figure 6.1 (E) further reveals
the (220) and (200) crystallographic planes are the predominant surfaces of the
CeO,-NR sample.

The CeO,-NC sample displays smooth surfaces as shown in Figure 6.1 (F), due
to very high crystallinity of the nanocube. The lattice fringes of 0.28 nm shown in
the HRTEM image reveals the exposed surfaces of the CeO,-NC are due to (200)
crystallographic planes. The sharp and discrete spots corresponding to lattice
spacing of 0.31 nm of the (111) plane, as shown in the FFT image, suggest that the
(111) and (200) planes are preferentially exposed in the CeO,-NC samples.

Table 6.2 Structure and physical parameters of various CeO, supports and
5Ni/CeOQ,5 catalysts

Ni loading * Sper® D (Ce0,) © Microstrain (g) ¢ (%)

sample (Wt%) (m*/g) (hm)  q11)  00) (220)
CeO,-NP : 60.3 12.8  0.98  0.67 0.58
CeO,NR : 80.2 10.6 1.04  0.79  0.62
CeO,-NC : 20.4 24.5 0.43 029  0.26
5Ni/CeO,.s-NP 5.2 56.6 11.8 119 077  0.68
5Ni/CeO,sNR 4.7 78.7 11.2 124  0.89  0.72
5Ni/Ce0,sNC 4.8 18.6 26.8  0.53 0.39  0.28

Note: * The Ni loading was determined by ICP-OES. * The surface areas (Sgr) were
measured by N, adsorption-desorption. < The crystallite size of CeO, was estimated
by XRD using the Scherrer equation. ¢ The microstrain of the CeO, supports was

estimated using the equation: equation: £ (%) = Ad/d = B/4tane.
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Figure 6.2 XRD patterns of various CeO, supports

Figure 6.2 presents the XRD patterns of the various ceria supports, where all
the peaks are indexed to the face-cantered cubic fluorite structure of Fm-3m space
group (JCPDS 34-0394). Among the three samples, CeO,-NC shows the strongest
and narrowest diffraction peaks, indicating that CeO,-NC has highest
crystallinity.?" The mean crystallite size of CeO, supports calculated using the
Scherrer equation to the (111) crystal surface is 24.6 nm for CeO,-NC, much larger

than those of 10.5 nm and 12.8 nm respective to the CeO,-NR for CeO,-NP samples.

Besides the crystallite size, the microstrain also contributes to broadening the
diffraction peaks.'** The microstrain can reflect the percentage of lattice atom
displacement that arises from the lattice defects, including kinks, steps,
dislocations and vacancies."*® We calculated the microstrain of the CeO, samples
from their broadening diffraction peaks using the pseudo-Voigt profile function.!"**
As shown in Table 6.1, the CeO.-NR possesses the greatest lattice strains in three
major directions, while the CeO,-NP and the CeO,-NC have the medium and the
least lattice strains, respectively. The data of the microstrain suggest that the

defect density decreases in the sequence of CeO,-NR > CeO,-NP > CeO,-NC.
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Figure 6.3 Raman spectra of (A) various CeO, support and (B) enlarged the

corresponding Raman spectra

Figure 6.3 (A) presents the visible (A.=532 nm) Raman spectra of the CeO,
samples. The strongest Raman vibrations (F,;, mode) at 460 cm” of the three
samples are due to the symmetrical stretching vibration of oxygen atoms around
cerium ions.?? The nanorods and nanoparticles give broader F,, which can be
explained by the inhomogeneous strain broadening associated with particle size
and by phonon confinement.?°® The conclusion is consistent with the XRD and TEM
analyses where ceria nanorods and nanoparticles possessed smaller particle sizes

than that of nanocubes.

The weak Raman band at 590 cm”, denoted as D band, is attributed to the
Frenkel-type Ovac. As evidenced by neutron scattering studies, some oxygen
anions located at tetrahedral sites can transfer to the octahedral sites, leaving
vacancies in the tetrahedral sites and resulting in the formation of the Frenkel-type
anion defects.®® The Raman band at 1170 cm? is due to second-order longitudinal
optical mode (2LO).

The ratio of Ip/lr, can be an indicator for the concentration of defect sites in
ceria samples. As shown in Figure 6.3(A), the CeO,-NR support has the largest ratio
of Io/lr2g, 1.5 and 3.57 times those of CeO,-NP and CeO,-NC support, respectively.
The result suggests that nanorods have the most abundant intrinsic Ovac, followed

by nanoparticles and nanocubes, in good accordance with the XRD results.
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6.3.2 Redox properties of the 5Ni/CeQ..s catalyst precursors

5NiO/CeO,-NP

5NiO/CeO,-NR

H, consumption (a.u.)

5NiO/Ce0,-NC

100 200 300 400 500 600
Temperature (°C)

Figure 6.4 H,-TPR profiles of 5NiO/CeO, precursors

H,-TPR is a powerful tool to investigate the reducibility of catalysts, also
sensitive to detect the nickel species and their interaction with support. As shown
in Figure 6.4, a hydrogen consumption peak (denoted as peak a) at 160°C is related
to the reduction of the reactive oxygen species adsorbed on the surface Ovac, such
as peroxide and superoxide.®® One can see that 5NiO/CeQO,s-NR has the largest
area of peak a, indicating that 5NiO/CeO..s-NR can offer the largest surface Ovac
sites for oxygen species adsorption. In contrast, the smallest area of peak «
suggests the lowest Ovac density in 5NiO/CeO.sNC. The Ovac density in the
5NiO/CeO, catalysts decreases in the sequence of 5NiO/CeO,s-NR > 5NiO/CeO,s-
NP > 5NiO/Ce0,.5-NC, which is consistent with the Raman results.

In Figure 6.4, there are notably steep and sharp peaks (denoted as peak B) at
210°C in the TPR profiles, reflecting rapid hydrogen consumptions around the
temperature. The abrupt hydrogen consumption is related to H, dissociating and
forming the OH group, which is driven by Ovac and/or interface sites between the
local Ni and Ce moieties presented at the NiO/CeQO, sample.'® In addition, the
intensity decreases of the B peaks on the NiO/CeO, samples are consistent with the
decline order of their Ovac density, suggesting that the paramount role of Ovac in

hydrogen activation.

The reduction peaks at the high temperature region (> 250°C) are assigned to
the reduction of surface NiO species. In principle, NiO can be directly reduced to
metallic Ni° species without intermediate oxide."" The peaks at 270°C (y peaks) are
due to the reduction of highly dispersed NiO species on the surface with strong Ni-
CeO; interaction, while the peaks at 350°C (5 peaks) is assigned to the reduction of
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bulk NiO species.'® Additionally, the CeO, support can improve NiO reduction at
low temperature due to the electronic factor of the strong metal-support
interaction.™ In the TPR profile of the 5NiO/CeQ,s-NR catalyst, there are a major
hydrogen consumption at 270°C with a small hump at 350°C, indicating that most
of the NiO species is highly dispersed on the CeO,-NR surface with small portion of
isolated NiO particle. In contrast, the y and 6 peaks in the 5NiO/Ce0O,s-NP and
5NiO/Ce0,s-NC are comparable, suggesting that the amount of aggregated NiO
species is comparable to those highly dispersed NiO species on the CeO,-NP and
Ce0,-NC surface. Combined with the results of BET, Raman and XRD measurements,
one can deduce that the CeO,nanorod support possesses abundant Ovac and large
surface area which facilitates to enhance NiO dispersion, consequently reducing

the size of Ni nanoparticles.""

6.3.3 Structure and morphology of 5Ni/CeOQ.; catalysts

0.28nm
(200)

Figure 6.5 TEM, HRTEM and FT images of (A, D) 5Ni/CeQ.,sNP, (B, E) 5Ni/CeQ,s-
NR and (C, F) 5Ni/CeO,.s-NC supports

The morphologies of 5Ni/CeQ, catalysts were characterised by TEM. As shown
in Figure 6.5 (A), (B) and (C), the 5Ni/CeQ,.s-NP, 5Ni/CeO,.s-NR and 5Ni/Ce0,.s-NC
remain the original shapes of their corresponding supports, indicating Ni
deposition and catalyst preparation, including impregnation, calcination and
reduction did not change the morphologies of supports. Figure 6.5 (D) shows a
representative HRTEM image of 5Ni/CeQ,.s-NP catalyst, in which the lattice fringes
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of 0.32 nm spacing are due to the (111) planes of ceria. The interplanar spacing of
0.20 nm for a hemispheric nanoparticle (diameter of ca. 3 nm), which anchored at
the (111) plane of the CeO,s-NP support, is related to the (111) crystal plane of
metallic Ni nanoparticle. Furthermore, in the inserted FFT image, the spots at 0.20
nm correspond to (111) planes of the Ni nanoparticle, confirming the analysis of
HRTEM.

Figure 6.5 (E) shows a representative image of the 5Ni/Ce0O,s-NR catalysts,
where the lattice fringes at 0.19 nm and 0.28 nm are ascribed to the (220) and
(200) plane of Ce0,. The lattice fringe with 0.20 nm spacing is due to the (111)
plane of metallic Ni nanoparticles, which corresponds to the spots at 0.20 nm in

the FFT image. The Ni particle is of round shape with the diameter of ~3 nm.

In Figure 6.5 (F), the lattice fringes with spacing of 0.31 nm and 0.28 nm are
attributed to the (111) and (200) planes of CeO,.s, respectively. The nickel particles
anchored on the support show the lattice fringe spacing of 0.2 nm, due to the (111)
plane of metallic Ni species. The diameter of the Ni particle on the CeO,s-NC is ~5
nm, larger than the sizes of Ni particles on the CeO,s-NR and CeO,.s-NP supports.
The dependence of Ni particle sizes on the CeO,.s morphology is likely due to their
different surface area and metal-support interaction. It is reasonable the smallest
surface area of Ce0,.s-NC leads to low dispersion of Ni particle and largest particle
sizes. However, there is large difference in specific surface areas for the CeO,.s-NR
and Ce0,s-NP samples, while their Ni particle sizes are similar. The discrepancy in
particle size should be related to the different metal-support interaction because

their exposed surfaces are terminated with distinct atom configurations.
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Figure 6.6 (A) XRD patterns and (B) Raman spectra of various 5Ni/Ce0O,.s catalysts

Figure 6.6 (A) shows the XRD patterns of 5Ni/CeO,.s catalysts. After Ni loading,

the characteristic peaks of CeO, are clearly observed in Figure 6.6 (A), indicating
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that CeO, supports remain the face-centred cubic structure. However, the
diffraction peak due to metallic Ni phase is absent in Figure 6.6 (A), due to high
dispersion of Ni with a small particle size.” The crystallite sizes of CeO, supports
in the 5Ni/CeO.s catalysts are slightly larger than those of the pure ceria supports
(Table 6.2) due to the sintering of ceria support caused by calcination and
subsequent reduction during the preparation procedures. Furthermore, the
microstrain of 5Ni/CeO,s catalysts is estimated and presented in Table 6.2.
5Ni/CeO,s catalysts have larger microstrain than their corresponding supports,
suggesting that Ni incorporation or the reduction process enhances the defect
formation. For the 5Ni/CeO,.s catalysts, the data of the microstrain suggest that the
defect density decreases in the sequence of 5Ni/CeO,s-NR > 5Ni/Ce0,5s-NP >
5Ni/Ce0O,.s-NC.

To investigate the surface structure of the 5Ni/CeO,s catalysts, Raman
scattering was conducted for three catalysts and the obtained results are shown in
Figure 6.6 (B). Compared with the Raman spectra of 5NiO/CeQ, in Figure 6.3, the
F., modes of the 5Ni/Ce0Q,.s catalysts shift from 460 to 439 cm™ and become weaker
and broader, indicating that the loading of Ni leads to the decrease of symmetry of
the Ce-O bonds in CeQ,. In addition, the D bands appear broader, higher and red
shifted from 590 to 560 cm?, which are caused by the formation of reduction-
induced Ovac and the transformation of Ce* to Ce**."® The comparison of the
relative Ovac density, estimated from the Raman ratios of Ip/lq, for the 5Ni/CeO,s
catalysts, reveals that 5Ni/Ce0Q,s-NR catalyst possesses the largest Ovac density

while the 5Ni/CeO,.s-NC catalyst has the least, which is consistent with XRD results.

6.3.4 Surface element analysis
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Figure 6.7 XPS spectra of (A) Ce3d and (B) O1s for reduced 5Ni/CeO,s catalysts (a)
5Ni/CeO,5-NP, (b) 5Ni/CeO,.s-NR and (c) 5Ni/CeO,.s-NC
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XPS is a powerful tool to investigate the chemical state and surface species in
the 5Ni/CeO,s catalysts. Figure 6.7 (A) shows the Ce3d core-level XPS spectra of
5Ni/CeO,5 catalysts. The complex Ce3d XPS spectra were fitted to ten components
and denoted following the deconvolution performed by Burroughs et al.'*! In detail,
three pairs of u” (v"), u"(v") and u(v) peaks are characteristic of Ce*, while the rest
two pairs of u'(v) and ue(v,) are assigned to Ce* ions. The results confirm the
coexistence of Ce* and Ce* cations on the surface of 5Ni/CeQ,s catalysts. The
relative amount of Ce?* is estimated according to the peak areas of Ce* and Ce*,
and the results are listed in Table 6.3. One can see that the concentration of surface
Ce** of the 5Ni/CeO,5s catalysts decreases in the sequence of 5Ni/Ce0O,s-NR >
5Ni/CeO,.5-NP > 5Ni/CeO,.s-NC.

In principle, the Ce* ions are induced by the formation of Ovac via the

transformation: 4Ce* + O —2Ce*+ 2Ce*+ Ovac + 0.50,.?* Therefore, one can

calculate the Ovac density of Ni/CeO,.s catalysts, decreasing in the order: 5Ni/CeO..
s-NR > 5Ni/Ce0,.s-NP > 5Ni/Ce0,.s-NC, which is in good consistence with the Raman
results. It is notable that the two doublets, u” (v") and u(v) related to Ce* ions of
5Ni/Ce0.5-NR and 5Ni/CeQ,s-NP are slightly blue-shifted in comparison with that
of 5Ni/Ce0,5s-NC catalyst, which is likely due to the electronic perturbation of

anionic Ovac on Ce*.

The changes in the oxidation of Ce correlate well with the relative intensity of
different lattice oxygen species at the surface and/or subsurface. As shown in
Figure 6.7 (B), there are three states of surface oxygen species for the 5Ni/Ce0Q,s
catalysts. The bands at 528.9 eV and 530.4 eV, labelled as O, and O, are attributed
to the lattice oxygen species bonded with Ce?* and Ce* ions, respectively.®” The BE
band at 532.4 eV, denoted as Oy, is related to the surface chemisorbed oxygen
species (hydroxyl group, adsorbed water, etc.). As presented in Table 6.3, the ratio
of O/(0+0,+ O,) decreases in the sequence 5Ni/CeO,s-NR > 5Ni/CeO,s-NP >
5Ni/Ce0,5-NC, in agreement with the XPS ratio of Ce3*/(Ce*+Ce3"). This result
confirms that the 5Ni/CeQO.,s-NR possesses the largest concentration of Ce* and
Ovac among the three catalysts. Moreover, the 5Ni/CeQO,s-NR catalyst displays the
highest ratio of 0,/(0+0,+ O.), indicative of the largest amount of adsorbed
oxygen species on the surface. It was reported that Ovac can act as the active sites
to trap the oxygen species.®” Therefore, from the obtained ratio of O,/(0+0O,+ Ou),
one can conclude that 5Ni/CeQ..s-NR catalyst possesses the highest amount of Ovac
while 5Ni/Ce0,s-NC catalyst has the smallest Ovac density. The O, peaks of
5Ni/Ce0..s-NR and 5Ni/Ce0,.s-NP catalysts slightly shift to lower BE, indicating Ovac
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with excess electrons can enrich the electron density of oxygen species as bond to
Ce*. Combined with the shift of XPS peaks related to Ce*, it is reasonable to deduce

that anionic Ovac can modify the electronic structure of the catalysts.

Table 6.3 Quantitative XPS analysis of the 5Ni/CeO,s catalysts

Sample Ce*/(Ce**+Ce*) [%]  O/(0+0,+ Ow) [%] 0u/(0+0,+ Oy) [%]
5Ni/CeO,s-NP 15.5 18.6 13.5
5Ni/Ce0,s-NR 18.7 30.5 25.4
5Ni/Ce0,s-NC 14.6 12.3 9.4

Intensity (a.u.)

866 864 862 860 858 856 854 852 850
Binding Energy (eV)
Figure 6.8 Ni2ps,, XPS spectra of reduced 5Ni/CeQ,s catalysts (a) 5Ni/CeQO,.s-NP,
(b) 5Ni/Ce0,.5-NR and (c) 5Ni/Ce0O,.s-NC

Figure 6.8 shows the Ni2ps;. XPS spectra of reduced 5Ni/CeO,s catalysts.
Besides the shake-up peaks of Ni2p;, state at 861.0 eV, the major Ni2p;. XPS
spectra of the 5Ni/CeO,.s catalysts were fitted into three peaks (denoted as peak a,
B and y, respectively). The a peak at ~852.8 eV is assigned to metallic Ni° species,
while the B peak at ~ 854.1 eV and the peak y at ~856.5 eV are attributed to ionic
Ni>* and Ni**.2! The Ni* species are considered to originate from Ni atoms
penetrating into the subsurface of the CeO,.s support to form a thin layer of Ni,Ce;.
<0, solid solution."®" With regard to the ionic Ni* species, it cannot be excluded
that the Ni** species would come from the re-oxidation of metallic nickel phase
during the catalyst characterisation. However, the metallic Ni° species can be
oxidised to Ni** species by the adjacent Ce* due to the strong electronic attraction
of Ce* towards Ni species.'*®'* Moreover, as shown in Figure 6.8, the red shift of
B and y peaks of the 5Ni/Ce0Q,.s-NP and 5Ni/Ce0O,.s-NR is notable in comparison to
those of 5Ni/Ce0,.s-NC. The red-shifts suggest the increased electronic density of
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ionic Ni resided on the CeO,sNR and CeO,.s-NP supports, which is caused by the

strong interaction between Ni species and anionic Ovac.®?%

6.3.5 Hydrogen activation over 5Ni/CeQ,.s catalysts
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Figure 6.9 H,-TPD profiles of 5Ni/CeQ,.s catalysts

Figure 6.10 shows the H,-TPD profiles of 5Ni/Ce0O,.s catalysts. As justified in
the previous chapters, the a peak at 80°C can be assigned to the weak adsorption
of hydrogen at surface Ovac of the CeO,s. The B and y peaks at 128°C and 176°C
are due to hydrogen uptake at different nickel species. The B peak is related to
dissociative hydrogen species desorbed from the nickel species of strong
interaction with CeO,.s support"® while the y peak is due to hydrogen desorption
from the bulk nickel species. The broad peak observed at the temperature beyond
300°C is assigned to the H, adsorbed in the subsurface layers of Ni atoms and/or
to the spillover H species anchoring at the CeO,s surface.?”® The H,-TPD profiles
reveal the different Ni species resident on the surface of 5Ni/Ce0O,.s catalysts and

the H, uptakes closely relate to the morphology of CeO,.s supports.

The H, desorption peaks correspond to different species that can adsorb and
activate hydrogen, so their integration areas may reflect the concentration and
distribution of various active species. Table 6.4 lists the amount of H, uptake at
individual active sites of the 5Ni/Ce0Q,s catalysts. One can see that the 5Ni/CeO,.s-
NR catalyst possesses the largest uptake of H,, likely due to its largest surface area
that can provide the most active sites for weak adsorption of hydrogen molecule.
The 5Ni/Ce0,.s-NR catalyst also possesses the greatest Hg and H, uptakes in the
three catalysts, suggesting the largest amount of active nickel species exposes on

the 5Ni/Ce0,.s-NR catalyst. The nickel dispersion, calculated from the total uptake
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of Hg and H, and shown in Table 6.4, declines in the order of 5Ni/CeQ,s-NR >
5Ni/Ce0O,5-NP > 5Ni/Ce0,s-NC. This result agrees with the previous studies that
rod-like CeO,s support can enhance Ni dispersion due to the large surface area and

abundant surface defects.!'s"-224

Table 6.4 H, uptake and metal dispersion of the 5Ni/Ce0Q,s catalysts

Sample H. (umol/qg) Hg (umol/g) H, (umol/qg) Ni dispersion (%)
5Ni/Ce0O..s-NP 29.8 29.7 84.5 25.7
5Ni/CeO,5s-NR 48.8 56.3 208.0 66.1
5Ni/Ce0,.s-NC 21.7 30.6 13.5 10.9

Note: H,, Hg and H, represent the amount of adsorbed hydrogen on different active
sites, which were estimated based on the areas of a, p and y peaks, respectively. Ni

dispersion was calculated based on the hydrogen uptake at Ni species using the
Equation 2.5 in Chapter 2.

6.3.6 Catalytic performance
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Figure 6.10 MA conversion over 5Ni/CeQ.s catalysts at 180°C and under 5 MPa of

hydrogen pressure

Figure 6.10 (A) presents MA conversion (Xua) along the hydrogenation courses
on 5Ni/Ce0,s catalysts in a batch reactor at 180°C and under 5.0 MPa of hydrogen
pressure. All the three catalysts displayed different activity of MA conversion (Xua)
in the 1 h continuous MA hydrogenation, although they showed 100% selectivity of
SA. 5Ni/CeO,5-NR showed the highest activity of MA conversion, followed by
5Ni/Ce0..5-NP and 5Ni/Ce0,.s-NC showed the lowest activity. The MA hydrogenation
activity on the catalysts was fitted according to the first order law in terms of MA

conversion, as presented in Figure 6.11(B). The linear curves of the -In(1-Xua) versus
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time indicate that the MA hydrogenation on the 5Ni/Ce0Q,s catalysts follows the
pseudo-first order reaction with respect to the MA conversion, which is in line with
the finding in Chapter 4. According to the slope of the linear plots, the rate
constants (k) of MA hydrogenation over the three catalysts were estimated and
followed the trend of 5Ni/CeQO,.s-NR > 5Ni/CeQ,.s-NP > 5Ni/Ce0,.s-NC. The results
confirm that the 5Ni/CeO.sNR catalyst possesses superior activity to other two

catalysts in MA hydrogenation.
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Figure 6.11 Arrhenius plots of In (k) versus 1/T for MA conversion over different

shaped 5Ni/CeO,s catalysts.

For in-depth understanding of MA hydrogenation over different shaped
5Ni/CeO,s catalysts, we examined the MA hydrogenation over the three catalysts
at different temperatures in order to acquire their apparent activation energies (E.).
The E, can be calculated using the Arrhenius equation, Ink=(-E./RT)+InA, where k,
E., R, T and A stand for the rate constant, the activation energy, the reaction
temperature in Kelvin scale, the universal gas constant ( ~8.314 J/mol-K) and the
pre-exponential factor, respectively. As shown in Figure 6.11, the calculated E,
values for the C=C hydrogenation on the 5Ni/Ce0,s-NR, 5Ni/Ce0,s-NP and
5Ni/Ce0,5-NC are 47.93+4.95, 50.69+3.33 and 58.22+7.92 kJ/mol, respectively.
The support-dependent E, further suggests the CeO,.s morphology is a crucial factor
in affecting the Ni catalyst performance for C=C hydrogenation. The smallest E, of
the 5Ni/CeO,.s-NR catalyst suggests the rod-like CeO,s supported Ni catalyst can
reduce the energy barrier of C=C hydrogenation, thus giving rise to high activity in
MA hydrogenation to SA.

Compared with the E, of MA hydrogenation over 5Ni/TiO, catalyst (E. = 61.7
kJ/mol)&2  the smaller value of E, for 5Ni/Ce0Q,.s catalysts suggests CeQO, support
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can enhance MA hydrogenation on the Ni species regardless of morphology effect.
Furthermore, the Ea value of 5Ni/Ce0Q.,.s-NR are much smaller than that previously
observed for the heterogeneous hydrogenation of the C=C bonds of the a,B-
unsaturated compounds.??®#" For example, Yang and co-workers reported that the
activation barrier for C=C hydrogenation on the bimetallic Pd-Au/SiO, catalyst was
57 kJ/mol.??" Zaramello et al. reported that the E, of C=C hydrogenation on the Ni
nanoparticles deposited on SiO; and stabilised by octanoic acid was 76.5 kJ/mol.?®
Compared with the reported results, it is expected that Ni/CeO,.s nanorod catalyst

has huge potential for C=C hydrogenation in various unsaturated molecules.

For MA hydrogenation on the metallic catalysts, H, dissociation and MA
adsorption occur at the same active sties (usually at metal surface),®*" so that the
large amount of active sites is desired for MA hydrogenation, which facilitates to
eliminate the competitive adsorption between MA and H,. Besides the amount of
active sites in the MA hydrogenation, the hydrogen dissociation and diffusion play
crucial roles because they determine the kinetic accessibility of atomic H to the
adsorbed C=C bond.?* In the present study, 5Ni/Ce0,s-NR possesses higher Ni
dispersion that can provide more active sites for H, and MA activation in
comparison with 5Ni/CeO,s-NP and 5Ni/CeO,s-NC. Moreover, the 5Ni/CeO,s-NR
catalyst possesses the highest capability in hydrogen activation as shown in the H,-
TPR and H,-TPD results, which contributes to the remarkable performance in C=C

hydrogenation.

Besides the geometric effect of 5Ni/CeQ,.s catalysts on MA hydrogenation, the
electronic structure of the active sites determine not only the adsorption and
activation of MA and H, but also the rates for formation of the maleic anhydryl
intermediate® 8% which is regarded as the rate-limiting step in MA hydrogenation.
The previous theoretical investigation (DFT simulation) suggested that the
increased electron density of metal species favours to reduce the formation energy
and the binding energy of maleic anhydryl intermediates on the metal surfaces,
which promote their desorption from the metal surface. In this study, the Raman
and XPS characterisation evidenced that the 5Ni/CeO,s-NR catalyst possesses the
highest surface Ovac and Ce** amount that would enrich the electron density of the
supported Ni° species. The enhanced electronic density on Ni® can promote the
formation of maleic anhydryl intermediate and reduce the energy barrier of MA
hydrogenation®® .20 sg that higher activity of MA hydrogenation was observed on
the 5Ni/CeO,.s-NR catalyst.
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Figure 6.12 Yields of GBL over the 5Ni/CeO,s catalysts in the 8 h MA
hydrogenation at 210°C and 5 MPa hydrogen pressure

The selectivity of 5Ni/CeO,.s catalysts towards C=C and C=0 hydrogenation was
evaluated by monitoring GBL yields in the prolonged MA hydrogenation process for
8 h. The obtained results are presented in Figure 6.12, where the GBL yields of
5.24%, 2.36% and 0% are observed for the 5Ni/Ce0O,s-NC, 5Ni/Ce0O,s-NP and
5Ni/Ce0O,5s-NR catalysts, respectively. The results of GBL yields and the MA->SA
transformation reveal that the 5Ni/CeO,5s-NR catalyst is a robust catalyst for MA
hydrogenation to SA with 100% selectivity. Irrespective of morphology of CeO,;
supports, the notably low GBL yields over the 5Ni/CeQ,s catalysts are consistent
with the result reported in previous research where the Ni/CeO,s catalyst containing
5 wt% Ni is not a robust catalyst for GBL production. Moreover, the 5Ni/CeQO,s-NR
catalyst with the highest Ovac density is inert for GBL production, though the
5Ni/CeO,.s-NP and 5Ni/Ce0,.s-NC catalyst with lower Ovac density are less active for
GBL generation. The results suggest that Ovac is not an active centre for C=0
hydrogenolysis and even block C=0 hydrogenolysis at suitable amount. The inertia
of Ovac in C=0 hydrogenolysis can be attributed to the repulsive interaction
between the anionic Ovac and the electron-rich C=0 group, which inhibits C=0

adsorption and activation on the surface of catalysts.
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Figure 6.13 Stability of 5Ni/Ce0O,.s-NR catalyst in MA hydrogenation at 180°C and
5 MPa of H, for 1 h. Reaction condition: 4.9 g MA, 40 ml THF and 0.5 g catalyst.

The stability of 5Ni/CeO,.s-NR catalyst in MA hydrogenation was investigated
by cycling MA hydrogenation for 20 times on the 0.5 g 5Ni/Ce0Q,.s-NR catalyst. The
mass of the post-catalyst was of 0.42 g after 20 cycling tests, with total catalyst
loss of 0.08 g that was caused by the multiple centrifugations for recycling the
catalyst. Although up to 16 wt% mass loss of the catalyst after 20 cycles, the MA
conversion on 5Ni/Ce0Q,s-NR catalyst only slightly decreases from 100% to 95% and
the SA selectivity remained 100% in the 20 cycles (Figure 6.13). We suppose it was
the catalyst loss caused the decline of MA conversion because the catalyst mass
composition remained, however, we cannot rule out the catalyst deactivation by
coking. The result suggests that 5Ni/Ce0O,.s-NR catalyst is highly selective (100% SA
selectivity) and stable, showing great potential for long-term highly selective MA

hydrogenation.

The structure and morphology of the used 5Ni/CeO,s-NR catalyst were
characterised by the TEM, XRD and Raman techniques. Before the characterisations,
the used catalyst was subject to calcination at 500°C in a N, flow to remove the
adsorbed organic species on the surface of catalyst. As shown in Figure 6.14 (A),
though the nanorod morphology of the 5Ni/Ce0O,s-NR catalyst was not damaged,
the edges of nanorod became uneven and rougher. Additionally, the HRTEM image
of the used catalyst shows clear lattice fringes with spacing of 0.31 nm, which are
due to the (111) planes of CeO.s, suggesting the (111) surface is the predominantly
exposed crystal surface of ceria in the used 5Ni/CeQ,s-NR catalyst. It is worth
noting that no (220) planes of CeO,s can be observed in the HRTEM images.
Additionally, the diffraction spots corresponding to the (111) and (200) planes are
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seen at 0.31 and 0.28 nm, while the diffraction spots related to (220) planes are
not detected. We suppose that the (220) plane might have transformed into the
(111) plane during the hydrogenation reaction because the (111) plane is
energetically more stable than the (220) plane.?® The crystal surface
transformation is a result of structure reconstruction, consequently leading to

rougher edges of the CeO,.s nanorods.

0.31nm (111) v 1 5NiICeO, -NR o CeO,
S N 55 . (B)
& s 11
® S . (220) 31'1
#0.28 nm (200) L4 (200) 1)
N el Used
51/nm R Jhen 4A% Fresh A A j\ A
R ! 20 30 40 50 60
RN 2theta ()

439 5Ni/CeO, -NR

©)

400 600 800 1000 1200 1400 1600

Raman shift (cm™)

Figure 6.14 (A) TEM and HRTEM images, (B) XRD patterns and (C) Raman spectra
of 5Ni/Ce0O,.s-NR catalyst

As shown in Figure.6.14 (B), the used 5Ni/Ce0O,.s-NR catalyst displays sharper
and stronger XRD diffraction peaks than the fresh catalyst due to the growth of the
crystallite size or the increased crystallinity of the CeO,5s-NR in the used catalyst.
Figure 6.14 (C) compares the Raman spectra and the relative Raman ratios of Ip/lq
for the fresh and used 5Ni/Ce0Q,.s-NR catalysts, the results, in particular the relative
ratios, reveal the Ovac density of the used catalyst slightly decreased in comparison
with that of the fresh catalyst. The discrepancies between the used and fresh
5Ni/Ce0.s-NR catalysts suggest that the morphology of the CeO,s-NR support was
changed, which is likely resulting from the thermal treatment of the catalyst during
the hydrogenation process. As determined by ICP-OES, the Ni loading of the post-
catalyst remained 4.6 wt%, comparable to that of fresh catalyst, indicating that no
Ni loss in the stability tests and the catalyst is very stable in the hydrogenation

process.
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6.4 Conclusion

The hydrothermal syntheses in aqueous solutions with different NaOH
concentrations were adopted successfully to prepare CeO, materials in different
morphologies of irregular nanoparticles (NP), nanorods (NR) and nanocubes (NC).
Their derived 5Ni/CeO,s catalysts with 5 wt% Ni loading exhibited morphology-
dependent catalytic activities in the liquid phase MA hydrogenation. Among the
three 5Ni/Ce0Q,;s catalysts, the 5Ni/CeO,-NR sample displayed the highest MA>SA
activity and 100% SA selectivity in the long-term MA hydrogenation cycling tests,
showing the great potential of the catalysts for practical application. In contrast,
the 5Ni/CeO.5s-NP showed weaker activity in MA->SA transformation and the
5Ni/Ce0O,5-NC the least active, meanwhile they both yielded GBL in the 8 h MA

hydrogenation course.

The detailed characterisation revealed that the CeO,-NR and 5Ni/Ce0Q,s-NR
possessed the higher specific surface areas and Ovac density, as compared to their
counterparts, leading to the enhanced Ni dispersion and the interaction between
Ni and the Ce0O,.s-NR support. There is correlation between the support morphology
and the MA->SA conversion as well as the GBL yield on the three 5Ni/CeQ,s catalysts,
which suggests the Ovac can benefit the MA->SA conversion but is inert for the
SA->GBL transformation, so that the 5Ni/CeQ,s-NR displayed the highest activity

and selectivity in the MA->SA conversion.
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Chapter 7 MA hydrogenation over bimetallic
Ni-Cu/CeO,;s catalysts

7.1 Introduction

In the previous chapters, we evidenced the pivotal roles of Ovac in the CeO,s
supports for the MA hydrogenation and realised that the Ovac density in the
catalysts were dependent on support morphologies (Chapter 6) and the Ni-loading
(Chapter 5) once the same CeO,;s support applied. The critical roles of Ovac in the
MA hydrogenation mainly exhibited on the aspects of tuning the dispersion of Ni
nanoparticles and providing additional active sites for both H, activation and
MA->SA conversion. In nature, the roles of Ovac of CeQO,s are due to the metal-

support interaction between Ni and CeQ,..!"%* 2%

In principle, the anionic Ovac can activate hydrogen at low temperature and
enrich the electron density of the adjacent Ni species to facilitate hydrogen
dissociation on Ni at moderate temperature, which both can enable reducing the
activation energy of C=C hydrogenation.?*® The Ovac density may be tuned by the
control of the duration and temperature of H, reduction or by adopting morphology
of CeO,. However, from the large-scale industrial practice point of view, the control
of the morphology of CeO,s via a hydrothermal method and the increased H,
reduction treatments are extremely challenging due to the high cost and
environment concerns. Hence, it is highly desirable to develop a more convenient
and efficient strategy to tune the geometric and electronic properties of active Ni

species.

In theory, adding a second metal to form a bimetallic catalyst may offer an
opportunity to change the geometric structure and engineer the electronic
structure of an active metal. The previous reports showed that the second metal
can coexist with the major metallic catalytic species in various states, likely as an
adatom™? in an alloy state* and/or ionic state®” or isolated species on the
surface of the main metals.*® The bimetallic catalysts often display considerably
different performance in energy and environmental applications because the close
contacted metals usually display different geometric and electronic features from
their parent metals due to electron transfer and redistribution between the two

metals."!
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For MA hydrogenation, there were some pioneering reports regarding the
enhanced catalytic activity and selectivity of bimetallic catalysts. For example, Jung
and co-workers reported that the introduction of Sn into the Pd/SiO, catalyst led to
enhanced GBL production and catalytic stability in MA hydrogenation, as a result of
the electron donation from Sn to Pd within the binary Pd-Sn species.”® In another
case, the bimetallic Ni-Pt/Al,O; catalyst was more active and selective for the
hydrogenation of MA to SA than monometallic Ni/Al.O; and Pt/Al,O;.®* Based on
the DFT simulation results, Pallassana and co-workers claimed that the bimetallic
Pd-Re surface can modulate the adsorption energy of MA on the Pd atoms due to a
strong electronic interaction between Pd and Re®, which tuned the activity of MA
hydrogenation. However, the different combination of the two metals would give
rise to varied surface composition and electronic structure, thus, the bimetallic
catalysts with the same components may display different catalytic performance on
the dependence of synthesis methodology. For example, the Pt-Ni-Pt(111) surface
showed higher activity and selectivity than the Ni-Pt-Pt(111) surface in the
hydrogenation of the C=0 group of acrolein.'* Therefore, it is important to
understand the structure of their bimetallic catalysts and correlate the catalytic

activity and selectivity with the physical and electronic structures.

In this chapter, a series of Ni-Cu/CeQ,.s catalysts with varying Ni/Cu ratios were
prepared using an impregnation method and evaluated for the liquid-phase
hydrogenation of MA. Through the careful characterisation by XRD, H,-TPR, XPS, H,-
TPD, the alloy effect of the bimetallic Ni-Cu phase on the catalytic activity and
selectivity in MA hydrogenation was investigated. The choice of Ni-Cu as the
bimetallic catalyst to be optimised was based on the catalyst screening to various
bimetallic Ni-M/Ce0Q,.s (M=Fe, Co, Cu and Zn) catalysts prepared using the same

methods, as compared in Appendix C.
7.2 Experimental

7.2.1 Catalyst preparation

Ceria supports were prepared by a sol-gel process, which has been described

in Chapter 4.

In the catalyst preparation, 2 g of CeO, support was added into an ethanol/DI
water (10 ml, 1:1 volumetric ratio) solution, in which the copper (Il) nitrate and
nickel (I) nitrate were dissolved, which corresponded to 10 wt% of the ceria support.
The 10 wt% loading of metal nitrate was made up from the molar ratio of nickel to

copper. The citric acid was added into the solution with a mole ratio of CA/metal =
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1. The mixed solution was stirred at 80°C until the water was fully vaporised and
kept overnight at 120°C in a convection oven. Then, the samples were calcined in
air at 500°C for 3 h to obtain the xNiOyCuO/CeO, mixed oxides as precursors of
the targeted catalysts. The bimetallic catalysts were obtained by reduction of the
obtained mixed oxide precursors in a hydrogen flow at 300°C for 3 h, which were
denoted as xNiyCu/CeO,s (e.g. 10Ni/Ce0O,s, 8Ni2Cu/Ce0O,s, 6Ni4Cu/CeO,s,
4Ni6Cu/CeO,5, 2Ni8Cu/Ce0,5 and 10Cu/CeO,s, respectively).

7.2.2 Catalyst characterisation and evaluation

The as-prepared bimetallic xNiyCu/CeOQ,.s catalysts with different Ni/Cu ratios
and their oxide precursors were characterised by XRD, H,-TPR, XPS and H,-TPD
techniques. The detailed procedures for the characterisation were described in
Chapter 2. The catalytic performance of xNiyCu/CeO,s catalysts were evaluated at
210°C and 5 MPa hydrogen pressure in a batch reactor within 0.1 g catalyst, 4.9 g
MA and 40 mL THF as a solvent, which was also detailed in Chapter 2.

7.3 Results and discussion

7.3.1 Structure evolution of bimetallic xNiyCu/CeO,s catalysts
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Figure 7.1 (A) XRD pattern for unreduced bimetallic xNiyCu/CeO, precursors and
CeO; support and (B) Enlarged XRD pattern for reduced xNiyCu/CeO,.s catalysts

Figure 7.1 (A) presents the XRD patterns of mixed xNiOyCuO/CeO, precursors
and CeO, support under ambient conditions. The XRD peaks corresponding to
cubic fluorite-type ceria (JCPDS 34-0394) are observed for all the CeO,-supported
catalysts. There are two diffraction peaks at 26 of 35.6 and 38.7° in 10CuO/CeO,,
8CuO2NiO/Ce0, and 6Cu0O4NiO/CeO, samples, ascribed to crystalline CuO (JCPDS
file 48-1548). Similarly, the two diffraction peaks located at 26= 37.3 and 44.3°are
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observed in TONiO/CeQ,, 8NiO2CuO/Ce0, and 6NiO4Cu0O/CeO, samples, which
relate to the (101) and (012) planes of NiO (JCPDS file 78-0643). However, the
diffraction peaks due to NiO and CuO crystal phases are absent in the respective
Cu-rich and Ni-rich samples, indicating that the NiO species and CuO species either
are highly dispersed or form solid solution in ceria.?* More importantly, CuO and
NiO diffraction peaks emerge at their intrinsic positions in the bimetallic precursors,
suggesting that nickel oxide and copper oxide are mostly isolated on the ceria

support without formation of metal oxide alloy or solid solution.

Figure 7.1 (B) shows XRD patterns of the reduced xNiyCu/CeQO,s, 10Ni/CeOQ,s
and 10Cu/Ce0Q,scatalysts from 35 to 55°. Besides the diffraction peaks of CeQ,, the
diffraction angles at 44.6 and 51.9° in the 10Ni/CeO,s catalyst are attributed to
(111) and (200) planes of metallic nickel JCPDS 04-0850), while diffraction peaks
at 43.4 and 50.6° are assigned to (111) and (200) planes of metallic copper in the
10Cu/CeO, (JCPDS 04-0836). The absence of NiO or CuO diffraction in the XRD
patterns suggests that both NiO and CuO species were reduced to metallic species

by the hydrogen reduction treatment at 300°C.
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Figure 7.2 The lattice parameters of metallic species from both experimental

tests and simulated by the Vegard law for the xNiyCu/CeO,.s catalysts

For the reduced bimetallic xNiyCu/CeO,.s catalysts, their diffraction peaks due
to the metallic phases are observed between the peaks of monometallic Ni and Cu,
confirming that the Ni-Cu alloy was formed during the H, reduction processes.?*®
2311 Using the diffraction of the (111) crystal plane of the Ni-Cu alloy, the lattice
parameters of the Ni-Cu alloy in the bimetallic xNiyCu/CeO,s catalysts were
calculated, which are plotted versus the Ni content in Figure 7.2. The calculated

lattice parameters of the Ni-Cu alloy were compared to the theoretical results by
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using the Vegard’s Law (refer to Chapter 2).?*? The experimental lattice parameters
of the Ni-Cu alloys in the Ni-rich catalysts well fit the theoretical results, suggesting
that a substitutional type solid solution between Ni° and Cu® formed in the Ni-rich
catalysts.% 2331 However, the lattice parameters of the Cu-richer Ni-Cu alloys are
larger than the simulated values, in spite that smaller than that of 10Cu/CeO.s
catalyst. The lattice parameter deviations of Cu-rich samples suggest that some Ni
species probably separated with Cu® and aggregated on the surface of CeO,s rather
than alloyed with Cu® species. The Ni° segregation was reported on the Cu-Ni/TiO,
bimetallic catalysts where the preferential reduction of CuO and a higher Tamman
temperature of Ni than Cu were attributed to the Ni isolation.'*¥? Tamman
temperature is corresponding to the temperature at which the atoms of the solid
acquired sufficient energy for their bulk mobility and reactivity. In our case, Cu and
CuO have lower Tamman temperature than Ni and NiO. Thus, on the CeO, surface,
Cu species diffuse faster than Ni species, giving rise to the rapid formation of Cu
crystals. Another probability for Ni segregation is due to the strong John-Teller

effects of Cu® that repels the incorporation of Ni at Cu-rich conditions.?*%

Table 7.1 The structure parameters of metallic Ni-Cu alloy, Ni and Cu in the

xNiyCu/CeOQ, catalysts

Sample 26 :Elor)lgle d-s?:r;i)ng a Lattice &antl:;meter b (rE)n;)
10Ni/CeO;-s 44.49 0.2037 0.3530 20.7
8Ni2Cu/Ce0,s 44.24 0.2048 0.3548 17.2
6Ni4Cu/CeO,s 43.99 0.2058 0.3564 10.1
4Ni6Cu/CeO.s 43.57 0.2078 0.3599 9.7
2Ni8Cu/CeO.s 43.39 0.2086 0.3610 16.0
10Cu/Ce0. 43.34 0.2090 0.3620 23.0

Note: @ The d-spacing of the Ni-Cu alloy was calculated using the equation:

2dsin6=nA. * The lattice parameter of Ni-Cu alloy was estimated using the equation:

a=Vh?2+k?+1%2xd based on the (111) crystal plane of cubic Ni-Cu alloy. < The
crystallite size was calculated using the Scherrer equation. The percentage of metal
dispersion was calculated the Equation 2.5 in Chapter 2 with the amount of H;,

uptake at metal surface.

Compared with the monometallic Ni and Cu supported on ceria, all the Ni-Cu

bimetallic catalysts display weaker and broader diffraction peaks, indicating that
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the Ni-Cu alloy species possess smaller mean crystallite size or lower crystallinity.
As shown in Table 7.1, the monometallic T0Cu/Ce0QO,s and 10Ni/CeO,.s catalysts
show the largest crystallite sizes of Cu® (23.01 nm) and Ni° (20.70 nm) species. In
contrast, the bimetallic catalysts possess smaller crystallite sizes, which are varying
on the dependence of the Ni/Cu ratios, suggesting there exists the strong
interaction between Ni and Cu for the bimetallic catalysts. In addition, the crystallite
size of bimetallic catalysts is not linearly dependent on the Ni/Cu ratio. The
crystallite sizes of the metal cluster in 6Ni4Cu/CeO.s and 4Ni6Cu/CeO,.s catalysts
are 10.1 and 9.7 nm, respectively, which is smaller than that of 2Ni8Cu/CeOQ,s
(16.01 nm) and 8Ni2Cu/CeO,5 (17.16 nm).

7.3.2 Redox properties of xNiyCu/CeO,.s catalysts
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Figure 7.3 H,-TPR profiles of bimetallic xNiOyCuO/CeO, precursors and pure NiO
and CuO

Figure 7.3 presents the reduction profiles of the xNiOyCuO/CeO; precursors
and those of pure NiO and CuO for comparison. In general, the main TPR peaks
corresponding to NiO and CuO in the xNiOyCuO/CeO, precursors terminate below
300°C, suggesting that the optimal temperature for the catalyst reduction is 300°C
that enables complete conversion of NiO and CuO into their metallic states. It is
notable that there is a small amount of H, consumption at ca. 700°C, which is

attributed to the partial reduction of the bulk CeO,.""

For the T0CuOQ/CeO; catalyst, its three major reduction peaks at 130, 140 and
160°C are due to the reduction of adsorbed oxygen species on Ovac and/or highly
dispersed CuO cluster, the CuO cluster interacting with ceria, and the surface-
isolated bulk copper species, respectively.?* 2" For the pure 10NiO/CeQ, sample,
two major reduced peaks located at 196 and 265°C are attributed to reduction of
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surface oxygen in CeO,*® and reduction of NiO to metallic Ni.?*" One can clearly
see that the CuO and NiO species supported on CeO, are able to reduce at lower
temperature regions than the unsupported bare CuO and NiO, suggesting that CeO,
facilitates the reduction of the supported metal oxide particles.

For the bimetallic system, the TPR profiles can be approximately divided into
two regions of (i) 100-200°C (region I) and (ii) above 200°C (region Il). Peaks at the
low temperature region are due to the reduction of CuO, while the peaks in the
high temperature region are attributed to NiO reduction.?*" As shown in Figure 7.3,
the supported CuO species is preferentially reduced at a relatively lower
temperature than the NiO species on CeO,, which is arisen from the lower free
energy of reduction for CuO (-100.65 kJ/mol) than that of NiO (-12.31 kJ/mol).?*
It is important to underline that the reduction temperature of NiO in the binary Ni-
Cu mixed oxide system decreases from 260°C (pure 10NiO/CeQO,) to 200°C
(4NiO6Cu0O/Ce0, sample) when the Cu content increases. This observation is line
with the previous reports that the addition of Cu to NiO can dramatically lower the

reduction temperature of Ni oxides.!#>23¢

7.3.3 Surface element analysis
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Figure 7.4 (A) Ni2ps,. and (B) Cu2ps;,; XPS spectra of xNiyCu/CeOQ,.s catalyst reduced
at 300°C for 3 h.

Figure 7.4 (A) shows the core level of Ni2ps;. spectra of the reduced
xNiyCu/CeO,; catalysts, in which the Ni2ps,, spectra at 852.7 and 854.6 eV indicate
the co-existence of metallic Ni° and Ni* species.?*® With regard to the ionic Ni*
species, although it is not able to rule out the re-oxidation of the metallic phase
during the catalyst characterisation, the metallic Ni** species can be mainly arisen
from the electron transfer from Ni° to the adjacent Ce* of the support. Such

electron transfer is mainly due to the strong electronic attraction from ionic Ce*
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towards Ni species.' 34 Moreover, the binding energy of Ni2ps;. emerges at
856.1eV, 1.5eV higher than that of Ni**, which is due to Ni** species within the

Ni.Ce, 0., solid solution.!®"

In the bimetallic xNiyCu/CeO,.s catalysts, the B.E. values related to Ni° in the
8Ni2Cu/Ce0,s, 6Ni4Cu/Ce0,5, 4Ni6Cu/Ce0O,5s and 2Ni8Cu/CeO,s catalysts are at
852.5, 852.0,852.4 and 852.6 eV, respectively, systematically lower than that of
the monometallic 10Ni/CeO,.s at 852.7 eV (Figure 7.4 (A)). The gradual red shift of
binding energy for Ni species indicates the electronic density of Ni° is enhanced."®*
1% The similar phenomena were observed on Ni-Cu/Al,O; catalyst®” and Ni-Th
alloy"®® where the d hole density of Ni was filled by adjacent electropositive
components (Cu and Th). In our case of bimetallic xNiyCu/CeOQ.;s catalyst, the red
shift of binding energy for the Ni species infers an increase of electron density of
the Ni species from Cu to Ni due to the formation of Ni-Cu alloy. Additionally, it is
noteworthy that B.E values of Ni species in the bimetallic catalysts initially decrease
(Ni/Cu>6/4), then increase as an increase of the Cu content in the bimetallic
xNiyCu/CeO0,.s catalyst, suggesting that the Ni/Cu ratio also play important roles to

determine the electron density distribution of Ni species.

Figure 7.4 (B) shows the Cu2ps. core level spectra of the xNiyCu/CeOQ,s
catalysts. In general, the XPS signals of Cu* and Cu® species appear around 932.4
eV, while the main XPS signal of Cu?* species displays at the BE of 934.7 eV, followed
by the satellite lines of 941.0 eV.?*%2 |n the XPS of all the Cu-containing samples
(Figure 7.4 B), the major broad peaks at ca.932.6 eV are assigned to Cu*/Cu species
and the humps at ca. 934.7 eV are related to Cu?* species. The XPS results suggest

that Cu*/Cu and Cu?* species coexist in these catalysts.

It is not avoidable the Cu® species was re-oxidised when transferring reduced
samples for XPS analysis. However, the re-oxidation should not be main reason
because the gradual blue shifts of the Cu2ps,, XPS spectra in the Ni-rich samples
confirms that the electron transfer from Cu to the adjacent Ni.?* For the Cu-rich
samples, 4Ni6Cu/CeO,; and 2Ni8Cu/Ce0,,, the shifts of Cu2ps. XPS spectra are
negligible, suggesting that the electronic structure of Cu species was slightly
modified by Ni. Such Ni-induced negligible XPS shifts of Cu species are closely
related to the John-Teller effects of Cu, in that Cu matrix can only host very few Ni

atoms to form alloy, which is well consistent with the XRD and Ni2p;,, XPS results.
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Figure 7.5 Surface and bulk ratios of Ni/(Ni+Cu) estimated by XPS the bimetallic
xNiyCu/Ce0,.s catalysts

Based on the quantitative analysis of Ni2ps.and Cu2ps,. XPS peaks, the surface
ratio of Ni/(Ni+Cu) was estimated and presented in Figure 7.5. Compared to the
theoretical ratios of Ni/(Ni+Cu) obtained according the mass of copper (ll) nitrate
and nickel (Il) nitrate used in the preparation of the catalysts, one can see that the
surface ratios of Ni/(Ni+Cu) well fit the theoretical results in the Ni-rich catalysts,
indicative of the formation of uniform Ni-Cu alloy. In contrast, the surface ratios of
Ni/(Ni+Cu) appear smaller than the theoretical ratios in the 4Ni6Cu/CeQO,s and
2Ni8Cu/Ce0,scatalysts, suggesting the surface segregation of Cu occurs at the Cu-
rich catalysts. The similar results were reported in Ni-Cu/TiO,"**and Ni-Cu/SiO,**
catalyst, where the surface of alloy is enriched by Cu species to minimize the

surface free energy.
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7.3.4 Hydrogen activation on the xNiyCu/CeO,s catalysts
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Figure 7.6 H,-TPD profiles of the 10Ni/CeO,.s, 10Cu/Ce0,.s and xNiyCu/CeO,s

catalysts

Figure 7.6 presents the H,-TPD profiles of various catalysts with different Ni/Cu
ratios. According to the temperatures and shapes of the H,-desorption peaks, the
H,-TPD profiles of the monometallic and bimetallic catalysts can be divided into two
regions: a low-temperature region (50-220°C, including a, B and y peaks) and a high-
temperature region (greater than 220°C). The details of fitting peaks are presented
in Appendix C (see Figure C4). As discussed in the previous chapters, the a peaks
are related to hydrogen desorption from Ovac sites of CeO,.s, while the B peaks at
130°C and y peaks at 170°C correspond to the dissociative hydrogen atom uptake

at highly dispersed and bulk metal species, respectively.

It is worth noting that the broad & peaks at the high temperature region are
more significant in the bimetallic catalysts, but absent in the monometallic
catalysts, indicating a new active site was generated on the bimetallic catalysts.
Combined with the XRD and XPS results, we suppose the new sites for the 6
hydrogen uptake would be the Ni-Cu alloy. According to the XPS analysis, the
electron distribution is uneven on the surface of Ni-Cu alloy, which would enable
the polarization of the H-H bond and facilitate the hydrogen dissociation, eventually

stabilise the surface-adsorbed hydrogen moieties.

The H, desorption peaks correspond to different species that can adsorb and
activate hydrogen, so their integration areas may reflect the concentration and
distribution of various active species. Table 7.2 lists the amount of H, uptake at
individual active sites of the xNiyCu/CeO,s catalysts. One can see that all the

xNiyCu/CeO,.s catalysts have comparable amount of H,, indicating that they have
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similar amount of Ovac regardless of Ni/Cu ratio. In contrast, the ratio of Ni/Cu
significantly affects H, adsorption on the metal surface. As listed in Table 7.2, the
amounts of Hg and H, gradually decreases with increased Cu contents due to the
weak capacity of Cu in activating hydrogen molecule.? |t is worth noting that the
6Ni4Cu/Ce0,5 and 4Ni6Cu/CeO,s have comparable amount of Hs, around 4-fold
that of the 8Ni2Cu/CeO,s and 2Ni8Cu/CeO, catalysts. This result indicates that
6Ni4Cu/Ce0,;s and 4Ni6Cu/CeO,s can have more active sites to stabilise the H
species due to their smaller crystallite size in comparison with 8Ni2Cu/CeQO,sand
2Ni8Cu/Ce0,s, as evidenced by XRD results.

Table 7.2 H, uptake of the xNiyCu/CeO,.s catalysts

Sample H. (umol/g) Hg (umol/g) Hy (umol/g) Hs (umol/g) z((H“:OHIV;;f‘)
10Ni/CeO;s 28.4 22.6 14.6 0 37.2
8Ni2Cu/CeO;5s 29.3 30.2 19.6 6.5 56.3
6Ni4Cu/CeO, 5 25.5 23.8 18.8 23.9 66.0
4Ni6Cu/CeO; 5 30.9 18.6 18.5 27.0 64.1
2Ni8Cu/CeO;5 30.8 17.3 17.5 6.4 41.2
10Cu/Ce0,s 28.7 14.2 8.2 0 22.4

Note: Hq, Hg, Hy and H; represent the amount of adsorbed hydrogen on different
active sites, which were estimated based on the areas of «, B, y and 6 peaks,

respectively.

In comparison with monometallic 10Ni/CeO,.s and 10Cu/CeO,.s catalysts, the
bimetallic catalysts remarkably enhance H, adsorption on the surface, suggesting
that the formation of Ni-Cu alloy can offer more active sites for the H, activation
due to the reduction of crystallite size of metal species, as evidenced by XRD.
Additionally, the Ni-Cu alloy also can tune the electronic structure of active sites,

as evidenced by XPS, which favours the activation of H, and the reactants.
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7.3.5 Catalytic performance
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Figure 7.7 (A) Conversion of MA and (B) yields of SA on xNiyCu/CeOQ,s catalysts at
210°C and under 5 MPa for 1 h duration

The catalytic activity of MA hydrogenation on the 10Ni/Ce0Q,.s, 10Cu/CeO,.s and
xNiyCu/CeO,.s catalysts was assessed using a batch reactor at 210°C and 5.0 MPa
hydrogen pressure. Figure 7.7 presents the results of MA conversion and SA yields
on the catalysts. No other byproducts were detected in the 1 h MA hydrogenation
reaction, suggesting that all the catalysts are highly selective to SA in MA
hydrogenation. Moreover, the Ni-containing catalysts completely converted MA into
SA within 1.0 h, whereas, only 50.3% of MA converted to SA over the 10Cu/CeO,s
catalyst. The results reveal that Cu is not an effective hydrogenation catalyst due
to the limitation of dissociative hydrogen chemisorption.® It is worth noting that
all the bimetallic catalysts are more active for MA>SA transformation than the
monometallic 10Ni/Ce0Q,sand 10Cu/CeO,.s catalysts, verifying that the Ni-Cu alloy

can serve as active sites to facilitate MA conversion to SA.

In order to unveil the dependence of the hydrogenation activity on metallic
components, the TOFuasssa values of MA hydrogenation to SA on the bimetallic
catalysts are compared in Figure 7.8 (A). It is found that TOFusss values for
bimetallic catalysts are remarkably enhanced in comparison with monometallic
catalysts, confirming that bimetallic Ni-Cu phases are very active in MA
hydrogenation. Additionally, the TOFussss values of MA hydrogenation to SA are
comparable among the bimetallic xNiyCu/CeO,.s catalysts, indicating that reaction
rate of MA hydrogenation on the bimetallic catalysts is similar. As shown in Figure
7.8 (B), it is worth noting that the activity of MA hydrogenation in the initial 10 min
well matches the sum of H, uptake at metal surface (Hg+H,+H;), suggesting that the
ratio of Ni/(Ni+Cu) plays crucial roles in tuning the number of active sites for MA

conversion.
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Figure 7.8 (A) Conversion of MA and (B) TOFuassa Versus the atomic ratio of

Ni/(Ni+Cu) in initial 10 min course of the hydrogenation process

Based on DFT simulations, Pallassana and Neurock proposed that the
hydrogenation of the C=C bond follows the Horiuti-Polanyi mechanism®®, in which
the rate of MA conversion is dependent on the adsorption of MA and hydrogen as

well as the formation of C-H bonds of the intermediates.

For the hydrogen adsorption, the electron-rich Ni species in the Ni-Cu alloy can
stabilise the dissociative hydrogen moieties on the catalyst surface, as evidenced
by the H,-TPD results. The negative Ni species can also enhance the MA adsorption
because the excess electron at the Ni species can transfer to the antibonding 1r*
orbital of maleic anhydride.®* Due to the enhanced adsorption and activation of the
H, and MA molecule on the bimetallic catalysts, the activation energy barriers for

the MA->SA transformation would be considerably decreased.

As for the C-H formation, the previous DFT simulation revealed that the d-band
position of metal far away from the Fermi level can facilitate the insertion of atomic
H into the C=C bond to form saturated C-H moieties and advance the desorption
of the as-formed saturated C-H moieties due to weaker interaction between C-H
bonds and metal surface.® That is why the group IB metals, such as Cu, Au and Ag
with closed d orbitals (d'°) as outermost valence electron shells, possess lower
intrinsic activation energy barriers for the formation of C-H bond. In the present
research, the Cu species in the Ni-Cu alloys facilitate the desorption of the as-
hydrogenated C-H bonds from the alloy surface, thus enhancing their reactivity in
the MA->SA transformation. However, as the Cu loading excesses the optimal Ni/Cu
ratio, the isolated Cu® would restrict the MA->SA transformation because of the
higher activation energy for the H, dissociative adsorption on Cu, which accounts
for the lower hydrogenation activity of 2Ni8Cu/Ce0Q,5s and 10Cu/Ce0O,s.
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Figure 7.9 Selectivity of bimetallic xNiyCu/CeO,.s, 10Cu/Ce0O,.s and 10Ni/CeO,s
catalysts after 8 h

To evaluate the selectivity of the corresponding catalysts, the duration of the
hydrogenation process was extended to 8 h and the obtained product selectivity is
plotted in Figure 7.9. One can see that the selectivity of GBL is only 1% over the
10Cu/CeO0,.5, but 35% on the 10Ni/Ce0O,s catalyst. The results suggest that Cu is
chemically inert for C=0 hydrogenolysis under the hydrogenation conditions
applied in this research, which is highly consistent with the results obtained in
Chapter 4. As for the 10Ni/CeO,5 catalyst, its electron-mild Ni surface can adsorb
the C=0 group, eventually catalyses the hydrogenolysis of C=0 in SA to form GBL.

It is notable that all the bimetallic catalysts, regardless of Ni/Cu ratios, show
remarkably low selectivity to GBL, suggesting that the hydrogenolysis of C=0 is
distinctly hindered on the bimetallic catalysts, in spite of the formation of Ni-Cu
alloy or metallic mixture. The Ni-Cu alloy catalysts are more appealing than the Cu-
isolated Ni-Cu catalysts supported on the CeO,s supports for selective

hydrogenation of MA to SA.

In conclusion, the synergistic electronic effects of Ni and Cu in the bimetallic
catalysts significantly contributes to MA->SA transformation. When the Ni/Cu ratio
is close to 1.0, such as 6Ni4Cu/CeO,s and 4Ni6Cu/Ce0Q,s catalysts, the catalysts
achieve the optimal catalytic activity for the MA->SA transformation and depressed
GBL production, which is due to the highest metal dispersion and appropriate

electronic effects of the metallic species.
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Figure 7.10 Stability of the 6Ni4Cu/Ce0,.s catalyst in cycling MA hydrogenation

The stability test was conducted in a batch reactor at 210°C and 5 MPa
hydrogen pressure with repeated use of 0.5 g the 6Ni4Cu/Ce0O,s catalyst. The
catalyst was separated by centrifugation after each hydrogenation cycle, and then
reused for the next run without further treatment. Figure 7.10 shows that the SA
selectivity remains as high as fresh catalyst in the 20 cycles of MA hydrogenation
tests, although the conversion of MA starts a slight declining from ~99% down to

92% after 20 cycles.

For the one sight, the declined MA conversion is easily assigned to the catalyst
loss in catalyst recycles after individual repeating tests. This seems reasonable
because the net weight of the used catalyst after 20 runs is 0.43 g, ~14% mass loss,
which is much more significant as compared to the decline of MA conversion.
However, it is necessary to consider the catalyst sintering in the thermal catalytic
reaction cycles, hence the used 6Ni4Cu/Ce0O,.s catalyst was characterised by XRD
to investigate the structure of the catalyst after stability tests. Before the XRD
characterisation, the used catalyst was collected after 20 cycling tests and calcined

at 500°C in a N; flow to remove the adsorbed organic species.
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Figure 7.11 XRD patterns of fresh and used 6Ni4Cu/CeO,s catalysts

Figure 7.11 shows the XRD patterns of the used and the fresh 6Ni4Cu/CeQO.
catalysts. One can see that the CeQO,5s support of the used 6Ni4Cu/Ce0Q,s catalyst
remains the fluorite structure though the characteristic XRD peak due to Ni-Cu alloy
slightly shifts to a higher 26 angle. The XRD peaks of both the support and alloy
become stronger for the used 6Ni4Cu/CeQ,;s catalyst as compared to those of fresh
catalyst, which is due to the sintering of supported Ni-Cu alloy and CeO,.s support
after the 20 cycles tests. The calculated lattice parameters and crystallite sizes, as

listed in Table 7.3, confirm the significant sintering of the used catalyst.

Table 7.3 The structure parameters of fresh and used 6Ni4Cu/CeO,5 catalysts

Lattice

26 angle d-spacing ® b De

Sample ©) (nm) parzzlrrlnni;cer (nm)
Used catalyst 44 .21 0.2048 0.3547 15.1
Fresh catalyst 43.99 0.2058 0.3564 10.1

Note: ® The d-spacing of the Ni-Cu alloy was calculated using the equation:
2dsin6=nA. * The lattice parameter of Ni-Cu alloy was estimated using the equation:
a=Vh?2+k?+1%2xd based on the (111) crystal plane of cubic Ni-Cu alloy. < The

crystallite size was calculated using the Scherrer equation.

The d-spacing and lattice parameter of the Ni-Cu alloy in the used
6Ni4Cu/Ce0,.s catalyst are smaller than those of the fresh catalyst, closer to those
of fresh 8Ni2Cu/CeO,.s catalyst (refer to Table 7.1). It is probably due to a fraction
of Cu species diffusion out from the Ni-Cu alloy that leads to a decrease of d-
spacing and lattice parameter.'*? However, the catalyst sintering should be

responsible to the larger crystallite sizes and the increased lattice parameter,
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because the multiple cycles of thermal hydrogenation reactions can drive the

growth of the Ni-Cu alloy and support of the used 6Ni4Cu/CeQ,s catalyst.

According to the XRD results and the mass loss of the used catalyst, we
suppose that the structure change of Ni-Cu alloy, sintering and the catalyst loss
contribute to the declined MA conversion on the 6Ni4Cu/Ce0Q,s catalyst.
Nevertheless, the cycling tests demonstrate the outstanding catalytic activity, SA
selectivity and excellent resistant to deactivation of the 6Ni4Cu/CeOQ.; alloy catalyst,

showing great potential for industrial MA hydrogenation processes.

7.4 Conclusion

In this work, Ni-Cu bimetallic catalysts supported on the CeQO,.s support, with
varying Ni/Cu ratios but remained metal loading of 10 wt%, were synthesised and
evaluated for the hydrogenation of MA. In comparison with the monometallic
10Ni/Ce0,s and 10Cu/Ce0,s catalysts, the bimetallic xNiyCu/CeO,s catalysts
possessed smaller crystallite sizes, higher metal dispersion and higher MA->SA
transformation activity. The Ni-Cu alloy can form in the Ni-rich regime of Ni/Cu

ratios while the metallic Cu clusters exist besides of the alloy phase.

The detailed characterisation evidenced that there exists strong Cu-Ni
electronic interaction in the bimetallic catalysts, namely, the electron transferring
from Cu to Ni within the bimetallic particles owing to the different electronegativity
of Ni and Cu. The strong Ni-Cu interaction resulted in the significant different
properties for adsorption and activation behaviors for H, and MA, and eventually

the different catalytic performance.

Alloying of Cu with Ni can greatly improve the MA conversion activity and, more
significantly depress the production of GBL, namely extremely high selectivity of
SA. The 6Ni4Cu/Ce0O,s catalyst outperformed other bimetallic and monometallic
catalysts, which was essentially due to uniform, smallest and highest dispersed Ni-
Cu alloy particles and the appropriate electronic interaction within the Cu-Ni alloy

particles.
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Chapter 8 Effects of CeO, on MA
hydrogenation on CeO.@Ni/SiO, catalysts

8.1 Introduction

The metal-ceria interface of the M/ceria catalysts usually plays exceptional
roles in determining their catalytic activity in various catalytic systems, such as
water-gas shift reaction,®> % CO, hydrogenation®' as well as the methane and
alcohol reforming.'"'*2° |In the CO, hydrogenation to methanol, Cu-CeO, interface
at the CeO,/Cu(111) model catalyst forces the CO, conversion to CO,> species
rather than the conventional intermediate HCCO on the Cu (111) surface, enabling
CO, dissociation to adsorbed CO species on the surface of catalyst and sequential
hydrogenation of carbonyl species to CH;OH.®2*"" |n the catalytic reforming on the
Ni/CeO, catalysts, the cleavages of O-H and C-H bonds predominantly occur at the
Ni-CeO; interface, where the strong metal-support interaction (SMSI) can offer the
active sites for the enhanced catalytic performance.'* ' |n theory, the SMSI at the
interface drives the formation of hybrid Ni-Ce-O or Ni-O-Ce geometric
configurations that lead to strong electronic perturbation between Ni and Ce,?”
which is the origin of different catalytic activity in water-gas shift reaction and dry

reforming of CH,.l'%6: 119

()

» e O

g
M-CeO,
interface CeO,
Traditional catalyst Inverse catalyst Mixed oxide metal catalyst

Figure 8.1 Typical metal-CeO, configurations of the CeO,-containing catalysts

The M-CeO, geometric configurations can be various, though the three classes
of M-CeO, configuration as illustrated in Figure 8.1 are relatively typical and facile
to manufacture from material engineering point of view. Figure 8.1 (A) presents a
traditional metal catalyst supported on CeQ,. Such type of configuration offers
limited quantity of accessible interface active sites, because the accessible sites
surround the metal particles resided on ceria. Therefore, the metal particle sizes
and the surface area of support determine the number of active sites, hence
relatively weak activity usually displays on catalysts with the large metal particles
and bare CeO.."*” Figure 8.1 (B) shows an inverse catalyst configuration, where

CeO0; is deposited on the metal surface. This configuration offers an opportunity to
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tune the CeQ, particle sizes yet ineffective to tune the metal particle sizes, which
is desirable for the metal oxide sensitive reactions and fundamental investigation

to the roles of CeO,."*” However, it is less common in technical application.

Figure 8.1 (C) displays the configuration of CeO, decorated metal catalyst
supported on the porous support, such as SiO, or zeolite. This configuration
benefits from the facile manufacturing: initially active metal species are highly
dispersed and tightly laid down on the high-surface-area support like SiO,, then
decorated by CeO, at controlled extent. This type of catalyst combines the
properties of nano-CeO, and metal nanoparticles, more importantly, offers
abundant accessible metal-CeO, interfaces and thus profound impacts on the
catalytic activity. This strategy has seldom been applied for develop Ni-based MA
hydrogenation catalysts, although it has been successfully attempted in the
decomposition of hydrous hydrazine to hydrogen®?*?, CO methanation® and dry

reforming of CH,?* with high catalytic activity.

Owing to the important roles of the Ni-CeO; interface in C=0 hydrogenolysis
and the great advantages of the third configuration of Ni-CeO, interface, CeO, was
adopted to modify Ni/SiO, to prepare CeO,@Ni/SiO, catalysts for the liquid phase
hydrogenation of MA at 210°C and 5 MPa of H, pressure. The CeO, loading was
optimised and the contributions of CeO, were investigated through careful

characterisation, in order to correlate the catalyst activity and product selectivity.

8.2 Experimental

8.2.1 Preparation of 15Ni/SiO, catalysts

The SiO, support (BET = 300 m?/g, Sigma-Aldrich) was employed to prepare
NiO/SiO, as the precursor of 15Ni/SiO, catalyst via a wet impregnation with
Ni(NOs),-6H,0 solution. The concentration of Ni(NO;),-6H,O solution can be tuned
according to the targeted Ni loading. The hydrated precursor was dried at 120°C
for 8 h, followed by calcination in air at 500°C for 3 h to produce NiO/SiO.. Finally,
the Ni/SiO; was finally obtained by H, reduction of the NiO/SiO, at 500°C for 3 h. In
this research, the targeted Ni loading was 15 wt%, so the obtained catalyst is

denoted as 15Ni/SiO, whose exact Ni loading was determined by ICP-OES.

8.2.2 Preparation of xCeO,@15Ni/SiO, catalysts

The CeO, decorated 15Ni/SiO, catalysts were prepared by the impregnation
method using the annealed NiO/SiO, precursors. The obtained NiO/SiO, precursor

was wetted with a certain volume of Ce(NO:),-6H,0 solution in order to fabricate
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the theoretical CeO, loading of 1, 3, 5 wt%. The hydrated precursor was dried at
120°C for 8 h, followed by calcination in air at 500°C for 3 h to produce
xCeO,@15NiO/SiO; oxide precursors. The xCeO.,@15Ni/SiO, catalysts were
obtained by reduction of their oxide precursors at 500°C for 3 h in a H,/N, flow,
denoted as 1Ce0,@15Ni/SiO,, 3CeO0,@15Ni/SiO,, and 5Ce0,@15Ni/SiO,, where the
number is in accordance with CeO, and Ni loading.

8.2.3 xCeO.,@15Ni/SiO, catalysts characterisation and evaluation

The as-prepared xCeO,@15Ni/SiO, catalysts with different CeO, loading and
their oxide precursors were characterised by XRD, TME, H,-TPR, Raman and H,-TPD
techniques. The detailed procedures for the characterisation were described in
Chapter 2. The catalytic performance of xCeO,@15Ni/SiO, catalysts were evaluated
at 210°C and 5 MPa hydrogen pressure in a batch reactor within 0.1 g catalyst, 4.9
g MA and 40 mL THF as a solvent, which was also detailed in Chapter 2.

8.3 Results and discussion

8.3.1 Structure and morphology of xCeO.@15Ni/SiO, catalysts

V SiO, s Ni ® CeO,

*
5Ce0,@15Ni/SiO,

3Ce0,@15Ni/SiO,
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Figure 8.2 XRD patterns of reduced xCeO,@15Ni/SiO, catalysts

Figure 8.2 shows the XRD patterns of the xCeO,@15Ni/SiO, catalysts. The
broad diffraction peaks in the 26 between 15-30° are due to the amorphous silica.?*
The diffraction peaks of metallic Ni species are shown at 44.8° and 51.9°, which are
due to the (111) and (200) planes of Ni° respectively. In addition, two new peaks
at 28.3° and 32.7° in the 3CeO,@15Ni/SiO; and 5CeO,@15Ni/SiO, catalysts are
respective to the (111) and (200) planes of crystalline CeO, (JCPDS 01-089-8436).
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Such diffraction peaks due to CeO, are undiscernible for the 1CeO,@15Ni/SiO,
catalyst, which is probably due to the low CeO, loading insensitive by XRD

measurement or ultrahigh dispersion of CeO, with poor crystallinity.

The crystallite sizes of Ni particles are presented in Table 8.1, showing that the
crystallite sizes of Ni particles slightly decrease as increasing CeO, loading,
indicating that the presence of CeO, can prevent the sintering of Ni particles during
the H, reduction treatment at the enhanced temperature.?*? The specific surface
areas of the xCeO,@15Ni/SiO, catalysts and the loading of Ni and CeQO, are also
summarised in Table 8.1. One can see that loading CeO, onto 15Ni/SiO, did not
decrease its surface area and the measured Ni and CeO, contents are very close to

designed loading.

Table 8.1 The physical parameters of xCeO,@15Ni/SiO, catalysts

Surface area?® CeO, (Ce) D(Ni) ¢
Sample Ni content ® (%)
(m?/9) content © (%) (nm)
15Ni/SiO; 150.8 14.89 0 12.7
1CeO,@15Ni/SiO, 153.6 14.88 0.87 10.2
3Ce0,@15Ni/SiO; 157.6 14.89 3.15 9.8
5Ce0.,@15Ni/SiO; 151.6 14.89 5.05 9.4

Note: *The surface area of examined samples was measured by N, adsorption-
desorption. *The Ni content and CeO, content were measured by ICP-OES. ‘The

crystallite size of Ni species was estimated by the Scherrer equation.

Figure 8.3 shows the TEM and HRTEM images of the typical 15Ni/SiO, and
3Ce0,@15Ni/SiO; catalysts. As shown in Figure 8.3 (A), the metallic Ni particles are
highly dispersed on the surface of the SiO, support with non-uniform particle size
distribution between 5~20 nm. The HRTEM image of the 15Ni/SiO, catalyst (Figure
8.3 (C)) shows the crystal fringe spacing of 0.20 nm, which corresponds to the (111)
plane of metallic Ni crystal. The TEM image of the 3CeO,@15Ni/SiO, catalyst (Figure
8.3(B)) shows Ni is highly dispersed with particle size distribution of 3-18 nm. The
HRTEM image of the 3CeO,@15Ni/SiO, catalyst (Figure 8.3(D)) reveals that most of
the Ni particles (dark spots) are enveloped or closely contacted with small
nanoparticles of CeQO,, which is verified by its inter-planar spacing of 0.31 nm,
attributed to the (111) plane of CeO..
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Figure 8.3 TEM and HRTEM images of reduced 15Ni/SiO, (A, C) and
3CeO,@15Ni/SiO, catalysts (B, D)

8.3.2 Redox properties of xCeO,@15Ni/SiO, catalysts
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Figure 8.4 (A) H,-TPR profiles of xCeO,@15Ni/SiO, catalysts and (B) the

dependence of hydrogen consumption against the Ce content

The H,-TPR profiles of bare NiO and xCeQO,-15Ni/SiO, catalysts are shown in
Figure 8.4. The maximum of hydrogen consumption for the NiO sample appears at
330 °C. There are two main hydrogen consumption peaks in the TPR of 15NiO/SiO;
sample: the one at 284°C is due to the reduction of highly dispersed NiO species
of weak interaction with the SiO,, and the other at 450°C is due to the reduction of
NiO species strongly bound to the SiO, surface.** When loading CeO, onto NiO/SiO,,
the reduction of NiO species occurs at a higher temperature and the maximum
reduction systematically shifts to a higher temperature with gradual increase of
CeO; loading. The result suggests that the deposition of CeO, on the NiO can retard
NiO reduction, well consistent with the findings for the CeO, modified Ni/Al,O;
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catalysts.?®! It was reported previously that the Ni-O bond confined in the CeO,
lattice are more difficult to be reduced by H, because the strong interaction of
Ni—~O«—Ce existing at the interface can stabilise the Ni-O bond, thus blocking the
reduction of NiO species.'®™ In addition, the CeO, species surrounding the NiO

surface may can inhibit H, diffusion and thus retard reduction of the NiO.?2%

Figure 8.4(B) shows the dependence of the hydrogen consumption calculated
from the TPR peaks on the CeO, loading. One can see that the15Ni/SiO, catalyst
possesses the largest hydrogen consumption, while the hydrogen consumption
declines as increasing CeO, loading. Because CeO, loading did not change Ni
contents (as measured by ICP-OES), the enhanced reduction temperature for the
xCeO,@15Ni/SiO, samples can confirm that the coverage of CeO, on Ni can hinder
the reduction of NiO to metallic Ni species. From the structure point of view, the Ni
cations embedded in the CeO, matrix can coordinate with eight oxygen atoms,
instead of six oxygen atoms in the NiO structure, so that the NiO species within

the CeO, matrix are less reducible than the free NiO particles.

8.3.3 Surface defects of xCeO,@15Ni/SiO, catalysts
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Figure 8.5 Raman spectra of xCeO,@15Ni/SiO, catalysts

Figure 8.5 shows the Raman spectra of xCeO,@15Ni/SiO, catalysts. The broad
Raman bands at 490 cm™ are attributed to the symmetric stretching of bridging
oxygen in the six-membered SiO, rings which are predominantly existing in the
amorphous SiO; support.?* In comparison with the Raman spectra of the 15Ni/SiO;
catalysts, the new vibration at 590 cm™ is observed in the Raman spectra of the
CeO, modified catalysts, which is associated with Ovac.?*? In this study, the direct
reduction of Ce* to Ce?** by hydrogen can lead to the formation of Ovac. Additionally,
the Ni can incorporate into the CeO, lattice and generate hybrid Ni-O-Ce bonds,

which can also create Ovac to compensate the doping-induced excess charge.!® It
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is notable that the vibration at 460 cm™ due to the fluorite phase of CeO,(F,;) is not
discernible because it may be masked or overlapped with the strong band of SiO,.
The Raman results indicate that the introduction of CeO, onto the 15Ni/SiO,

catalysts brings in Ovac and the strong Ni-Ce interaction.

8.34 Hydrogen activation on the xCeO.@15Ni/SiO, catalysts
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Figure 8.6 H,-TPD profiles of reduced xCeO.@15Ni/SiO, catalysts

Figure 8.6 shows the fitted H,-TPD profiles of reduced xCeO,-15Ni/SiO,
catalysts. The three observable peaks (peak a , B andy ) at 80°C, 140 °C and 200°C
are assigned to desorption of hydrogen molecules weakly adsorbed the surface of
catalysts, strongly anchored at highly dispersed Ni° species"®! and the bulk Ni°
species,™ respectively. The increased CeO, content gradually decreases the
maximum temperature of hydrogen desorption from the Ni° species, suggesting
that CeO, weakens the binding energy of dissociative hydrogen on the Ni° surface
due to, the strong Ni-CeQO, interaction.?'®?*” Such strong Ni-CeO; interaction can
redistribute the electronic configuration of Ni via chemical Ni-O-Ce bonds, leading
to the formation of electronically perturbed Ni species (Ni®) at the interface,?? so

that it reduces the binding energy of H species on the metallic Ni species.

The quantitative analyses of the H,desorption are summarised in Table 8.2. It
is found that there are comparable amounts of H,for the four examined catalysts,
indicating the amount of hydrogen weakly adsorbed on the catalysts is independent
of the CeO, content. However, the CeO, amount significantly affects the population
of hydrogen adsorbed on the Ni surface. As shown in Table 8.2, the 15Ni/SiO;
catalyst possesses the largest Hgand H,, while the amount of Hg and H, gradually
decreases with the Ce content up from the 1 to 5%. As expected, the estimated Ni

dispersion based on the amount of hydrogen uptake at the metal surface also
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declines with the increasing Ce content, indicative of the masking effect of CeO, on
the metallic Ni species. According to the H,-TPD results, the strong Ni-CeO;
interaction reduces the capacity of hydrogen uptake and weakens the binding
energy of H adsorption on the metallic Ni surface.

Table 8.2 The quantitative analysis of H,-TPD profiles of xCeO,@15Ni/CeO,

catalysts
Ho He Hy >(Hg+ HyY)  Ni dispersion
Sample
(umol/g) (umol/g) (umol/g)  (umol/g) (%)

15Ni/SiO, 34.25 53.35 81.12 134.47 10.7
1Ce0,@15Ni/Si0, 33.26 44 .84 43.68 88.52 7.0
3Ce0,@15Ni/SiO0, 32.25 41.89 35.68 77.57 6.1
5CeO0.@15Ni/SiO, 34.89 35.53 27.99 63.52 5.0

Note: H,, Hs and H, represent the estimated amount of adsorbed hydrogen, which
were calculated based on the areas of o, B and y peaks, respectively. Ni dispersion

was calculated based on the hydrogen uptake at Ni species using the Equation 2.5
in Chapter 2.

8.3.5 Catalytic performance
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Figure 8.7 MA conversion over xCeO,@15Ni/SiO, catalysts at 210°C and 5 MPa

Figure 8.7 shows MA conversion versus reaction time over xCeO,@15Ni/SiO,
catalysts. One can see MA completely converted to SA within an hour on all the
catalyst though their MA conversion activity declined systematically with an
increase of CeO. loading. As discussed in the previous Chapters (3~5), at

appropriate Ni loading (<20 wt%), the metallic Ni species are the prominent active
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sites for MA hydrogenation to SA and Ovac favours the SA selectivity. All the
samples possess almost identical Ovac density, so that their activity difference
should not be due to Ovac density herein.

The turnover frequencies of MA - SA transformation (TOFua_ss) on the samples
are estimated with respect to the exposed Ni° suggesting that 15Ni/SiO, and
1CeO,@15Ni/SiO, have relatively similar values of TOFua-s» (52.5 and 52.0 min’,

respectively), slightly larger than that of 3CeO,@15Ni/SiO; (TOFua-s» = 50.1 min™)
and 5Ce0,@15Ni/SiO; (TOFua-s» = 48.2 min'). The slight decrease of the TOFua-sa
values suggests that the decoration of CeO, on Ni° species can diminish their
activity in the MA->SA transformation, but the influence of CeO, is rather weak.
Therefore, combined with the H,-TPD results, we suppose that the difference in the
apparent activities of the catalysts is primarily due to the exposed amount of Ni
species and Ni dispersion.
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Figure 8.8 (A) Selectivity of SA and (B) yield of GBL over xCeO,@15Ni/SiO,
catalysts at 210°C and 5 MPa

As MA hydrogenation on Ni-based catalyst is a multi-step reaction in which GBL
can only be produced from the hydrogenolysis of SA. The selectivity of SA remains
about 100% in the initial 60 min, then SA slowly converts to GBL via the
hydrogenolysis of SA. The selectivity of the four catalysts differs in the prolonged
hydrogenation process of 8.0 h, revealing that they have distinct reactivity towards
C=0 hydrogenolysis. As shown in Figure 8.8 (B), the GBL yield is only 15% over
15Ni/SiO; catalyst in the 8 h hydrogenation course, though 42.3%, 58.1% and 47.5%
GBL vyields are achieved on the 1CeO,@15Ni/SiO;, 3CeO.@15Ni/SiO, and
5Ce0.@15Ni/SiO; catalysts, respectively. The results suggest decorated 15Ni/SiO;
with CeO, can significantly promote the SA->GBL transformation via C=0
hydrogenolysis.
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The TOFss_.ca Value of 15Ni/SiO, catalyst (TOFsace. = 0.29 min') is much smaller
than that of 1CeO.@15Ni/SiO; (TOFsa_.ce. = 0.56 min™), 3Ce0.,@15Ni/SiO, (TOFsa_ca
= 1.65 min') and 5CeO0,@15Ni/SiO; (TOFs—ce. = 0.99 min™') catalysts. This result
indicates that the introduction of CeO; into 15Ni/SiO, catalyst can enhance the C=0
hydrogenolysis on the Ni surface. As compared in Figure 8.8 (B), the 15Ni/Ce0O;s
catalyst displays higher activity than 15Ni/SiO, catalysts in GBL production,
suggesting the enhanced role of CeO, in SA->GBL transformation. Additionally, it is
interesting to note that the xCeO,@15Ni/SiO, catalysts show superior catalytic
activity to the 15Ni/Ce0Q,s catalyst in SA>GBL transformation, verifying that the
surface interplay between Ni and CeO, plays an paramount role in C=0

hydrogenolysis.

Compared with the 15Ni/SiO; catalyst, the decoration of CeO, can suppress the
hydrogen adsorption at the surface of Ni species, which seems to be detrimental
for the hydrogenolysis process. However, the superior SA>GBL activity on the
xCeO,@15Ni/SiO, catalysts suggests that the decoration of CeO, may enhance C=0
activation despite that adverse the H, activation. To further unveil the roles of CeO,
in C=0 activation and hydrogenolysis, Fourier-transform infrared spectroscopy
(FTIR) was employed to investigate the C=0 adsorption behaviour on the surfaces

of 3Ce0,-Ni/SiO, and 15Ni/SiO, catalysts using cyclohexanone as a probe molecule.

Figure 8.9 shows the IR spectra of cyclohexanone adsorption on the
3Ce0,@Ni/SiO; and 15Ni/SiO, catalysts, with FTIR scans of fresh catalysts as
background, by temperature-programmed measurements. Figure 8.9 (A) shows the
FTIR of the cyclohexanone adsorption on the 3CeO.,@Ni/SiO, catalyst, where the
peak at 1734 cm™ is due to the vibration (vC=0) of C=0 of the free or weakly

adsorbed cyclohexanone molecule which can be easily removed by evacuation.

As the temperature rises to 210°C, the v C=0 at 1734 cm is still dominant,
though a new broad peak at 1590 cm™ emerges in the 3CeO,@15Ni/SiO, catalyst
due to the C=0 group bound to the catalyst surface.?2%* The 1590 cm’ band
retains after evacuation, indicative of a strong adsorption of C=0 on the surface of
catalyst. Besides the display/disappear of the v C=0, no IR signal at 1590 cm is
observable on the 15Ni/SiO, catalyst (Figure 8.9 (B)). This result indicates that the
strong chemsorption of C=0 occurs onto CeO, rather than SiO or Ni.""® The strong
adsorption can polarise and weaken C=0 bond, thus facilitate C=0 hydrogenolysis
over the xCeO,@15Ni/SiO, catalysts. Similar results were also observed on the
Ni/TiO, catalyst, where the authors found that Ni-TiOx can strengthen C=0
adsorption and improve the reactivity of C=0 in the crotonaldehyde

hydrogenation.*®
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Figure 8.9 FT-IR spectra for cyclohexanone adsorption on 3CeO.@15Ni/SiO, and
15Ni/SiO, catalysts under ambient temperature and 210°C

The IR results suggest that a small amount of CeO; is responsible for the strong
adsorption of C=0 on the catalyst surface. It has been reported that the surface
decorated CeO; strongly interacts with Ni species, leading to the formation of Ni-
O-Ce bonds at the Ni-CeO, interface.'* The Ni-O-Ce bond can cause the electron
transfer from Ni to Ce, resulting in the formation of electron-deficient Ni®*.2*? The
Ni®* species weaken the adsorption of H,**% as proved by the H,-TPD results, but
strongly coordinate with the C=0 group due to their strong electronic interaction.
The Ni® species serve as active sites for the C=0 hydrogenolysis in the
hydrogenation.?" "1 Therefore, it is possible that the strong interaction between
Ni and CeO, can electronically perturb the Ni species (Ni®), which contributes to

the enhanced catalytic performance of SA - GBL.

Figure 8.7(B) shows there exists an optimal CeO, content in the
xCeO,@15Ni/SiO, for the SA>GBL transformation. In the given reaction duration,
the GBL yield reaches the maximum when 3 wt% CeO, loaded, so does the TOFs-ca
value. As the CeO, loading excesses 3 wt%, for example, the 5CeO,@15Ni/SiO,
catalyst, the catalytic hydrogenation of SA to GBL declines. As CeOQ, itself is not
active for the C=0 hydrogenolysis, the excess CeO, loading deposited on the
5Ce0.@15Ni/SiO, catalyst surface may either mask some Ni° and/or the Ni-CeO;
interface to expose, consequently reduce the accessible active sites at the catalyst

surface and thus decrease the catalytic activity.
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Figure 8.10 Stability of the 3CeO,@15Ni/SiO, catalyst in cycling MA hydrogenation

The stability test for the 3CeO,@15Ni/SiO, catalyst was conducted at 210°C and
5 MPa of hydrogen pressure in a batch reactor within 0.3 g catalyst, 4.9 g MA and
40 mL THF as the solvent. After each cycle, the catalyst was separated by
centrifugation and then reused into the next cycle without any further treatment.
After the stability test, the used catalyst was calcined at 500°C in a flow of N, to
remove adsorbed organic species. The mass of the post-catalyst is 0.24 g, as
weighed by electronic balance, indicating that 20 wt% of catalyst was lost during
the catalyst recycle treatments. Figure 8.10 shows that the GBL yields are of the
range of 62-68% with the maximum loss of 10% in the 10 cycling tests, which is
insignificant and acceptable as consider the catalyst lost, suggesting that
3Ce0,@15Ni/SiO; catalyst is very stable for MA hydrogenation to GBL.

8.4 Conclusion

The CeO, modified xCeO.@15Ni/SiO, (x=0, 1, 3, 5 wt%) catalysts were prepared
by a simple impregnation method, followed by H, reduction process at 500°C for 3
h. All the xCeO.,@15Ni/SiO, catalysts exhibited higher GBL yields in comparison
with 15Ni/SiO, catalyst, although the CeO, decorated catalysts slightly slugged the
MA->SA transformation.

The results of the characterisation showed that the decorated CeO, was close
contact with the metallic Ni species and brought in strong Ni-CeO; interaction. Such
strong interaction between Ni and CeQ, can perturb the electronic configuration of
Ni that leads to formation of interface Ni®* species, which suppressed the hydrogen
adsorption yet enhanced adsorption and activation of the carbonyl group on the

catalysts surfaces.
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The superior GBL yields on the xCeO,@15Ni/SiO, catalysts are attributed to the
surface modification of Ni by CeO, that brings about the strong Ni-CeO, interaction
and offers more active sites to activate the C=0 groups. Among the catalysts,
3Ce0,@15Ni/SiO, catalyst showed the highest MA->SA activity and GBL yield, which
was attributed to its excellent balance between competition between H, and SA for

adsorption and activation.
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Chapter 9 Summary and outlook

9.1 Summary

Maleic anhydride is an important C, building block in the chemical industry,
and its annual production will increase up to 2,987.2 kilotons in 2024 with a
compound annual growth rate (CAGR) of 5.5%. The vast development of MA
industries is driven by its high-value downstream hydrogenation products, such as
SA, GBL and other C, compounds. However, MA is a cyclic anhydride, consisting of
one olefinic bond conjugating with two acyl groups that bonded to the same
oxygen atom, hence, its hydrogenation is prone to generate mixed products,
because C=C hydrogenation and C=0 hydrogenolysis can occur simultaneously or
in the long-term continuous hydrogenation processes. On the other hand, the
selective hydrogenation of C=C bonds and/or removal of C=0 bonds are important
fundamental topics but grand challenges in the industrial catalysis, which highly
rely on the active, highly selective and stable catalysts. To produce high quality and
value-added products, effective catalysts with high activity and selectivity are highly

desirable for MA hydrogenation in the relevant chemical industries.

In principle, to achieve the selective hydrogenation, it is necessary to define
the active sites for C=C and C=0 hydrogenation and correlate the catalytic
performance with the structure of catalysts, which in turn will facilitate the design
and development of high-performance industrial catalysts. This thesis aims to
design the efficient catalysts for MA hydrogenation and to define the active sites
that dominate C=C hydrogenation and C=0 hydrogenolysis. After a thorough
literature review, the research challenges and methodologies were put forward in
Chapters 1 and 2. Based on these, the PhD research project was carried out

smoothly and its outcomes are presented in the thesis, as summarised below:

In Chapter 3, the properties of the 10Ni/Ce0O,.s and the conventional 10Ni/Al.O;
catalysts and their performance in the liquid phase MA hydrogenation were
investigated. Although 10Ni/CeQO,.s possessed lower surface area than 10Ni/Al,Os,
we found the 10Ni/CeO,.s catalyst exhibited nearly 12-fold higher initial specific
activity in the hydrogenation of MA to SA and enhanced selectivity to GBL. The
strong interaction between Ni and CeO.s support was verified, which promoted Ni
dispersion in small particle size. A portion of Ni species that incorporated into the
CeO, matrix promoted to form Ovac on the CeQO,s support. The superior catalytic

performance of 10Ni/CeQ,s catalyst to the 10Ni/Al,O; catalyst in MA hydrogenation
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was due to the synergism of the enhanced dispersion of metallic Ni, oxygen
vacancies on the CeO, support and the strong Ni-CeO; interaction.

In Chapter 4, the MA hydrogenation over various M/CeQO,.s catalysts (M= Ni, Co,
Cu) was studied to define the robust transition metal catalyst. We found that the
10Ni/Ce0,s catalyst was more active in MA hydrogenation and more selective to
GBL yield than 10Co/Ce0Q,s, while the 10Cu/CeQ,s catalyst was the least active in
MA hydrogenation to SA and inert for SA hydrogenolysis to GBL. The MA
hydrogenation to SA over 10Ni/Ce0O,s and 10Co/Ce0Q,s catalysts followed quasi-
first order kinetics, though complicated kinetics displayed on the 10Cu/CeOQ,s
catalyst. We convincingly assigned such different catalytic hydrogenation behaviour
of the catalysts to the electronic nature of the active metals. The metallic Cu with
fully filled d orbital (d'°) had weak capability of electron-donation to MA molecule,
though the unpaired electrons of Co (3d’) and Ni (3d® would favour the
coordination and activation of MA, therefore, the latter displayed much higher
activity. Compared with the 10Co/CeO,s catalyst, the T10Ni/CeO,s catalyst
possessed higher metal dispersion and more Ovac that led to the higher activity in

C=C hydrogenation and C=0 hydrogenolysis.

According to obtained results in Chapter 3 and Chapter 4, Ovac density, nature
of Ni species as well as Ni-CeO,s interaction would play pivotal roles in catalysing
MA hydrogenation over Ni-CeO,s system. Therefore, in Chapter 5, a series of
xNi/CeO,.s catalysts with a wide Ni loading ranged from 0 to 30 wt% were prepared
and evaluated in MA hydrogenation to gain in-depth insight into Ovac, Ni nature
and Ni-CeO,s interaction in catalytic MA hydrogenation. We found that Ni loading
can enhance Ovac formation, while excess Ni species would mask Ovac to expose
on the CeO,s surface. Compared to CeO,, the defective Ce0O,.s support displayed
higher activity in MA - SA transformation, proving that Ovac can catalyse C=C
hydrogenation. The TOFuasssa declined with the decrease of Ovac amount in the
xNi/CeOQ,s catalysts, suggesting the significant roles of Ovac in the C=C
hydrogenation. However, the Ni species is pivotal for MA - SA transformation since
loading Ni on the CeOQ,.s support drastically improved the MA hydrogenation activity
and determined the Ovac density. The 2Ni/CeO,s displayed the largest TOFuassa,
while the TOFuassa over xNi/CeO,s catalysts declined with increasing Ni content,
which was due to the fact that the excess Ni species weakened the Ovac—>Ni

interaction and thus reduced their activity in C=C hydrogenation.

For C=0 hydrogenolysis, metallic Ni species are indispensable for SA

hydrogenolysis to GBL because reduced CeO..s support was inactive for the reaction.
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Furthermore, the specific activity of SA hydrogenolysis to GBL per Ni atom (TOFsasce.)
showed a volcano-like relationship with Ni loading, and the optimal Ni loading was
17.5 wt%. Combined with characterisation results, highly dispersed Ni species and
metallic Ni species governed the GBL yield. Due to the strong Ni-CeO,s interaction,
the highly dispersed Ni species can be cationised (Ni®*) and promoted the formation
of unsaturated CeOx species with coordinative Ce cations, thus enhancing the
activation of C=0 and facilitating the hydrogenolysis of C=0 on adjacent Ni°. Such
Ni°-Ni®* synergism is a short-range interaction depending on the nickel loading on
the xNi/CeO.s. This finding well interprets the maximum GBL yield showed on the

17.5Ni/CeO0,s and the activity declines as further increase of Ni loading.

In Chapter 6, different shaped CeO, supports, nanorods (CeO,-NR), nanocubes
(Ce0O,-NC) and nanoparticles (CeO,-NP) were synthesised using a hydrothermal
method and used as supports to prepare Ni-based catalysts for MA hydrogenation.
We found that the rod-like CeO,-NR support with abundant Ovac significantly
enhanced Ni dispersion that improved hydrogen adsorption and activation on the
Ni species. Compared with the 5Ni/Ce0,s-NC and 5Ni/CeO,.s-NP catalysts, the
5Ni/CeO,s-NR catalyst displayed the highest activity in C=C hydrogenation and the
lowest apparent activation energy, revealing the pivotal roles of Ovac in MA->SA
transformation. Furthermore, in the 8 h hydrogenation course, small amount of
GBL was produced on the 5Ni/Ce0,5-NC (5.24%) and 5Ni/Ce0O,s-NP (2.36%) catalysts
but no GBL was produced on the 5Ni/CeO..s-NR catalyst, suggesting 5Ni/CeO,s-NR
catalyst with highly dispersed Ni species and large amount of Ovac was not active

for C=0 hydrogenolysis.

The previous Chapters found that a short-range Ovac—>Ni electronic interaction
can enrich the surface electronic density of Ni catalyst and thus facilitate the C=C
hydrogenation activity. This result indicates that negative Ni species are crucial for
C=C hydrogenation. Accordingly, introducing a second metal, such as Cu, to
Ni/CeO.s catalyst would enable to modify electronic structure of Ni species and
thus affect MA hydrogenation. In Chapter 7, the bimetallic Ni-Cu/CeO.s catalysts
with varying Ni/Cu ratios, prepared by an impregnation method, showed superior
MA hydrogenation activity to monometallic Cu/Ce0O,.s and Ni/CeQ,.s catalysts. The
formation of Ni-Cu alloy improved the metal dispersion and strengthened the
interaction between Ni and Cu, which led to the Ni=>Cu electron transfer. Such
electron interaction strengthened hydrogen adsorption on the metal surface and
promoted MA hydrogenation. Moreover, the introduction of Cu to Ni significantly
suppressed C=0 hydrogenolysis, likely due to the repulsive effect between negative

Ni species and electron-rich C=0 group.
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It is proposed that Ni-CeO, interface that leads to cationic Ni®* formation due
to the strong electronic perturbation of CeO, can enhance C=0 hydrogenolysis. To
confirm this, surface CeO, modified 15Ni/SiO, catalysts were prepared by the two-
step impregnation method. The obtained xCeO.@15Ni/SiO, catalysts showed
higher activity for C=0 hydrogenolysis than 15Ni/SiO, catalyst, even better than the
15Ni/Ce0,s catalyst. We supposed that surface strong interaction of Ni-CeO,s
played crucial roles in the C=0 hydrogenolysis for the SA>GBL transformation. The
characterisation results demonstrated that surface strong interaction between Ni
and CeO, retarded NiO reduction and weakened the binding energy of atomic H
adsorbed on Ni surface. The results suggested the strong metal-support electronic
interaction due to the metal surface covered by reducible oxide, such as CeQO,, can
reduce the interaction between catalyst and adsorbates. The cyclohexane
adsorption spectra monitored by IR spectroscopy pointed out that introduction of
CeO, to 15Ni/SiO, brought an additional strong chemical adsorption of the C=0
group on the catalyst surface due to the strong electronic interaction between CeO,
and Ni. Therefore, we concluded that the strong interaction between metallic Ni
and CeO, can perturb the electronic configuration of Ni species and lead to
formation of positive Ni®* species, resulting in enhanced C=0 adsorption and

consequently improved C=0 hydrogenolysis.

In all, this thesis presented our new research findings for MA hydrogenation
on Ni-based catalysts supported on CeO,.s supports. With solid characterisation and

careful catalyst evaluation, we drew strong scientific findings as summarised below:

1.) The modified impregnation method developed by Dr Zheng Jiang team is
an effective methodology to prepare high performance catalysts, by which
high metal dispersion and strong metal-support can be realised.

2.) The structure defective CeO,s is an active support for Ni-based MA
hydrogenation catalysts, superior to those inert supports, such as Al,O; and
SiO,. This is mainly because Ovac in CeO,s is a kind of active site that
adsorbs and activates H, as well as bring about the strong Ni-support
interaction. The Ni-CeO,s strong interaction is arisen from electron transfer
from Ovac>Ni and Ni=>Ce*, both occurring in the short range.

3.) Ni is an excellent transition metal catalyst superior to Co and Cu in MA
hydrogenation, which is due to the valence electron configurations of the
outermost 3d shell. The Cu with filled 3d electronic shell is not active for
SA->GBL transformation because it is weak to activate H, and the C=0 group.
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4.) The Ovac density of CeO,s supports is relevant to their morphologies. We
found the Ni/CeO,s nano-rod catalyst possessed higher Ovac density
relative to the Ni catalysts supported on the nano-scaled CeO,s supports
with irregular morphology and nanocubes. The Ovac density and
morphology-related Ni-CeO,.s interaction originate from the different atom
configuration of the CeO,s supports, which affect the
adsorption/desorption, activation and hydrogenation of the reactants and
products, eventually lead to different activity and selectivity.

5.) The electronic interaction between Ni-Cu and metal-CeO,;s brings in the
superior performance on the Ni-Cu/CeO,s bimetallic catalysts to the
individual monometallic catalysts, in both the MA->SA and SA->GBL
transformations. The electronic interaction within the catalysts involves
electron transfers of Ni>Cu and metal>Ce* and Ovac>metal.

6.) Once CeO, used as a modifier rather than as the main support for Ni-based
catalysts, there is an optimal CeO, loading to realise desirable MA
hydrogenation performance. The loading of CeO, onto 15Ni/SiO, catalysts
led to dramatically enhanced GBL yield from SA hydrogenolysis but declined
MA-SA transformation. The optimal CeO, loading was 3.0 wt%, whereas
the further increase of CeO, loading led to masking the exposure of Ni
species and reduced Ni-CeO, interface, which are the core hydrogenolysis

active sites.

9.2 Outlook

Although the Ni/CeO,s catalysts displayed high activity and selectivity in MA
hydrogenation and their active sites for C=C hydrogenation and C=0
hydrogenolysis have been preliminarily defined, there are still many aspects to be
developed further. For the future work, the following suggestions may be useful
for improving catalytic performance of Ni-based «catalysts and in-depth

understanding of the MA hydrogenation on Ni-based catalysts:

Firstly, to unveil the mechanism of MA hydrogenation is still unclear, especially
for adsorption and activation of MA and the selective hydrogenolysis of C=0
function group. Two plausible pathways for C=0 hydrogenolysis are proposed: one
is the direct hydrogenolysis of C=0 by inserting two hydrogen molecules, and the
other is first hydrogenation of C=0 to form hydroxyl group prior to dehydration of
the OH group to form the C=C bond which is finally hydrogenation to generate C-
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C bond. To address this problem, the in-situ IR and in-situ XAS can be powerful
tools to monitor the intermediates in the C=0 hydrogenolysis process.

Secondly, to optimise the hydrogenation condition is required. In the thesis,
the reaction pressure and temperature were fixed aiming to investigate the
dependence of catalyst properties on the MA hydrogenation. It is necessary and
highly desirable for the industrial application to optimise the reaction conditions,

including defining the optimal solvent, H, pressure and hydrogenation temperature.

Thirdly, to expand the family of Ni-based bimetallic catalysts and to clarify the
nature of the bimetallic interaction are required. Although our bimetallic Ni-
Cu/Ce0O,s catalysts displayed exceptional activity and selectivity in MA
hydrogenation, showing great promise for industrial MA hydrogenation and other
selective hydrogenation reactions, other bimetallic Ni-based systems with various
second metals, such as Pd, Pt and Ru, may be explored to gain desirable
performance. Furthermore, bimetallic catalysts can serve as excellent model
catalysts to correlate the geometric and electronic structure with the catalytic

activity and selectivity.

Fourthly, it is desirable to search cost-effective active supports to replace
expensive ceria. As discussed in this thesis, the CeO, surface modified catalysts
showed significant influences on the C=0 hydrogenolysis, though the impacts of
other reducible oxides such as ZnO and TiO, on C=0 hydrogenolysis is unknown
and worth investigating. The in-depth understanding of the roles of active oxide in
C=0 hydrogenoloysis is important and conducive to develop effective and

economic catalysts for C=0 hydrogenation.

Last but not the least, advanced techniques, especially in-situ characterisation
to catalysts, are highly desirable to observe and understand the roles of the active
sites in MA hydrogenation, the dynamic properties of the reaction intermediates.
The acquired scientific insights will shed light on the structure-activity relationship

for MA hydrogenation and guide the design of high quality industrial catalysts.
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Appendix A The fundamental theory

about characterisation
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Figure A1 Simplified Illustration for Bragg diffraction

Powder X-ray Diffraction is a technique used to characterise the crystal
structure and crystallite size in poly-crystalline or powder solid samples. In catalysis,
XRD is also extensively employed to characterise heterogeneous solid catalysts and

determine their crystal structure.

For a crystalline solid, the regular array of atoms in the structure can elastically
scatter X-ray wave primarily through their electrons to many directions. Although
these scattered waves can cancel one by another in most directions through
destructive interference. However, some scattered waves can be coherent and
enhance constructively in a few specific directions. In 1912, the Braggs, father and
son, connected the observed scattering with reflections from evenly spaced planes
within the crystal and described the condition that scattered waves can be enhance

by the Bragg’s law, as shown in Figure Al
nA = Zdhleine

where d is the spacing between diffracting planes, 0 is the incident angle, n is any
integer, and A is the wavelength of the beam. Based on the Bragg’s Law, the position
of a diffraction peak (20) is independent of the atoms within the crystal structure,
but determined by the plane spacing. Thus, the spacing of planes can be calculated

using the Bragg’s Law with diffraction angle (26).
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A.2 X-ray photoelectron spectroscopy
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Figure A2 Typical illustration of the photoelectron emission from a model atom
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X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic
technique that measures near-surface elemental composition as well as the
chemical and electronic states of the elements. The fundamental theory of XPS is
related to the photoelectric effect proposed by Einstein. As shown in Figure A2, a
photon goes through a material and interacts with the electrons in the material.
Adsorption of X-ray by an atom in a molecule or solid can result in ionisation with

emission of a core (shell) electron. This process is described as:
A+hv— At +e”

where A is the atom exposed to X-ray, hv represents the X-ray wave and A" is its
ionised equivalent. Based on the law of conservation of energy, the process can be

expressed as:
E(A) + hv=E*") +E(e7)

where E(A), E(A*) and E(e) represent the state energies of A, A* and e, respectively.
Since the electron’s energy is presented solely as kinetic energy (k¢), this equation

can be adjusted to the following equation for the photoelectron ke
kg =hv — [E(AT) — E(A)]

As shown in Figure A2, the difference (E(A*)-E(A)) is generally regarded as the
binding energy (B.E.) of the electron plus working function (®), therefore, the

energy formula can be arranged as following:
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k. = hv — [BE + @]

The binding energy can be regarded as the energy difference between the
initial and final states after the photoelectron leaves from the atom. Because there
are a variety of possibilities in the final states, various kinetic energies of the
emitted electrons can be detected. However, each element has a unique set of
binding energies, therefore XPS can be used to identify and determine the
concentration of element on the surface of the material. Variations in the elemental
binding energies, in particular the chemical shift, arise from differences in the
chemical potential and polarizability of components, which is used to identify the

chemical state of the analysed materials.

The final-state effect fundamentally consists of four types, which are described

as follows:

Auger excitation:. In terms of core ionisation by photoelectron emission, an
outer shell electron can fill the created vacancy, whereby the electron moving to
the lower energy level and releasing energy equal to the difference in orbital
energies. The transition energy can be coupled to a second outer shell electron,
which will be emitted from the atom if the transferred energy is greater than the
orbital binding energy. The emitted electron is called as Auger electron and its
kinetic energy can be descried as

Eaug = Ecore state = Ep — E¢
where E.rsae, Esand Ec are respectively the core level, first outer shell, and second
outer shell electron binding energies, which can be measured from the vacuum
level. This physical phenomenon that the filling of an inner-shell vacancy of an atom
is accompanied by the emission of an electron from the same atom is the Auger
process. The Auger process can affect the measured binding energy of the

outgoing photoelectron.

Plasmon loss: Two types of plasma loss can occur during the photoelectron
process. The bulk plasmon-loss happens when the outgoing photoelectron loses
energy by interacting via collective oscillations in the bulk of materials. The surface
plasmon-loss is related to the interaction of the outgoing photoelectron with
surface plasmon state in the material. Generally, the energy of surface plasmon-
loss is smaller than that for the bulk plasmon-loss. The effect of the plasmon-loss
process is the generation of a new peaks or a series of peaks at higher apparent BE
than the main XPS peak. The intensity of these peaks declines with distance from
the primary peak and appears weaker than the primary XPS peaks. The position of
a plasmon-loss peak relative to a primary peak depends on the type of materials.
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Furthermore, the bulk and surface plasmon-loss peaks will be excluded for
calculation of the total number of electrons emitted from the given orbital of an

atom in the sample.

Relaxation: The relaxation process is to remove the partial charge from the
valence band via a re-hybridisation of an atom. The magnitude of the decrease in
BE due to relaxation can about several electron volts. The different chemical
environment of atoms can vary the magnitude of the relaxation shift. It occurs to
the same extent for all atoms in a material which stay in the same chemical and
structural state. Therefore, it cannot result in a new peak in an XPS spectrum. It
may be apparent in comparing of the position of a photoemission peaks from one

sample to another.

Shake-up and shake-off: This process involves re-hybridisation of the ion to
excite an electron in the valence band. In the shake-up process, the electronic
excitation leads to promotion of a valence band electron. In the shake-off process,
the electron is excited to a higher virtual state. Both shake-up and shift-off create
a localised, occupied state above the initial E; of the material which gives rise to a
shift of the BE of the initial hole to higher value. The relaxation process leads to an
overall increase in the background of a spectrum, by contrast, the shake-up and
shake-off processes lead to the appearance of a new peak, called a satellite peak.
The position of the satellite peak can be up to a few electron volts in BE above the
primary photoelectron peak. The intensity of the satellite peak can be comparable

to that of the main peak in some case 9,

O1s ; B
(A) Ni 2p,, (B)
- - shake up Ni2p,,
3 3
S S
2 P
‘? ‘@
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Figure A3 Typical XPS core level of O1s and Ni2p spectra

Figure A3 shows two typical XPS spectra of Ols and Ni2p. In the Ni2p XPS
spectrum, the photoelectron peak related to 2p splits to two components 2ps,, and
2p12. This phenomenon is commonly observed in the XPS spectrum for p, d and f
peaks due to the interaction between the spins of the electron, s (up and down) and

its orbital angular momentum, /. The values relative to spin-orbital splitting of a
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core level of an element in the different materials are nearly same, as well as the
peak area ratios. However, the s orbitals do not split because their angular
momentum is zero. For the p orbitals, vector coupling of spin-up and spin-down

states with the +1 orbital angular momentum vectors give total angular momentum
ofeither% (from |1-1/2] or |-1+1/2]) or % (from |1+1/2]| or |-1-1/2]). These two spin-

orbital levels have different relative occupancies, roughly in proportion to the

respective degeneracy of the levels, such as p 1:2, d 2:3 and f 3:4.

Besides the spin orbital splitting, another important phenomenon in the XPS
spectrum is the chemical shift. For a specific element, different chemical bond can
bring about different chemical environment, which can change the binding energy
of a core electron of the atom, finally causing the chemical shift of XPS peaks. The
core binding energies are determined by the electrostatic effect between the core
level and the nucleus. The binding energy is also masked by the electrostatic
shielding of the nuclear charge from all other electrons in the atoms. The increase
or decrease in electronic charge will result in the chemical shift. In general, the
removal of valence electron charge will cause an increase in binding energy while

the addition of electron will give rise to a decrease in binding energy.

A.3 Raman spectroscopy
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Figure A4 Working principle of Raman spectroscopy

Raman spectroscopy is a powerful tool for structural analysis, which was
developed by Sir C. V. Raman and Kirishnan in 1928. Based on their theory, a laser
light is incident on vibrating molecules, leading to the excitation of the photons to
high-energy state. The exited molecules or atoms can return to different states.

The excited molecule goes to a higher or lower frequency than the original state
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and this phenomenon is known as the Stokes Raman scattering or the anti-Stokes
Raman scattering, respectively. A detailed description of the working principle is
shown in Figure A4. Compared with Rayleigh scattering, Raman scattering displays
10° to 10° times less intensity. Hence, a laser with the high energy is required for
the Raman scattering. It is found that Raman scattering is dependent on the
chemical composition and structure of molecules and Raman shifts are
characteristic of the compounds. Thus, Raman shift may be useful in distinguishing

the structures of different constituents and molecules.

A.4 BET theory for surface area determination

The BET theory is applied to explain the physical multilayer adsorption of gas
molecules on a solid surface, which was developed by Stephen Brunauer, Paul Hugh
Emmett and Edward Teller in 1938.2*2 The authors extended the Langmuir theory,
which is used to address the monolayer molecule adsorption, to the multilayer
gaseous adsorption with three hypotheses: (a) physical adsorption of gas molecule
on the infinite surface of a solid; (b) the interaction of gas molecule being restricted
to adjacent layers; (c) the Langmuir theory being applied for each layer. The BET
equation can be expressed as:

P 1 +(C—1)P
V(Po—P) V,C  V,CP,

where P is the pressure of the adsorbate gas; P, is the saturated pressure of
adsorbate gas; V is the volume of adsorbed gas; V. is the volume of monolayer

adsorbed gas; C is the BET constant.

Additionally, The BET content (C) can be described as

C = e(E1—EL)/RT

where E, is the heat of adsorption on the first layer, E, is the heat of liquefaction on

second and subsequent layers, R is the ideal gas constant (8.314J/(K* mol)) and T

is the temperature.

Nowadays, the BET theory has been widely used as the fundamental theory for
the measurement of the specific surface area of materials. The specific surface area
can be determined by the volume of monolayer adsorbed gas (V.). Based on the
BET equation, several measurements of P/P, can be used to produce a linear plot
of 1/V(P,-P) against P/P, with a gradient equal to (C-1)/V..C (denoted as K) and a y-
intercept equal to 1/V..C (denoted as B). With the gradient and the intercept, a value

of V., can be calculated using the following method:
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V_1
™ K+B

where K and B are the intercept and gradient respectively. The total surface

area of the catalyst can be determined using the following equation:

NVMO'
S =
BET %

where N is the Avogadro’s constant (6.022 x 10*mol”), V is the molar volume
of adsorbed gas and o is the cross-sectional area of adsorbed gas (0.162 nm?/mol
for N,*°3). The specific surface area is obtained from the total surface area divided

by the mass of the catalyst (S = Sia/m).
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Table B1 The metal loading and dispersion of examined catalysts in the thesis

Sample Metal loading Metal dispersion (%)
Chapter 3

10Ni/CeO.s 10.8 4.4
10Ni/Al,O; 10.5 3.8
Chapter 4

10Co/Ce0.s 10.3 3.9
10Ni/CeO.s 9.8 4.4
10Cu/CeO:s 9.7 2.9
Chapter 5

2Ni/CeO0,s 1.9 16.9
5Ni/CeO.s 4.8 9.3
10Ni/CeO.s 10.2 5.2
15Ni/Ce0.s 15.3 4.7
17.5Ni/CeO.s 17.2 4.1
20Ni/CeO.s 20.5 3.2
30Ni/CeO.s 29.1 1.4
Chapter 6

5Ni/Ce0O,s-NP 5.2 25.7
5Ni/Ce0,s-NR 4.7 66.1
5Ni/Ce0,.s-NC 4.8 10.9
Chapter 8

15Ni/SiO; 14.89 (Ni), 0(Ce) 10.7
1CeO,@15Ni/SiO, 14.88 (Ni), 0.87(Ce) 7.0
3Ce0.@15Ni/SiO; 14.89 (Ni), 3.15(Ce) 6.1
5Ce0.@15Ni/SiO; 14.89 (Ni), 5.05(Ce) 5.0

Note: The metal loading is determined by ICP-OES and the percentage of Ni

dispersion is calculated using the equation (2.5), which is described in Chapter 2.
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Table B2 The MA conversion over the three 5Ni/Ce0Q,s catalysts with different

morphologies at different temperature (Chapter 6)

Reaction time (min) rate
Sample T(C) constant (k)
10 20 30 40 50 60 (min™)

5Ni/CeO,sP 120 6.50 15.1 21.8 285 324 40.1 0.0082
140 10.3 28.1 36.5 459 56.9 62.2 0.07161
160 18.5 48.2 68.1 76.9 88.2 91.8 0.0393

180 28.4 62.3 76.5 88.8 92.7 96.5 0.0534

5Ni/Ce0O,s-R 120 10.4 189 25.8 30.8 383 45.9 0.0099
140 20.3 36.1 504 60.5 725 80.6 0.0255
160 26.4 553 756 86.9 90.3 95.6 0.0461

180 33.5 69.6 88.8 93.4 96.8 98.6 0.0693

5Ni/Ce0O,sC 120 227 7.58 11.2 159 195 22.5 0.0042
140 5.7 16.8 30.4 385 46.6 53.8 0.0123
160 13.6 38,5 57.8 689 79.5 86.5 0.0311

180 20.6 48.5 64.5 77.7 88.5 93.4 0.0415
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Figure C1 XRD patterns of various Ni-M/CeO,s catalysts

The various Ni-M alloys are formed

in the reduced Ni-M/CeQ, catalysts due to

the shift peaks relative to the metallic Ni phase.

Intensity (a.u.)

_/——’-//\_x
/N

Ni-Zn/CeO2

Ni-Ni/CeO,

/_/\/\ Ni-Co/CeO,

//_/\ Ni-Fe/CeO,
100 200 300 400 500 600 700

Temperature (°C)

Figure C2 H,-TPR profiles of Ni-M/CeQO, precursors (M= Fe, Co, Cu and Zn)

The distinct reduction behaviours of various Ni-M/CeO,.s catalysts indicate that

different interaction between Ni and induced metals.
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Various bimetallic Ni-M/CeOQ,s catalysts display different activity in MA
hydrogenation. In particular, bimetallic Ni-Cu/Ce0Q,.s catalysts display the highest
activity in the MA hydrogenation.
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